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FOREWORD

This report on the technology of source terms for postulated severe accidents
in nuclear power plants is being issued in final form after several years of
research, analysis, peer review, and public comment. It documents the tech-
nical basis for the scientific tools that the NRC intends to use in its regu-
latory considerations of postulated severe accidents. In the near future we
expect to publish other reports that describe how these methods have been used
to reassess the risk from a sample of operating reactors and how this informa-
tion can be used in the regulatory process.

Although this report is termed final, we note that the NRC-sponsored experi-
mental and analytical work in severe accidents is continuing in areas where
there remain both large uncertainty and high importance. We will, therefore,
revisit realistic source term modeling in the future when the ongoing programs
have matured.

During the final stages of preparation of this report, a severe accident occur-
red at the Chernobyl Nuclear Power Station in the Soviet Union. The Chernobyl
reactor, one of a series designated as an RBMK-1000, is a graphite-moderated,
pressure tube, boiling water reactor with a thermal power level of 3200 MW. It
is quite different from reactors of U.S. design that are moderated and cooled
by light water as addressed in this report. Because of these fundamental
differences, the actual magnitudes of fission product releases from the fuel
and the transport of material within the plant may not be similar for the
Chernobyl reactor and light-water reactors of U.S. design. However, there may
be information relevant to source term technology for light-water reactors that
can be obtained from the Chernobyl accident.

The NRC has developed and will carry out a plan, in cooperation with the Inter-
national Atomic Energy Agency, for evaluating the Chernobyl accident. A follow-
up effort by the NRC will evaluate how this might affect reactors of U.S. design.
This plan includes determining, insofar as possible, the Chernobyl source term
(timing, characteristics, and amount of radioactive material release from the
plant). Any insights resulting from that effort or data subsequently obtained
that would be pertinent to the technology of fission product source terms will
be evaluated.

This work represents years of effort by the NRC staff and by our contractors.
Their extraordinary effort and perseverance are gratefully acknowledged.

Denwood F. Ross, Acting Director
Office of Nuclear Regulatory Research
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EXECUTIVE SUMMARY

1. Introduction

This document describes a major advance in the technology for calculating
source terms from postulated accidents at U.S. light-water reactors. The im-
proved technology consists of (1) an extensive data base from severe accident
research programs initiated following the TMI accident, (2) a set of coupled
and integrated computer codes (the Source Term Code Package), which models key
aspects of fission product behavior under severe accident conditions, and (3) a
number of detailed mechanistic codes that bridge the gap between the data base
and the Source Term Code Package. The improved understanding of severe acci-
dent phenomena has also allowed an identification of significant sources of
uncertainty, which should be considered in estimating source terms. These
sources of uncertainty are also described in this document. The current tech-
nology provides a significant improvement in evaluating source terms over that
available at the time of the Reactor Safety Study (WASH-1400) and, because of
this significance, the Nuclear Regulatory Commission staff is recommending its
use.

2. Background

A source term is defined as the quantity, timing, and characteristics of the
release of radioactive material to the environment following a postulated severe
reactor accident. Source term technology is employed for a variety of regulatory
applications, including plant siting evaluation, emergency planning, evaluation
of performance of engineered safety features such as containment isolation and
containment spray additives, qualification of safety-related electrical equipment
for performance under accident conditions, environmental impact statements, post-
accident monitoring requirements, and criteria for re-entry of a plant after an
accident. In addition, an understanding and quantitative assessment of source
terms is necessary for conducting probabilistic risk assessments, which are
emerging as a significant part of the regulatory decision process. New infor-
mation and insights on radioactive source terms may have an impact on rules,
guides, and other regulatory practices in the aforementioned areas through
implementation of the NRC Severe Accident Policy Statement.

Early research on severe accidents has pointed out the need to integrate the
analysis of complex severe accident phenomena to obtain realistic estimates of
source terms. Research programs initiated following the accident at Three Mile
Island have covered all the important phases of severe accidents from the period
immediately following the initiation event, through the in-vessel and ex-vessel
phases, and most importantly in the loading and behavior of the containment.
In particular, large first-of-a-kind programs in the Power Burst Facility and
the LOFT facility have investigated core melt progression and in-vessel fission
product release to an extent never attempted before. Major programs in the
Sandia Large Melt Facility and the German BETA facility have studied the inter-
action between molten core debris and concrete as would occur in the reactor
cavity beneath the reactor vessel. Other large programs both here (in the
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EPRI-sponsored LACE program at Hanford and in the NSPP facility at Oak Ridge)
and abroad (at Marviken in Sweden and in DEMONA in Germany) have investigated
the behavior of aerosols in reactor coolant systems and in containments.

These programs and many more described in this report have led to major advances
in source term technology since the time of the Reactor Safety Study. Some of
the most important advances are summarized below.

1. Early methods of source term assessment, on which U.S. regulatory practices
are still based, were not integrated in the sense that consequences of one
part of an accident sequence were not always communicated to other parts
of the analysis. Current integrated and coupled source term computer codes
permit a self-consistent treatment of individual accident sequences. This
more realistic method of evaluating source terms is also convenient for
accommodating further improvements from ongoing research programs.

2. Laboratory data from irradiated fuel rods and more recent results from
in-reactor tests have significantly increased the understanding of fission
product release from fuel under severe accident conditions. Although cur-
rent source term codes incorporate simple correlations for in-vessel fission
product release, basic temperature effects are now modeled and limited
chemical effects are taken into account. Further improvements can be
expected in this area.

3. Transport and retention of fission products in the reactor coolant system
can now be modeled mechanistically. Current codes treat the dynamics of
aerosol behavior, the condensation of vapor species, and the chemisorption
of chemically reactive fission products. Although the importance of
these effects was recognized, the analytic capability did not exist and
no credit was taken in the Reactor Safety Study for retention in the
reactor coolant system.

4. Studies of the uranium-zirconium-oxygen system and in-reactor tests of
fuel bundles under severe accident conditions have provided a significant
data base for in-vessel melt progression, hydrogen generation, and
control rod behavior. Modeling assumptions based on this information are
used in current source term codes, and major efforts are under way to
improve the data base and mechanistic modeling of these phenomena.

5. Perhaps the area of greatest advance over the Reactor Safety Study is the
detailed mechanistic treatment of aerosol behavior in the containment.
The Reactor Safety Study had to rely on inadequate empirically based models.
The calculation of aerosol behavior is now supported by experiments, and
there is a consensus on much of the analysis. Effects of scrubbing by
water pools and retention in ice compartments are also included.

6. Research initiated in 1975 and intensified in later years has provided a
data base for core-concrete interactions and related ex-vessel fission
product release. Analytical models for core-concrete interactions have
been developed to calculate erosion rates, temperatures, gas evolution
and other parameters. The chemical reactions that occur in the debris and
the related aerosol production can also be calculated.
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7. Current methods used for containment thermal-hydraulic analyses account
for a variety of processes, including burning of combustible gases, steam
condensation on surfaces, heat transfer to structures, debris-coolant inter-
actions, core-concrete interactions, and the multicomponent flow of gases
between compartments and to the environment. These thermal-hydraulic
analytical methods provide significant improvements in the evaluation of
containment temperature and pressure loads.

The understanding of severe accident phenomena is far from complete, however,
and many uncertainties still exist. While recent severe accident studies have
permitted advances in the analysis of source terms, this improved understanding
has also allowed a clearer identification of the major uncertainties. The
phenomenological areas identified below are believed by the NRC staff and its
contractors to contribute most significantly to uncertainties in predictions
made with current source term codes.

1. Multidimensional natural circulation flow in the reactor coolant system
is believed to occur under certain conditions because of buoyancy effects
resulting from temperature and composition variations. These temperature
and flow changes can affect reactor coolant system integrity, hydrogen
generation, and fission product revaporization. None of today's integrated
source term codes has the capability of predicting natural circulation flow
patterns, but research on natural circulation is currently being sponsored
by NRC and EPRI.

2. Very little experimental information is available to elucidate the large-
scale core melting process. Important details that are not well known are
the temperature at which the core will exhibit liquid behavior, the maxi-
mum achievable temperature, changes in Zircaloy oxidation rate resulting
from geometry changes, and the amount and timing of core debris exiting
the reactor vessel. Experimental investigations of these phenomena
and development of mechanistic models for them are still under way. Cur-
rent related assumptions in industry source term codes are not consistent
with those in NRC codes.

3. During a severe accident sequence, steam explosions can occur if molten
core material comes into contact with water. The consensus of an
NRC-sponsored Steam Explosion Review Group is that the occurrence of a
large, in-vessel steam explosion of sufficient energetics to threaten
containment integrity has a low probability. Smaller steam explosions,
however, can generate additional hydrogen, disperse core debris within the
containment, and release fission products from the debris by chemical and
mechanical means. Steam explosions are not modeled in NRC or industry
source term codes, but consideration of the effects of steam explosions
is being included in the NRC risk rebaselining study to be published in
NUREG-1150 and research is continuing in this area.

4. In certain accident sequences, core degradation and melting may take place
while the reactor coolant system remains pressurized. If the reactor
vessel is breached in such a condition, the molten core debris could be
ejected under high pressure and could then be dispersed into the contain-
ment with the transfer of thermal and chemical energy and the resultant
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pressurization of the containment atmosphere. Experiments to form the
basis for modeling high-pressure melt ejection are being sponsored by NRC
and have been sponsored by EPRI. The effects of high-pressure melt ejection
are not yet modeled in NRC or industry source term codes, but NRC is making
an allowance for this effect in the risk rebaselining study to be published
in NUREG-1150.

5. Experiments to study the interaction of molten core debris with concrete
and the ex-vessel release of fission products from the molten debris are
providing important new information. While the fundamental concepts of
current models have been generally accepted, heat-transfer modeling is not
fully developed and validation of chemical effects is incomplete. Calcula-
tions are also known to depend strongly on the already uncertain details
of core melt progression.

6. During a severe accident, hydrogen combustion is likely to occur one or
more times in a containment that is not inerted, and hydrogen combustion
may also occur in secondary buildings following failure or venting of
inerted and non-inerted containments. A general understanding of hydrogen
burning (deflagration) has existed for several years. However, the degree
of mixing, the presence of ignition sources, the occurrence of accelerated
flames, and detonation remain uncertain. Because these processes can
determine whether a containment or a secondary building will fall, they
can lead to important uncertainties in source term analyses.

7. During the years after the Three Mile Island accident, chemical equi-
librium analyses were performed that indicated that cesium iodide would be
the most likely chemical form of iodine under severe accident conditions.
Despite almost universal acceptance of this indication, there has been
growing experimental evidence of processes that can enhance the production
of more volatile forms of iodine. Other studies, however, continue to
show that cesium iodide is the preferred form. Additional experimental
work is required to determine the chemical forms of iodine, but sensitiv-
ity calculations have been performed to cover a range of possibilities.

8. During the course of an accident, piping and upper plenum surfaces may
heat up enough to revaporize fission products that had previously been
deposited in the reactor coolant system. The rate of revaporization of
these fission products will depend on the vapor pressure of the chemical
form that exists in the deposits. None of the current source term codes
mechanistically models the chemical deposition process nor the subsequent
chemical Interaction of the deposit with the metal surface.

The current status of research results that address each of the above major
areas of uncertainty is described in Section 6.2. Plans for further research
in these and other important areas are discussed in Section 6.3.

3. Purpose

In light of this emerging severe accident technology and its expanding data
base, the NRC undertook a reassessment of the technical bases for estimating
source terms. The purpose of the reassessment was to evaluate the data base
for validation of source term codes, to calculate source terms for selected
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plants and sequences, to conduct a broad-based peer review, and to appraise
plant risk and regulatory significance of the reassessed source terms.

When this effort was initiated, there was an expectation among many in the
nuclear community that a correct treatment of the physical and chemical
behavior of fission product release and transport would show a reduction of
several orders of magnitude in calculated source terms, except for noble gases,
compared with the Reactor Safety Study. Such a result would have made it easy
to develop new generic source terms, and such reduced source terms would have
translated directly into reductions in estimated risk without the need to reeval-
uate other areas of risk assessment (event frequencies, containment performance,
and offsite consequences). Such clear-cut reductions in source terms have not
been found, however, and the self-consistent method of evaluating source terms
has demonstrated a high degree of plant-specific variation. Nonetheless, pro-
found results have been achieved and data from the severe accident experimental
program mentioned above have advanced considerably the understanding of source
term phenomena. A reviewed and tested analytical tool, the NRC's Source Term
Code Package, has emerged from this study, and this code package is capable of
dealing with plant-specific variations in a realistic way. The Source Term
Code Package has been used in a major new risk study that is now in progress
and will be reported in another report, NUREG-1150, "Nuclear Power Plant Risks
and Regulatory Applications."

This report, NUREG-0956, will thus describe the current technical bases for
estimating source terms, it will describe the NRC's Source Term Code Package,
it will describe the peer-review that was conducted, and it will describe acci-
dent sequences that have been analyzed to provide insights from the new mechan-
istic understanding.

While the Source Term Code Package and other research information described in
this report will probably be used for many purposes, the scope of this report
has some important limitations. Numerical values of source terms that are
presented in this report result from using the Source Term Code Package with
certain code input assumptions for accident sequence descriptions and contain-
ment failure. Although these code input assumptions and descriptions were care-
fully chosen to embody a range of realistic conditions, they have not yet under-
gone a general review so that specific source term values cannot be endorsed at
this time. While these analyses provide important source term insights, the
review of code input assumptions will be included in the general reviews of the
later report, NUREG-1150. NUREG-0956 also does not address event frequencies,
containment performance, risk appraisal, or regulatory applications. These
topics will likewise be addressed in NUREG-1150.

3. Key Elements of the NRC Source Term Reassessment

Key elements of the source term reassessment are shown in Figure ES.1. Each
of these elements has been described in detail in published reports, thus pro-
viding a documented background for the reassessment. Public comments were soli-
cited on a 1985 draft version of this report, and detailed replies to those
comments are given in Appendix C. Extensive use of material from all these key
elements is made throughout this report. The contents of this report are as
follows:
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Chapters 1 and 2 provide background information. In Chapter 3 an integrated
approach to source term assessment is described along with key elements of its
supporting data base. This approach involves the use of mechanistic models to
describe severe accident phenomena, and these models are integrated in a computer
code framework such that important feedback between phenomena is accounted for.
A particular version of this integrated approach called the Source Term Code
Package is also described in Chapter 3. The status of verification and validation
of the Source Term Code Package is discussed as are the current uncertainties in
source term analyses. Major advances in source term technology since the 1975
Reactor Safety Study are also discussed.

Numerous postulated accident sequences have been analyzed with the Source Term
Code Package for five operating plants of various U.S. light-water-reactor
designs. Sequence definition, the selection of some of the input values de-
scribing these sequences, and the use of results from these analyses in risk
assessment are outside the scope of this report and will be discussed in
NUREG-1150. Nevertheless, it is instructive to examine these analyses in detail,
treating them as sample calculations. Insights from the examination of such
results are discussed in Chapter 4.

The Source Term Code Package discussed in Chapter 3 and the accident sequence
analyses discussed in Chapter 4 are direct descendants of the code suite and
sequence analyses published earlier in BMI-2104. That work was extensively
reviewed over a period of 3 years. The review included formal reviews
initiated by the NRC, comparisons with related industry efforts, and comments
from numerous organizations and members of the general public. These reviews
enabled the NRC and its contractors to upgrade the codes and analyses to the
status reflected in Chapters 3 and 4. Chapter 5 summarizes the review process.

Chapter 6 identifies issues related to the source term technology where the
current understanding is limited. The current status of research that is
addressing these issues is discussed in order to illustrate some of the infor-
mation that has been obtained in recent experimental programs and to indicate
the importance of these issues to current and future source term analysis.
Plans for further source term and containment research have recently been
revised to better address these issues, and the revised research plan is also
discussed in Chapter 6. Chapter 7 presents conclusions and recommendations,
which are also discussed below.

5. Conclusions

In the course of this reassessment effort, the NRC staff has reached several
conclusions as listed below. The reasons for reaching these conclusions are
discussed briefly below each conclusion.

a. Integrated Approach to Source Term Assessment

Conclusion 1. An approach to source term assessment using a frame-
work of coupled and integrated computer codes has been developed; this
framework can accommodate improvements expected from ongoing research.

Severe accident phenomena that govern the release and transport of radionuclides
interact with each other and these interactions have been previously neglected.
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Recent realistic analyses that account for these interactions require the use
of large coupled and integrated computer programs, and many organizations are
now using this approach. The framework of coupled and integrated codes is also
convenient for accommodating further improvements expected from ongoing research.

Conclusion 2. The complexities of source term phenomena have
resulted in sophisticated computer codes and large amounts of numeri-
cal information that require the use of quality control measures
in preparing the codes and performing analyses.

Severe accidents are complex and involve a broad spectrum of phenomena. Ten
separate computer codes describing these phenomena have been coupled and
integrated to provide the analysis capability required in the Source Term Code
Package. The magnitude of programming involved and the quantity of input
information required led to errors in calculations reported in BMI-2104 and in
early calculations with the Source Term Code Package. Consequently, a quality
control program was initiated to eliminate such errors. This experience with
coding errors and data transfer errors with both the BMI-2104 suite of codes
and the Source Term Code Package suggests that quality control would be a
concern for all source term computer codes.

Conclusion 3. Validation of the NRC's Source Term Code Packageis substantial in some areas but limited in others; more comparisons
of computer codes with experimental results are needed.

All codes in the Source Term Code Package are based on accepted principles and
experimental observations to the extent possible, but validation against larger-
scale, more prototypical experiments is necessary to achieve an improved level
of confidence. The NRC's Severe Accident Research Program was initiated 5 years
ago, and some scoping tests were performed early; however, the bulk of the data
is just emerging as these programs reach maturity. Validation of source term
codes, particularly in the current versions being used for analyses, is thus not
complete, and limited validation is reflected in the recognized uncertainties.

Conclusion 4. The current severe accident data base and the pheno-
menological models in the NRC's Source Term Code Package represent
a major advance in technology compared with the Reactor Safety Study.

Significant amounts of new data are now available and emerging from severe acci-
dent research programs that were initiated following the accident at Three Mile
Island in 1979. Major advances from these research programs that are related
to source terms are discussed in this report. Combining the integrated approach
to source term assessment with these major research advances, NRC contractors
and staff have developed the NRC's Source Term Code Package. Using this
coupled and integrated set of codes and their supporting data base provides
better estimates of source terms, allows a deeper understanding of severe acci-
dent phenomena, and will allow important issues to be considered much more
realistically than before.

Conclusion 5. The NRC's Source Term Code Package and other current
source term codes have been designed to provide realistic estimates
of source terms without any intentional conservative margins.
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Several past source term estimates, such as those given in TID-14844, have incor-
porated Intentionally conservative elements for specific uses in. the regulatory
arena where conservative margin was deemed appropriate. In contrast, the
Source Term Code Package and other similar codes do not incorporate intentional
biases because they are intended to provide realistic estimates. In fact,
recent experience has shown that it is not possible to provide an inherently
conservative margin in source term codes that are to be used for many sequences
and many purposes. The major purpose of noting this conclusion is to make
potential users aware of this fact so that consideration of uncertainties in
present methodologies as well as an appropriate degree of conservatism can be
incorporated into contemplated regulatory actions.

b. Insights from Selected Accident Sequences

Conclusion 6. A large number of severe accident sequences has
been analyzed with the NRC's Source Term Code Package and its
predecessor, the BMI-2104 suite of codes; these calculations have
exercised the codes over a wide range of conditions.

Different types of plant and containment designs have been considered that re-
present the range of light-water-reactor designs in the United States. The
types of sequences chosen for study represent (1) a range of high and low pres-
sures; (2) different initiating events such as transients and LOCAs; (3) se-
quences expected to minimize or maximize the effects of engineered safety fea-
tures; and (4) different possible behaviors of the containment. These sequences,
taken together, have provided an extensive test of the capabilities of the
methods.

Conclusion 7. Source terms were found to vary with plant design and
construction details, and these variations need to be taken into
account in efforts to develop simplified source terms.

Examples of the type of plant detail that affect results are the type of
concrete used, the depletion time of station batteries, the heat sinks in
containment, diameters and routing of important piping, and the reactor power
shape and power level. Because results depend strongly on such details, results
from analysis of one plant are not likely to describe results from another plant.
An example of this is shown in Section 4.12 for the pre-melt containment-failure
ATWS (TCM) sequence for Peach Bottom and Grand Gulf.

Conclusion 8. Severe accident sequences are complex, and experience
has shown that this complexity requires care and attention to details
on the part of a computer code user to represent the plant and the
sequences adequately in the code input.

There are details of plant design and operation as discussed under Conclusion 7
that strongly influence the progression of severe accidents. Further, there
are options available in the codes, which are set by the user, that also signi-
ficantly affect the results. Discrepancies in calculated results can be intro-
duced if skillful attention is not paid to both types of input. The major pur-
pose of noting this conclusion is to make potential users aware that, to perform
an analysis successfully, a code user must understand plant design details,
plant operating procedures, accident sequence progression, and code analysis
techniques.
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Conclusion 9. Containment performance (survival, failure, or bypass),
which is described by input parameters in all current source term
codes, is a major factor affecting source terms.

The effect of containment behavior on source terms is discussed in Section 4.9,
and containment performance has been found to be an important factor affecting
most sequences significantly. The containment failure criteria used in deter-
mining containment behavior are evaluated outside the fission product release
and transport methods such as the Source Term Code Package and input to them.
However, the Source Term Code Package calculates the time at which a criterion
for failure is satisfied and, further, calculates the releases to the environ-
ment given the size and location of the failure. The comparison in Table 4.19
for early and late containment failure for a Zion sequence demonstrates this
point.

Conclusion 10. The analyses performed to date with the Source Term
Code Package suggest that generalizations are inappropriate since
large factors of reduction in source terms were not found for all
sequences as reported in other studies.

The American Nuclear Society concluded in the technical summary of its report,
under the heading "Major Finding," that current knowledge is sufficient "to
warrant the reduction of calculated source terms from estimates in WASH-1400 by
more than an order of magnitude to several orders of magnitude" except for
noble gases. The results presented here do not substantiate that generaliza-
tion. Some sequences were found not to show reduction (for instance, the
containment bypass LOCA (V) sequence for Surry). Also, the postmelt contain-
ment failure ATWS (TC2) sequence for Peach Bottom shows a different distribu-
tion of nuclides released, some higher and some lower, than the Reactor Safety
Study.

c. Review of Source Term Work

Conclusion 11. Based on experience with the review of NRC codes and
on comments from reviewers, severe accident source term codes should
be thoroughly peer reviewed.

The American Physical Society study group on severe accidents examined results
from computer codes used by a number of government and industry organizations.
The study group recommended that the related "theoretical and experimental
studies be published in archival, peer-reviewed journals, and that the computer
codes together with a clear and complete technical description of the models and
the assumptions be made available to interested parties." Many commenters from
both industry groups and public interest groups echoed the recommendation for
a thorough review. Based on these comments and the large number of corrections
and improvements made to the NRC's source term codes as a result of peer review,
a thorough peer review is deemed necessary for source term codes used in regu-
latory applications.

Conclusion 12. The NRC's Source Term Code Package and supporting
material have received extensive peer review that, while not exhaus-
tive in every detail, is adequate to qualify them for use in
decisionmaking.
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Within the NRC's research programs, there have been staff and management
reviews, an uncertainty study,' a validation study, a quality control effort,
and experience with NRC-sponsored source term codes by multiple users. These
activities contributed significantly to the review of the source term technology.
In addition, there have been formal reviews of the NRC's work by a technical
expert peer review group and by the American Physical Society. The NRC's codes
and research results have also been part of the technology under consideration
within the Industry Degraded Core Rulemaking (IDCOR) Program and by the American
Nuclear Society and other groups. Finally, there have been comments from the
Advisory Committee on Reactor Safeguards and from the general public on the
staff's assessment as described in the draft of this document. The above activ-
ities constitute an extensive review that has taken place over a period of
3 years. While all uncertainties have not been resolved--and indeed are unre-
solvable at this time--the staff is satisfied that the review has been thorough,
that modifications have been responsive to the review findings, and that suffi-
cient familiarity has been developed such that the Source Term Code Package and
its supporting material can be used in making regulatory decisions.

d. Research

Conclusion 13. The reviewers and the NRC staff are in general
agreement on areas in the source term technology that need further
research.

The NRC staff has identified major areas of uncertainty in source term analysis;
the APS study group has recommended research on specific topics; the ANS special
committee has identified matters requiring additional investigation; and IDCOR
and the NRC staff have identified issues on which they have differences of tech-
nical opinion due largely to the lack of experimental data. These four assess-
ments are in general agreement on the areas in the source term technology that
need further research, and the major areas of uncertainty are discussed in
Chapter 6.

Conclusion 14. The NRC's Severe Accident Research Plan has been
recently revised, and work has been focused in areas of the source
term technology that need further study.

During the course of the NRC source term reassessment and interaction with other
organizations, the NRC staff has been modifying research programs as considered
appropriate to address the identified needs. The NRC staff is also exchanging
information with other organizations such as the Electric Power Research
Institute, the Department of Energy, and several international research organi-
zations to strengthen these areas of the technology. A revised Severe Accident
Research Plan has been recently published as NUREG-0900, Rev. 1.

6. Recommendation

Based on the reassessment of the technical bases for estimating source terms
and the resulting conclusions stated above, the NRC staff has the following
recommendation:

Recommendation. The Source Term Code Package is recommended as an
integrated analytical tool for NRC evaluation of source terms in
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regulatory applications provided that uncertainties are considered
for each type of application. Additional specific information on
source term phenomena can be obtained from NRC's detailed mechanistic
codes, their data bases, further results from NRC's Severe Accident
Research Program, and the forthcoming rebaselining of risk for a
sample of operating plants, NUREG-1150.

The NRC's Source.Term Code Package uses the now-accepted framework of coupled
and integrated phenomenological models; it has been verified and validated
insofar as permitted by today's limited information; it has been successfully
tested in a large number of cases; it has been extensively reviewed and is
familiar to a large number of interested parties from government, industry, and
the general public; and it is significantly better than methods and assumptions
used as the basis for current regulatory practices. Therefore, use of the
Source Term Code Package is recommended.

Uncertainties need to be considered for each type of application because the
Source Term Code Package, like other integrated severe accident codes of recent
vintage, does not incorporate any intentional biases, which are believed to
provide conservative margins for certain purposes in some earlier methods.
Recent experience has shown that it is, in fact, not possible to provide inher-
ently conservative margins in source term codes that are to be used for many
sequences and many purposes.

Since the Source Term Code Package is designed for production analyses, it
does not contain all the information available on severe accident phenomena.
Therefore, more detailed information on specific aspects of severe accident
behavior is available from other products of the NRC's Severe Accident Research
Program including the detailed mechanistic codes and their supporting data
bases. This additional information will be useful in evaluating uncertainties
and resolving difficult technical issues.
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1. STATUS AND APPLICATIONS

This chapter briefly describes the current status of nuclear power plant acci-
dent source terms as they relate primarily to the regulatory and licensing
process in the United States. A source term is defined as the quantity,
timing, and characteristics of the release of radioactive material to the
environment following a postulated severe reactor accident. Although the
ultimate focus of this report is on releases to the environment, it is impor-
tant to recognize that, for many of the applications discussed below, condi-
tions within the reactor coolant system, within the containment, or at other
locations in the plant are needed.

The spectrum of accidents considered in the regulatory and licensing process
includes those postulated as design and siting basis accidents as well as those
more severe that could lead to potential containment failure. The latter class
includes those referred to as "Class 9 accidents"; these are now called severe
accidents.

There are a number of current and projected regulatory policy development
activities in the United States that are strongly related to source terms.
Four major areas are: (1) severe accident policy, (2) safety goal policy,
(3) emergency preparedness, and (4) revised siting rulemaking (Refs. 1.1
through 1.4). Although the severe accident policy statement does not hinge on
the resolution of source term questions, its implementation will. The safety
goal policy statement adopted by the Commission on June 19, 1986, is being
processed for publication in the Federal Register at the time of this writing.
The policy statement is expected to be useful (1) in evaluating the need for
new regulatory requirements or for retaining existing ones and (2) for setting
priorities on the allocation of resources for the resolution of safety issues.
Using the quantitative objectives on early mortality and latent cancer risks
clearly involves source term considerations. In addition, source term con-
siderations are expected to be involved in any safety-cost tradeoff guidelines
that may be promulgated as part of the implementation guidance for the safety
goals. The technical justification for the present emergency preparedness
guidelines is based on the consideration of design basis and severe accidents.
These considerations clearly involve source term evaluations. Possible revi-
sions in nuclear power plant siting policy are expected to be reconsidered
following the current intensive effort to assess new technical information as
it affects severe accident source terms, which is the topic of this NRC report.

1.1 Ajpplications of Source Terms

Nuclear power plant licensing in the United States derives from two principal
statutes--the Atomic Energy Act of 1954, as amended, and the National Environ-
mental Policy Act (NEPA) of 1969. Safety issues are dealt with under the former,
while environmental impact issues fall under the latter. Safety issues include
consideration of measures for the prevention and mitigation of accidents within
the design bases. Formal environmental impact statements include discussions
of the range of potential consequences of reactor accidents from frequency and

1-1



consequence (risk) perspectives (Ref. 1.5). Since 1980, these statements have
been derived largely from the probabilistic risk assessment analyses of the
Reactor Safety Study (Ref. 1.6).

The conventional and still current licensing process for nuclear power plants
includes the safety analysis of postulated accidents, some of which have the
potential for radiological releases to the environment. The guiding philosophy
has been and is "defense-in-depth." The implementation of this philosophy is
articulated in NRC regulations and supported by regulatory guides and the NRC
staff's standard review plan (Ref. 1.7). Chapter 15 of the standard review
plan describes the treatment of postulated accidents and the criteria employed
to ensure that the offsite consequences of credible accidents are unlikely to
exceed specified bounds. The source terms for most of these accidents derive
primarily from considerations of reactor coolant activity levels and criteria
for fuel cladding failures.

The traditional and still current surrogate for the severe accident end of the
spectrum that is used in the licensing process is the radioactivity release
into the containment. This release is postulated for testing the acceptability
of the combination of the plant design features for reducing the amount of
radioactivity released from the containment and the proposed site (Ref. 1.8).
The containment source term derives from TID-14844, published in 1962 (Ref. 1.9).
It is important to note that a distinctive and important feature of the applica-
tion of the siting criteria involves the assumption that the containment is
leaking at a specified value but that the integrity of the containment is
maintained throughout the course of the accident. This consideration has led
to considerable emphasis in the safety evaluation process on the importance of
measures taken to ensure containment integrity. The design basis pressure and
temperature used for evaluating containment structural integrity are mechanis-
tically derived from a postulated large-break loss-of-coolant accident (LOCA),
which is assumed to be mitigated by engineered safety features. The loads on
containment from accidents that release radioactive material to the containment
at the level specified in TID-14844 could be significantly larger than those of
a mitigated LOCA.

The evolution of severe reactor accident source terms over the period from 1957
to approximately 1981 has been fully described in NUREG-0773 (Ref. 1.10).
Descriptions are included of the source terms (release categories) of the Reactor
Safety Study as well as some later work to develop a set of generic source terms
(called siting source terms) thought to be appropriate for the development of
possible revisions to siting criteria.

Over the past few years, the NRC staff and others have engaged in risk assess-
ment studies of a few specific nuclear power pladts. Risk is defined as the
frequency of severe reactor accidents multiplied by the offsite consequences.
The proposed studies were first set out in the T1I Action Plan (Ref. 1.11)
published in May 1980 as a result of the Three Mile Island Unit 2 (TMI-2) acci-
dent. Item II.B.6 of this plan called for studies of potential risk reduction
for operating reactors at sites with high population densities (relative to all
sites in the U.S.). The units specifically identified in the plan include
those at Indian Point and Zion. Subsequently, these studies have been extended
to units at Limerick and Millstone-3. The NRC staff's studies in these cases
have been based primarily on Reactor Safety Study analytical procedures with
some corrections or modifications but do not reflect anticipated improvements
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in our technical understanding of many of the important physical and chemical
phenomena associated with core melt accidents. References 1.12 through 1.18
are documents related to these studies that contain the details of source term
treatments, including those of the utilities that own the plants.

An important area where the accident radiation environment has been applied
is the area of qualification of essential mechanical and electrical equipment
to ensure operability of essential safety systems during and following a severe
accident. .Current practice uses the TID-14844 containment release as a primary
basis for NRC requirements for qualification to operate in the radiation fields
(Ref. 1.19).

The NRC staff currently employs Reactor Safety Study source terms in conjunction
with value-impact assessments to set the priorities for the application of
resources to the resolution of proposed generic safety issues (Ref. 1.20).

The NRC staff is following a phased implementation policy with respect to
regulatory applications of severe accident source terms. With two current
exceptions (Refs. 1.21 and 1.22), one involving a proposed standard plant design
and the other an environmental impact statement, the use of more recent
research results was awaiting completion of the thorough scientific peer review
process, including the publication of this report. Thus, this report will
facilitate work on regulatory applications, but this report does not propose
any changes to regulations in the areas of source terms or severe accident
risks. Were any changes in regulations to be proposed in the future, the
normal procedures would be followed, including the opportunity for public
comment on the technical bases for the specific changes.

1.2 Research and Technical Issues

To provide more coherent technical support to deal with regulatory issues
involving severe accident considerations, both the NRC and the United States
nuclear industry have developed special source term programs. An updated
"Nuclear Power Plant Severe Accident Research Plan" was formulated by the NRC
and published as Revision 1 to NUREG-0900 in April 1986 (Ref. 1.23). Section
3.2 of NUREG-0900 deals with fission product release and transport and contain-
ment loads and is of primary relevance to source terms. Research programs
related to source terms have also been sponsored by the Electric Power Research
Institute and a number of foreign governments. Many specific results from
these programs are discussed later in this report.

Further NRC focus on source term issues came about with the creation in
January 1983 of an interim Accident Source Term Program Office (ASTPO) within
the Office of Nuclear Regulatory Research. The primary thrust of this office
was to coordinate the work of NRC contractors and to ensure thorough scientific
and technical peer review of the research products. These research products
reflect improved analytical procedures (primarily models and codes) and their
data bases that can be used to estimate accident source terms. Contractor
reports document the bulk of this effort (Refs. 1.24 through 1.28).

A considerable amount of NRC staff effort is also being devoted to two technical
issues that have particular significance to source term questions and to the
resolution of regulatory policy matters. These are (1) phenomena that can lead
to early gross failure of the containment and (2) the potential for containment
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leakage that would prevent major structural failure--the leak-before-break
hypothesis. Two working groups were formed to address these issues: the
Containment Loads Working Group and the Containment Performance Working Group.
The results of their work are reported in References 1.29 and 1.30, respectively.

The United States nuclear industry in 1981-1982 organized an Industry Degraded
Core Rulemaking (IDCOR) program to provide the basis for industry participation
in an anticipated generic rulemaking process that had been the announced inten-
tion of the NRC in 1980. The technical effort of this program is now completed
(Ref. 1.31) and is serving as a basis for the comparison of positions and
possible resolution of the substantive technical issues in severe accident
phenomenology between the NRC staff and industry. Many of these issues are
directly or indirectly associated with source term characterization and
quantification.

1.3 Purpose of This Document

The purpose of this report is to describe the NRC staff's reassessment of the
technical bases for estimating source terms in U.S.-type light-water reactors.
This reassessment involves reviewing experimental results from the severe
accident research programs that received additional emphasis after the accident
at TMI-2. The reassessment also involves reviewing an analytical procedure,
developed in this research program, that uses integrated mechanistic models of
physical phenomena.

In the process of reviewing experimental results and analytical procedures, a
specific analytical tool called the Source Term Code Package has been reviewed.
The Source Term Code Package is described in this report and, as will be seen,
it is recommended for NRC staff work in this area.

While the Source Term Code Package and other research information described in
this report will probably be used for many purposes, the scope of this report
has some important limitations. Numerical values of source terms that are
presented in this report result from using the Source Term Code Package with
certain code input assumptions for accident sequence descriptions and contain-
ment failure. Although these code input assumptions and descriptions were
carefully chosen to embody a range of realistic conditions, they have not yet
undergone a general review so that specific source term values cannot be
endorsed at this time. While these analyses provide important source term
insights, the review of code input assumptions will be included in the general
reviews of a later report, NUREG-1150. NUREG-0956 also does not address
event frequencies, containment performance, risk appraisal, or regulatory
applications. These topics will likewise be addressed in NUREG-1150.

1.4 Contents of This Document

Chapter 2 provides a brief history of the various attempts to quantify or, if
that were not possible, to bound the source terms for postulated reactor
accidents.
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In Chapter 3 an integrated approach to source term assessment is described
along with key elements of its supporting data base. This approach involves
the use of mechanistic models to describe severe accident phenomena, and these
models are integrated in a computer code framework such that important feedback
between phenomena is accounted for. A particular version of this Integrated
approach called the Source Term Code Package is also described in Chapter 3.
The status of verification and validation of the Source Term Code Package is
discussed as are the current uncertainties in source term analyses. Major
advances in source term technology since the 1975 Reactor Safety Study are also
discussed.

Numerous postulated accident sequences have been analyzed with the Source Term
Code Package for five operating plants of various U.S. light-water-reactor
designs. Sequence definition, the selection of some of the input values de-
scribing these sequences, and the use of results from these analyses in risk
assessment are outside the scope of this report and will be discussed in
NUREG-1150. Nevertheless, it is instructive to examine these analyses in de-
tail, treating them as sample calculations. Insights from the examination of
such results are discussed in Chapter 4.

The Source Term Code Package discussed in Chapter 3 and the accident sequence
analyses discussed in Chapter 4 are direct descendants of the code suite and
sequence analyses published earlier in BMI-2104. That work was extensively
reviewed over a period of 3 years. The review included formal reviews initi-
ated by the NRC, comparisons with related industry efforts, and comments from
numerous organizations and members of the general public. These reviews
enabled the NRC and its contractors to upgrade the codes and analyses to the
status reflected in Chapters 3 and 4. Chapter 5 summarizes the review process.

Chapter 6 identifies issues related to the source term technology where the
current understanding is limited. The current status of research that is
addressing these issues is discussed in order to illustrate some of the infor-
mation that has been obtained in recent experimental programs and to indicate
the importance of these issues to current and future source term analysis.
Plans for further source term and containment research have recently been
revised to better address these issues, and the revised research plan is also
discussed in Chapter 6.

Based on the staff's review, comments from a comprehensive peer review of the
BMI-2104 study, and public comments on a draft version of this report, some
conclusions and a recommendation are stated in Chapter 7 concerning the
application of integrated analytical procedures to severe accidents in nuclear
power plants.

Appendix A gives a brief description with illustrations of the basic reactor
systems and containments discussed in this report. Appendix B contains a
summary of technical issues that evolved from the technical exchange between
the NRC staff and the IOCOR group. Appendix C provides a summary of the com-
ments received from the public on the draft version of this report with a staff
response. Appendix D contains a copy of the comments on this report by the
Advisory Committee on Reactor Safeguards with NRC staff responses.
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2. HISTORICAL PERSPECTIVE OF SOURCE TERM ASSESSMENT

Since the 1950s, attempts have been made to estimate the effects of postulated
accidents at operating nuclear power plants in the United States that are mod-
erated and cooled by light water. After the following brief summary, each major
contribution to source term assessment will be more fully summarized in this
chapter.

The first estimates of releases of radioactive material, found in the U.S. Atomic
Energy Commission report WASH-740 published in 1957 (Ref. 2.1), were not really
based on systematic analyses but defined a set of "hazard states." An important
development came in 1962 with the publication of TID-14844 (Ref. 2.2), which ana-
lyzed the so-called "maximum credible accident." Following a discussion of the
complex phenomena associated with severe accidents, TIO-14844 made the problem
"manageable by simplifying assumptions, specifying that certain secondary
features... [were] to be ignored, and fixing the values of certain key
parameters."

The first major effort to assess the probabilistic risk of postulated accidents
at nuclear power plants was the 1975 WASH-1400 Reactor Safety Study (Ref. 2.3).
This study resulted in "release categories" that were associated with various
levels of plant damage. The Reactor Safety Study analytical procedure was used
in several areas of regulation such as emergency planning, establishing priori-
ties for safety issues, and environmental impact statements.

In 1980, after the Three Mile Island accident, a review of the technical bases
for estimating source terms was begun. The results were published in 1981 as
NUREG-0772 (Ref. 2.4). In addition, at about that time (1982), NRC sponsored
studies that resulted in defining a spectrum of accidents with varying releases
of radioactive material. The risk assessments from the Reactor Safety Study
and the Reactor Safety Study Methodology Applications Program (RSSMAP) contri-
buted to this development of those source terms. These risk assessments were
published in NUREG-0771 (Ref. 2.5) and NUREG-0773 (Ref. 2.6). In the latter
document, a set bf source terms spanning the range from large releases of radio-
active material to small releases were defined and were called Siting Source
Terms. These were used in a siting study published in NUREG/CR-2239 (Ref. 2.7).

Two foreign studies of risks and source terms have also been published. These
were a German risk study (Ref. 2.8) published in 1979 and a British source term
study (Ref. 2.9) published in 1982 in connection with the planned construction
of a pressurized water reactor (PWR).

The current source term reassessment is described in the following chapters.
This reassessment is based on accident sequence analyses described in BMI-2104
(Ref. 2.10) and NUREG/CR-4624 (Ref. 2.11) and was supplemented by a code vali-
dation review (Ref. 2.12) and by uncertainty estimates (the first of which is
documented in Ref. 2.13). The integrated analytical procedure discussed here
represents a major advancement and refinement since the Reactor Safety Study.
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At about the same time, a major study was conducted by an industry group
designated the Industry Degraded Core Rulemaking program (Ref. 2.14).
Several reviews were also conducted during this time period, most notably by
the American Nuclear Society (Ref. 2.15) and the Organisation for Economic
Co-operation and Development (Ref. 2.16).

Finally, a major effort was undertaken by the NRC to revise (or rebaseline)
the risk assessment for a group of operating reactors. This risk rebaselining
program will be described in a forthcoming report, NUREG-1150.

Each of the major milestones mentioned above is described in this chapter to
provide an historical perspective of source term reassessment. The relationship
of the various source term assessments to the regulatory process is shown in
Figure 2.1.

2.1 Accident Consequence Study (WASH-740)

The first substantive attempt to develop an estimate of the potential fission
product releases arising from severe accidents at light-water-reactor (LWR)
plants appeared in 1957 in the report "Theoretical Possibilities and Consequences
of Major Accidents in Large Nuclear Power Plants," WASH-740 (Ref. 2.1). WASH-740
was published by Brookhaven National Laboratory for the U.S. Atomic Energy
Commission. The authors of WASH-740 recognized that they did not have the
information or the methods to make systematic estimates of system failure
probabilities and the consequences of severe accidents. Nevertheless, they
attempted to describe the possibility and progress of such accidents by defin-
ing "hazard states" for the nuclear reactor, which focused on the core and its
large inventory of radioactive material and on containment failure. Each of
these hazard states corresponds to an escalating degradation of the major bar-
riers (the fuel cladding, the reactor coolant system boundary, and the contain-
ment) against a fission product release.

Major damage to the first barrier (the fuel cladding) represented Hazard
State 1. Although major damage to the core was postulated, no release outside
the reactor vessel had occurred. A subjective estimate that the frequency of
such an event would fall in the range of 10-2 to 10-4 per year for a typical
reactor was made.

Hazard State 2 was defined as a situation in which there is not only major
damage to the core but sufficient damage or melting to lead to release of the
radioactive materials outside the reactor vessel. However, it was assumed that
the containment remained intact, thus preventing a major release of
radioactivity to the environment. This hazard state is similar to the accident
conditions assumed in the 1960s in TID-14844, described below. The authors of
WASH-740 estimated the probability of 10-3 to 10-4 per year for this hazard
state.

Hazard State 3 postulated major damage to the core and cladding, complete melt-
ing or substantial melting of the core, and failure of the last fission product
barrier (the containment). The estimated frequency for this hazard state was
given as 10-5 to 10-9 per year.
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2.2 Maximum Credible Accident (TID-14844)

After the publication of WASH-740, the development of nuclear reactors pro-
ceeded, and the regulatory process concerning nuclear power evolved. One of
the important developments was the publication in 1962 of TID-14844 (Ref. 2.2).
This report presented an analysis and finally, given an assumption concerning
the behavior of the containment, a source term that was closely akin to the
WASH-740 Hazard State 2 source term. In the TID report, the postulation of a
substantial core melt accident takes the form of a postulation of the release
of all of the noble gas, 50 percent of the iodine, and 1 percent of the radio-
active solids to the containment. In addition, TID-14844 provided assumptions
for containment leakage (although the containment was essentially intact) and
for the atmospheric transport of the fission products. However, it was recog-
nized that the procedures and results specified in TID-14844 were "approximations,
sometimes relatively poor ones, to the results which would be obtained if the
effects of the full play of all the variables and influencing factors could be
recognized and fixed with certainty--an impossibility in the present state of
the art." In setting the level of the releases into but not out of the con-
tainment, the analysts intended the releases to be higher than the uncertainty
limit as they perceived it.

In 1962, the level of accident severity described in TID-14844 was codified as
the "maximum credible accident" in the siting regulations of 10 CFR Part 100,
"Reactor Site Criteria," which are still in place. The choice of the maximum
credible accident to be a contained core melt accident appears to have been
influenced by a number of factors. Most notable were the frequency estimates
developed from "the best judgement of the most knowledgeable experts" that were
presented in WASH-740, as described above.

Also, at the time 10 CFR Part 100 and TID-14844 were developed, the maximum
size of reactors in operation was small (".500 MW thermal) leading to the
general belief that a reactor containment building would remain intact even in
the event of a core melt accident. Over the years, reactor designs grew larger
(up to 3800 MW thermal) and, in the late 1960s, emergency core cooling systems
were required for all new plants. These systems were designed to terminate a
loss-of-coolant accident with one assumed failure of an active component. The
original design bases for hydrogen control and containment pressure capability
have been based on such accidents but include a factor of safety above the
calculated value. However, maximum credible accident assumptions for fission
product release, which are based on core melting, still were applied for the
Part 100 site suitability dose calculations.

Since the 1960s, it has been the policy of the Commission to allow for the
incorporation of appropriate and adequate compensating engineered safety fea-
tures along with consideration of the site characteristics. Several features
have been incorporated into plants to reduce the radiological consequences of
accidents, including improved containments, containment spray systems,
shielding, and filter systems. In addition, operational features have been
included such as inspection, testing, and surveillance, and quality assurance
measures in the design, construction, operation, and maintenance of plants.
The design basis fission product release source term for determining the
adequacy of these systems for fission product mitigation became the assumptions
and procedures originally delineated in TID-14844.

2-4



Although the evidence is not absolutely clear, many members of the NRC staff
have interpreted the "Statements of Consideration" for the Reactor Site
Criteria (Ref. 2.17) to include the consideration of a core melt combined with
failure of the containment. This inference comes from the requirement for a
population center distance as specified in 10 CFR Part 100, the so-called
remote siting policy.

Consideration of severe accidents in evaluations under the National Environmental
Policy Act was actually proscribed by a proposed rule (Ref. 2.18), which divided
accidents into nine classes from the most trivial to the most severe and man-
dated consideration of Classes 1 through 8. Class 9 accidents, those that were
defined to involve multiple failures and were stated to have the potential for
severe consequences, were not to be considered because of their low frequency.

2.3 Reactor Safety Study (WASH-1400)

The Reactor Safety Study, WASH-1400 (Ref. 2.3), was an attempt to assess the
risk of light-water reactors from postulated accidents using a systematic prob-
abilistic risk analysis. The study, published in 1975, includes a tabulation
of initiating events, a systematic analysis of systems failure possibilities,
development of resulting accident scenarios with their estimated frequencies,
and analysis of physical processes associated with core degradation and fission
product release to determine the consequences of the postulated events. The
results of the accident progression and fission product release analyses were
represented by "release categories" that were associated with various levels
of plant damage. All the accident sequences that were believed to contribute
significantly to the overall core melt frequency were grouped, or "binned,"
into these categories. The sum of the frequencies of the accidents in a
release category was taken as the frequency of the category.

The list of source terms developed in the Reactor Safety Study is shown in
Table 2.1, which is taken directly from the study. Note that these source
terms are divided into nine release categories for the pressurized water
reactor (PWR) and five categories for the boiling water reactor (BWR). Each
category is represented by several parameters that describe the release in
terms of frequency, timing, and amount of radioactive material. The first
column in Table 2.1 contains the release category designation. The second is
the cumulative probability (frequency) for the particular release category and
the third column is the time of release, i.e., the characteristic time between
the onset of the accident scenario and the actual release from containment.
The fourth column is the duration of the release, that is, whether it is a
relatively short, puff-like release or a long plume release. The warning time
for evacuation follows in the fifth column. This is an estimate of the time
period prior to release that is available for warning people offsite to take
protective action, and it is based on the analyst's assessment of how the
operator would interpret existing plant emergency procedures. The sixth column
is the height of the release, that is, the elevation at which containment fail-
ure occurs. The seventh column gives the energy associated with the release.
The group of parameters from the time of release through the energy of the
release comprises the so-called "plume" characteristics of the source term.

The typical practice (as is seen in Table 2.1) is to list, for all the signif-
icant radionuclide categories, the fraction of the total inventory that
ultimately finds its way to the environment as shown in the last eight columns.
These parameters comprise the so-called "release fraction" part of the source
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Table 2.1 Summary of accidents involving core*

TABLE 5-1 SUMMARY OF ACCIDENTS INVOLVING CORE

DURATION WARNING ELEVATION CONTAINMENT

TIME OF or T114E FOR or ENERGY
PROBABILITY RELEASE FRACTION OF CORE INVENTORY RELEASED

RELEASE per RELEASE RELEASE EVACUATION RELEASE 6 (b) (c)
CATEGORY Reactor-Yr (Hr) (Hr) (Hr) (Meters) (10 Btu/Hr) Xe-Kr Org. I I Cs-Rb Te-Sb Ba-Sr Ru La

PWR I 9x10-? 2.5 0.5 1.0 25 520(d) 0.9 6x10-3 0.7 0.4 0.4 0.05 0.4 3x10"3

PWR 2 8xI0-
6  

2.5 0.5 1.0 0 170 0.9 7xlO-3 0.7 0.5 0.3 0.06 0.02 4x10"3

PWR 3 4xlO6 5.0 1.5 2.0 0 6 0.8 6xlO"3 0.2 0.2 0.3 0.02 0.03 3xlO-3

PWR 4 5x10-7 2.0 3.0 2.0 0 1 0.6 2x10-3 0.09 0.04 0.03 5x1i03 3x10"3 4xlO"4

PWR 5 7xlO-7 2.0 4.0 1.0 0 0.3 0.3 2xlO"3 0.03 9xlO3 SxlO-3 lxlO"3 6xlO-4 7xlO"5

PWR 6 6x1076 12.0 10.0 1.0 0 N/A 0.3 2xl0"3 8x10-4 8x104 xO- 9x3l05 ?xl0-5 ixlO-5

PWR 7 4xlO-5 10.0 10.0 1.0 0 N/A 6xlO"3 2xlO"5 2xlO-5 1xlO-5 2xlO-5 lx10"6 lxlo-6 2xlO-7

PWR a 4xlO"5 0.5 0.5 N/A 0 N/A 2x10"3 5xlO"6 xOxlO"4 l10x-6 lx10-8 0 0

PWR 9 4x10"4 0.5 0.5 N/A 0 N/A 3xl0O6 7xlO"9 IxlO-7 6x10"7 lxlO-9 lxlO-11 0 0

BWR 1 lxlO"6 2.0 2.0 1.5 25 130 1.0 7x10"3 0.40 0.40 0.70 0.05 0.5 5xlO"
3

BWR 2 6xlo-6 30.0 3.0 2.0 0 30 1.0 7x10"3 0.90 0.50 0.30 0.10 0.03 4x10-3

BWR 3 2x10-5 30.0 3.0 2.0 25 20 1.0 7x10"3 0.10 0.10 0.30 0.01 0.02 3x10-3

BWR 4 2x10-6 5.0 2.0 2.0 25 N/A 0.6 7xlO"4 8x1O"4 5xlO-3 4xlO"3 6x10"4 6x10O4 lxlO"4

BWR 5 lxlO"4 3.5 5.0 N/A 150 N/A 5xlO"4 2x10"9 6x10-11 4x10"9 8X10"12 0X10-14 0 0

(a) A discussion of the isotopes used in the
mechanisms In found in Appendix VII.

study is found in Appendix VI. Background on the isotope groups and release

(b) Includes Mo. Rh, Tc, Co.

(c) Includes Nd. Y, Ce, Pr, La. Nb. Am, Cm, Pu, Np, Zr.

(d) A lower energy release rate than this value applies to part of the period over which the radioactivity is being released.

The effect of lower energy release rates on consequences is found in Appendix VI.

lFrom the "Reactor Safety Study," Main Report, WASH-1400, October 1975,
Table 5-1 (Ref. 2.3). The appendices referred to in the notes are
appendices to the Reactor Safety Study.

2-6



term. The chemical elements were grouped in the Reactor Safety Study into
categories wherein the elements in the category were considered to behave in a
similar manner during severe accidents. The footnote in Table 2.1 gives the
grouping of chemical elements. For the consequence calculations, the several
hundred radionuclides present in the reactor at shutdown were reduced to 54
based on half-life (radioactive decay) and biological importance, as discussed
in Appendix VI of the Reactor Safety Study. Those 54 nuclides and their
inventories in curies in the core at the onset of the accident for particular
assumed conditions of power level and burnup are given in Table 2.2, which is
also taken directly from the Reactor Safety Study. The consequence code used
in the Reactor Safety Study, CRAC, multiplied the inventories by the appropri-
ate release fractions and calculated the decay of the individual radionuclides,
based on the half-lives shown in the table. Some transformations to biolog-
ically important daughter products were also considered. Since decay is
accounted for in the consequence code, not in the fission product release and
transport code, release categories with the same release fractions at different
release times will have significantly different releases in curies--for example,
the quantitative releases of noble gases for BWR-1 at 2 hours and BWR-2 at 30
hours imply very different releases in curies. Note that the nomenclature of
the Reactor Safety Study numbers the source term categories in decreasing order
of severity for each plant type.

Because of differences in the activities, chemical behavior, and emitted radia-
tion of the radionuclides in the different groups, the potential radiological
consequences of the release of the different groups vary substantially (Ref. 2.19).
For example, early health effects (including early fatalities) are usually domi-
nated by doses to two organs (lungs and bone marrow). On the basis of fraction
of the core inventory, the iodine and tellurium groups have similar impacts on
lung and bone marrow doses. For typical fission product source terms as calcu-
lated in the Reactor Safety Study, these two elemental groups make similar con-
tributions to early health effects and, in combination, contribute more than
half the total effects. Other elemental groups can also be significant contri-
butors to early health effects such as noble gases (krypton), barium, strontium,
ruthenium, and cerium (including neptunium). On the basis of fraction of the
core inventory, barium and strontium are similar to iodine as contributors to
early health effects. In the Reactor Safety Study analyses, the release frac-
tions for barium and strontium were lower than those for iodine and, as a
result, these elements were less significant than iodine to health effects.
In some of the Source Term Code Package analyses, however, iodine tends to be
retained in-vessel or scrubbed in a suppression pool and the barium and stron-
tium, which are released ex-vessel, provide potentially larger contributions to
the dose. (See Table 4.17, for example.)

The cerium group, including neptunium, constitutes a larger contributor by
approximately an order of magnitude to lung dose than iodine assuming the
release of equal fractions of the core inventory. Although the environmental
release fraction of the cerium group is typically much lower than that for
iodine, there are analyses such as described for barium and strontium in which
this is not the case.

Other potentially important early effects are hypothydroidism and acute
thyroiditis. Both effects are dominated by the iodine group.

Latent cancer deaths are dominated by long-term exposures because of retention

in the body following inhalation, resuspension, "groundshine," and ingestion
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Table 2.2 Initial activity of radionuclides in the nuclear reactor
core at the time of the hypothetical accident.*

Radioactive Inventory
No. Radionuclide Source (curies x 10%) Half-Life (days)

1 Cobalt-58 0.0078 71.0
2 Cobalt-60 0.0029 1,920
3 Krypton-85 0.0056 3,950
4 Krypton-85m 0.24 0.183
S Krypton-87 0.47 0.0528
6 Krypton-88 0.68 0.117
7 Rubidium-86 0.00026 18.7
8 Strontium-89 0.94 52.1
9 Strontium-90 0.037 11,030

10 Strontium-91 1.1 0.403
11 Yttriuw-90 0.039 2.67
12 Yttrium-91 1.2 59.0
13 Zirconium-95 1.5 65.2
14 Zirconium-97 1.5 0.71
15 Niobium-95 1.5 35.0
16 Molybdenum-99 1.6 2.8
17 Technetium-99m 1.4 0.25
18 Ruthenium-103 1.1 39.5
19 Ruthenium-105 0.72 0.185
20 Ruthenium-106 0.25 366
21 hodium-105 0.49 1.50
22 Tellurium-127 0.059 0.391
23 Tellurium-127m 0.011 109
24 Telluriua-129 0.31 0.048
25 Tellurium-129m 0.053 0.340
26 Tellurium-131a 0.13 1.25
27 Tellurium-132 1.2 3.25
28 Antimony-127 0.061 3.88
29 Antimony-129 0.33 0.179
30 Iodine-131 0.85 8.05
31 Iodine-132 1.2 0.0958
32 Iodine-133 1.7 0.875
33 Iodine-134 1.9 0.0366
34 Iodine-135 1.5 0.280
35 Xenon-133 1.7 5.28
36 Xenon-135 0.34 0.384
37 Ceasium-134 0.075 750
38 Cesium-136 0.030 13.0
39 Cesium-137 0.047 11,000
40 Barium-140 1.6 12.8
41 Lanthanum-140 1.6 1.67
42 Cerium-141 1.5 32.3
43 Cerium-143 1.3 1.38
44 Cerium-144 0.85 284
45 Praseodymium-143 1.3 13.7
46 Neodymium-147 0.60 11.2
47 Neptuniun-239 16.4 2.35
48 Plutonium-238 0.00057 32,500
49 Plutonium-239 0.00021 8.9 X 106
50 Plutoniunt-240 0.00021 2.4 x 106
S1 Plutonium-241 0.034 5,350
52 Americium-241 0.000017 1.5 X 10

53 Curium-242 0.0050 163
54 Curium-244 0.00023 6,630

*From the "Reactor Safety Study," Appendix VI to WASH-1400, October 1975,
Table VI 3-1.
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of contaminated food. The cesium group typically contributes approximately two-
thirds of these effects for release fraction ratios for the chemical element
groups as in the Reactor Safety Study. Again, for analyses with different
ratios, other element groups may contribute larger fractions of these effects.

In Table 2.1, for the more severe accidents (the PWR-1 and PWR-2 releases and
BWR-1 and BWR-2 releases), the Reactor Safety Study results indicated that a
large fraction of the iodine in the core would be released to the environment.
This result is the one most frequently challenged by those engaged in current
studies of source terms. The radioiodine, evaluated in the Reactor Safety
Study as if in the form of elemental iodine, is assumed in more recent source
term codes to be present as the salt, cesium iodide. Thermodynamic considera-
tions indicate that cesium iodide would be the preferred chemical form in
severe core melt accidents, but that for BWR accidents, chemical reactions with
the control material might form some amount of volatile species of iodine. The
salt form, the critics of the Reactor Safety Study analytical procedure state,
is less mobile and far more soluble in water and therefore would behave in a
manner to produce lower source terms. However, the present experimental evi-
dence on the chemical form is conflicting and preliminary. Therefore, a para-
metric study of the impact of two different assumptions is given in Section
4.13. The chemistry of iodine as it relates to severe accidents is more fully
discussed in Section 6.2.7.

Although the analyses in the Reactor Safety Study represented the best avail-
able analytical procedure at the time, with current knowledge a number of weak-
nesses are recognized. The Reactor Safety Study has been subjected to critical
reviews, and brief descriptions are given in References 2.20 and 2.21. For the
purpose of this report, the significant shortcoming of the Reactor Safety Study
is its simplified treatment of fission product behavior. The analysts in the
Reactor Safety Study examined core melt phenomena and the available fission
product release and transport data and frequently found either a void or ambig-
uous information facing them. In several cases, the analysts omitted poorly
understood physical and chemical processes affecting fission product behavior,
which resulted in phenomena described in a manner that resulted in large source
terms, in order to deal with the uncertainties presented to them by the paucity
of data. That is, when ample data existed, a model for the phenomenon was in-
cluded as realisti'cally as possible, but when data were lacking, consideration
of the phenomenon was omitted, which tended to lead to the underestimation of
fission product retention. This process, it was thought, would produce source
term results at or near the upper range of the uncertainty. For example, the
authors of the Reactor Safety Study acknowledged that thermodynamic calculation
indicated that fission products such as iodine would react with cesium and would
leave the core region as cesium iodide. Nevertheless, they expressed doubt
because of the limited data in support of this calculation.

Nonetheless, until now, the Reactor Safety Study (with all its weaknesses)
represented the most extensive description of reactor accident risks available
to regulators. In fact, the study was used to derive a part of the technical
bases for the regulation of nuclear reactors in the emergency planning area.
In the years preceding TMI-2, a document was jointly published by the U.S.
Nuclear Regulatory Commission and the U.S. Environmental Protection Agency and
became the basis for the emergency preparedness standards in place today through-
out the United States (Ref. 2.22).
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Another application today of the results of the Reactor Safety Study is in
setting the priorities for safety issues by the NRC. To provide a rational
basis for assigning resources to the resolution of different safety problems,
an evaluation of the frequency of occurrences of the adverse event and an
assignment to a release category from the Reactor Safety Study are made. The
risk defined from the frequency and consequences is used to make priority
assignments and help evaluate potential backfits.

The results of the Reactor Safety Study and other later risk assessments have
also been used to provide a perspective of severe accident risks in environ-
mental impact statements (EISs). Revised frequencies and release fractions for
a PWR or BWR reactor, as appropriate, have been combined with site-specific
meteorology, population, and evacuation parameters to estimate consequences.
This portrayal of severe accidents in EISs is consistent with the NRC Interim
Policy Statement (Ref. 2.23).

2.4 Review of Source Term Technical Bases (NUREG-0772)

In response to questions concerning the adequacy of the Reactor Safety Study
analytical procedures for estimating fission product behavior, and in particular
its applicability to the TMI-2 accident, the NRC in 1980 undertook a review of
the state of knowledge regarding procedures available for predicting fission
product release and transport. The questions were first raised by three
scientists from Oak Ridge National Laboratory and Los Alamos National
Laboratory (Ref. 2.24). Further, in the NRC Three Mile Island Action Plan
(Ref. 2.25), Item II.B.8 addressed the need for considering severe core
damage accidents, i.e., beyond the design basis. Plans to undertake rulemaking
proceedings related to degraded core cooling were published in the Federal
Register (Ref. 2.26).

The results of the review of the state of knowledge are contained in the report
"Technical Bases for Estimating Fission Product Behavior During LWR Accidents,"
NUREG-0772 (Ref. 2.4). As part of this report, the assumptions, procedures,
and available data for predicting fission product behavior were evaluated, and
calculations were made of fission product attenuation along the various flow
paths from the fuel to the environment. That review resulted in several con-
clusions that represented significant departures from the Reactor Safety Study
assumptions:

1. The data base suggests that cesium iodide (CsI) will be the expected pre-
dominant iodine chemical form under most postulated LWR accident condi-
tions. The evidence regarding the chemical form of iodine released from
fuel at high temperature (>1,400*C) is inconclusive. Thermodynamic calcu-
lations predict that formation of CsI should occur in the gaseous reducing
atmosphere in the reactor coolant system following release from fuel even
if iodine is not released from the fuel as CsI. However, the formation
of some more volatile iodine species (e.g., elemental iodine and organic
iodines) cannot be precluded under certain accident conditions.

2. The assumed form of iodine was not predicted to have a major influence on
iodine attenuation in the containment for early containment failure.
However, the assumed chemical form can influence calculated attenuation
within the reactor coolant system, where, in general, the attenuation will
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be greater for CsI than was assumed in the Reactor Safety Study for
elemental iodine.

3. Predictions of the retention of radioactive material within the reactor
coolant system (which was not accounted for in the Reactor Safety Study
for most accident sequences) range from very little to substantial,
depending on the accident sequence. In addition, attenuation of fission
products within the reactor coolant system could be substantial as a
result of agglomeration and fallout of aerosols. Consequently, for
certain accident sequences considered in the Reactor Safety Study, the
release of radionuclides to the environment may have been significantly
overpredicted. However, for other accident sequences, the estimated
releases would be in approximate agreement with the Reactor Safety Study
estimates.

4. Certain engineered safety features (e.g., containment sprays, suppression
pools, and ice condensers) will perform effectively in removing fission
products regardless of their chemical form (i.e., vapor or particulate)
and under most conditions. Other engineered safety features (e.g.,
filters) are less effective.

Much of the quantitative assessment in NUREG-0772 was based on scoping calcula-
tions that were applicable only to the specific conditions assumed for the
calculations. Because the examinations of fission product behavior in
different regions (e.g., core, reactor coolant system, and containment) were
conducted in parallel, no thoroughly integrated calculations were performed.
In order to achieve an integrated application of the findings of NUREG-0772,
the NRC funded a source term study at Battelle Columbus Laboratories. The
results of an expanded effort begun under this study are reported in the
multivolume draft BMI-2104, "Radionuclide Release Under Specific LWR Accident
Conditions," July 1983-July 1986 (Ref. 2.10).

2.5 Sandia Siting Study (NUREG/CR-2239)

In 1982, the NRC reviewed its recently sponsored studies on the evaluations of
the technical bases for reactor accident source term assumptions and the poten-
tial impact of possible source term changes on the regulatory process (NUREGs-
0771 and 0772) (Refs. 2.5 and 2.4). Further, the NRC reviewed the comparisons
between release fractions and frequencies from the Reactor Safety Study and
subsequent revisions (rebaselining). Next, information on dominant sequences
from probabilistic risk assessments (PRAs) other than the Reactor Safety Study
was collected. These efforts are described in NUREG-0773, "The Development of
Severe Reactor Accident Source Terms: 1957-1981" (Ref. 2.6). After the review,
the NRC constructed source terms for a spectrum of accidents that more adequ-
ately spanned the range of possible source terms but were based on individual
computer code runs that had been completed in 1978; these are reported in
NUREG-0773.

Five release categories were designated as being representative of the full
spectrum of potential accident conditions, from those characterized by large
releases to those with very little release. Each category represented a
different degree of core degradation and of failure of containment safety
features. The set of five Siting Source Terms (denoted SSTs 1-5) represented
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five accident groups. These groups were based on a review of Reactor Safety
Study release categories but with some new thermal-hydraulic and containment
analyses. By associating frequencies with each of the five source terms, the
set was intended to represent in a very approximate manner any current LWR design.

The siting source terms described in NUREG-0773 were used to calculate accident
consequences at 91 United States reactor sites, using site-specific population
data and a mixture of site-specific and regional meteorological data, for an
assumed 1120 MWe reactor. These calculations treated siting factors such as
weather conditions and emergency response over ranges of values but postulated
the siting source term release. The results, as reported in NUREG/CR-2239,
"Technical Guidance for Siting Criteria Development" (Ref. 2.7), were thus
conditional consequence values.

2.6 German Risk Study

The United States Reactor Safety Study was not directly applicable to German
reactors for two reasons. One, the reference plants used in the United States
study differ from German power plants in their design and safety feature func-
tions. Two, site locations in the United States differ from those in Germany
because of generally higher population densities in Germany. These two reasons
were sufficient to initiate a study of risk for German reactors, which began in
the spring of 1976 as part of the German Reactor Safety Research Program.
Modifications to plants resulted from the study through the first few months of
1978.

The German Risk Study (Ref. 2.8) used probability-oriented methods for a
safety evaluation. Objectives of the study were to determine collective risk
of the plants in Germany and to compare results with the United States Reactor
Safety Study. The study was based on a single representative operating PWR in
Germany, but it included an evaluation of offsite health consequences at
19 sites.

Emphasis was placed on events leading to a core meltdown with the assumption
that accidents with insufficient core cooling always lead to a complete
meltdown. The following five steps were taken in making the estimates:

1. Identify initiating events.
2. Develop event trees and fault trees.
3. Determine activity releases.
4. Determine consequences.
5. Determine risks.

The modes of containment failure that were evaluated included leakage,
overpressure failure, and failure due to in-vessel steam explosions. External
events that were considered included earthquakes, flood, storms, lightning,
aircraft impacts, and explosion pressure waves with the conclusion that such
events would produce no noticeable contribution to the risk. About 100
sequences leading to a radionuclide release were studied.

Throughout the study, assumptions that were believed to lead to higher esti-
mated consequences were made; for instance, sequences were chosen for study
that "cover other initiating events as an envelope," and the estimated release
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of radioactive material for a release category was taken as the most unfavor-
able for those events included in the category.

The German Risk Study concluded that, despite differences in plant design and
site characteristics, the results "more or less" confirmed those of the Reactor
Safety Study. However, considering the state of the art, the study also
concluded that the significance of such analyses is "restricted." The study
saw the investigation as allowing analysis of weak spots in systems and
identification of problems at system or technical discipline interfaces. The
study also found that risk analyses are subject to large uncertainties.

2.7 Sizewell-B Source Term Estimates

Radionuclide release estimates were made for the Sizewell-B reactor, a PWR with
a large, dry containment under consideration for a site located in England.
These estimates were done under the auspices of the Westinghouse Electric Cor-
poration and the United Kingdom Atomic Energy Authority with the purpose of
producing best-estimate source terms from source terms believed to be unduly
large. The study was a scoping study showing the procedure and its application
(Ref. 2.9).

The procedure consisted of assigning probabilities to arbitrarily adjusted
release fractions to account for changes in fission product transport effects
believed to be missing or simplistically accounted for in a base case. Collec-
tively, the probabilities form a distribution that accounts for the factors
believed to lead to unduly large source terms and expresses the uncertainty in
a given estimate of a release fraction. Although, in general, the adjusted
releases were smaller than the base case, which was based on the Reactor Safety
Study analytical procedures, a small probability was assigned to larger release
fractions.

Subjective judgment in determining adjustment factors and assigning probability
values was extensively used. The procedure relies on the notion that quanti-
tative uncertainty estimates can be subjectively estimated with accuracy for
small portions of an accident sequence.

2.8 Current Source Term Reassessment (NUREG-0956)

In light of the emerging severe accident technology and its expanding data
base, the NRC undertook a reassessment of the technical bases for estimating
source terms. The purpose of the reassessment was to evaluate the data base
for validation of source term codes, to calculate source terms for selected
plants and sequences, to conduct a broad-based peer review, and to appraise
plant risk and regulatory significance of the reassessed source terms.

To initiate this reassessment, the NRC funded a source term study at Battelle
Columbus Laboratories. This study involved the development and modification of
a number of severe accident computer codes based on emerging severe accident
research results. These codes were then coupled to form a suite of codes that
would provide the appropriate feedback involved in realistic accident sequences.
About 25 specific accident sequences for a selection of five operating plants
were analyzed with this suite of codes. The purpose of the sequence analyses
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was to exercise the suite of codes over a wide range of conditions. Conse-
quently, several sequences were chosen that had low probabilities of occur-
rence, and many sequences that might contribute significantly to overall risk
were not analyzed. The Battelle suite of codes and the sample analyses were
reported in the multivolume report, BMI-2104 (Ref. 2.10).

When this effort was initiated, there was an expectation among many in the
nuclear community that a correct treatment of the physical and chemical
behavior of fission product release and transport would show a reduction of
several orders of magnitude in calculated source terms, except for noble gases,
compared with the Reactor Safety Study. Such a result would have made it easy
to develop new generic source terms, and such reduced source terms would have
translated directly into reductions in estimated risk without the need to reeval-
uate other areas of risk assessment (event frequencies, containment performance,
and offsite consequences). Such clear-cut reductions in source terms have not
been found, however, and the self-consistent method of evaluating source terms
has demonstrated a high degree of plant-specific variation. Nonetheless, pro-
found results have been achieved and data from the severe accident experimental
program mentioned above have advanced considerably the understanding of source
term phenomena. A reviewed and tested analytical tool, the NRC's Source Term
Code Package, has emerged from this study, and this code package is capable of
dealing with plant-specific variations in a realistic way. The Source Term
Code Package has been used in a major new risk study that is now in progress
and will be reported in NUREG-1150, "Nuclear Power Plant Risks and Regulatory
Applications."

The Battelle report (Ref. 2.10) was to be the centerpiece of the NRC's reassess-
ment of the technical bases for estimating source terms. A special program
office, the Accident Source Term Program Office, was established at NRC to pro-
vide this reassessment. Other key elements of the reassessment were an uncer-
tainty study (Ref. 2.13), a validation status report (Ref. 2.12), and a formal
peer review (Ref. 2.27). These elements, and their relationship to the risk
rebaselining study, and potential regulatory activities are shown in Figure 2.2.

Many of the key elements of the reassessment were completed and a draft of
NUREG-0956 was issued for public comment in 1985. Based on the findings of
these reassessment activities and on the comments that were received, a number
of changes were made in the final stages of the current source term reassess-
ment. First, the BMI-2104 suite of codes was upgraded to reflect some new
research results and to integrate the analyses more fully. Second, a new set
of accident sequences was selected for analysis and these new sequences encom-
passed more of the risk-Important sequences for the same five plants; unimpor-
tant sequences were not analyzed. These new results have now been published in
NUREG/CR-4624 (Ref. 2.11). Finally, all this updated information is summarized
and discussed in the body of this report, the final version of NUREG-0956. The
report discusses the analytical approach to source term assessment and its
experimental basis, insights from selected accident sequence analyses, the re-
view process associated with all this work, and related research programs.
NUREG-0956 thus serves as an evaluation of the current integrated approach to
source term assessment, and it describes the Source Term Code Package.
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Figure 2.2 Key elements of NRC source term reassessment program and their relationship to regulatory
implementation.



2.9 IDCOR and Other Source Term Calculations

The Industry Degraded Core Rulemaking (IDCOR) program, which operates under
the auspices of the Atomic Industral Forum, is "the major effort of industry
to study potentially severe accidents in existing nuclear reactors." Their
objective "was to develop a comprehensive, integrated, well-documented, and.
technically sound position on the issues relating to severe nuclear accidents,
and to provide the basis for industry participation in the NRC decision process
on severe accidents" (Ref. 2.14). Within this program, an integrated thermal-
hydraulic code, MAAP, and associated fission product and aerosol codes, FPRAT
and RETAIN, comprising a code suite, were developed and used to calculate source
terms that were used to determine the risk of four operating plants. This work
is further discussed in Chapter 5 of this report.

The IDCOR-developed code suite was also used to develop methods and analytical
tools for the analysis of severe accidents in Swedish nuclear power plants
(Ref. 2.28). Within this program, a few sequences appropriate to Swedish
reactors were calculated.

Stone & Webster Engineering Corporation has developed independent source term
codes and modified the codes developed for the NRC and has used these codes to
calculate source terms for a parametric study of the Surry plant (Ref. 2.29).

Risk Management Associates and the New York Power Authority have also modified
the codes developed for the NRC. They calculated the source terms for a BWR
with a Mark I containment and used these source terms to calculate risk
(Ref. 2.30).

In general, the details of the codes developed or the modifications to existing
codes have not been evaluated by the NRC staff or its contractors. Consequently,
no conclusions concerning the status of validation of these codes or the quality
assurance of the source terms developed with them are given in this report.

2.10 Reviews of Existing Calculations

Several organizations have reviewed the existing source term calculational tech-
niques and the source terms calculated with them. First, a special committee
of the American Nuclear Society reviewed the existing calculations of source
terms and had Stone & Webster Engineering Corporation perform parametric
analyses to support their evaluation (Ref. 2.15). This work is more fully
discussed in Chapter 5 of this report.

Second, the Comitato Nazionale per la Ricerca e per lo Sviluppo Dell'Energia
Nucleare e Delle Energie Alternative (ENEA) reviewed the existing source terms
and accident phenomena in the light of the possible regulatory implications
(Ref. 2.31).

Most recently, the Organisation for Economic Co-operation and Development
(OECD) has published a review of the technology existing worldwide for esti-
mating source terms. In their review, they evaluate the main developments
since the Reactor Safety Study, the areas where they believe source term
information to be sufficient, where the information is and is not generic,
and uncertainties and how to deal with them (Ref. 2.16).
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2.11 Risk Rebaselining Study and Its Associated Uncertainty Study (NUREG-1150)

The NRC staff is preparing a risk rebaselining and an associated uncertainty
study that is scheduled for publication for public comment in 1986 as
NUREG-1150. The example calculations discussed in Chapter 4 of this document
are some of the calculations that have been performed using the Source Term
Code Package for this risk study. The purposes of the risk rebaselining and
uncertainty studies are (1) to provide a greater understanding of the current
risks from severe accidents at nuclear power plants, based on internally
initiated accidents at a selection of operating plants that have different
plant and containment designs and (2) to assess the usefulness of the methods
used and the information gained in evaluating and making decisions on various
regulatory matters.

NUREG-1150 will provide (1) a description of the probabilistic risk assessment
methods, data bases, and assumptions and (2) sufficient information regarding
the results of the analyses and examples of the use of such information so that
the reader can understand how such reliability- and risk-related information
can be used in the regulation of nuclear power plants.

The risk rebaselining program includes reevaluation of the frequencies of
severe accidents initiated by internal events at the Surry, Zion, Sequoyah,
Peach Bottom, and Grand Gulf plants with reevaluation of the LaSalle plant
scheduled for a later time. Future plans for extension of the program include
consideration of plants of Combustion Engineering, Incorporated and Babcock and
Wilcox designs. In addition, the behavior of the plants' containments in
response to the challenges posed by the accidents, the source terms that result
from the combination of accident and containment behavior, and the resulting
offsite consequences will be evaluated. Integral to this risk assessment is
the associated uncertainty study. Uncertainties arising from the four aspects
of the risk assessment (core-melt frequency, containment performance, source
terms, and offsite consequences) are being evaluated.

The numerical values of risk estimators such as early fatalities, latent
cancer fatalities, or economic costs will be presented as ranges to account
for the inherent uncertainties.
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3. AN INTEGRATED APPROACH TO SOURCE TERM ASSESSMENT

The purpose of this chapter is to describe an integrated analytical approach to
source term assessment for light-water reactors and to discuss the current
technical basis for such analyses. Early methods of source term assessment, on
which U.S. regulatory practices for light-water reactors are still based, were
not integrated in the sense that consequences of one part of an accident sequence
were not always communicated to other parts of the analysis. Many severe acci-
dent phenomena were poorly understood leading to the use of assumptions that
were made to give larger offslte releases. These assumptions often communicated
misinformation to other parts of the analysis.

The 1981 review of source term technical bases, NUREG-0772 (Ref. 3.1), pointed
out the need for an integrated approach to source term assessment and the need
for an improved data base. Large amounts of new data are now available and are
emerging from severe accident research programs that were initiated following
the T1I-2 accident. This new information has significantly advanced the source
term technology compared with the Reactor Safety Study. Recently, this new
information has supported the development of integrated, mechanistically based
analytical methods for source term assessment.

The first integrated assessment of source terms was made in an NRC-sponsored
program at Battelle Columbus Laboratories that was reported in BMI-2104 (Ref.
3.2). In that study, models based on available research results were used to
obtain results as close to reality as practical. Integration was accomplished
by coupling many computer codes as indicated in Figure 3.1.

Since the initiation of the BMI-2104 work, other attempts have been made to
provide integrated source term assessment, and this integrated approach has now
been widely accepted. Stone & Webster Engineering Corporation and Risk Manage-
ment Associates (for the New York Power Authority) used modified versions of
many of the codes from the BMI-2104 study to perform source term assessments.
The industry group, IDCOR, developed their own integrated code package called
MAAP. Also, anticipating further research advances, the NRC is developing a
new, fully integrated, code package called MELCOR. Brief descriptions of these
and other efforts are given in Chapters 5 and 6.

For its immediate needs, the NRC has made improvements to the BMI-2104 suite of
codes as a result of extensive reviews, which are described in Chapter 5. The
revised set of codes is referred to simply as the NRC's Source Term Code
Package (Ref. 3.3). This Source Term Code Package, which has recently been
used to analyze a large number of accident sequences for the risk rebaselining
study to be published in NUREG-1150, is described in the following section. In
each subsection dealing with an individual code, direct comparisons will be
made between the code and relevant experimental data. A large amount of
additional experimental Information related to these codes, but not directly
compared with the codes, is presented in Section 6.2 of the research chapter.
That information will be very helpful in understanding the broad technical
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basis for the analytical procedures contained in the source term computer
codes. Future data from experiments described in Chapter 6 will support
further validation and improvements of the Source Term Code Package and its
successors.

It should be kept in mind that all the broad-scope integrated codes mentioned
above and used for source term and risk analyses involve modeling shortcuts and
compromises in order to achieve their broad-scope character. These codes would
not normally provide the best available detailed description of any specific
accident phenomenon. Furthermore, severe accident technology is still
advancing rapidly so that production codes like the Source Term Code Package,
which are stabilized for the purpose of peer review and consistent application,
will necessarily lag the leading edge of the technology. Therefore, an addi-
tional layer of support in the detailed mechanistic codes and the continuing
research programs described in Chapter 6 is available for the Source Term Code
Package and for assessing its uncertainties.

3.1 NRC's Source Term Code Package

To calculate a source term for a given accident sequence and a given contain-
ment failure mode, it is necessary (1) to calculate temperatures, pressures,
and fluid flow rates in the reactor coolant system, in the containment, and in
secondary buildings before release to the environment; (2) to determine the
rates of fission product release from the fuel and core debris; (3) to determine
the physical and chemical environment to which fission products are exposed; and
(4) to determine the movement and deposition of fission products in the reactor
coolant system and the containment. The analytical procedures (computer codes)
that address these phenomena and their experimental bases will be described in
this section. The probability of occurrence of an accident sequence and the
probability of failure of containment in a given mode are outside the scope of
the source term phenomena covered here. Those-probabilities are needed, however,
for a complete risk analysis, and such probabilities are developed and described
in the risk-study report, NUREG-1150, being prepared for public review and comment.

During the review (see Chapter 5) of the BMI-2104 source term work on which the
Source Term Code Package is based, several problems were encountered. One
problem was related to large amounts of output that had to be read from some
code runs; the output sometimes required interpretation, and code input for the
next code was prepared by hand. This manual linkage of codes led to a number
of numerical bookkeeping errors. Another problem was the inability of some
codes to provide important feedback to a previous code in the code-running
sequence. For example, decay heat of fission products retained in the reactor
coolant system was not fed back from the TRAP-MELT code to the MERGE code where
temperatures would have been affected. In addition to identifying these
problems, some new research results emerged during the course of the review,
and technical questions arising from peer reviews were addressed.

It was possible within a short period of time to make many code modifications
to rectify problems and to incorporate some new research results. The revised
set of codes, called the Source Term Code Package (Ref. 3.3), is shown sche-
matically in Figure 3.2. Although the code package is not yet fully integrated
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and some feedback effects are not included, many improvements have been made.
Bookkeeping and interpretive errors are reduced with the use of interface rou-
tines that read output tapes from one code module and prepare input tapes for
the next. Improved models for BWR analysis are now used. Important feedback
effects between TRAP-MELT and MERGE are now included in the fully integrated
TRAP-MELT3 code. Consistency has been improved in the MARCH code by incorpora-
ting the CORSOR and CORCON codes as subroutines, and important new research
results in the areas of core-concrete interactions and control rod aerosol
release have also been used.

Initially in the BMI-2104 analyses, four groups of radionuclides were tracked:
iodine, cesium, tellurium, and gross aerosols. In order to facilitate ex-plant
consequence analyses, the groupings were subsequently changed to the Reactor
Safety Study structure (see Table 2.1): noble gases, iodine, cesium, tellurium,
strontium, ruthenium, and lanthanum. In both cases, the element named actually
represented a group of elements with similar chemical behavior. For the current
study, two of the Reactor Safety Study groups (strontium and lanthanum) have
been further subdivided. Table 3.1 identifies the radionuclide groups used in
the Source Term Code Package and the additional elements represented by each
group. Additionally, the inert aerosols generated in-vessel and those generated
ex-vessel are tracked as separate groups.

Most of the improvements in the Source Term Code Package were openly discussed
as potential revisions during the review process so that the material in the
Source Term Code Package has benefited from peer review. It is this improved
code package that will be described in this section and that produced the
results discussed in Chapter 4. This Source Term Code Package was also
recently used to analyze about 25 risk-important sequences on which the risk
rebaselining study, NUREG-1iSO, is based. A code manual (Ref. 3.3) has been
issued on the Source Term Code Package. While this manual generally relies on
previous documentation for the constituent code modules (references to be cited
in later sections), the manual for the code package describes all significant
modifications to the basic codes and provides instructions for code users.
Tapes of the new code package are also available. The version of the Source
Term Code Package used to date is referred to as Mod 1, and efforts are being
made to keep the configuration of the code stable for long periods of time.
Changes will eventually be made, however, as the need arises and as new
research results permit. Therefore, improved versions of the Source Term Code
Package can be expected in the future. See Section 6.4 for additional informa-
tion on plans for code development.

3.1.1 Overall Analysis for the Reactor and Containment (MARCH)

Shortly after completion of the Reactor Safety Study in 1975, a computer code,
MARCH, was written to link and extend the computer codes and analytical models
used in the analyses of reactor accidents. Although limited in detail, MARCH
was comprehensive in scope and covered in some manner all aspects of thermal
hydraulics needed for a source term calculation. For the present source term
assessment, an improved version, MARCH-3, has been used to calculate the over-
all thermal-hydraulic behavior of the reactor and containment. In its present
form, MARCH-3 incorporates CORSOR into the FPLOSS subroutine as a replacement
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Table 3.1 Radionuclide groups used in Source Term
Code Package

Group Elements

1
2
3
4
5
6
7
8
9

10
11

Xe, Kr
I, Br
Cs, Rb
Te, Sb, Se
Sr
Ru, Rh, Pd, Mo, Tc
La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y
Ce, Pu, Np
Ba
In-vessel aerosols
Ex-vessel aerosols
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for the original fission product release algorithm. Similarly, the CORCON code
has been integrated into MARCH as a replacement for the INTER subroutine found
in earlier versions of MARCH. These codes, which describe the important
subjects of in-vessel fission product release and core-concrete interactions,
will be described in later sections of this report.

Description of the MARCH code

MARCH describes the behavior of the reactor during a severe accident and, with
approximately 100 subroutines, is the largest of the codes involved in the NRC's
Source Term Code Package. The MARCH code is described in detail in Refer-
ences 3.4 through 3.6.

The MARCH code evaluates the following phenomena:

1. Heatup of the reactor coolant inventory and pressure rise to the relief or
safety valve settings with subsequent boiloff.

2. Initial blowdown of the coolant from the reactor coolant system.

3. Generation and transport of heat within the core, including boiloff of
water from the reactor vessel.

4. Heatup of the fuel following core uncovery, including the effects of
metal-water reactions.

5. Melting and slumping of the fuel onto the lower core support structures
and into the vessel bottom head.

6. Interaction of the core debris with residual water in the reactor vessel.

7. Interaction of the core debris with the reactor vessel bottom head and
subsequent failure of the head.

8. Interaction of the core debris with the water in the reactor cavity.

9. Attack of the concrete basemat by the core and structural debris (CORCON-
Mod 2).

10. Relocation of the decay heat source as fission products are released from
the fuel (CORSOR-M) and transported to the containment .

11. Mass and energy additions to the containment associated with all the
foregoing phenomena and their effect on containment temperature, pressure,
and steam condensation.

12. Effects of the burning of hydrogen and carbon monoxide on the containment
pressure and temperature.

13. Leakage of gases to the environment.

The first three of these phenomena in particular involve thermal hydraulics
(that is, the temperature, pressure, flow rate, and quality of the steam and
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water mixture). Figure 3.3 shows the basic control volume scheme (that is, a
simplified representation of major reactor components used for analytical
modeling) used for these thermal-hydraulic calculations. Compared with other
detailed thermal-hydraulic codes, the MARCH control volume scheme is very
simple. In fact, the single control volume used for the reactor coolant system
is too simple to provide the detail needed for the fission product transport
models in the TRAP-MELT code, which is used to calculate the transport and
retention of fission products. Therefore, the MERGE code was written to
provide flow rates and temperatures in better-defined volumes of the reactor
coolant system downstream of the core. The MERGE code is described in
Section 3.1.2.

Items 4 through 7 in the above list address the meltdown of the core and are
calculated in detail in several subroutines of MARCH. Meltdown modeling is
very important because of its influence on (1) hydrogen production, which
affects containment loads, (2) fuel temperatures, which affect in-vessel
fission product releases, (3) thermal-hydraulic conditions, which influence
fission product transport and retention, and (4) the types and quantities of
materials in the core debris, which affect ex-vessel fission product releases.
Figure 3.4 outlines the way the meltdown model in MARCH works. For analysis,
the reactor core is divided into 240 annular rings, called nodes, arranged in
10 radial and 24 axial segments. Radionuclide generation and heating in each
of the nodes are based on the power shape assumed for normal operation. The
following assumptions are then made. Fuel begins to melt when the temperature
of a node reaches the liquefaction temperature (assumed to be 2,550*K or
2,277*C in the calculations) of the uranium-zirconium-oxygen mixture. A node
is taken to be fully molten when the available heat raises the temperature to
2,277*C and also supplies the heat of fusion. Molten fuel begins to run
(slump) out of the fuel region according to the scheme illustrated in
Figure 3.5. The lower support structures fail, dropping the fuel above them
into the bottom head, when their temperatures near the melting temperature of
stainless steel (assumed to be 1,400 C in the calculations) or the entire core
falls into the bottom head when an input value of the percent of the core
molten is exceeded. For the present analyses, 75 percent is used.

Item 8 addresses the boiling of water in the reactor cavity beneath the vessel
and the further oxidation of zirconium metal in the core debris.

Items 9 and 10 in the above list address core-concrete interactions and fission
product release from the fuel, respectively. The core-concrete interactions
are treated in MARCH with the CORCON code running as a subroutine, and the
in-vessel fission product release from fuel is treated in MARCH with the CORSOR
code running as a subroutine. These codes are identified in Figure 3.1 and are
described later in this chapter.

The final three phenomena, items 11 through 13 in the above list, are addressed
in the containment models of MARCH. Besides accounting for mass and energy
additions to the containment and the burning of combustible gases, the effects
of core sprays, ice condensers, and suppression pools are also accounted for in
MARCH. While MARCH thus calculates the loads on the containment (i.e., pres-
sure and temperature), MARCH does not model structural response. Containment
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Figure 3.3 Control volumes used in the MARCH code for
a typical PWR analysis.
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CORE MELTDOWN MODEL

STEP I

* If node (I, j) is above water, the cladding
oxidation model is turned on.

STEP 2 4
" If T(i, j) = liquefaction temperature (22770C),

node (i, j) starts to melt.
* T(i, j) not allowed to exceed 22770C.
" Oxidation of cladding continues at that

temperature.
STEP 3 •

* If a bottom node li, 1) is fully molten, it and all
molten nodes above it slump from core to 1st
support grid. (See Figure 3.4) I

STEP 4
" The cladding oxidation model in dropped nodes

is turned off.
" A "Drop" oxidation model is turned on for one

time step only. I
STEP 5 1

I f 1st grid temperature = M.P. of steel (14000C),
molten fuel on 1st grid falls to 2nd support grid.

STEP 6
Bottom
Head of
Reactor

imax = 10

I

* If total amount of molten fuel exceeds specified
amount (75%), entire core falls into bottom
head of reactor vessel.

I
Jmax = 24

STEP 7I If bottom head tensile stress exceeds tensile
strength, all core debris and specified amounts
of steel fall out of vessel.

Figure 3.4 Meltdown model in the MARCH code as used in BMI-2104
and in the current Source Term Code Package analyses.
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CORE SLUMPING MODEL

Molten Node

b. Temperatures have increased and
additional nodes are molten.

a. A central node has become molten.

c. When the bottom core node (Q = 1) becomes molten,
all molten nodes above it slump out of the
core region onto the 1st support grid.

Figure 3.5 Core slumping model (Step 3 in Fig. 3.4) for
progressively increasing temperatures.
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failure is specified by user input as either a failure pressure, a failure tem-
perature, or a failure time in the accident sequence. The size of the hole at
failure is also based on evaluations outside the Source Term Code Package
framework. The manner in which containment leakage and failure are handled in
current source term analyses is discussed in Section 4.9.

Status of the MARCH Code

A lengthy description of the status of validation of MARCH-2 is given in Chap-
ter IV of Reference 3.7 and a summary evaluation written by the Oak Ridge
National Laboratory (ORNL) staff is presented in Chapter III of Reference 3.7.
Another evaluation of the MARCH-2 code, written by the Sandia staff, is
included in Appendix G to Volume 2 of Reference 3.8. Many of these discussions
apply also to the MARCH-3 version of the code because large portions of the
code are unchanged. Following is the NRC staff's summary of the status of the
MARCH code, based in part on the above material.

Many of the basic thermal-hydraulic processes in MARCH are well understood and
the models are supported by a significant data base. Examples are heat trans-
fer by convection to gases, heat transfer by conduction into structures, and
the critical flow of fluids. A number of text books and standard references
(Refs. 3.9 through 3.13) discuss these items. With regard to the overall melt-
down accident thermal hydraulics addressed by the code, it is not possible to
perform comparisons with data on an Integral basis since no data of that type
exist. While thermal-hydraulic analyses of the TMI-2 accident have been
ongoing for the past few years (Ref. 3.14), detailed descriptions of the
accident are only now being developed for code assessment purposes. This
information, prepared for the U.S. Department of. Energy (DOE) and referred to
as a standard problem, will be available in the fall of 1986. It is, however,
quite possible to validate various individual portions of the MARCH code.
Numerous such comparisons have been made by the code developers as well as
others over a period of years. Several examples are given below of MARCH code
comparisons with well-established analytical solutions and with actual
experimental data.

In a typical accident scenario, the core is initially fully covered with water
and the onset of core uncovery and heatup is preceded by the boiloff of this
water. The MARCH code subdivides the core into a number of axial and radial
nodes, each with a different power generation rate as well as distinct solid
and fluid temperatures, and calculates boiloff of the water based on heat
convected from covered nodes and radiated from uncovered nodes. With certain
simplifying assumptions., it is possible to simulate the MARCH calculation of
the time-dependent rate of coolant boiloff analytically using well-established
principles. Such a comparison between the results of an analytical expression
and the finite difference numerical calculations in MARCH was performed by
Sandia (Ref. 3.5). The results of this comparison in terms of nondimensional
variables are illustrated in Figure 3.6, which shows close agreement.

As the water level in the core recedes, heatup of the uncovered regions will
ensue. The MARCH code performs the evaluation of core heatup on a node-by-node
basis, taking into account local decay heating levels and heat losses by con-
vection and radiation, as well as the effects of chemical reactions. While all
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these effects, particularly the last, are difficult to describe analytically,
portions of the initial heatup transient can, with some simplifying assump-
tions, be described analytically. The MARCH predictions for initial core heat-
up have been compared by Sandia (Ref. 3.5) against the results of an analytical
solution. The results of this comparison are presented in Figure 3.7. This
comparison illustrates the validity of the uncovered node temperature histories
as calculated by MARCH during the early phases of core uncovery. At later times,
the comparison is less favorable since the analytical solution does not take
into account the energy contribution due to Zircaloy oxidation; the latter is
treated in some detail by MARCH. The favorable comparisons shown in Figures
3.6 and 3.7 demonstrate that MARCH is at least as good as the well-established
analytical solutions (sometimes thought of as hand calculations), but these
comparisons do not demonstrate the ability of the code to describe more com-
plicated phenomena.

The principal unresolved uncertainties in MARCH involve core melt progression.
Very little experimental information is available to elucidate the large-scale
core melting process. While it is not necessary to understand all the details,
important details that are not well known are (1) the conditions under which
core geometry changes will occur (slumping) as the core forms a liquefied two-
phase slurry, (2) the maximum achievable temperature, (3) changes in the
Zircaloy oxidation rate resulting from geometrical effects of slumping and
reaction with U02 , and (4) the amount of corium and steel that are expelled
from the vessel and the rate and timing of their expulsion.

For the Source Term Code Package calculations, the following assumptions are
made regarding these large-scale core melt details:

1. The core melting temperature is assumed to be 2,2770 C. For oxygen-rich
(i.e., steam-rich) core conditions, the phase diagram in Figure 3.8 (Ref.
3.15, p. 4300-19) indicates that molten fuel would begin to appear at
1,900*C and that very large amounts of molten Zircaloy-clad fuel would be
present above 2,400*C. In the PBF Severe Fuel Damage Scoping Test (Ref.
3.16, Sect. 4.8), significant fuel motion was detected in the final minutes
of the high-temperature transient. Figure 3.9 (Ref. 3.16, p. 97) shows
calculated and measured fuel temperatures at one of the hotter elevations
in that test and indicates that temperatures above about 2,0000 C were
achieved at the time of significant fuel motion. The choice of 2,277*C
thus appears to be in reasonable agreement with fundamental considerations
and actual observations of fuel relocation.

2. After melting, fuel nodes tend to transfer excess heat downward. Based on
PBF observations such as Figure 3.10 (Ref. 3.16, p. E-41), it has been
assumed that molten regions of fuel will slump downward and initially
transfer heat to the fuel below. This downward heat transfer would tend
to limit fuel temperatures during early stages of slumping to values below
the melting point (2,840*C) of pure U02 . The temperature limit used for
current analyses is 2,2770C. However, temperatures recently inferred from
PBF tests (Ref. 3-16, p. 116) and TMI-2 debris (Ref. 3.17, p. 80) suggest
that the MARCH liquefaction temperature currently being used may be too
low. The principal effect of this liquefaction temperature is on in-vessel
fission product release rates although it might also influence hydrogen
production. Nevertheless, the present value appears to provide a reason-
able model while research is continuing to clarify these processes.
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3. No change (other than that associated with temperature) in oxidation rate
is assumed upon melting until the time of large-scale slumping on the basis
that enhanced oxidation caused by the exposure of fresh Zircaloy and wetting
is just as plausible as retarded oxidation caused by channel blockage. By
contrast, the IDCOR model (Ref. 3.18, p. 6-4), which is~claimed to account
for fuel geometry changes upon melting, shuts off all oxidation in a node
when a cutoff (liquefaction) temperature of 2,0770 C is reached on the basis
that liquefied debris will totally seal off all coolant channels in the
node. Recent PBF measurements as shown in Figure 3.11 (Ref. 3.19) do not
support that assumption. This figure shows hydrogen production continuing
after fuel liquefaction began at about 37 minutes (the peak around 55
minutes is an artifact). A sharp reduction in the hydrogen generation is,
however, seen at 43 minutes, and this reduction may be related to fuel
geometry changes. It is not clear at this time how large a reduction is
to be expected from geometry changes, but strong arguments have been made
(Ref. 3.20, p. 6-5) that termination of oxidation will not occur as a
result of flow blockages.

4. The entire core, including all the lower structural support steel and some
of the molten steel from the bottom head of the vessel, is assumed to fall
coherently from the vessel upon vessel failure.

Some direct comparisons have been made between the predictions of the MARCH
code and the results of in-pile severe fuel damage experiments (Ref. 3.21).
Figures 3.12, 3.13, and 3.14 compare MARCH-calculated temperatures and hydrogen
generation with the observed values during the Severe Fuel Damage Scoping Test
in the PBF. The calculated steam temperatures are seen to be in excellent
agreement with the observed values. Calculated fuel rod temperatures are
generally higher than those measured in the experiment. The reasons for the
deviation are believed to be associated with a mismatch of the experimental
conditions during the initial uncovery period. No attempt was made in this
comparison to fine-tune the initial conditions used in the calculation, and
nominal coolant makeup rates were used. The good agreement of the trend of the
temperature-time histories indicates the overall energy balance in MARCH to be
essentially correct. The calculated hydrogen generation is initially higher
than observed, consistent with the predicted higher fuel temperatures. A large
increase in the observed hydrogen generation near the end of the experiment is
due to the changes in coolant flow and temperatures after scram that were not
considered in the MARCH calculation.

The foregoing comparisons illustrate the applicability of the MARCH code during
the initial core heatup, including consideration of the effects of significant
Zircaloy oxidation. These comparisons, however, do not extend into the regimes
of gross fuel melting and gross relocation of core material; there are no data
at this time to support analyses in the latter phases of core melt progression.
While this is an area that presents perhaps the greatest experimental difficul-
ties and contains some of the largest important uncertainties, considerable
progress has been made since the time of the Reactor Safety Study. Four severe
fuel damage tests have been completed in the Power Burst Facility, and they
have been partially analyzed at the time of this writing. Out-of-pile tests
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(particularly those at Karlsruhe, Germany) have provided information on the
behavior of fuel rods during the early stages of core meltdown. The meltdown
mode involving the liquefaction (rather than true melting) of uranium-zirconium-
oxygen compounds is now at least partly understood and is being modeled in de-
tailed mechanistic codes under development for the NRC. The downward slumping
behavior of a melting core has now also been observed in the PBF. Major improve-
ments in source term codes have not yet been made in this area, but experimental
and model development programs have aided in the selection of model options and
input parameters. Future severe accident research in the area of core melt
progression is planned and is described in Chapter 6.

Finally, the capability for determining the various loads on containment have
been significantly improved since the time of the Reactor Safety Study. The
principal areas of improvement are related to hydrogen generation due to in-
vessel reactions between steam and Zircaloy and the subsequent combustion beha-
vior in containment (i.e., mixing, effects of laminar and turbulent conditions,
geometry effects, effects of obstacles, and the development of extensive
flammability limit data for hydrogen, steam, and air mixtures). Significant
advances have also been made in the ability to calculate steam spikes as molten
material contacts water pools. Significantly improved capabilities also exist
in CORCON to determine the thermal and gaseous loadings from core-concrete
interactions, as will be discussed below.

3.1.2 Detailed Flow Rates in the Reactor Coolant System (MERGE)

While the MARCH code calculates temperatures, pressures, and flow rates in the
reactor coolant system, it does not do so in sufficient detail to permit
fission product retention calculations using the TRAP-MELT code. Using the
thermal-hydraulic results from MARCH as initial and boundary conditions, the
MERGE subroutine in the TRAP-MELT code recalculates thermal-hydraulic
parameters in more detail.

Description of the MERGE Code

The MERGE code (Ref. 3.22) employs a more detailed control volume scheme (up to
ten control volumes) than MARCH for the reactor coolant system. Note that the
seven control volumes used for the Grand Gulf sequences (see Table 4.1)
represented in Figure 3.15 correspond to the single reactor coolant system
control volume in Figure 3.3. MERGE accepts MARCH-calculated values of system
pressure, gas flow rate, gas temperature, and gas conditions.(hydrogen-to-steam
mass ratio) at the core exit as boundary conditions. MERGE then calculates gas
flow rates, gas temperatures, gas conditions, and structure temperatures in
each of its control volumes. These are the parameters needed by the TRAP-MELT
models for calculation of fission product transport and deposition in the
primary system.

Status of the MERGE Code

In general, well-accepted analytical techniques have been used for describing
fluid dynamics and heat transfer in the MERGE code. Although some improvements
could be made in mathematical rigor and in several of the radiative heat trans-
fer parameters, these do not appear to be major problems. Code-to-data compar-
isons for the current version of MERGE (i.e., the MERGE part of TRAP-MELT3; see
Fig. 3.2) are under way, but results are not yet available. However, a
modified version of MERGE called SPRITE has recently been discussed by Butland
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et al. (Ref. 3.23). This modified version differs principally in its ability
to model heat losses from the reactor coolant system. Butland et al. compared
measured temperatures with a posttest calculation of the Marviken Test 1,
specifically modeling the pressurizer and the surge line. The pressurizer was
represented by three control volumes (Nos. 1, 2, and 3 in Figs. 3.16 and 3.17)
and the surge line was also represented by three control volumes (Nos. 4, 5,
and 6 in Figs. 3.16 and 3.17). The predicted gas temperatures of the modeled
control volumes are shown in Figure 3.16 and the predicted structure temper-
atures are shown in Figure 3.17. Measured values are shown in both figures for
comparison. Considering the spread in thermocouple readings and some approxi-
mations used in setting up the analyses shown, the agreement between prediction
and measurement is quite good.

There is, however, one phenomenon that is not handled adequately by the MERGE
code and that warrants further attention. For some sequences, significant
natural convection may occur between control volumes whereas MERGE allows it to
occur only within a control volume. Natural convection, if it occurs, will
produce circulating currents between control volumes (in particular, between
the core and the upper plenum) that may be larger than the average steaming
rates used in MERGE. This circulation can affect the degree of plenum heating
by convection, the degree of upper core cooling, and the amount of deposition
of fission products in the plenum. Natural circulation in the steam generator
and countercurrent flow in the hot leg of a PWR may also be important.

The degree of plenum convective heating has been evaluated by comparing MERGE
results with a much more detailed two-dimensional thermal-hydraulic calculation
(Ref. 3.24). The detailed calculations showed temperatures very close to the
MERGE temperatures. This closeness implies that the assumption of a well-mixed
fluid used in MERGE is a good approximation of the result of circulating cur-
rents for temperature calculations for the sequence evaluated. However, the
detailed calculations did not allow for natural circulation in the upper core
region, which may have a strong effect on upper core and upper plenum tempera-
tures. Nor did the calculations address natural circulation in PWR steam
generators, which may be heated to failure and change the course of an acci-
dent. Natural circulation and research to address this issue are discussed in
Section 6.2.1.

The large local fluid velocities produced by natural circulation will have an
additional effect of increasing aerosol deposition (calculated in TRAP-MELT;
see Section 3.1.6) that results from particle collisions with surfaces (turbu-
lent and inertial deposition). However, these velocities will not affect aero-
sol deposition that results from gravitational settling, which depends on par-
ticle residence time rather than velocity, unless they influence particle size
through turbulent and inertial agglomeration. Since gravitational settling is
the dominant deposition mechanism, changes in the much less important turbulent
and inertial deposition mechanisms are not expected to have a large overall
effect as the result of larger fluid velocities.

3.1.3 Detailed Core-Concrete Interactions in the Containment (CORCON)

A research program to investigate the interaction of molten core materials with
concrete was initiated at Sandia National Laboratories in 1975, and a prelimi-
nary model called INTER was produced a short time later. That model, which was
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based on a very limited amount of experimental data and employed many untested
assumptions and modeling limitations, was incorporated in early versions of the
MARCH code. A more detailed modeling effort was undertaken and produced the
CORCON series of codes (Ref. 3.25). An improved model called CORCON-Mod 2
(Ref. 3.26) is based on insights from additional experimental data and became
available in 1984. The CORCON-Mod 2 code has replaced the INTER subroutine in
MARCH-3. The CORCON-Mod 2 code is now used exclusively in all Source Term Code
Package calculations.

Description of the CORCON Code

When the molten core penetrates the bottom of the steel reactor vessel, it falls
into a concrete cavity below. At that time the molten core debris (corium) may
contain large amounts of unoxidized metals (Zircaloy cladding, stainless steel
from fuel assemblies, and steel from the vessel) as well as oxides such as U02
and Zr02 . Because of their different densities and poor miscibility, these
materials are assumed to become stratified and are modeled in CORCON as illu-
strated in Figure 3.18. CORCON calculates the rate of erosion of the concrete
cavity, the temperature and composition of the molten layers, and the temper-
ature, flow rate, and composition of the gases (C02 , CO, H2 , and steam) being
evolved from the concrete. These temperatures, flows, and compositions are
required as input for the VANESA code, which calculates the release of fission
products from the molten core debris.

CORCON assumes that the molten core debris is stratified into a dense layer on
the bottom and a less dense layer on the top. In a typical calculation, the
oxide layer is calculated to be more dense initially than the metallic layer.
Later, when molten concrete slag dilutes the heavy oxide layer, the oxide layer
becomes lighter than the metal layer and rises to the top. Each layer is
assumed to be isothermal in CORCON. Heat is exchanged between (1) the melt and
the concrete, (2) layers of the melt, and (3) the top surface of the melt and
the atmosphere and structures above it. After the concrete heats up in the
range of 1,2000 C to 1,6000 C, depending on concrete type, CORCON predicts the
release of water (steam) and C02 from concrete decomposition (ablation). The
gases that bubble up throughrthe core debris are calculated to react chemically
with the materials of the melt. The code accounts for the heat of reaction
from these chemical processes and for the decay heat from the fission products.

Status of the CORCON Code

Review comments on CORCON in Chapter V of Reference 3.7 and in Appendices I and
J to Reference 3.8 apply largely to an earlier version of the code, CORCON-Mod 1.
These comments were instrumental in stimulating development of the current ver-
sion, CORCON-Mod 2, but the comments no longer apply to models used in the
Source Term Code Package. However, References 3.27 through 3.30 provide recent
discussions of the status of validation of CORCON-Mod 2. Numerous comparisons
have been made between predictions of CORCON-Mod 2 and results from the Sandia
and KfK BETA experimental programs. Figures 3.19 through 3.21 show comparison
of CORCON-Mod 2 axial erosion distances with Sandia TURC-series tests consisting
of thermite, stainless steel, and U02 -ZrO 2 melts, respectively. CORCON is seen
to predict ablation rates accurately in one case, underpredict in one case, and
overpredict in one case. Figures 3.22 and 3.23 show code-to-data comparisons
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for the Sandia SWISS tests, which involved stainless steel melts that were
flooded with water; the flooding occurred early in the test in one case and
late in the test in another case. These figures show good agreement between
CORCON-Mod 2 and the data, and they also show that flooding with water may have
little effect on the concrete ablation process.

Despite good agreement with a number of tests, the developers of the CORCON
code have concluded that the vapor-film heat transfer model in CORCON may not
be adequate. Revised heat transfer models are being developed and, as further
experimental data become available, these models will be checked out. In the
meantime, sensitivity studies have shown that CORCON results are probably more
sensitive to input parameters than to these internal model uncertainties. In
particular, the rate at which debris leaves the vessel when the bottom head
fails, the geometry of the debris pool, the distribution of oxide and metal
debris within the cavity, and the mass of unoxidized metals (especially
unoxidized zirconium) in the melt are very important parameters that influence
CORCON predictions (see Appendix I to Ref. 3.8). The core-concrete interaction
is also sensitive to the type of concrete, but for a particular plant that
input should be known.

3.1.4 Fission Product Generation in the Fuel (ORIGEN)

Fissioning in a light-water reactor produces a wide variety of fission products
as shown in Figure 3.24 (based on a figure from Ref. 3.31). Many of the
fission products are radioactive and decay by emitting a beta particle, and
some of the fission products have a significant cross section for capturing
neutrons. Therefore, the concentration of the fission product isotopes of
interest changes with time and depends not only on the fission yield but also
on the power history and the time following shutdown.

Description of the ORIGEN Code

ORIGEN (Ref. 3.32) is a reactor physics code that can calculate the change in
composition of reactor fuel as a function of (1) power history during operation
and (2) time after reactor shutdown. ORIGEN performs a large number of straight-
forward physics calculations using an extensive data base of three principal
types of data: radioactive decay (half lives and branching fractions), photon
energies per decay, and cross sections for neutron absorption (including fission
product yields for the fissioning species). The original ORIGEN code was
developed in the late 1960s and early 1970s at Oak Ridge and has been widely
used since that time. In the late 1970s, an improved version, ORIGEN2, was
developed. ORIGEN2 was the version used in the BMI-2104 calculations, and it
has been used with the Source Term Code Package.

Status of the ORIGEN Code

In many applications ORIGEN is very accurate because of its straightforward
theoretical basis and its use of widely accepted data files like the ENDF/B
(Evaluated Nuclear Data File) cross sections. Reference 3.32 shows measured
and predicted isotopic ratios that agree generally within 5 percent, with a few
exceptions on the order of 10 percent. The comparisons in Reference 3.32, how-
ever, show only composition ratios (not absolute inventories) for isotopes that
require relatively simple calculations in ORIGEN.
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A comparison that provides more realistic uncertainty estimates for source term
purposes is given in Reference 3.33. In that work (also from Oak Ridge), pre-
dicted radionuclide contents for nine isotopes (H-3, C-14, Kr-85, Ru-106,
Sb-125, 1-129, Cs-134, Cs-137, and Ce-144) are compared with the measured
content from H. B. Robinson and Oconee fuel rod specimens having burnups around
30,000 MWd/t. Agreement ranges from a 43 percent underprediction to a 76 per-
cent overprediction suggesting an uncertainty that is different for different
nuclides, but for the purposes of this document it can be considered to be
generally about ±30 percent.

Based on this comparison and NRC staff experience, the uncertainty in ORIGEN
appears to be about 30 percent under ideal circumstances (i.e., known power
history and carefully selected input data) for absolute values of individual
isotope concentrations. NUREG-0772 (Ref. 3.1) also cites 30 percent as the
approximate accuracy of the ORIGEN code. Therefore, uncertainties in the
ORIGEN calculations as they impact severe accident source terms are reasonably
small.

3.1.5 Release from the Fuel (CORSOR)

Only a few percent of the fission products created in a fuel rod are released
from the U02 pellets during normal operation. During the heatup that occurs in
an accident, additional fission products are released from the fuel by vapor-
ization or some other thermally activated process. Materials from structures,
cladding, control rods, and fuel also vaporize during heatup and contribute to
the vapor stream leaving the core. Table 3.2 lists the melting points and
boiling points of various core materials to provide indicators of relative
volatility. After release from the hot fuel, some of these species quickly
condense into aerosols. Thus, the material leaving the core region will not
all be in the vapor phase.

Description of the CORSOR Code

The CORSOR code (Ref. 3.34) is used as a subroutine in MARCH-3 to calculate the
in-vessel release of fission products from the fuel and the generation of other
aerosols from structural and control materials in the core. The code is based
on a model developed by the Oak Ridge staff and described in NUREG-0772
(Ref. 3.1), but it has been re-derived and placed in the form of an Arrhenius
expression, k0exp (-Q/RT), where k , Q, and R are constants and T is temper-
ature. Table 3.3 identifies the species that are accounted for in the code
along with the values for k0 and Q. These species include fission products
(Cs, I, Kr, Xe, Te, Ag, Ba, Sr, Ru, Zr), cladding components (Sn, Zr), struc-
tural components (Fe, Cr, Ni, Mn), and fuel (U02 ). This version of the code is
referred to as CORSOR-M.

With one exception, the fission product release rates in CORSOR depend only on
temperature. The exception is for tellurium, which reacts readily with unoxi-
dized Zircaloy of the cladding and therefore has been given an additional depen-
dency. When the cladding oxidation level is below 70 percent, the tellurium
release rate is divided by 40, based on experimental observations (Refs. 3.35
and 3.36), to account for the ability of unoxidized Zircaloy to retain tellurium.
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Table 3.2 Melting point and
interest

boiling point of materials of

Melting Point Boiling Point

Material (CC) (0C)

Volatile Fission Products

12
HI
CsI
CsOH
Te

114
-51
626
315
450

185
-35

1280
990
988

Refractory Fission Products

BaO
Ru
SrO
La203

Control Rods

Ag
In
Cd
B4 C
Hf

Zircaloy
Zr
Sn

1923
2250
2430
2315

961
157
321

2470
2222

1852
232

1535
1890
1453
1244

2840

2808
4150
3249

>4000

2163
2073

767
>3500

4450

Stainless Steel

Fe
Cr
Ni
Mn

Fuel
U02

4409
2603

2862
2672
2914
2062

3293

Oxidized Zr will form a liquefied two-phase mixture with
U02 at about 1,9000 C.
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Table 3.3 Arrhenius-type constants used in calculation of
release rate coefficients in N-version of CORSOR

k Q
Species (mingi) (kcal/mol)

Cs, I, Kr, 2.0x105  63.8
Xe, Te

Ag 7.9xlO3  61.4
Sb (a) (a)
Ba 2.95x10s 100.2

Sn (clad) 5.95x10 3  70.8
Ru 1.62x106  152.8
U02  1.46x107  143.1

Zr (clad) 8.55x10 4  139.5
Zr 2.67x108 188.2
Fe 2.94x10 4  87.0
Mo (b) (b)
Sr 4.40x105  117.0
Cr 4.62x104 84.5
Ni 5.36x104 92.2
Mn 5.04x10 3  56.8

La group 0 (c)

(a) Omitted from consideration due to poten-
tial chemical reaction with in-core sur-
faces and lack of radiological significance.

(b) Omitted from consideration due to very
low pressure and lack of radiological
significance.

(c) La20 3 exhibits no significant vapor
pressure prior to conversion to LaO,
which is not believed to occur in-vessel.
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Silver-alloy control rods may rupture and expel molten material long before
fuel rods start releasing fission products or become molten. Therefore, the
releases of silver, indium, and cadmium were modeled differently from fission
products in CORSOR. At 1,400%C (the approximate temperature at which control
rod stainless steel cladding will rupture), it is assumed that 0.5 percent of
the silver, 0.5 percent of the indium, and 35 percent of the cadmium are
released. These percentages increase with temperatures above 1,4000C (see
Ref. 3.3 for details). The prescription is based on recent out-of-pile
experimental results and TMI-2 observations and produces much lower aerosol
releases than assumed in the BMI-2104 analyses.

Status of the CORSOR Code

Though the CORSOR model is extremely simple, its limitations are sometimes
overstated. For example, CORSOR is not able to handle structural effects that
have a strong impact on fission gas release at low temperatures in low-burnup
fuel. Figure 3.25 from the PBF Severe Fuel Damage Scoping Tests (see p. 82 of
Ref. 3.16) illustrates this limitation of CORSOR. In this figure, CORSOR is
seen to grossly overpredict instantaneous release rates from the fresh fuel
used in this test. During the subsequent cooldown and reflood period, however,
CORSOR substantially underpredicts fission product release rates because CORSOR
does not include modeling of fracturing or other potential cooldown release
mechanisms. Integration of the CORSOR release rate shown in Figure 3.25 results
in a cumulative release of 20 percent between 150 minutes and 200 minutes, with
most of this release coming in the latter half of this time period when the
CORSOR rates and the measured rates are converging. However, high temperatures
in this test were not terminated at 200 minutes, but continued to increase
until about 206 minutes (see Fig. 3.9). Using temperature information found
in Reference 3.16 and the CORSOR-M coefficients, we have found that the last
6 minutes of the test are predicted to contribute another 24 percent to the
volatile fission product release. Thus the total release fraction for the
test illustrated in Figure 3.25 is predicted by CORSOR to be approximately
44 percent. Measured values of release for Xe, Cs, I, and Te are reported to
be approximately 50%, 32%, 51%, and 40%, respectively.

For this fresh-fuel test, CORSOR is thus seen to overpredict releases early in
the test and td underpredict releases later in the test such that the total
integrated release is in good agreement with the measured values (the very
close agreement shown here is probably fortuitous since temperatures are not
precisely known). For high-burnup fuel as used in PBF Severe Fuel Damage Test
1-4, release rates early in the test are expected to be closer to CORSOR
predictions, and cooldown releases will be smaller than with fresh fuel.
CORSOR, which was derived empirically from high-burnup fuel, should therefore
provide better agreement for high-burnup fuel than for fresh fuel.

Figure 3.26 helps provide additional insights into fission product release for
source term analysis. Step 1 corresponds to the migration of a fission
product from its point of origin in the crystalline lattice to a free surface
(grain boundary, crack, or pellet outer surface). Step 2 corresponds to the
escape of a fission product from a free surface, and this process can be
controlled by vaporization or by vapor-pressure-driven mass transport. Step 3
corresponds to macroscopic transport through the core's chemical environment,
which has a strong impact on the release of some materials like tellurium. The
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PBF work (Refs. 3.37 and 3.38) addresses step 1 and shows that migration through
the lattice cannot be described adequately by temperature alone as is done in
CORSOR. Note, however, that step 1 should be rate-limiting for only the very
volatile fission products (Kr, Xe, I, Cs, Te) that can escape freely from the
U02 surface. Less volatile species remain bound to the U02 lattice and must be
liberated; thus step 2 should be rate-limiting for the less volatile species.
Since CORSOR provides reasonable estimates of the large total releases of the
volatile species in a melt sequence at approximately the right temperatures,
detailed kinetics for these volatile species are not very important for source
term analysis of core melt accidents. Since the less volatile fission products
are rate limited by vaporization (step 2) rather than by lattice migration, the
detailed kinetics of step 1 are not important for those species either. There-
fore, Figure 3.25, while revealing real inadequacies of CORSOR, illustrates a
temperature range and fine structure that are not very important in the high-
temperature melt sequences of interest in risk analyses. These details, however,
may be important in analyses of terminated sequences, i.e., those that involve
some core damage but are not severe enough to result in vessel failure.

Other limitations of the CORSOR code might be more important, however. Gas
flow rates, system pressure, and several chemical processes affecting fission
product release may also be important in varying degrees. Tellurium, which
reacts with Zircaloy cladding and perhaps other metal surfaces in the reactor
coolant system and in the containment, may be retained on those metal surfaces
(step 3 in Figure 3.26). The handling of tellurium retention in CORSOR is
rudimentary and subject to considerable uncertainty. Since tellurium is a
significant contributor to overall plant releases, this uncertainty in CORSOR
is thought to be very important.

Another chemical process affecting releases is oxidation of U02 (i.e., the
formation of hyperstoichiometric UO2+x). Additional oxygen atoms In the U02
lattice are known to increase lattice mobility (step 1 in Figure 3.26). While
this effect might be important in explaining some experimental results, it
should not be important for source term analysis for core melt accidents for
the reasons mentioned above. On the other hand, reduction of U02 (i.e., the
formation of hypostoichiometric JO2._x) under other circumstances might lead to
the formation of more volatile, lower-oxide states of species like lanthanum,
cerium, and plutonium. Reference 3.16 (p. 119) states that retained-fission-
product estimates for the PBF scoping test indicated appreciable releases of
some of these species from the fuel, but that these species were not detected
downstream in significant quantities. It should be noted, however, that these
measurements are highly uncertain because of extrapolation from small samples
of the debris. Additional research will be needed to determine if such releases
are real. CORSOR does not model these effects.

For the estimation of in-vessel fission product release from fuel, the Reactor
Safety Study had to rely on a very limited data base that included many experi-
ments with nontypical chemical environments and rather uncontrolled conditions.
The CORSOR model was developed from an improved data base that included work at
Oak Ridge National Laboratory and at Karlsruhe in Germany (see Ref. 3.34).
Figure 3.27 shows CORSOR-M release rates compared with measured values from the
Oak Ridge HI and HS test series (Refs. 3.39 and 3.40) and from the Karlsruhe
SASCHA test series (Refs. 3.41 and 3.42).
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CORSOR-M release rates and measured release rates for the
volatile fission products, Kr and Cs, and for the refrac-
tory fission products, Ba, Ru, and Zr. The experimental data
are from Oak Ridge and Karlsruhe out-of-pile tests.
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The Oak Ridge HI tests used 15-to-20-cm lengths of high-burnup fuel rods from
the H. B. Robinson, Peach Bottom 2, and Oconee 1 reactors. The other tests
used unirradiated fuel materials with fission product simulants. In all tests,
the fuel was heated out of pile to produce fission product releases. Agreement
between CORSOR-M and data for the volatile fission products and for barium is
reasonably good. Agreement for zirconium is not very good, but the zirconium
releases are low and relatively unimportant radiologically. Ruthenium,
however, is potentially significant radiologically, and CORSOR-M seems to
underpredict all the ruthenium data. Ruthenium is known to exist as a metal in
oxide fuel (Ref. 3.43), and the CORSOR-M release rate is based on the vapor
pressure of ruthenium metal. Ruthenium oxide has a much higher vapor pressure
at these temperatures than ruthenium metal, but Ru0 2 has a very low free energy
of formation so that ruthenium metal would not oxidize until most other nearby
materials were highly oxidized. The large spread in the ruthenium data shown
in Figure 3.27 is believed to result from variations in the degree of oxidation
in the tests; all the zirconium and stainless steel were fully oxidized early
in the tests that produced the highest two data points. Since accident sequences
analyzed with the Source Term Code Package do not result in total oxidation of
structures and cladding in the core region, the lower ruthenium release rates
predicted by CORSOR-M are probably appropriate. Notice that this reasoning is
similar to the reasoning given by Powers (Ref. 3.44) for the absence of a
ruthenium oxidation release accompanying steam explosions (see Section 6.2.3).
While still empirically based (i.e., nonmechanistic), the improved CORSOR
modeling recognizes that release of volatile species does not require complete
fuel melting, and it reflects the essential features of release as being an
activation-energy controlled process. This is a significant improvement
compared with the Reactor Safety Study.

3.1.6 Retention in the Reactor Coolant System (TRAP-MELT)

The authors of the Reactor Safety Study recognized that retention in the reac-
tor coolant system could play an important role. They also recognized that
revaporization of deposited fission products was likely, but the calculational
tools were not available to them for making explicit calculations. Consequently,
no credit was taken in the Reactor Safety Study for retention in the reactor
coolant system. The development of the TRAP-MELT code for calculating transport
and retention in the reactor coolant system represents a major advance over the
Reactor Safety Study, particularly with respect to the ability to calculate the
dynamics of aerosol behavior.

The rate of deposition of vapors and aerosols moving through structures of the
reactor coolant system (e.g., the upper plenum or the pressurizer) can be calcu-
lated given the temperature of these structures and the flow rate, composition,
and temperature of the gas. The MERGE code, which was discussed in Section 3.1.2,
provides the required flow rates, gas conditions, and temperatures. A code,
TRAP-MELT2 (Ref. 3.45), calculates the deposition rates of vapors and aerosols,
which contain the fission products released from the fuel.

Description of the TRAP-MELT Code

The TRAP-MELT2 code, which runs as a subroutine in TRAP-MELT3, handles ten spe-
cies of materials, including noble gases, in the Source Term Code Package. The
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noble gases are not retained in the reactor coolant system and are thus con-
sidered in TRAP-MELT only for decay heat calculations and for bookkeeping pur-
poses. Whereas the Reactor Safety Study treated all iodine as if it were in
elemental form, iodine and cesium are assumed to be in the form of CsI and
CsOH* while Te is assumed to be in elemental form for the Source Term Code
Package analyses. Thus, the three species, CsI, CsOH, and Te, account for all
the volatile fission products of interest in a TRAP-MELT calculation. These
three forms are treated as vapors as they leave the core; they can condense on
walls and aerosol particles, evaporate from where they have condensed, or be-
come attached to a wall surface by some chemical or physical mechanism
(sorption).

The rest of the less volatile fission products along with the constituents of
Zircaloy, stainless steel, and the control rods are assumed to be in condensed
forms as inert particles that are treated together in TRAP-MELT as aerosols.
The aerosols can agglomerate and they can deposit on surfaces by several
mechanisms, but they cannot evaporate.

Whenever forces are present that can create relative motion between aerosol
particles, collisions can occur that will result in agglomeration. Relative
motion between particles can result from random (Brownian) movement, gravity,
turbulence, flow fields with shear, and inertia in flow fields with curvature.
TRAP-MELT models the first three of these, which are generally the dominant
processes for agglomeration.

Similarly, aerosols can deposit on surfaces if there are forces present to move
the particles to a surface. The required motion is often perpendicular to the
aerosol's drift velocity in the streaming fluid and is caused by random move-
ment, gravity, turbulence, and movement in a temperature gradient (thermo-
phoresis). All these mechanisms are modeled in TRAP-MELT, but, generally, the
most important natural removal mechanism for aerosol retention in the reactor
coolant system is gravitational settling.

Status of TRAP-MELT Code

A good independent review of the TRAP-MELT2 code by the Oak Ridge staff is
given in Chapter IX of Reference 3.7.

In the TRAP-MELT code, the condensation or evaporation of vaporizing species
occurs at a rate per unit surface area that is calculated by taking the product
of a mass-transfer coefficient and the difference between the gas-phase con-
centration and the equilibrium concentration based on vapor pressures. This is
a standard calculational procedure.

*I2 can be treated in TRAP-MELT, but the mass of 12 has been assumed to be
zero in most calculations made with the Source Term Code Package. See
Section 6.2.7 for a further discussion of the chemical form of iodine.
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The rate of irreversible sorption of the volatile species is based on empirical
deposition velocities coupled to a mass transfer coefficient. The deposition
velocities used in TRAP-MELT were based on the work of Elrick, Sallach, and
others (Refs. 3.46 and 3.47) and are 0 for CsI, 0.01 cm/sec for CsOH, and 1.0
cm/sec for Te. Thus the salt CsI is not predicted to react with metal surfaces
whereas the metal Te is much more reactive than the hydroxide CsOH. While
retention by this sorption mechanism is generally small, the data base from
which the empirical representation was derived is quite limited and uncer-
tainties in the deposition velocities are large. These deposition velocities
are, however, consistent with the recent review (Ref. 3.48) discussed later in
Section 6.2.8.

Aerosol behavior is treated in detail using equations that require several key
assumptions about particle shapes. Aerosol particles do not generally form
fully dense spheres, and thus two empirical shape factors are introduced. The
agglomeration shape factor accounts for the effective collision cross section,
and the dynamic shape factor accounts for the effective resistance to motion.
Although shape factors on the order of 10 (i.e., effective cross-section diam-
eters that are ten times those of mass-equivalent spheres) have been observed,
they are taken to be unity in TRAP-MELT. This is done because the presence of
liquids from low-melting aerosol materials helps maintain dense particles of
approximately spherical shape.

For the most part, TRAP-MELT has been found to employ sound physical models,
and some data for validation under typical accident conditions are now avail-
able. Aerosol transport calculations with TRAP-MELT2 for the Marviken Test 1
have been described by Kuhlman in Reference 3.49. The ratios of measured-to-
predicted values for retention in various control volumes are shown in
Table 3.4. Agreement between measured and predicted values is seen to be good.
However, in other comparisons with the Oak Ridge aerosol transport tests, the
agreement has not been as good and resolution of differences is being pursued.
The aerosol behavior mechanisms and the assumptions included in the code need
further validation and efforts are currently being made to compare the code
calculations with additional Marviken test results and with the LACE experi-
mental data (see Section 6.3.2).

One process affecting aerosol retention that is not modeled is the potential
resuspension of deposited aerosols due to high gas velocities. Resuspension of
deposited aerosols has been studied by Fauske & Associates, Inc. (Ref. 3.50).
High gas velocities could occur in a containment bypass "V" sequence or result
from small steam explosions within the vessel, and these high velocities might
blow some of the aerosols off surfaces and resuspend them in the carrier gas.
Since previously deposited aerosols may have relatively large particle sizes,
they may tend to redeposit quickly; therefore, this effect is expected to be
small. However, the exact physical mechanisms of resuspension and their func-
tional dependence upon the particle size, flow, and surface geometry are not
well understood. Research on resuspension mechanisms is being carried out at
Oak Ridge (see Section 6.3.2).

A concern often expressed about the early work reported in BMI-2104 was that
fission product decay heating from aerosol deposits in the reactor coolant
system was not fed back from the TRAP-MELT code to the MERGE thermal-hydraulic
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Table 3.4 Ratio of measured-to-predicted aerosol retention for
Marviken Test 1. Predictions were made with the
TRAP-MELT2 code.

Test Volume Measured/Predicted

Pressurizer 1.11

Pipe 1 1.08

Pipe 2 0.40

Pipe 3 0.95

Relief Tank 0.83

3-49



code. That concern has been eliminated in the Source Term Code Package by
fully integrating the TRAP-MELT2 and MERGE codes. Another major concern often
associated with TRAP-MELT (namely, natural circulation between control volumes)
is also associated with the MERGE code and is discussed in Section 3.1.,2.
Insofar as decay heat in aerosol deposits may also affect natural circulation,
this effect of decay heating is of course not accounted for. The combined
TRAP-MELT and MERGE code, now referred to as TRAP-MELT3, incorporates signif-
icant improvements, which are summarized below:

1. The decay heat contribution to the thermal hydraulics of the reactor cool-
ant system is now considered.

2. The fission product transport calculations (TRAP) are nodalized congruently
with the thermal-hydraulic calculations (MERGE). This includes the use of
structures in control volumes that define the boundaries of convective,
mixing flow. Previously, distinct structures had to be nodalized as
consecutive control volumes.

3. Gas properties used in TRAP are those calculated by MERGE and now account

for the presence of hydrogen.

4. Heat transfer coefficients used in TRAP are supplied by MERGE.

5. Aerosol particles are allowed to fall back to upstream volumes if orienta-
tion and geometry permit.

6. Aerosol particles settling into the melt are instantaneously revaporized
with condensed vapors revolatilizing as vapors and with other particles
regenerating as aerosols.

7. The treatment of chemisorption on walls now accounts for gas-phase mass
transport, which can be limiting for some flows, especially for the highly
reactive tellurium species.

3.1.7 Release from the Core-Concrete Melt (VANESA)

Only a partial release of many of the fission products takes place within the
reactor vessel because of the limited time the core is at high temperatures
before the debris penetrates the vessel. After vessel penetration, high core
temperatures may be sustained as the melt reacts with concrete and more of the
fission products may be released. This ex-vessel release is driven by the
bubbling of reaction gases (CO2 and steam) into the melt. Nonradioactive mate-
rials are also released by vaporization from the melt so that the net result is
a significant ex-vessel production of aerosols that includes fission products.

Description of the VANESA Code

The VANESA code (Ref. 3.51) was written to calculate fission product release
and aerosol production from the core-concrete melt. VANESA was designed to
accept melt temperatures, gas generation rates (CO2 and steam), and other input
directly from CORCON. VANESA also contains a library of thermodynamic proper-
ties (free energies from which vapor pressures are calculated) for about 125
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chemical species (mostly elements, oxides, and hydroxides) that might be formed
by fission products and other melt constituents.

Fission products and other melt constituents (steel, Zircaloy, and concrete)
are apportioned initially to the metallic layer and the oxidic layer (see
Fig. 3.18) based on prior experimental observations and calculations. VANESA
then makes three major calculations.

First, the code assumes that the C02 and H20, which arise from the concrete
attack, react with the major constituents of the metallic layer (Fe, Cr, Ni,
and Zr). An equilibrium chemical analysis is performed and the resulting
quantities of oxides are transferred to the oxidic layer. This determines the
overall composition of the melt.

Second, the steam, C02 , CO, and H2 are assumed to form gas bubbles in the melt,
and the rise velocity of the bubbles is calculated by the code. Standard equa-
tions taken from the literature are used for these calculations.

Third, and most importantly, VANESA calculates the release by vaporization of
fission products and other melt constituents from the melt into the gas bubbles.
Many of these releases involve chemical reactions. For instance, La2 03
vaporizes from molten core debris primarily as the chemically reduced species
LaO. These chemical reactions are modeled in VANESA as equilibrium chemical
reactions, which are characterized by a thermodynamic equilibrium constant.
Vapor species will thus exist in the bubbles in approximate proportion to their
vapor pressures, as modified by kinetic factors that are also taken into
account. Many chemical species are considered. Most species are treated as
elements, oxides, and hydroxides (e.g., Si, SiO, Si0 2 , SiOH, Si(OH) 2 , and
Si(OH) 4 ), but there are notable exceptions to include chemical forms known to
be important (e.g., CsI, HI, and several tellurides).

When the gas bubbles burst through the melt surface, many of the vapor species
will immediately condense in the cooler environment forming aerosol particles.
The distribution of aerosol particle sizes is given by an empirical size (mean
diameter) equation that is a function of concentration and density. In addi-
tion to the condensed vapors, VANESA also predicts an aerosol contribution
directly from the melt as the result of mechanical action when the bubbles
burst, but this contribution is very small. If an overlying water pool is
present, the VANESA code will account for aerosol scrubbing by gravitational
settling, random diffusion, and inertial impaction. These mechanisms are among
those considered in the SPARC model (described in Section 3.1.9) for aerosol
retention in water pools.

Status of the VANESA Code

The release of fission products from a molten core that is reacting with con-
crete is a relatively new area of study, and the VANESA code is of recent vint-
age. However, the recent reviews of the VANESA code and the models in it have
been intense. Based on these reviews, the fundamental concepts of the VANESA
code have been generally accepted.
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Individual effects of bubble formation, vaporization, and bubble movement in
the code are based on experimental observations, and simple equilibrium ther-
modynamic relations are used for the chemical reaction calculations. Although
few experimental data exist for overall validation of the code, some data are
becoming available. Figure 3.28 shows a comparison of measured and predicted
rates of aerosol generation during the TURCISS test performed at Sandia National
Laboratories (Refs. 3.27 and 3.52). The TURCUSS test involved deposition of
147 kg of Type 304 stainless steel containing fission product elements onto
limestone concrete. The VANESA model predicts well the aerosol source rate
observed in the test, despite the variation of this total source rate over two
orders of magnitude as the melt cooled. The model also predicted well the
composition of the aerosol, as seen in Table 3.5.

The predictions obtained with the VANESA model were based on experimentally
determined gas flows, melt temperatures, and concrete erosion rates. No param-
eters were adjusted to optimize agreement between the observations and the
predictions.

Tests in the Karlsruhe BETA facility do not include fission product simulants
and are not equipped with quantitative aerosol instrumentation. Nevertheless,
aerosol source rates for siliceous concretes in the Karlsruhe tests are found
to be much less than for their recent limestone/common-sand concrete tests and
for all the Sandia tests, which used limestone concretes (Ref. 3.53).
Figure 3.29 shows the TURCISS measured source rate data compared with VANESA
predictions for two of the BETA tests (Ref. 3.54). The calculations used only
approximate input assumptions, but VANESA is seen to predict much lower source
rates, as observed, for the German tests.

Additional validation of the VANESA code is being carried out, and uncertain-
ties certainly exist (e.g., with the assumptions of a layered melt, of unity
activity coefficients, of initial chemical form, and of continued gas perme-
ability below the solidus temperature). However, the uncertainty in melt tem-
perature, which is derived from CORCON (which is in turn dependent on the
meltdown modeling in MARCH), is believed to be the most important related
uncertainty because vaporization and chemical reactions depend exponentially on
temperature.

During the Reactor Safety Study, no large-scale experiments were available on
core-concrete interactions and associated releases of fission products; simpli-
fied models were used that incorporated many of the features we now recognize
as being essential. The mechanistic codes now used (CORCON and VANESA) are
based on knowledge gained from an intense research program at several laborato-
ries, including a number of large-scale experiments, and represent a great
advance over the simplified models in the Reactor Safety Study. The numerous
advances include, but are not limited to, the following:

1. Recognition of the importance of calculating release of nonradioactive
material as well as radioactive material and the development of models for
calculating such release.
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Figure 3.28 Comparison of the total aerosol generation rate in the
TURCiSS test and the predictions of this rate from the
VANESA code.
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Table 3.5 Comparison of the tellurium content of two aerosol
samples extracted during the TURCUSS test with
predictions of the VANESA code

Sample Sampling Period Measured Te Calculated Te

A 0-15 seconds 17.7 w/o 17.4 w/o

D 60-120 seconds 29.4 w/o 27.0 w/o
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2. Detailed calculation of the kinetics of both the heat and the mass
transfer process, including extensive treatment of the chemical reactions
that influence the heat generation rates, the chemical compositions, and
the rates of volatization.

3. Recognition of the importance of and modeling of the chemical vaporization
processes.

4. Inclusion of extensive chemical equilibrium thermodynamic calculations to
establish chemical species in the gas phase.

3.1.8 Aerosol Deposition in the Containment (NAUA)

Some portion of the aerosols produced in the vessel during core heatup and those
ex-vessel aerosols produced during the core-concrete interaction eventually
arrive in the reactor containment structure. Natural processes of agglomera-
tion and deposition lead to retention of aerosols within the containment. In
addition, some containment structures are equipped with water sprays, ice con-
densers, or water suppression pools, which cause further retention of aerosols
laden with fission products. The NAUA-Mod 4 computer code (Ref. 3.55) was used
for analyzing these effects in the BMI-2104 calculations. Since the original
version of the NAUA code did not address the effects of water sprays, Battelle
modified the code as described in Section 5.3.3 of Volume V of BMI-2104 (Ref.
3.2) to include these effects. NAUA was also modified to treat aerosol sweep-
out by condensing steam and homogeneous nucleation of water droplets.

Description of the NAUA Code

The version of NAUA incorporated in the Source Term Code Package is used to
calculate the behavior of aerosols in containment volumes that may contain
condensing steam atmospheres. The NAUA code can only be used to handle one
volume at a time. Therefore, in treating multicompartment containments, NAUA
calculations are performed sequentially for connected volumes. Given an
aerosol source rate and a containment leakage rate, NAUA determines: (1) the
suspended mass concentration as a function of time (particles and water),
(2) the size distribution of airborne material as a function of time (mass
concentration of water and particles in each size class), (3) the cumulative
settled-out quantity, (4) the cumulative plated-out quantity, and (5) the
cumulative leaked mass.

The phenomena treated in this version of NAUA are: (1) agglomeration (random
movement, gravity, turbulence), (2) removal (random movement, gravity, movement
in a condensing steam flow [Stefan flow], movement in a temperature gradient
[thermophoresis], and sprays), (3) steam condensation onto aerosols, and
(4) homogeneous nucleation of water droplets. NAUA does not treat volatile
species although the technology is available to treat the transport and deposi-
tion of volatile species should further research show such a need (e.g., if CsI
were found to not be the only important form of iodine). Iodine also has a
tendency to react with organic materials.to form volatile organic iodine com-
pounds in small quantities. Since removal processes that would lower airborne
concentrations of cesium iodide and other volatile forms of iodine are not
effective for organic forms of iodine, the process of formation of organic
iodine will likely form a limit for iodine release following containment
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failure below which removal processes are not likely.' Therefore, a 0.5 percent
lower limit has been used in current source term analyses for all sequences
that do not melt through the basemat, as discussed in Chapter 4.

Status of the NAUA Code

An independent review of the NAUA code was performed by the ORNL staff and is
reported in Chapter X of Reference 3.7. The overall assessment is that standard
aerosol physics, based on a long history of development, has been used and is
believed to be valid. Some separate-effect and integral validation of NAUA
have been performed. The German-developed NAUA-Mod 4 code has been compared
with experimental data (Ref. 3.56). A comparison has also been made of calcula-
tions by the Source Term Code Package version of NAUA with data from the DEMONA
B3 test, as shown in Figure 3.30 (Ref. 3.57). DE4ONA is a large (640 ms) model
containment aerosol test facility at the Battelle Frankfurt laboratory in
Germany. A description of the facility and the experiments, including test B3,
is given in Reference 3.58. Test 83 used SnO2 aerosol particles in a steam-and-
air atmosphere at a pressure of 45 psi. Several different measurement techniques
were used to obtain the data shown in this figure. It can be seen that there
is good agreement between calculated and measured aerosol concentrations over
five orders of magnitude during the test. In general, the ability of NAUA to
give accurate predictions requires the accurate specification of shape factors,
steam condensation rates, and other code inputs.

NAUA does not have multispecies capability, aerosol nucleation models, vapor
transport and deposition, or integrated direct coupling with a thermal-hydraulics
code. Multispecies capability is important when either the time dependence or
the particle size dependence of multiple sources is very different. There are
at least two areas of containment aerosol behavior in which vapor transport and
homogeneous nucleation could play a role and should be considered for inclusion
in containment aerosol behavior codes: (1) in some BWR sequences, the relatively
confined drywell volume can reach temperatures that are high enough to reva-
porize volatile fission products, and (2) hydrogen burning can create tempera-
tures high enough to revaporize materials that are airborne as aerosols in con-
tainment. The importance of direct coupling between containment thermal
hydraulics and aerosol behavior is not clear at this time. Some investigators
(Ref. 3.59) believe that the feedback effects related to condensation of water
on aerosols is important in many, but not all, cases. Others (Ref. 3.60)
believe that further analysis is needed before any prediction of water vapor
condensation on particles is believable. The structure of the Source Term Code
Package will accommodate modeling changes to account for such coupling if they
are found to be important.

Perhaps the area of greatest advance over the Reactor Safety Study is the
detailed mechanistic treatment of aerosol behavior in the containment. The
Reactor Safety Study had to rely on inadequate empirically based models in the
CORRAL code to evaluate the transient airborne activity in the containment as
affected by the aerosol behavior. These models were based on test observations
made in a large vessel (still considerably smaller than an actual containment)
and did not accurately reflect the aerosol behavior occurring under the broad
range of conditions of the various accident sequences.
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Figure 3.30 Aerosol concentrations calculated with the Source Term
Code Package version of NAUA compared with measured
results from the DEMONA test 83.
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The calculation of aerosol behavior is now one of the better-developed discip-
lines in the field of source term assessments and is supported by experiments.
There is a consensus on many of the important processes, the appropriate mathe-
matical models (with certain exceptions), and the necessary input data. This
ability to make mechanistic calculations provides the means of more accurately
predicting the airborne activity in containment, providing the sources are
known, as well as extending the calculations to evaluate the retention in
various auxiliary buildings.

The advanced state of modeling of aerosol behavior in containment has also
permitted the development of models for the mechanistic calculation of the
aerosol behavior as it passes through suppression pools and ice condenser
compartments. This has allowed avoiding the use of somewhat arbitrary and
nonmechanistically based decontamination factors as were used in the Reactor
Safety Study.

3.1.9 Retention in Water Pools (SPARC)

BWRs are equipped with suppression pools that employ about one million gallons
of water to serve as passive heat sinks. In most severe accident sequences,
most of the aerosols and fission products released from the reactor coolant
system must pass through this pool for at least some time period before entering
the containment or an auxiliary building. In addltion, there are conditions in
some PWR sequences in which the aerosols pass through other pools of water
(e.g., if there is an overlying pool above the core debris in the reactor
cavity). Such pools would also be expected to scrub fission products from
gases bubbled through the pool.

Description of the SPARC Code

The SPARC code (Ref. 3.61) was developed in response to the need for a mech-
anistic model to evaluate the effects of suppression pools on aerosols. The
code describes the deposition of aerosol particles on bubble walls as the gases
transporting the aerosols bubble up through a pool of water. The calculation
of aerosol retention includes the following deposition mechanisms: (1) random
movement, (2) gravity, (3) inertia, and (4) movement in a condensing steam flow
(Stefan flow). SPARC also includes the effects of soluble particle growth by
water vapor "uptake" and evaporation of water into the bubbles as the pressure
is reduced during the bubbles' rise to the pool surface. The latter effect is
very important for pool temperatures close to saturation and serves to reduce
aerosol removal by opposing the inertial deposition mechanism.

Status of the SPARC Code

A review of the status of the SPARC code is given in Chapter XII of Refer-
ence 3.7. The standard SPARC code does not include some mechanisms that are
included in other suppression pool codes. For example, aerosol removal in the
emerging jet at the injection location by inertial Impaction and Stefan flow
effects in the volume above the surface of the pool are not included in the
standard version. SPARC was modified for the Source Term Code Package to
include the former effect, and the latter effect is already modeled in the NAUA
code. Comparisons of SPARC predictions with those from other suppression pool
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codes show that SPARC decontamination factors are about a factor of two to four
lower but that similar trends are obtained.

The size and shape of the rising bubbles, the temperature and depth of the pool,
and characteristics of the carrier gas are important user-specified input.
These parameters must be obtained from experimental observations or from thermal-
hydraulic calculations. In addition, there may be special conditions of high
throughput flow for which the situation cannot be accurately described as being
a swarm of relatively independent bubbles. However, the single most important
input is the particle size distribution, which is calculated by TRAP-MELT for
in-vessel releases and by NAUA for ex-vessel drywell releases.

It is generally concluded that SPARC is backed up well by separate-effect
testing as found in the extensive literature on bubble dynamics and mass
transfer between rising bubbles and liquid media. The specific application to
behavior of aerosols within bubbles has less of an experimental base, but some
such data are now available. Figure 3.31 shows a comparison of calculations by
the SPARC code, as used in the Source Term Code Package, and data from the
EPRI-sponsored pool scrubbing experiments at Battelle Columbus Laboratories
(Ref. 3.62). This figure shows that SPARC decontamination factors were always
lower than the experimental values and often by a factor of ten or more. The
1/2-inch diameter horizontal injector in the experiment caused considerable
inertial deposition that was not well modeled in SPARC. Modifications have
been made in recent versions of SPARC to produce much better agreement with
these experimental data, but additional validation work is being carried out
for other vent configurations. It will be seen in Section 4.10 that, even
with its lower decontamination factors, SPARC predicts effective scrubbing for
situations that do not bypass the suppression pool.

3.1.10 Retention in Ice Condensers (ICEDF)

Some PWRs are equipped with ice condenser containment systems. More than a
million kilograms of borated ice are held in annular compartments in these ice
condenser containment systems. The containment is divided into upper and lower
volumes, and these are connected by the ice compartments. All the reactor
coolant system piping is located within the lower volume; fluids that might
leak from the reactor coolant system would pass through the ice compartment
before entering the large upper containment volume. Thus steam would be con-
densed, and contaminants would be scrubbed by the ice bed. Ice is contained in
steel baskets aligned vertically in the compartment. The baskets are supported
by a steel frame that stands on the floor of the ice compartment. A number of
lattice frames are provided for lateral support. The ice baskets, support
structures, and compartment walls thus possess very large surface areas onto
which contaminants would deposit. Therefore, depletion processes are not
solely dependent on the availability of ice.

Description of the ICEOF Code

The ICEDF code (Ref. 3.63) models thermal hydraulics and aerosol particle
deposition in a PWR ice compartment. The particle deposition model includes
the following mechanisms: (1) random movement, (2) gravity, (3) turbulence,
(4) inertia, (5) movement in a condensing steam flow (Stefan flow), and
(6) movement in a temperature gradient (thermophoresis).
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Figure 3.31 SPARC-calculated decontamination factors (DF) compared
with experimental values for 1/2-in. diameter hori-
zontal injector.

3-61



Status of the ICEDF Code

A review of the ICEDF code is presented in Chapter XIII of Reference 3.7. The
various correlations in this code were taken from the engineering literature,
and these generally have a good experimental base. The models are typical of
correlations used in transport physics and boundary layer theory and should be
of acceptable accuracy. Much of the data developed for retention of aerosols
in the reactor coolant system and containment are useful for providing confid-
ence in the application of the same models for retention in ice condensers.
Systematic validation experiments have not yet been performed for ICEDF, but
such experiments are planned and will provide for overall validation by late
1987 (see Section 6.3.4).

3.2 Verification and Validation of Source Term Code Package

The following definitions of verification and validation have been adopted for
this program. Verification is a quality control activity that involves check-
ing a computer code to make sure that its mathematical equations have been
programmed accurately and that the code runs as intended. Validation is the
process of comparing computer code predictions with experimental observations
or fundamental laws of physics to make sure that the mathematical models in the
code are scientifically valid.

3.2.1 Verification

Two major activities have provided verification for the Source Term Code Pack-
age and the calculations made with it for the results to be discussed in
Chapter 4. These two activities are described below.

Brookhaven Verification Program

Shortly after plans were made to revise the BMI-2104 suite of codes to form the
Source Term Code Package and to perform new accident sequence analyses, the NRC
sponsored a program at Brookhaven National Laboratory for an independent
verification program. Three major objectives of this program have now been
completed.

The first objective was to check the code itself--specifically, to obtain the
Source Term Code Package from the developer, Battelle; to make the code package
operational on the Brookhaven computers; to check the code package for accurate
programming of models with particular emphasis on recent modifications and
problem areas; and to exercise the code on sample problems to look for anoma-
lies. The timing of this work was such that Brookhaven began its verification
work before Battelle completely finished its debugging work. Several program-
ming errors connected mainly with the combining of code elements were found at
both laboratories and corrections were made. All changes have been incorporated
in the reference version of the code and are reflected in the published code
manual (Ref. 3.3).

The second objective of the verification program was to check all input for the
new accident sequences analyzed at Battelle for the risk rebaselining study to
be published in NUREG-1150. This quality control activity not only examined
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the printed input for typographical accuracy but also reviewed the input values
(e.g., plant dimensions and problem setup) for technical adequacy and traceabil-
ity. A more complete description of this quality control activity is given in
Reference 3.64.

The third objective of the verification program was to provide complete reanal-
ysis of several accident sequences for audit purposes. Four sequences were
selected. Two Surry sequences (TMLB'-6 and V) were reanalyzed to provide direct
comparisons with the earlier, BMI-2104 version of the codes, and one Peach
Bottom sequence (TC2) and one Sequoyah sequence (TMLB'-6) were reanalyzed solely
as audits of the new calculations for NUREG-1150. Results from these audit
calculations are discussed in Chapter 4. The Brookhaven audit calculations are
also described in Reference 3.64.

Battelle Verification Calculations

Source term analyses are frequently criticized for requiring an excessive degree
of reliance on large, complex computer codes. It is possible for analysts to
place too much faith in the output of codes and to accept erroneous results
without question. The larger the computer code and the more complex the inter-
action between models, the less likely the analyst is to recognize the exist-
ence of faulty results.

Although the concerns of the critics of large codes are sometimes justified, it
is difficult to identify alternatives to the use of large computer codes for
performing source term assessments. Severe accident processes involve the
interaction of many phenomena. The processes are too complex and the number of
coupled processes is too great to perform source term analyses without the aid
of large computer programs. Reliance on computer codes does not, however,
require blind faith in the code output. The analyst can and should break the
analysis into component parts and verify the correctness or reasonableness of
results obtained for each part. Indeed, it is standard practice in code
verification to test the pieces of the code against problems with known
solutions. The codes also often include diagnostics in their output that
assist the analyst in ensuring the reasonableness of the output. For example,
the MARCH code routinely provides the user with an assessment of energy balance
as a function of time.

The purpose of the Battelle verification calculations (Ref. 3.65) was to
provide a demonstration of the reasonableness of results obtained with the
Source Term Code Package. The approach that has been taken is to follow a
specific accident sequence through the code package from routine to routine.
By performing simple hand calculations using boundary conditions from previous
steps of the code analysis, it can be shown that the results at each stage of
the code package analysis are reasonable.

The types of analysis assessed with the Battelle calculations are an important
element of code verification. A large variance between the hand calculations
and the code results can be a strong indication of an error in the code. It
can, however, merely be a demonstration that the hand calculations are overly
simplified. Furthermore, agreement between the code and hand calculations does
not necessarily prove that the code accurately characterizes the real phenomena.
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The correctness or accuracy of the code must be demonstrated through code vali-
dation, the comparison of code results with experimental data. The validation
of the Source Term Code Package is an ongoing effort that is separate from the
verification calculations and will be discussed in Section 3.2.2.

The accident sequence chosen for the Battelle verification calculations was the
loss of all ac power (TB sequence) for the Peach Bottom BWR. This sequence was
selected because it makes an important contribution to the risk profile for
that plant and because most of the capabilities of the Source Term Code Package
are exercised in this sequence.

Table 3.6 and Figures 3.32 and 3.33 show a sample of the numerous quantitative
comparisons described in the Battelle report (Ref. 3.65). The closeness of
agreement to be expected between the Source Term Code Package and the hand
calculations depends on the degree of approximations required in the hand
calculations. Each comparison is discussed in this regard in the Battelle
report. With the exception of the comparison with VANESA results, the hand
calculations were found to be in close agreement with the Source Term Code
Package results. The VANESA comparisons indicate a high sensitivity of the
prediction of ex-vessel fission product release to the thermal hydraulics and
chemistry of the molten core-concrete mixture. The differences between the
predicted results for the element groups in Table 3.6 are believed to be
attributable to differences in oxygen potential and the amount of water vapor
in the EQUICA simulation; however, the reasons for the varying degrees of
agreement for the individual species are not understood at this time. The
processes involved are complex and intimately coupled. A simplistic treatment
could lead to orders-of-magnitude errors in estimated releases of important
fission product species.

3.2.2 Validation

All codes in the Source Term Code Package are based on accepted principles and
experimental observations to the extent possible, but validation against
larger-scale, more prototypic experiments is necessary to achieve a desired
level of confidence. The NRC's Severe Accident Research Program was initiated
5 years ago, and some scoping tests were performed early; however, major
sources of data are just emerging as these programs reach maturity. Validation
of source term codes, particularly of the current versions being used for
analyses, is thus not complete.

Oak Ridge Critique of BMI-2104 Codes

Reference 3.7 describes a review of the status of validation of the computer
codes used in BMI-2104. Those codes are the immediate predecessors of the
Source Term Code Package. In that report, indirect methods of gauging valida-
tion were often used, such as making a judgment about the applicability of
theoretical considerations. This Oak Ridge report is a compilation of indi-
vidual validation review reports addressing each of the codes identified in
Figure 3.1. The report also gives an overall summary appraisal, which is
described below.
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Table 3.6 Comparison of selected quantities calculated
by the Source Term Code Package and by
alternative hand calculations

Quantity Code Package Hand Calculation

Mass of steam released from 115,000 lb 126,316 lb
the vessel during first
30 min.

Water level in vessel at 2.1 min 11.3 ft 11.4 ft
four time intervals 42.3 min 3.0 ft 4.1 ft
after start of core 82.5 min 1.2 ft 1.5 ft
uncovery. 122.7 min 0.7 ft 0.5 ft

Average core tempera- 2.1 min 293 0C 307 0C
ture at four time 42.3 min 507 0C 6240C
intervals after start 82.5 min 1,0430C 1,0230C
of core uncovery. 122.7 min 1,6220C 1,4820 C

Total aerosol particle 7.96xlO4 g 7.47x10 4g
mass in reactor coolant
system

Total heat absorbed by 1.8x10 7 Btu 2.0x10 7 Btu
drywell and wetwell
structures

Aerosol release from Ba 1.6xI0- 3  9.2x10- 2

core-concrete La 5.4x10- 6  8.3x10- 6

interaction U 1.Ox10- 7 1.7x10- 6
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Figure 3.32 Comparison of CORCON concrete decomposition with
hand calculation.
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1. The BMI-2104 set of codes under review (and other available codes) repre-
sent a very significant improvement beyond the Reactor Safety Study in the
state of the art for mechanistic source term determination.

2. It is believed that the BMI-2104 set of codes provides a credible basis
for defining the major influences on source terms, for scoping the uncer-
tainties, and for defining research for the purpose of reducing the
uncertainties.

3. In general, the code developers have used sound physics and scientific
principles. There is a broad base of experimental support for the
required physical and chemical properties, and generally the integral
models are well based on separate-effect experiments. However, there are
some areas where separate-effect and integral data for overall validation
are missing.

4. It is clear that the most important issue relative to source term deter-
mination is the timing and mode of containment failure. An intact
containment provides an effective barrier against the release of fission
products to the environment. The focus of this particular review has been
more on fission product and aerosol release and transport and less on
containment loadings and failure.

5. The codes of this review (i.e., the BMI-2104 codes) were generally deve-
loped independently of each other. Bringing them together and applying
them in a sequential manner gives rise to a number of inconsistencies and
problems. A consistent, completely integrated package would be beneficial
to the user.

6. Areas in need of improved modeling and additional research were identified
in the Oak Ridge report.

Current Validation of the Source Term Code Package

The Oak Ridge validation report (Ref. 3.7) is now partly outdated although many
useful insights are still applicable to the models in the Source Term Code
Package. Direct code-to-data comparisons are now becoming available, however.
To the extent practical, such comparisons were included in the text in the pro-
ceeding sections of Chapter 3. It is recognized, however, that validation of
the Source Term Code Package is not complete and will require a sustained and
coordinated effort to achieve reasonable completeness. Steps have been taken
to achieve this. An NRC-sponsored program is now under way at Battelle
Columbus Laboratories to provide validation of the reference version of the
Source Term Code Package. In addition, work is in progress at Brookhaven
National Laboratory to provide independent benchmarking of the code; this is,
in effect, an independent quality control effort related to validation.
Coordination with experimental programs and other code development efforts is
being provided in the Severe Accident Research Program. Additional details on
code validation are given in Section 6.4.
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3.3 Uncertainties in Source Term Analysis

From the code validation work that has been done, it is clear that the accuracy
of each prediction in a source term analysis is limited. It is also clear that
margins must be provided for most regulatory applications of source term
estimates. Therefore, some means for quantifying uncertainties needs to be
provided.

Detailed guidance for quantifying uncertainties does not exist at this time for
at least two reasons. First, quantitative uncertainty estimation is difficult,
and routine methods for such evaluations are not yet available. Second, the
importance of various sources of uncertainty will be different for different
applications making a priori methods even more difficult to develop.

General guidance on the quantitative treatment of uncertainties is available
from several large (and recent) studies plus the experience that is being
accumulated from the current effort to quantify uncertainties for the NRC's
risk rebaselining study (NUREG-1150). The first general uncertainty study,
called QUEST (Ref. 3.8), will be discussed in Section 3.3.1 below. The QUEST
study looked in detail at input and modeling uncertainties for three complete
accident sequences. QUEST provides many generic insights on the effects on
source terms of our limited knowledge of fission product release and transport
phenomena. The QUEST study provides 14 appendices in Volume 2 of Reference 3.8
that explore the range of possible parameter values and the sensitivity of indi-
vidual codes used in source term analysis. The QUASAR study (Ref. 3.66), also
described below in Section 3.3.2, will advance our general understanding of the
impact of uncertainties and will use the improved Source Term Code Package for
propagating individual'uncertainties throughout a complete source term analysis.

Uncertainties are being estimated for the NRC's risk rebaselining study, which
is the first application of the Source Term Code Package. This uncertainty
effort is described below in Section 3.3.3. Less rigorous methods are being
employed than were used in the QUEST and QUASAR studies, but uncertainties are
being estimated for all source term phenomena believed to be important to risk
estimation. Experience with this effort will show whether this method is
desirable for other applications. In any event, some original work will likely
be required for each application attempted, and the NRC research staff expects
to be involved in these efforts, drawing on past and emerging results from the
research program.

Several industry efforts to analyze uncertainties and sensitivities in their
results have recently been reported (Refs. 3.67 and 3.68). These efforts
identified major factors and parameters controlling uncertainties, but they did
not result in quantified ranges of source term values. The earlier Reactor
Safety Study is believed to have higher source terms than are realistic as the
result of making certain modeling assumptions, but no estimate of the magnitude
of this effect has been made either. The subsections below describe the NRC's
programs to quantify source term uncertainties.

3.3.1 Sandia QUEST Study

The Sandia National Laboratories carried out a study referred to as the Quanti-
tative Uncertainty Estimation for the Source Term (QUEST) (Ref. 3.8). The
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objective of the QUEST study was to provide an estimate of the plausible range
of uncertainty in certain selected source terms as calculated in BMI-2104. The
three accident sequences considered were station blackout (TMLB') and small
LOCA (S 2 D) in the Surry plant and anticipated transient without scram (TC) in
the Grand Gulf plant. These three evaluations were meant to be examples (and,
therefore, instructive) just as the somewhat larger number of sequences con-
sidered in BMI-2104 were meant to be examples rather than a comprehensive
study.

The study employed complete calculations with the entire BMI-2104 suite of
codes for its base cases to maintain consistency with BMI-2104 and include
synergisms. Sensitivity studies were then performed with many of the codes
from the BMI-2104 code suite and, in some cases, with alternative codes to
examine the importance of modeling differences. Uncertainties were grouped
into two categories for the QUEST study: (1) code input uncertainties, 6
and (2) code phenomenon uncertainties, 6 . Code input uncertainties werV
investigated by allowing certain importarA user-input parameters to vary over
a reasonable range. Phenomenon uncertainties addressed analytical modeling
uncertainties and omissions, and these were investigated by varying values for
important phenomena within a code (e.g., varying release rates from 0.1 to 10
times the values calculated in CORSOR) over a reasonable range. Ranges of
variation were determined based on engineering judgment and are described in
Reference 3.8.

Since all parameters could not be varied in a practical study, a scheme was
employed to determine which parameters warranted inclusion in the study. This
scheme addresses the codes in the BMI-2104 suite (Fig. 3.1) in reverse order
starting with NAUA. NAUA input parameters--whether provided by output from
another code or directly by the user--were varied one at a time about a base
case. If a parameter had a strong influence on the suspended aerosol mass as
calculated by NAUA, it was identified as an important parameter. For example,
the aerosol generation rate from the output of VANESA was found to have a
strong influence on NAUA. This is not surprising. But when VANESA was
similarly evaluated to determine what input strongly affects the aerosol gene-
ration rate, the results were less obvious. For Surry TMLB', for example, the
amount of unoxidized zirconium in the melt was found to be more important than
the initial melt temperature provided by MARCH. In this manner, the entire
suite of codes was examined to determine a list of the most important param-
eters for further quantitative evaluation. Tables 3.7 and 3.8 list the most
important parameters found for Surry TMLB' and show the range of values con-
sidered to be appropriate. The corresponding values used in the base case
(same as BMI-2104, Vol. V) are also shown. The important parameters and their
associated range of uncertainties for the other sequences are also described in
Reference 3.8.

The major results for the three cases examined in the QUEST study are summarized

below.

Results of the Surry Station Blackout (TMLB') Study

1. The mechanistic approach in BMI-2104 was found to be very workable and
amenable to upgrading with new research results.
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Table 3.7 Summary of key sources of code input uncertainty (6 )
for the Surry station blackout sequence (TMLB')

Parameter Code Base Case Range

Core liquefaction
(melting) temperature,
TMELT ( C)

Heat of fusion expressed
as a temperature, TFUS (*C)

Distribution of Zr in
droplets of molten core
debris, FZMCR (an index)

Fraction of nonmolten
vessel head included in
ex-vessel core debris,
FHEAD (a fraction)*

Mass of molten structural
steel included in ex-vessel
core debris, WGRIDX (kg)*

Ratio of particle cross
section used for flow
resistance to cross section
of mass-equivalent sphere,
FORM (x, a ratio)

Ratio of particle collision
cross section to cross sec-
tion of mass-equivalent
sphere, FORMC (y, a ratio)

MARCH

MARCH

MARCH

2,277

2,938

1,927 to 2,482

2,217 to 3,052

Homogeneous to
all unoxidized
Zr on surface
of droplet

0.05 to 1.0

Homogeneous

MARCH

MARCH

1.0

28,888 8,666 to 28,888

NAUA 1 1 to 1.5

NAUA 1 1 to 7

The effects of varying FHEAD and WGRIDX are not independent; both show the
sensitivity to the mass of steel in the ex-vessel melt.
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Table 3.8 Summary of key sources of code phenomena uncertainty (6 )
for the Surry station blackout sequence (TMLB')

Parameter Code Base Case Range

Release rates from fuel CORSOR See Ref. 3.14 0.1 to 10 times
(a multiplier) for table base case

Net in-vessel retention (%) TRAP-MELT 78 10 to 99

Heat transfer between melt CORCON See Ref. 3.10 1 to 20 times
layers (a multiplier) for equation base case

Turbulence-enhanced aerosol NAUA Effect not 0 to 0.02
agglomeration (&, an energy modeled
dissipation rate, m2/s 3 )
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2. The uncertainty in the source term is broad (span is on the order of a
factor of 100) and is very dependent on time.

3. For early containment failure, the source term uncertainty is dominated by
in-vessel processes.

4. For late containment failure, the source term uncertainty is dominated by
ex-vessel processes.

5. All fission products must be considered in characterizing the source
term: iodine and cesium dominate for early containment failure, but
refractory fission products and tellurium dominate for later containment
failure.

6. Suspended aerosol radioactivity decreases rapidly with time (e.g., by a
factor of ten within 4 hours of vessel failure).

7. The amount of radionuclides leaked from containment can be much smaller
than the amount suspended at the time of failure if the hole is small. For
failure at late time, the amount leaked can be much larger than the amount
suspended if the hole is large enough to cause resuspension.

Results of the Surry Small LOCA (S2D) Study

1. The method of calculating source terms in BMI-2104 allows the determina-
tion of the effects of phenomenon uncertainties.

2. A very important uncertainty in the source term is related to the effect
of containment sprays on the debris temperatures and the debris configura-
tion after contacting water in the reactor cavity.

3. Another important uncertainty is related to the cleansing action of the
sprays (this contributes a factor of ten to the source term uncertainty
for late containment failure).

4. Total suspended aerosol radioactivity declined as a result of the cleansing
action of containment sprays by a factor of 100 in less than 2 hours.

Results of the Grand Gulf ATWS (TC) Study

1. Without pool disruption, plant releases are less than would be predicted
with models developed for the Reactor Safety Study.

2. The uncertainty range of plant release prediction without pool disruption
is wide but is biased toward lower releases than were predicted in BMI-2104.

3. Uncertainties in the radionuclide release arise because of uncertainties
concerning

a. The release rate coefficients for tellurium during core degradation.
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b. The deposition of radionuclides within the reactor coolant system.
c. The efficiency of decontamination by a suppression pool.

4. The suppression pool is susceptible to disruption by pressurized melt
ejection from the reactor vessel.

5. When pool disruption occurs, large amounts of radioactivity can pass
through the pool unscrubbed. Depending on the nature of radionuclide
release during core degradation, this can lead to plant releases that are
only factors of two to five less than predicted using the Reactor Safety
Study models and are much larger than predicted in BMI-2104.

6. Avoiding the possibility of high releases requires resolution of
uncertainties to show that pressurized melt ejection from the vessel
cannot occur, suppression pool disruption is not significant, or volatile
radionuclides do not escape the melt significantly during expulsion of
melt from the vessel.

It should be noted that these conclusions are the result of a scoping look at
the uncertainties for particular plants and accidents. More refinement of the
uncertainty bands could be achieved with additional effort. Scoping estimates
for other plants and sequences will have to be made before it can be determined
how generally applicable these conclusions are.

3.3.2 Brookhaven QUASAR Study

A program called QUASAR (Quantification and Uncertainty Analysis of Source Terms
for Severe Accidents in LWRs) was recently initiated at Brookhaven National
Laboratory (Ref. 3.66). The QUASAR study is, in a way, an extension of the
earlier QUEST study. Several important improvements are being incorporated in
QUASAR. First, QUASAR will use the Source Term Code Package rather than the
BMI-2104 suite of codes. Aside from several obvious improvements in the Source
Term Code Package, it is more automated than the BMI-2104 suite of codes and
will facilitate repetitive code runs. Second, QUASAR will provide probability
distribution functions for the ranges of parameter variations. While QUEST
used ranges of parameter variations that were considered reasonable, no attempt
was made in the QUEST study to attach a probability or likelihood to various
values within the ranges. Third, QUASAR will determine a probability distribu-
tion for source term values (output) based on an appropriate statistical sampling
of various possible input parameters. QUEST provided high and low source term
estimates based on a judgmental selection of compatible input values. QUASAR,
like QUEST, will consider only three accident sequences because of the large
calculational effort required for each sequence. The three sequences to be
evaluated in QUASAR are the ATWS sequence (TC) for Peach Bottom, the small-
break LOCA with failure of core cooling and failure of sprays during the
recirculation mode (S2HF) for Sequoyah, and the containment bypass LOCA (V) for
Sequoyah. These are sequences analyzed in the risk rebaselining study (see
Chapter 4), and QUASAR results for at least one of these sequences are expected
to be available for inclusion in NUREG-1150.
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The QUASAR program involves the following steps:

Screening

Screening is necessary to reduce the number of input variables and modeling
uncertainties to a manageable level. Engineering judgment based on previous
experience will play a significant role in the screening process. The previous
QUEST study and the recently reported industry studies will serve as a starting
point.

Probabilities

Probability density functions will be estimated based on a literature search
and on expert knowledge. If statistical samples are available, then a number
of statistical methods are available for determining probability distribution
functions. In other parameter cases and in cases involving modeling uncer-
tainties, expert judgment will be required. When expert judgment is used, the
sensitivity of results to changes in the assumed distribution will be
evaluated.

Propagation

The distribution of source term results (output) will be found by making large
numbers of code package runs using different combinations of input and modeling
parameters. A Latin Hypercube sampling technique will be used in this Monte
Carlo simulation to minimize the number of code runs required.

3.3.3 NUREG-1150 Estimates

Uncertainties in the source term results are being estimated for NUREG-1150.
These source term uncertainties will be carried through the risk analysis along
with uncertainties coming from other areas of risk assessment such as contain-
ment behavior so that the risk estimates for the plants analyzed will also
have uncertainty bands.

The method for estimating source term uncertainties for NUREG-1150 has many
similarities to the QUASAR study just described. Screening of input parameters
and modeling assumptions is being done to reduce the number of variables.
Likelihoods are being determined by expert judgment to establish sampling fre-
quencies, which are equivalent to probability density functions. And uncertain-
ties are being propagated in a Monte Carlo simulation using a Latin Hypercube
sampling technique. A major difference between these two programs--and it is a
big difference--is that the NUREG-1150 work does not propagate the uncertain-
ties through the Source Term Code Package but rather uses a simple factorial
representation of the source term that is based on code package runs. It would
not be possible to perform all the calculations required for NUREG-1150 with
the Source Term Code Package. A description of these source term uncertainty
estimates will be given in NUREG-1150.

3.4 Summary Evaluation

Results from the relatively recent severe accident research program have led to
major advances in source term technology since the time of the Reactor Safety
Study. Some of the most important advances are summarized below.
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1. Early methods of source term assessment, on which U.S. regulatory practices
are still based, were not integrated in the sense that consequences of one
part of an accident sequence were not always communicated to other parts
of the analysis. Current integrated and coupled source term computer codes
permit a self-consistent treatment of individual accident sequences. This
more realistic method of evaluating source terms is also convenient for
accommodating further improvements from ongoing research programs.

2. Laboratory data from irradiated fuel rods and more recent results from
in-reactor tests have significantly increased the understanding of fission
product release from fuel under severe accident conditions. Although cur-
rent source term codes incorporate simple correlations for in-vessel fission
product release, basic temperature effects are now modeled and limited
chemical effects are taken into account. Further improvements can be
expected in this area.

3. Transport and retention of fission products in the reactor coolant system
can now be modeled mechanistically. Current codes treat the dynamics of
aerosol behavior, the condensation of vapor species, and the chemisorption
of chemically reactive fission products. Although the importance of
these effects was recognized, the analytic capability did not exist and
no credit was taken in the Reactor Safety Study for retention in the
reactor coolant system.

4. Studies of the uranium-zirconium-oxygen system and in-reactor tests of
fuel bundles under severe accident conditions have provided a significant
data base for In-vessel melt progression, hydrogen generation, and
control rod behavior. Modeling assumptions based on this information are
used in current source term codes, and major efforts are under way to
improve the data base and mechanistic modeling of these phenomena.

5. Perhaps the area of greatest advance over the Reactor Safety Study is the
detailed mechanistic treatment of aerosol behavior in the containment.
The Reactor Safety Study had to rely on inadequate empirically based models.
The calculation of aerosol behavior is now supported by experiments, and
there is a consensus on much of the analysis. Effects of scrubbing by
water pools and retention in ice compartments are also included.

6. Research initiated in 1975 and intensified in later years has provided a
data base for core-concrete interactions and related ex-vessel fission
product release. Analytical models for core-concrete interactions have
been developed to calculate erosion rates, temperatures, gas evolution
and other parameters. The chemical reactions that occur in the debris and
the related aerosol production can also be calculated.

7. Current methods used for containment thermal-hydraulic analyses account
for a variety of processes, including burning of combustible gases, steam
condensation on surfaces, heat transfer to structures, debris-coolant inter-
actions, core-concrete interactions, and the multicomponent flow of gases
between compartments and to the environment. These thermal-hydraulic
analytical methods provide significant improvements in the evaluation of
containment temperature and pressure loads.
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The understanding of severe accident phenomena is far from complete, however,
and many uncertainties still exist. While recent severe accident studies have
permitted advances in the analysis of source terms, this improved understanding
has also allowed a clearer identification of the major uncertainties. The
phenomenological areas identified below are believed by the NRC staff and its
contractors to contribute most significantly to uncertainties in predictions
made with current source term codes.

1. Multidimensional natural circulation flow in the reactor coolant system
is believed to occur under certain conditions because of buoyancy effects
resulting from temperature and composition variations. These temperature
and flow changes can affect reactor coolant system integrity, hydrogen
generation, and fission product revaporization. None of today's integrated
source term codes has the capability of predicting natural-circulation flow
patterns, but research on natural circulation is currently being sponsored
by NRC and EPRI.

2. Very little experimental information is available to elucidate the large-
scale core melting process. Important details that are not well known are
the temperature at which the core will exhibit liquid behavior, the maxi-
mum achievable temperature, changes in Zircaloy oxidation rate resulting
from geometry changes, and the amount and timing of core debris exiting
the reactor vessel. Experimental investigations of these phenomena
and development of mechanistic models for them are still under way. Cur-
rent related assumptions in industry source term codes are not consistent
with those in NRC codes.

3. During a severe accident sequence, steam explosions can occur if molten
core material comes into contact with water. The consensus of an
NRC-sponsored Steam Explosion Review Group is that the occurrence of a
large, in-vessel steam explosion of sufficient energetics to threaten
containment integrity has a low probability. Smaller steam explosions,
however, can generate additional hydrogen, disperse core debris within the
containment, and release fission products from the debris by chemical and
mechanical means. Steam explosions are not modeled in NRC or industry
source term codes, but consideration of the effects of steam explosions
is being included in the NRC risk rebaselining study to be published in
NUREG-1150 and research is continuing in this area.

4. In certain accident sequences, core degradation and melting may take place
while the reactor coolant system remains pressurized. If the reactor
vessel is breached in such a condition, the molten core debris could be
ejected under high pressure and could then be dispersed into the contain-
ment with the transfer of thermal and chemical energy and the resultant
pressurization of the containment atmosphere. Experiments to form the
basis for modeling high-pressure melt ejection are being sponsored by NRC
and have been sponsored by EPRI. The effects of high-pressure melt ejection
are not yet modeled in NRC or industry source term codes, but NRC is making
an allowance for this effect in the risk rebaselining study to be published
in NUREG-1150.
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5. Experiments to study the interaction of molten core debris with concrete
and the ex-vessel release of fission products from the molten debris are
providing important new information. While the fundamental concepts of
current models have been generally accepted, heat-transfer modeling is not
fully developed and validation of chemical effects is Incomplete. Calcula-
tions are also known to depend strongly on the already uncertain details
of core melt progression.

6. During a severe accident, hydrogen combustion is likely to occur one or
more times in a containment that is not inerted, and hydrogen combustion
may also occur in secondary buildings following failure or venting of
inerted and non-inerted containments. A general understanding of hydrogen
burning (deflagration) has existed for several years. However, the degree
of mixing, the presence of ignition sources, the occurrence of accelerated
flames, and detonation remain uncertain. Because these processes can
determine whether a containment or a secondary building will fail, they
can lead to important uncertainties in source term analyses.

7. During the years after the Three Mile Island accident, chemical equi-
librium analyses were performed that indicated that cesium iodide would be
the most likely chemical form of iodine under severe accident conditions.
Despite almost universal acceptance of this indication, there has been
growing experimental evidence of processes that can enhance the production
of more volatile forms of iodine. Other studies, however, continue to
show that cesium iodide is the preferred form. Additional experimental
work is required to determine the chemical forms of iodine, but sensitiv-
ity calculations have been performed to cover a range of possibilities.

8. During the course of an accident, piping and upper plenum surfaces may
heat up enough to revaporize fission products that had previously been
deposited in the reactor coolant system. The rate of revaporization of
these fission products will depend on the vapor pressure of the chemical
form that exists in the deposits. None of the current source term codes
mechanistically models the chemical deposition process nor the subsequent
chemical interaction of the deposit with the metal surface.

The current status of research results that address each of the above major
areas of uncertainty is described in Section 6.2. Plans for further research
in these and other important areas are discussed in Section 6.3.

In light of the above advances and uncertainties and as a result of the
assessment of analytical methods described in this chapter, the following con-
clusions have been reached with regard to the integrated approach to source
term assessment.

An approach to source term assessment using a framework of coupled and integrated
computer codes has been developed; this framework can accommodate improvements
expected from ongoing research. Severe accident phenomena that govern the
release and transport of radionuclides interact with each other and these inter-
actions have been previously neglected. Recent realistic analyses that account
for these interactions require the use of large coupled and Integrated computer
programs, and many organizations are now using this approach. The framework of
coupled and integrated codes is also convenient for accommodating further
improvements expected from ongoing research.
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The complexities of source term phenomena have resulted in sophisticated com-
puter codes and large amounts of numerical information that require the use of
quality control measures in preparing the codes and performing analyses.
Severe accidents are complex and involve a broad spectrum of phenomena. Ten
separate computer codes describing these phenomena have been coupled and inte-
grated to provide the analysis capability required in the Source Term Code
Package. The magnitude of programming involved and the quantity of input Infor-
mation required led to errors in calculations reported in BMI-2104 and in early
calculations with the Source Term Code Package. Consequently, a.quality control
program was initiated to eliminate such errors. This experience with coding
errors and data transfer errors with both the BMI-2104 suite of codes and the
Source Term Code Package suggests that quality control would be a concern for
all source term computer codes.

Validation of the NRC's Source Term Code Package is substantial in some areas
but limited in others; more comparisons of computer codes with experimental
results are needed. All codes in the Source Term Code Package are based on
accepted principles and experimental observations to the extent possible, but
validation against larger-scale, more prototypical experiments is necessary to
achieve an improved level of confidence. The NRC's Severe Accident Research
Program was initiated five years ago, and some scoping tests were performed
early; however, the bulk of the data is just emerging as these programs reach
maturity. Validation of source term codes, particularly in the current versions
being used for analyses, is thus not complete,- and limited validation is re-
flected in the recognized uncertainties.

The current severe accident data base and the phenomenological models in the
NRC's Source Term Code Package represent a major advance in technology compared
with the Reactor Safety Study. Significant amounts of new data are now available
and emerging from severe accident research programs that were initiated following
the accident at Three Mile Island in 1979. Major advances from these research
programs that are related to source terms are discussed in this report. Combin-
ing the integrated approach to source term assessment with these major research
advances, NRC contractors and staff have developed the NRC's Source Term Code
Package. Using this coupled and integrated set of codes and their supporting
data base provides better estimates of source terms, allows a deeper understand-
ing of severe accident phenomena, and will allow important issues to be considered
much more realistically than before.

The NRC's Source Term Code Package and other current source term codes have been
designed to provide realistic estimates of source terms without any intentional
conservative margins. Several past source term estimates, such as those given
in TID-14844, have incorporated intentionally conservative elements for specific
uses in the regulatory arena where conservative margin was deemed appropriate.
In contrast, the Source Term Code Package and other similar codes do not incor-
porate intentional biases because they are intended to provide realistic esti-
mates. In fact, recent experience has shown that it is not possible to provide
an inherently conservative margin in source term codes that are to be used for
many sequences and many purposes. The major purpose of noting this conclusion
is to make potential users aware of this fact so that consideration of uncertain-
ties in present methodologies as well as an appropriate degree of conservatism
can be incorporated into contemplated regulatory actions.
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4. EXAMPLE CALCULATIONS FOR SELECTED ACCIDENT SEQUENCES

The Source Term Code Package described in Chapter 3 was applied to several
sequences and plants in order to demonstrate the analytical procedure and to
calculate source term estimates for the NRC staff's risk rebaselining study
(NUREG-1150). NUREG/CR-4624 (Ref. 4.1) reports the results of these calcula-
tions. There are many graphs and tables in that report and in BMI-2104
(Ref. 4.2) that allow the reader to follow a given accident sequence for a
given plant through the complete series of calculations. In this chapter,
selected results from NUREG/CR-4624 or BMI-2104 are brought together to
illustrate major features of source term phenomena and the major technical
findings. Although the focus of this report is mainly on the source term
(release to the environment), it is important to recognize that, for many
applications, temperatures, pressures, aerosol loading, in-plant radioactivity,
and the like are likely to be required. Examples of this type of application
are equipment qualification, in-plant filter design, and in-plant monitoring
requirements.

It has been found that the source term results are plant specific and accident
sequence specific. In contrast to the Reactor Safety Study analytical proce-
dure, which did not include mechanistic models in many cases, the newly devel-
oped models will result in differences in source terms for sequences previously
considered to be the same. Therefore, no constant multiplicative factor ade-
quately describes the differences between the Reactor Safety Study results and
the more recent results for all chemical elements, all sequences, and both
plant types studied in that document.

The plants selected for the BMI-2104 calculations and used again for the risk
rebaselining study were chosen on the basis of (1) ready availability of the
plant design details required for the analysis, (2) specific plant design fea-
tures (e.g., suppression pools, ice condenser containment), and (3) availabil-
ity of other studies to facilitate comparisons. With these criteria, the
following plants were selected: (1) Surry, a PWR with a subatmospheric contain-
ment, which was analyzed in the Reactor Safety Study, (2) Peach Bottom, a BWR
with a MARK I pressure-suppression containment, which was also analyzed in the
Reactor Safety Study, (3) Sequoyah, a PWR with an ice condenser containment,
(4) Grand Gulf, a BWR with a MARK III containment, and (5) Zion, a PWR with a
very large, high-strength containment. The original scope of the BMI-2104 study
did not include a MARK II pressure-suppression containment since it was thought
that the physical and chemical environment for this design would be comparable
to the MARK I containment. However, since there are important design differences
between MARK I and MARK II plants and even between different MARK II plants,
selected sequences have been analyzed for the Limerick plant using the BMI-2104
code suite (Ref. 4.2, Vol. VIII). La Salle, which is also a MARK II plant,
will be evaluated at a future time for the risk rebaselining study.

The results of applying the analytical procedure to several plants of different
reactor and containment designs are discussed in this chapter. To specify the

4-1



input parameters for these analyses, it is necessary to determine a specific
sequence of events that defines the accident initiator and the subsequent pro-
gression of the accident, including the behavior of the containment in response
to the challenges. The accident sequences analyzed using the analytical proce-
dure are listed in Table 4.1. In that table are listed both the sequences
reported in BMI-2104 for the development phase and those reported in NUREG/
CR-4624 for the risk rebaselining study. In this chapter, some results from
both of those studies are used to provide examples of fission product release and
transport behavior, with the major emphasis on results for the risk rebaselining
study. For some of the sequences, more than one possible containment failure
mode was analyzed in order to provide information for code development or for
risk assessment. This evaluation of the source term results for containment
failure mode variations is usually described as "investigating different branches
of the containment event tree."

It is important to note that for these accident sequences the containment fail-
ure mode, such as bypass or late overpressurization, and the criterion for
observing it, such as the time of bypass or the failure pressure, has been
selected in the input for the MARCH code to provide the desired information for
either the risk rebaselining or as a test of the codes. As with other source
term analytical procedures, the criteria for containment failure are determined
outside this analytical procedure (for instance, from evaluations of contain-
ment ultimate capability by containment designers), but this analytical procedure
does evaluate when a criterion has been satisfied.

An exception to that general rule is the early containment failure mode in the
station blackout (TMLB') sequence for Surry. As discussed more fully below,
the only significant contributor to early failure for that sequence is by direct
containment heating at vessel failure. The Source Term Code Package does not
calculate the phenomena involved in direct heating, and the input failure pressure
is therefore adjusted to force containment failure at the required time and,
for NUREG-1150, adjustments are made by hand calculation for the effects of this
failure mode on fission product release to the environment.

4.1 Summary Description of Accident Sequences Analyzed

The accident sequences selected for analysis with the BMI-2104 computer codes
and the Source Term Code Package were chosen to provide a wide spectrum of
physical and chemical conditions for a selection of operating plants. Thus,
the applicability of the newly developed models could be demonstrated for a
spectrum of accident conditions. For this reason, accident sequences were
selected from general groups such as large loss-of-coolant accidents (LOCAs),
small LOCAs, transients, sequences expected to minimize and maximize the effects
of engineered safety features, accidents likely to result in early or late con-
tainment failure or containment bypass, sequences that would likely be signifi-
cant contributors to the accident risk, and sequences whose source terms might
be expected to be different in magnitude or nuclide distribution from other
source terms.
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Table 4.1 Accident sequences and plants analyzed using the BMI-2104 and NUREG/CR-4624
analytical procedures

(a)

Accident Sequences Analyzed

Reactor Containment Reference Accident
Plant Type Design Sequence* Identi fi cation

1. SURRY PWR 'Large, Dry BMI-2104 - Large LOCA, loss of ac power AB
Subatmospheric BMI-2104 • Station blackout TMLB'

BMI-2104 - Small LOCA SS2
BMI-2104 - Containment bypass LOCA V
NUREG/CR-4624 - Large LOCA, loss of heat AG

removal

2. PEACH BOTTOM BWR MARK I BMI-2104 * Large LOCA, loss of ECCS AE
NUREG/CR-4624 - ATWS, pre-melt containment

failure TC1
BMI-2104 * Loss of decay heat removal TW
NUREG/CR-4624 • ATWS, postmelt containment

failure TC2
NUREG/CR-4624 - ATWS, vent TC3
NUREG/CR-4624 - Loss of ac power TB
NUREG/CR-4624 - Containment bypass LOCA V

3. GRAND GULF BWR MARK III NUREG/CR-4624 - ATWS, pre-melt containment
failure TC1

BMI-2104 - Loss of containment cooling TPI
BMI-2104 - Loss of makeup water TQUV
BMI-2104 - Small LOCA (ECCS failure) S2E
BMI-2104 and - Loss of ac power TB
NUREG/CR-4624

4. SEQUOYAH PWR Ice Condenser BMI-2104 - Small LOCA (delayed ECCS) S2 HF
BMI-2104
BMI-2104
NUREG/CR-4624

Loss of core cooling
Station blackout
Loss of ac power, induced
RCP seal failure

TML
TMLB'

S3B



Table 4.1 (Continued)

Accident Sequences Analyzed

Reactor Containment Reference Accident
Plant Type Design Sequence* Identification

4. SEQUOYAH
(Cont.)

NUREG/CR-4624

NUREG/CR-4624

NUREG/CR-4624

" Loss of heat removal, loss
of makeup, induced tube
failure

" Seal failure, loss of core
cooling and spray in
recirculation

" Loss of ac power, induced
large LOCA

TMLU-SGTR

S3HF

TBA
TMLB'5. ZION PWR Large, Dry

4•I

BMI-2104
BMI-2104
NUREG/CR-4624

NUREG/CR-4624

NUREG/CR-4624

• Station blackout
* Small LOCA
* Loss of heat removal, loss

of makeup
* Small LOCA, loss of ECCS,

loss of spray recirculation
* Small LOCA, loss of ECCS,

loss of spray, loss of heat
removal

S2D

TI4LU

S2DC

S2DCF
*These descriptive labels are not complete descriptions of
the accident sequences analyzed. Tables 4.2-4.6,
NUREG/CR-4624, and BMI-2104 provide additional
explanation of the sequences.

LOCA = Loss of Coolant Accident
ATWS = Anticipated Transient

Without Scram
ECCS = Emergency Core Cooling

System
RCP = Reactor Coolant Pump



Taken together, all the sequences analyzed during the development program and
the risk rebaselining program provide extensive tests of the capabilities of
the analytical procedures. The conditions encountered in the sequences span
wide ranges of the governing phenomena such as high versus low pressures in the
reactor coolant system, rapid heating of the core versus quenching of the core
during heatup, slow overpressurization of the containment (and hence delayed
failure) versus early failure or bypass.

For example, for the Surry plant, a large LOCA in a hot leg with loss of con-
tainment heat removal (AG sequence) was selected. This sequence results in
rapid heating of the core at low pressure following loss of emergency core cool-
ing at containment failure. This sequence was evaluated because of its different
physical characteristics and because the Accident Sequence Evaluation Program
analyses had indicated that LOCA events with loss of containment heat removal
were potentially important contributors to risk. Thermal-hydraulic calculations
for small- and intermediate-break LOCAs with loss of containment heat removal
but with emergency core cooling systems operating showed that the steam generators
were effective in removing decay heat from the core and these sequences were
therefore not core melt sequences. However, for the large-break LOCA sequence
from this family with the break occurring in the hot leg, the steam generators
are ineffective, leading to overpressurization of the containment. Since the
emergency core cooling was assumed to be lost at containment failure, this
sequence leads to core melt and the calculation was taken to completion. Sub-
sequently, the frequency of this sequence was shown to be small, but it is used
in this report as an example because of its different behavior.

An entirely different pathway for potential fission product transport to the
environment exists for the V sequence in which a rupture in a pipe carrying
reactor coolant outside the containment is postulated. This scenario was
included because it involves the bypass of the containment in which the fis-
sion products are released to an auxiliary building. However, the estimated
release fractions for this sequence have been found to be highly plant specific
since they depend on the conditions near the break location in the auxiliary
building. For example, significant reduction of fission product releases could
be expected if a large amount of water were retained by structures and if the
break were submerged.

The TMLB' sequence (i.e., station blackout sequence) was included in the Surry
set of sequences because it was believed to be a major contributor to accident
risk at Surry. Similar reasoning led to the selection of the sequences for the
other plants with the additional intention of limiting the total number of
analyses to manageable proportions.

Additional explanations of the accident sequences chosen from among the sequences
of Table 4.1 to provide specific phenomenological examples in this chapter are
given in Tables 4.2 through 4.6. For purposes of this report, each of these
sequences was assumed to progress to a severe core melt, given the initiating
event. There are many other possible outcomes (or sequence variations), how-
ever, that would lead to recovery or to less severe consequences than a core
melt condition. In particular, operator intervention to correct faulted plant
conditions has not been included in the postulated accident scenarios. These
recovery actions are not an issue for this report since they affect only the
frequencies of the sequences chosen. They enter into risk calculations by
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Table 4.2 Summary of accident sequences analyzed: Surry plant

AG Sequence

* Loss-of-coolant accident (hot leg break); failure of containment
heat removal system.

• Reactor coolant system depressurizes rapidly following the break.

• Containment fails due to steam overpressure and induces subsequent
failure of emergency core cooling and containment spray systems;
core heatup results.

* A break in the hot leg is assumed so as to minimize heat removal by
the steam generators and thereby maximize the pressurization rate of
the containment.

* The flow path for fission products is out the break directly into
the failed containment.

TMLB' Sequence

• Transient, loss of primary system heat removal, loss of ac power.

* System pressure remains high during core heatup.

* High primary system pressure and essentially stagnant flow in the
reactor coolant system.

* Release path to the containment is through the pressurizer until
vessel failure.

* Containment safety features (containment sprays and containment
cooling systems) are not available.

* Rapid pressure rises in the containment following vessel failure
could threaten containment integrity and lead to a potentially large
release of fission products.

S2D Sequence

* Small pipe break, failure of emergency core cooling system.

* Low flow and intermediate pressure occur in the reactor coolant
system during the meltdown period.

* Containment safety features (containment sprays and containment
cooling systems) operate during the meltdown period.

* This is the only sequence analyzed in which the effectiveness of
containment safety features is examined.
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Table 4.2 (Continued)

V Sequence

* Interfacing system LOCA.

" Check valves that separate the low-pressure emergency core cooling
system from the high-pressure primary system fail.

" The pathway for release bypasses the protection normally provided by
the containment building, so the retention capabilities of the
reactor coolant system and of the safeguards building are
particularly important.

" This sequence potentially involves a large fission product release
to the atmosphere.
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Table 4.3 Summary of accident sequences analyzed: Peach Bottom plant

TC1 Sequence

" Transient with MSIV closure; failure of criticality control systems
(control rod and standby liquid control).

" Operator fails to achieve early power reduction, but partially
depressurizes reactor to permit emergency core cooling.

" Reactor power stabilizes at 21 percent, exceeding containment heat
removal capacity. Subsequent heatup of suppression pool leads to
steam overpressure failure in the drywell.

" Emergency core cooling operates until shortly after containment fails,
at which time core uncovery, subcriticality, and core heatup at low
pressure follow.

The flow path for fission products varies before and after reactor
bottom-head meltthrough. Before meltthrough, fission products pass
through the suppression pool on their way to the environment; after
meltthrough they do not.

* For this ATWS sequence, the containment fails before the core melts.

TC2 Sequence

Transient with MSIV closure; failure of criticality control systems
(control rod and standby liquid control).

Operator fails to achieve early power reduction, but failure to
depressurize permits only high-pressure emergency core cooling.

Reactor power stabilizes at 21 percent, exceeding containment heat
removal capacity.

Emergency core cooling operates until temperature and pressure limits
on the high-pressure injection equipment are exceeded, at which time
core uncovery, subcriticality, and core heatup at high pressure follow.

The flow path for fission products varies before and after reactor
bottom-head meltthrough. Before meltthrough, fission products pass
through the suppression pool on their way to the environment.
Because the containment fails at vessel failure, subsequent to
meltthrough they do not.

* For this ATWS sequence, the core melts before containment failure.

TC3 Sequence

Transient with MSIV closure; failure of criticality control systems
(control rod and standby liquid control).

4-8



Table 4.3 (Continued)

" Operator fails to achieve early power reduction, but failure to
depressurize permits only high-pressure emergency core cooling.

" Reactor power stabilizes at 21 percent, exceeding containment heat
removal capacity.

Emergency core cooling operates until temperature and pressure limits
on the high-pressure injection equipment are exceeded, at which time
core uncovery, subcriticality, and core heatup at high pressure follow.

" For this AlWS sequence, the operator is assumed to be successful in
opening vents from the wetwell air space to the reactor building,
in accordance with emergency procedures that are to be implemented
at the plant.

" The flow path for fission products is through the suppression pool

for all phases of the sequence.

TB Sequence

* Transient involving loss of all ac power.

The steam-powered emergency core cooling system is the only operating
engineered safety feature. It fails when station batteries run down,
leading to core heatup at elevated reactor coolant system pressure
(>1000 psi).

• Two variations of this sequence were analyzed:

- In TB1, the containment survives the pressure spike accompanying
reactor bottom-head failure, but fails later by overpressure
from steam and noncondensible gases.

- In TB2, the containment fails due to the rapid pressurization
accompanying reactor bottom-head failure.

* Multiple hydrogen burns occur in the reactor building after the con-
tainment fails.

" There are multiple flow paths for fission products depending on the
integrity of the reactor vessel and containment. The suppression pool
is bypassed after vessel failure.
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Table 4.4 Summary of accident sequences analyzed: Grand Gulf plant

TCM Sequence

Transient with MSIV closure; failure of criticality control systems
(control rods and standby liquid control).

All other engineered safety features operate; operator activates
automatic depressurization system.

Reactor power stabilizes at 16 percent exceeding the capacity of con-
tainment heat removal systems. Subsequent heatup of the suppression
pool leads to failure of the containment by steam overpressure.

Emergency core cooling systems operate until shortly after containment
fails, at which time core uncovery, subcriticality, and core damage
follow.

There are multiple flow paths for fission products. In addition to
the suppression pool, the water in the reactor cavity provides an
alternate source of scrubbing after vessel failure.

* For this AlWS sequence, the containment fails before the core melts.
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Table 4.5 Summary of accident sequences analyzed: Sequoyah plant

SAHF Sequence

Primary pump seal rupture; failure of emergency core cooling and
containment spray systems in recirculation mode.

* Core heatup occurs at relatively high system pressure (>1200 psi).

Before bottom-head failure, fission products flow through the hot
leg and steam generators and out seal rupture into partially
depleted ice bed.

Containment fails due to hydrogen burn accompanying core-concrete
interaction.

The water level in the reactor cavity is high and therefore fission
products are scrubbed, and some steam is condensed in the pool after
bottom-head failure.

SAB Sequence

Transient involving loss of all ac power accompanied by rupture of
primary coolant pump seal.

Steam-powered auxiliary feedwater system is only operating engineered
safety feature. It fails when station batteries run down, leading
to core heatup at relatively high reactor coolant system pressure
(>1200 psi).

Containment falls due to hydrogen burn accompanying core-concrete
interaction.

Before bottom-head failure, fission products flow through the hot leg
and steam generators and out the pump seal failure to the partially
depleted ice bed. After bottom-head failure, accumulator water pro-
vides scrubbing in the reactor cavity.

TBA Sequence

* Transient involving loss of all ac power; subsequent events induce
a large break of a hot leg.

" Steam-powered auxiliary feedwater Is the only operating engineered
safety feature. It fails when station batteries run down, leading
to core heatup.

" Hot leg failure assumed during core heatup rapidly depressurizes
primary system.

" Containment fails because of hydrogen burn accompanying hot leg
failure.
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Table 4.5 (Continued)

* Reactor cavity is dry throughout the sequence.

Various flow paths for fission products exist depending on the inte-
grity of the primary system; ice inventory is substantially depleted
in later stages.

TMLU-SGTR Sequence

* Transient; total loss of makeup inventory to primary and secondary
systems; subsequent events induce ruptures of steam generator tubes.

" Primary system pressure is high (-2400 psi) during core heatup until
steam generator tubes rupture.

Fission product flow is split between release through pressurizer
relief valve (into containment) and release through steam generator
secondary-side relief valves (bypass containment).

Calculation terminated at reactor vessel failure because the
secondary-side relief valves are assumed to close and the contain-
ment does not fail.

4-12



Table 4.6 Summary of accident sequences analyzed: Zion plant

S2DCF Sequence

Primary pump seal rupture; failure of emergency core cooling and
containment heat removal systems.

Core heatup occurs at relatively high reactor coolant system pressure
(>700 psi) until bottom-head failure.

* Two variations of this sequence were analyzed:

- In S2 DCF1, the containment fails early from the steam spike,
hydrogen burn, and direct heating of containment atmosphere
accompanying bottom-head failure.

- In S2 DCF2, the containment is assumed to fail later because of
overpressure by steam and noncondensible gases.

The flow path for fission products is through the hot legs and
steam generators and out the pump seal rupture to containment.
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changing those frequencies, and they are being considered in other phases of
the risk assessment program. The specific accident sequences analyzed, then,
were selected as the sequences most likely to provide insight into source term
phenomena. As a result, some low-frequency events were included in this exer-
cise. The results of any specific accident sequence, therefore, should be
evaluated only in light of the frequency of the occurrence of that sequence.
In all cases, the uncertainty for both the probability of the sequence and for
the source term must be considered.

Severe accidents initiated by external events beyond the design basis were not
included in the present work. It was judged that the effects on fission pro-
duct release and transport from such events would not be a more difficult test
of the computer codes than the tests inherent in the internal events actually
chosen. That is, the ranges of various phenomena examined, using internally
initiated events, are not likely to be so widened that the conclusion regarding
applicability of the Source Term Code Package could be challenged on that ground.
This is not to say that the source terms for externally initiated severe acci-
dents could not be quite different from source terms resulting from internally
initiated accidents. For instance, a station blackout initiated by an external
event is likely to proceed along a pathway similar to one initiated by an inter-
nal event. However, it is possible that an external event such as an earthquake
beyond the design basis might also cause containment failure. The analogue of
such an event has been considered in the statign blackout sequence with failure
to isolate. If the failure size due to the earthquake were larger, the source
term would be different, but the codes would be equally capable of performing
the evaluation.

4.2 Fission Product Inventory

For a 3,000 MW (thermal) reactor, the resulting buildup of fission products
amounts to well over 10 billion curies of radioactivity with a combined mass of
over 1.5 metric tons. A large fraction of this fission product mass consists
of stable nuclides, but some is present in the fuel as small quantities of
each of several hundred nuclides with half-lives of a few minutes or less.
These very short-lived nuclides have no offsite radiological significance in
the context of severe accidents since they will have decayed long before fuel
damage could progress to the point of their release. Therefore, the consequence
calculations include only the longer-lived daughter products of these nuclides
and some important subsequent transformations, as discussed in Chapter 2.

For the fission product release and transport calculations within the plant,
inventories of masses of chemical elements at the end of an equilibrium cycle
are used, and these masses are assumed to remain constant throughout the cal-
culations. For this approximation to be valid, the half-lives of a parent and
a daughter must be significantly different when considered on the time scale of
a severe reactor accident. That is, if the half-life of a parent is short on
that time scale and that of the daughter is long, it is adequate to consider
only the release and transport of the daughter and neglect the parent even if
the transport properties are very different. There are numerous examples of
this where the very short half-life nuclides are neglected. (For instance, in
the 135 mass chain, the Sb-135 (1.7-second half-life) and the Te-135 (19-second
half-life) are neglected and transport of the 1-135 (6.6-hour half-life) is
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considered.) On the other hand, if the half-life of a parent is long and that
of the daughter is short, it is adequate to consider the release and transport
of only the parent. An example of this type of transition is Kr-88, with a
half-life of 28 hours and its daughter Rb-88, with a half-life of 18 minutes.
However, if the half-lives are comparable on the time scale of a severe acci-
dent, the approximation may be less valid. One such transition, Te-132
(78-hour half-life) to 1-132 (2.3-hour half-life), has often been mentioned as
a transition that should be specifically accounted for because of the possibil-
ity that the parent and daughter could be released and transported differently
within the plant. Today this is treated as an uncertainty and it was one of
the areas considered in the QUEST study, where a discussion of the effect can
be found.

The fission product inventories for the Surry and Peach Bottom reactors at the
end of a cycle as determined by the ORIGEN code and the initial charge of fuel
and structural materials from the Safety Analysis Reports are shown in Table
4.7. For the BMI-2104 and risk rebaselining calculations, the inventory of
fission products was scaled for the appropriate power level using the relative
contents of uranium dioxide for the other PWR or BWR reactors. Although there
is some uncertainty associated with the nuclear data needed to determine these
inventories and the simplifications of the ORIGEN code usually used to calculate
them, the uncertainty is small compared with the uncertainties in the remainder
of source term analyses if an up-to-date library of nuclear data is used. A more
important source of variability in inventory is the choice of the time during a
plant cycle or the total time the fuel has been used (burnup). While this is
relatively unimportant for nuclides with shorter half-lives such as 1-131, it
is more important for nuclides with long half-lives such as Cs-137 or Pu-239.

4.3 Fuel Temperatures

The MARCH code is used to determine reactor core temperatures. Typical results
of these calculations are shown in Figure 4.1. This figure shows the peak fuel
temperature for several accident sequences for the Sequoyah plant for the
central node at the top of the core. The maximum value of these curves at
2,2770 C reflects the assumed fuel melting temperature, which is input to the
MARCH code. The varying rates and times at which the fuel reaches this
temperature reflect the differences in the several accident sequences analyzed.
The time of core collapse is indicated on the figure for each of the sequences
plotted.

At that point, all the nodes are combined and, therefore, all the fuel has the
same temperature. The fission products are still calculated to be released
during the time that the core is in the bottom of the vessel, depending, of
course, on the temperatures.

Figure 4.2 illustrates another important result with respect to fuel tempera-
tures. This figure shows calculated fuel node temperatures in several different
locations in the core for one accident sequence. During the core heatup phase,
temperature differences of about 2,0000 C are calculated between the hottest and
coolest regions of the core. This steep temperature gradient has important
implications with respect to interaction between fission product and upper inter-
nal surfaces discussed in the next section.
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Table 4.7 Inventory of fission products and other materials
for Surry and Peach Bottom

Fission Products Actinides and Others

Element Mass (kg) Mass (kg) Element Mass (kg) Mass (kg)

Surry Peach Surry Peach
Bottom Bottom

Kr
Rb
Sr
Y
Zr
Mo
Tc
Ru
Rh
Te
I
Xe
Cs
Ba
La
Ce
Pr
Nd
Sm
Nb
Pd
Eu
Pm

13.4
14.7
47.6
22.9

179
155

37.1
104

20.9
25.4
12.4

260
131

61.2
62.3

131
50.7

171
34.0

2.7
52.5
8.9
7.2

25.7
23.3
62.7
36.2

267
237

58.8
172

33.2
34.9
16.6

387
207
105

98.3
208
80.4

271
53.8

4.3
83.2
14.1
11.5

U
Pu
Np
Zr
Sn
Ag
In
Cd
Cr
Ni
Mn
Gd
Fe

70,210
469

26
16,460

262
2,750

505
173

1,168
649
0
0

6,486

138,000
743

41.2
64,100
1,050

0
0
0

4,140
2,560

432
287

15,150
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The temperature history of a specific core region also varies among the several
reactor designs used in the United States (see BMI-2104 and NUREG/CR-4624 for
specific estimates). However, the general observations of large temperature
gradients and sequence-specific temperature histories are characteristic of fuel
temperature estimates for all reactor designs.

4.4 Fission Product Release In-Vessel

In-vessel fission product releases from fuel and vaporization of control rod
and structural materials are calculated with the CORSOR subroutine in the MARCH
code. CORSOR results for the Sequoyah and Peach Bottom loss of ac power
sequences are tabulated in Tables 4.8 and 4.9 as examples of the magnitude of
releases predicted using the Source Term Code Package. Generally, it is calcu-
lated that most or all of the very volatile species are released from the fuel
in the vessel while small fractions of the very low volatility species are
released.

4.5 Upper Plenum Temperatures

Surface temperatures in the upper plenum (for instance, control rod guide tubes
and structural support members or steam separators and dryers) are particularly
important because these upper internal structures represent a large surface
area for the deposition of fission products. The temperature difference between
the overheated core and the relatively cool upper internal structure is expected
to set up a flow pattern in the reactor vessel that would carry the fission pro-
ducts released during this phase of the accident to the upper internal surfaces.
The calculated temperature of the first structure in the upper plenum as a func-
tion of time, however, varies substantially for different accident scenarios,
as shown in Figure 4.3. The temperatures that are plotted represent average
conditions for the entire structure. Local melting (at about 1,5000 C) would
probably occur at places in the grid structure, as observed at TMI-2 (Ref. 4.3).
The rapid decrease in structure temperature occurs when the core starts to slump
into the lower plenum and the production of steam increases. The predicted
thermal behavior of other structures in the reactor coolant system is quite
similar, but with lower peak temperatures. However, Table 4.10 shows the distri-
bution of fission products in various structures in the upper plenum at the time
of vessel failure for the Grand Gulf ATWS (TC1) sequence. The control volumes
referred to in the table are those that are shown in Figure 3.15, which also
gives their relationship to each other in terms of flow paths. The retained
masses are given for the compounds cesium hydroxide and cesium iodide, the
element tellurium, and for a combined in-vessel particulate (PI) composed of
the other radioactive and nonradioactive materials.

The sequence parameters, particularly the gas flow parameters, are important in
determining the structure temperatures, and the temperature differences depicted
in the figures can influence the estimate of fission product retention in the
reactor coolant system.

4.6 Retention in Reactor Coolant System

A convenient way to describe the overall effect of the retention phenomena in
the reactor coolant system is to state the ratio of (1) the fission products
that remain deposited in the reactor coolant system at a given time, that is,
the sum of the fission products that deposited sincethe start of release minus
the sum of the fission products that reevolved since the start to (2) the
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Table 4.8 CORSOR release fractions for the Sequoyah
loss of ac power, seal failure LOCA (S 3 B)
accident sequence*

Species Released Mass (kg) Release Fraction"

Fission Products

Xe 320 0.97
Kr 16.5 0.97
I 14.7 0.97
Cs 161 0.97

Te 26.6 0.84
Ba 0.9 1.2x10- 2

Sr 3.85x10- 2  6.3x10-4
Mo 0.0 --
Ru 2.4x10-4 1.8x10- 6

Steel

Fe+Cr+Ni+Mn 122.4 1.4x10- 2

Zircaloy

Zr 3.Ox1O- 2  1.3x10- 6

Sn 22.6 6.8x10- 2

Control Rods

Ag 113.4 5.0x10- 2

In 6.7 6.8x10- 2

Cd 80.2 0.56

Fuel

U 9.8 1.1x10-4

*Based on a three-region calculation with
of 33,000 MWd/MTU.

a peak burnup

*"Fraction of inventory
accident initiation.

in the core region at time of
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Table 4.9 CORSOR release fractions for the Peach
Bottom station blackout (TB) accident
sequence

Species Released Mass (kg) Release Fraction*

Fission Products

Xe
Kr
I
Cs

Te
Ba
Sr
Mo
Ru

345
22.9
14.8

185

13.4
2.3
7.2x1O-

2

0.0
4.4xlO-4

0.89
0.89
0.89
0.89

0.38
2.2x10-

2

1. 2x10- 3

2. 6x10- 6

5. 2x10- 2

1. 9x10- 6

0.11

Steel
Fe+Cr+Ni+Mn 643

Zi rcaloy
Zr
Sn

1. 25x10- 1

115

Control Rods

(B4 C not
calculated)

Fuel

U 22.5 1.6xlO- 4

"Fraction of inventory in the
accident initiation.

core region at time of
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Table 4.10 Retention of fission products on structures in the reactor
vessel for Grand Gulf ATWS (TC1) sequence.

CsI CsOH Te PI*
Volume (kg) (kg) (kg) (kg)

1. Core 0.0004 0.00293 0.0002 0.01
2. Shroud head 2.13 13.1 7.84 186.
3. Pipes + separators 0.876 6.16 0.586 10.1
4. Steam dryers 6.08 40.5 0.715 61.4
5. Upper outer 1.98 13.2 0.227 18.

annulus
6. Lower outer 2.01 13.4 0.209 18.6

annulus
7. Steam lines 3.5 24.3 0.266 35.2

Total 16.6 111. 9.84

Fraction of original
inventory 0.46 0.43 0.27 Not applicable

*Combined in-vessel particulate.
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cumulative fission products that "entered" the reactor coolant system following
release from the fuel. This ratio is called the "RCS retention factor," and as
can be seen from the definition, at any point, it is an integral from the start
of the in-vessel release to that point. Retention factors for three sequences
are shown in Figures 4.4, 4.5, and 4.6. The retention factor varies with time
because both the amount of material being released into the system and the
amount remaining deposited change with time. When using this simplification,
however, it must be remembered that this single factor does not fully describe
the effects of the phenomena occurring in the reactor coolant system. One very
important factor not described in this simplification, for example, is the
change in the aerosol size distribution that occurs in the reactor coolant
system because of the retention processes, which are different functions of
aerosol particle size.

For this reason, the primary system retention factor cannot be used rigorously
as a multiplier on accident source terms, nor can it be combined linearly with
other retention factors (e.g., from suppression pools or containment sprays).
It is used here simply as an abbreviated method of expressing the overall
effectiveness of the reactor coolant system for fission product retention.

A comparison of Figures 4.4, 4.5, and 4.6 shows the dramatically different
retention for different chemical species and different types of sequences.
Figure 4.4 is for a large LOCA sequence that is characterized by rapid flow out
of the reactor coolant system with little time for gravitational settling to
provide for retention. On the other hand, Figure 4.5 is for a small-break LOCA
sequence, a high-pressure sequence. In this case, the fission products released
from the fuel (with the exception of the noble gases) are calculated to be
retained in the reactor coolant system with high efficiency. Figure 4.6 is for
the interfacing LOCA (V) sequence. The reduction in the retention factor for
the volatile materials late in the accident clearly illustrates the effect of
revolatilizatlon because of fission product decay heating of the pipe where
fission products had deposited. In the BMI-2104 calculations, this effect was
not accounted for, because the thermal-hydraulic and aerosol codes were not
integrated. BMI-2104, therefore, reported higher retention for cesium and
iodine than is shown in the figure for the integrated codes.

Revaporization of fission products deposited in the reactor coolant system fol-
lowing vessel failure has not been modeled today because of the inability to
determine the required thermal-hydraulic conditions. Revaporization would have
the potential for increasing the release to the environment of those species-
that were deposited, depending on the timing of the revaporization and the
location to which flow would carry the material. If the flow carries the
material to the containment or carries it to other locations within the reactor
coolant system, the results might be quite different. Retention of volatile
fission products in the reactor coolant system was not considered in the Reactor
Safety Study because the authors believed that the subsequent revaporization
would have resulted in only a short delay in emission.

Resuspension of previously deposited fission products because of high gas flow
rates was also not modeled. Processes that have the potential to generate the
high flows necessary include such processes as failure of the vessel from high
pressure and small steam explosions. Modeling of this phenomenon has not been
attempted pending completion of experiments in this area, as discussed in
Chapter 3.
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Figure 4.4 Reactor coolant system retention factors versus time from the start of core melt for
a large LOCA with failure of containment heat removal sequence (AG) in the Surry plant.
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4.7 Fission Product Release Ex-Vessel

After failure of the vessel's bottom head, the molten mass consisting of material
originally in the core but not released in-vessel, structural materials, and
some fraction of the mass of the vessel bottom head itself (usually referred to
as "corium") will fall into the cavity below the vessel. The fission products
in the corium will largely remain there and eventually cool as the molten mate-
rial solidifies. However, a fraction of these fission products along with
aerosols from the decomposition of concrete will be released to the containment
atmosphere as a result of the interaction of the molten corium with the con-
crete basemat below the reactor vessel in the reactor cavity. The quantity of
fission products released via this pathway is calculated by the VANESA code, as
described in Chapter 3. Typical VANESA results are shown in Tables 4.11 and
4.12 for the Sequoyah and Peach Bottom loss of ac power sequences. The second
column in the tables, "Released Mass," gives the quantity of the material released
from the core-concrete pool. That is, for the Sequoyah sequence, it is the
release into the overlying water pool, for the time that water is present, and
into the containment following pool dryout. For the Peach Bottom sequence, it
is the release into the containment during the core-concrete interaction phase
of the accident. The fractions tabulated in the third column are fractions of
the remaining inventory in the melt as it leaves the vessel rather than the
original inventory as calculated with ORIGEN, that is, the released mass from
the second column divided by the amount of material that left the vessel follow-
ing vessel-head failure. Noble gases xenon and krypton are not treated in the
VANESA code but are treated in the MARCH code. The assumptibn is made there
that any noble gases reaching the ex-vessel stage are completely released and,
therefore, the inventory of noble gases is conserved in MARCH. The molten debris
temperature and the amount of gas sparging through the debris are important in
determining the amount of fission products released outside the vessel. Higher
temperatures and larger amounts of gas increase the calculated release.

The results in Tables 4.11 and 4.12 also demonstrate that the mass releases
during this phase of the accident are dominated by nonradioactive materials,
such as those from control rods, structures, and concrete. This source of
nonradioactive aerosols has an important effect on source terms because the
materials result in increased suspended mass without any increase in suspended
radionuclides. The larger suspended mass, in turn, results in faster agglomera-
tion and settling of the aerosols in containment. A high nonradioactive aerosol
release during this phase of the accident, therefore, results in reduced source
terms.

The total rate of aerosolization is a strong function of the plant and sequence,
as can be seen in Figure 4.7. In this figure, the release rate (grams per
second) of total aerosol mass released from the core-concrete pool is plotted
as a function of time from the start of core-concrete interaction for several
sequences. Among the factors that influence the magnitude and timing of the
ex-vessel release are the composition of the concrete beneath the reactor vessel
and the composition and temperature of the debris as it is released from the
vessel. An additional factor of importance is the presence or absence of
water above the core debris on the floor below the vessel. For instance, the
releases shown in the figure for the Surry and Peach Bottom sequences also
represent releases to the containment. However, the releases to the contain-
ment for the Sequoyah sequence would be reduced further than is shown in the
figure because, for that sequence, a water pool remains above the core debris
for part of the release period.
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Table 4.11 VANESA ex-vessel release for Sequoyah loss of
ac power (S 3 B) accident sequence

Species Released Mass (kg) Release Fraction(i)

Fission Products

I+Br
Cs+Rb
Te+Sb
Sr
Mo
Ru(2)
La(3)
Nb
Ce+Np+Pu
Ba

.47
5.9
2.3
10
1. 9x1O-S
2.3x10- 5

2.5
3.5
5.3
7.7

1.0
1.0
0.46
0.17
lxO-s
9x10- 8

4x10- 3

1.0(4)
6. 6x10- 3

0.10

1.4x10- 2 (6)
lxlO-4
3. 5x10- 3

lxlO- 6
2.8x10- 2

Steel
Fe(5)
Cr
Ni

Zircaloy

1052
1.1
is

Zr(7)
Sn

2.4x10- 2

8.8

Control Rods

Ag+In
Cd

251
143

6.0
Fuel

U
Concrete (6)

CaO
A1203
Na2 0
K20
S102

9. 2X10_2
1.0

7x10- 5

4.3x10-
2

4.2x10-
2

0.18
0.20
6. 2x10-j2

1915
67
14
131
221

(1) Based on melt inventory at start of core-concrete Interaction.
(2) Includes Tc, Rh, and Pd.
(3) Includes Y, Zr(fp), Pr, Nd, Pm, Eu, and Sm.
(4) Quantitative release is calculated because of the assumed oxide

chemical form, which is under review.
(5) Includes Fe from concrete and reinforcing bars.
(6) Release fraction based on the amount of concrete and

reinforcing bars incorporated into the molten pool.
(7) Structural Zr only.
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Table 4.12 VANESA ex-vessel release for Peach Bottom loss of
ac power (TB) accident sequence

Species Released Mass (kg) Release Fraction(I)

Fission Products

I+Br
Cs+Rb
Te+Sb
Sr
Mo
Ru(2)
La(3)
Nb
Ce+Np+Pu
Ba

Steel

Fe(5)
Cr
Ni
Mn

1.8
27
14
53
5x1O-4
3x1O-4
33
4.3
90
64

1234
6.6x1O-

2

29
89

1.0
1.0
0.64
0.84
2x1O- 6
9xlO- 7

3. 9x1O-
2

1.0(4)
9. OxlO- 2

0.62

1.3x10- 2 (6)
8xlo-8

6.2x10- 3

0.50

Zircaloy

Zr(7)
Sn

0.55
46

8x10-6
5. 0xO1- 2

5.8x10-
2

Control Material
Gd

Fuel

U

17

23 2x10-4

Concrete (6)

CaO
A1203

Na2 0
K2 0
SiO2

1988

339
82
656
1124

2. 9x10- 2

0.14
0.70
0.64
0.21

(1) Based on melt inventory at start of core-concrete interaction.
(2) Includes Tc, Rh, and Pd.
(3) Includes Y, Zr(fp), Pr, Nd, Pm, Eu, and Sm.
(4) Quantitative release is calculated because of the assumed

oxide chemical form, which is under review.
(5) Includes Fe from concrete and reinforcing bars.
(6) Release fraction based on the amount of concrete and

reinforcing bars incorporated into the molten pool.
(7) Structural Zr only.
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The overall effect of this core-concrete interaction on source terms, therefore,
may be to raise or to lower the release fractions, depending on the relative
quantities of materials and the timing of the peak release rate. These param-
eters, in turn, are strong functions of the modeling of the core-concrete inter-
action process, the specifics of the accident sequence, and the plant parameters.
The composition of the concrete, for example, can have a major impact on the
amount of gas generated in the decomposition of the concrete and hence the
amount of aerosols carried into the containment atmosphere by the sparging of
the gas bubbles through the molten corium.

The configuration of concrete floors and walls in the reactor cavity below the
reactor vessel can also have a significant effect on the amount of aerosols
generated by the core-concrete interaction. If the reactor support pedestal,
shield walls, or a sump below the vessel could retain the molten corium in a
confined configuration, surface areas would be decreased and the temperature
of the corium would be increased. In contrast, a geometry that would permit
the corium to spread out over a large floor area would increase the likelihooc
of more rapid cooling of the thinner layer.

The three cases in Figure 4.7 were cnosen to illustrate two of the important
factors: (1) the content of unoxidized Zircaloy in the corium and (2) the com-
position of the concrete. Peach Bottom and Sequoyah have similar concrete of
the type that produces large gas flows. VANESA predicts that zirconium oxida-
tion by C02 also produces carbon in the melt. When all the zirconium has been
oxidized, that carbon is then the most reactive material. Its oxidization by
either H2 0 or C02 produces H2 +CO or 2C0, that is, twice the input moles of
gas. However, these reactions are endothermic and result in lowered corium tem-
perature, sharply reducing the subsequent aerosol release rate. Therefore, the
Peach Bottom pre-melt containment failure ATWS (TCM) and the Sequoyah loss of
ac power (S3B) sequences show prominent peaks in the rate of release of aerosol
from the molten pool. On the other hand, Surry has a concrete type that pro-
duces significantly less gas flow and shows a flat rate of aerosol release.
Peach Bottom, as a BWR, has a larger amount of Zircaloy in the core than the
two PWRs, as can be seen in Table 4.7. The exothermic oxidation of zirconium
provides a continuing heat source that adds to the decay heat and also produces
more carbon, increasing the effect of the enhanced sparging rate mentioned above.
Early in the ex-vessel phase of the accident for Peach Bottom, a crust is pre-
dicted to form between the concrete and the corium. The shoulder in the aerosol
release rate at about 60 minutes marks the disappearance of the crust and is
produced by the release of volatile materials as the core begins to attack the
concrete vigorously.

In addition to the variability of the results introduced by these input param-
eters, the difficulty of modeling the heat transfer, phase changes, and chemis-
try of this molten mass of fuel, fission products, cladding, structural materials,
and concrete decomposition materials amplifies the uncertainty to be associated
with modeling of core-concrete interactions.

4.8 Integrated Release from Fuel In-vessel and Ex-vessel

Figures 4.8 and 4.9 show graphically for two sequences (the Sequoyah and Peach
Bottom loss of ac power) the integrated release from the fuel both in-vessel
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(CORSOR) and ex-vessel (VANESA) for iodine, cesium, tellurium, cerium, and
strontium, along with indications on the time axis of important milestones in
the sequence melt progression. These two figures illustrate the varying
behavior of the chemical elements. The volatile elements iodine and cesium
behave comparably, that is, they are both emitted almost totally in-vessel.
Tellurium and strontium are partly released in-vessel and partly ex-vessel,
depending on the temperature and the degree of cladding oxidation. In contrast,
the more refractory materials show little release as a fraction of the total
mass, most of it ex-vessel. (It should be noted that the refractory materials
have significant health consequences, so releases at this stage of the accident,
although small fractionally, can be important.) Further, these releases can
take place over long time periods, as shown for tellurium and strontium in
Figure 4.9.

4.9 Containment Leakage and Failure

The thermal-hydraulic conditions in the containment are of critical importance
to source term estimation for two reasons: (1) the thermal-hydraulic environ-
ment strongly influences fission product behavior, and (2) the phenomena asses-
sed by the thermal-hydraulic analysis determine the integrity of the containment
as a leakage control barrier through the prediction of when a containment crite-
rion for failure is satisfied. (The failure criteria are determined external
to the fission product release and transport framework and input to it.)

The approach to the determination of volumetric leakage rates to the environment
has changed significantly from that of the Reactor Safety Study and has under-
gone an evolution during the BMI-2104 and risk rebaselining studies. In the
first set of calculations of containment behavior for Surry (BMI-2104, Vol. 1),
zero leakage from the containment was assumed until the pressure reached a
threshold failure level at which point a large (7 ft 2 ) opening in the contain-
ment resulted in a rapid depressurization. In response to numerous comments
from peer reviewers, however, two review groups were established to assess
containment behavior on a more realistic basis (Refs. 4.4 and 4.5). Because
the containment behavior has been chosen to provide specific information, the
calculations reported in this chapter are not meant to characterize the expected,
or most likely, containment behavior; rather, without frequency information they
represent simply a study of the potential challenges to containment integrity
and a parametric study of the source terms estimated for various containment
responses to these challenges.

Figures 4.10 through 4,14 illustrate various containment pressure traces for
various plants and sequences. Figures 4.10, 4.11, and 4.12 are based on calcu-
lations that used the Source Term Code Package while Figures 4.13 and 4.14 used
the BMI-2104 code suite (Ref. 4.2).

Figure 4.10, for the Sequoyah loss of ac power with induced small-LOCA sequence
(0 3 B), shows containment failure at the time of the first hydrogen burn at
vessel failure. Two subsequent burns also provide a driving force for fission
product release. The criteria for hydrogen ignition used in this calculation
were (1) steam plus carbon dioxide volume fraction less than 0.55 and (2) oxygen
volume fraction greater than 0.5. The hydrogen (and carbon monoxide) volume
fraction at which ignition will occur depends on the availability of an igni-
tion source as well as propagation limits. The completeness of the burn is
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Figure 4.12 Drywell and reactor building pressure versus time from the start of the accident
for the pre-melt failure ATWS (TC1) sequence for the Peach Bottom plant.
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dependent on the initial concentration of combustible gas. When the concentra-
tion of hydrogen exceeds 8 percent, complete combustion is assumed. In this
scenario, no burning was permitted in the analysis until the time of vessel
failure when the dispersal of core debris was assumed to provide an ignition
source (the igniters are not operational in this station blackout scenario).
At that time the hydrogen concentration was about 15 percent. Subsequent burns
were assumed to occur when the combustible concentration reached 10 percent if
the other criteria were met. After the start of core-concrete attack, carbon
monoxide is a significant contributor to gas combustion.

The discontinuity in pressure at about 200 minutes represents a real phenomenon,
although the change in pressure, in reality, would be smoother and of longer
duration. At that time, MARCH predicts that the flow of material out the break
changes from water to steam and this change is made in one MARCH time step.

Figure 4.11 is for the Zion small-break LOCA with core cooling and containment
heat removal failure (S2 DCF) sequence. Thermal-hydraulic calculations showed
that conditions in the containment at the time of vessel failure were very
close to those allowing hydrogen combustion and the pressure in the vessel at
failure close to that allowing direct containment heating. Because neither of
those phenomena was assured, the failure criteria were slightly adjusted and
options chosen to allow investigation of both branches of the containment event
tree, that is, the case of containment failure at vessel failure and the case
of slow overpressurization. The two pressure traces are plotted in the figure.
The fine structure at about 200 minutes in the early failure trace again repre-
sents a real phenomenon, but again the transition is likely to be smoother and
of longer duration. When the calculation enters the CORCON subroutine in MARCH,
a concrete degassing model is activated that allows degassing of concrete struc-
tures in the containment. The small peak in pressure results from the release
of gas at that time from all the concrete that has been previously heated. It
is not visible in the late containment failure case although the phenomenon is
accounted for.

Figure 4.12, for the Peach Bottom pre-melt failure ATWS (TC1) sequence, shows
the pressure traces for the containment (drywell) and the reactor building.
The small pressure spike of about 1.5 psi in the reactor building at contain-
ment failure results because the blowout panels in the reactor building and the
refueling bay are large enough to provide pressure relief. This is important
because the reactor building can retain some fission products during the later
stages of the sequence, even though it is essentially open to the environment,
provided it remains intact. The series of hydrogen burns between about 500 and
600 minutes provides some reduction in retention because of the reduced resi-
dence time in the reactor building. In the analysis, burning was assumed to be
initiated whenever the combustible gas concentration exceeded 8 percent by
volume as long as the other combustion criteria were met. The size of the
predicted pressure spikes is large enough to destroy the refueling bay struc-
ture and to threaten the integrity of the reactor building.

It is apparent from a comparison of the sequences in these three figures that
the timing and size of containment pressure peaks are sequence and plant
specific. It was previously noted that operator action could significantly

4-41



influence the course of the accident. Other factors influencing these differ-
ences include the containment failure pressure, the presence or absence of
water at times during the sequences, the amount of noncondensible gases gene-
rated both in-vessel and ex-vessel, combustion of gases, whether or not con-
tainment safety equipment is operating, and, whether the vessel fails at high
pressure. The last factor can be important because of the possibility of a
significant pressure spike if part of the chemical energy and the thermal
energy in the core debris were to be transferred directly to the containment
atmosphere (direct heating). This phenomenon is not modeled in the analyses
but has been considered in the evaluation for the risk rebaselining study in
the following manner.

For the Surry station blackout (TMLB') sequence that was calculated originally
for BMI-2104 and reevaluated for the risk assessment, the highest pressure ob-
tained from the steam spike and hydrogen burn at vessel failure was 86 psi.
This is far short of the 119-psi containment shell capability evaluated by the
Containment Performance Working Group (Ref. 4.4). Direct heating could be suf-
ficient to raise the pressure to the failure threshold, were it to take place.
To evaluate this, the failure criterion was reduced to 86 psi for the calcula-
tion. This provides a blowdown at the right time, but from too low a pressure.
This should have only a small influence on the time available for fission pro-
duct deposition in the containment. However, there are fission product trans-
port changes associated with'direct heating (Ref. 4.6) that must be taken into
account. Today, for the risk rebaselining study, those changes are accounted
for by making assumptions and correcting the release fractions by hand calcula-
tions. Uncertainties in these assumptions are large because the assumptions
are based on such a limited experimental data base, but they are accounted for
in the uncertainty analysis, as are other uncertainties. The pressure rise
necessary to fail the containment is assumed to be produced by a fraction of
the corium expelled that participates in the direct containment heating. Based
on scoping experiments at Sandia National Laboratories, 1 percent of that frac-
tion is assumed to be aerosolized and therefore available for release to the
environment during the blowdown process. Of the remaining 99 percent of the
fraction of corium participating, half is assumed to deposit thermal energy in
the containment atmosphere and half to deposit thermal and chemical energy. On
this basis, all the iodine, cesium, and tellurium in the 99 percent is released
to the containment as aerosol; this is of minor importance for iodine and cesium
for this sequence because they are likely to have been released almost entirely
by this time and more important for tellurium because it can have been retained
by unoxidized Zircaloy in-vessel. Half of the ruthenium in the 99 percent is
released, based on the high volatility of the oxide. In the Zion small-break
LOCA shown in Figure 4.11, direct heating was simulated by manipulation of the
hydrogen burn model in the Source Term Code Package.

A set of calculations was performed (Ref. 4.2, Vol. VIII) to assess the effects
of various levels of containment leakage on the calculated pressure curves.
The leak rate was assumed to increase with increasing pressure and temperature,
corresponding to estimated behavior of seals on major containment penetrations.
The results for various levels of leakage determined by this method are shown
in Figure 4.13. The equivalent leakage areas are: for the trace labeled "no
leakage," zero leakage, independent of pressure; for the trace labeled "medium
leak rate," 2.1 square inches at 120 psi; for the trace labeled "high leak
rate," 11 square inches at 120 psi; and for the trace labeled "failure to
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isolate," 28 square inches, independent of pressure. These results show that,
for the station blackout sequence at Zion, the small leakages that are pre-
dicted to result from the degradation of seals have little effect on the
predicted peak pressure. In view of the plant- and sequence-specific nature of
the pressure traces, care should be taken before extrapolating these results to
other plants or sequences.

Another variation of containment behavior analyzed is the case of isolation
failure. In this calculation, an opening in the containment is assumed to
exist from the beginning of the accident. The corresponding containment
pressure curves are shown in Figure 4.14, assuming a 6-inch-diameter opening
(28 in 2 ) for different sequences and plants.

The pressure signatures for different plants and sequences (Figs. 4.10 through
4.14) show distinctive structure as a function of time. For the individual
sequence, the reasons for the structure can be found in BMI-2104 or NUREG/
CR-4624.

The effect of varying the size of the hole on the calculated integrated release
of iodine from the containment to the environment has also been assessed param-
etrically and is shown in Figure 4.15 (Ref. 4.7). The results shown in this
figure are from special calculations performed with codes or models different
from, but in this context similar to, those used in the BMI-2104 analyses. The
calculations were performed by two different organizations: (1) Sandia National
Laboratories using the CONTAIN code, which includes thermal-hydraulic and aerosol
calculations in the same code, and (2) Stone & Webster Engineering Corporation
using THREED for thermal-hydraulic calculations and the NAUA code for aerosol
behavior. Both organizations used comparable (but not identical) thermal-
hydraulic information representing the large-LOCA sequence at the Surry plant.

Figure 4.15 shows that the importance of an opening in the containment depends
on the atmospheric residence times of the aerosols and the forces available to
drive the airborne fission products from the containment. It also shows that
an integrated treatment of aerosol and thermal-hydraulic phenomena may be
required in order to evaluate these parameters. The peak in the Stone and
Webster calculation occurs because a hole of about a foot in diameter is not
sufficient to relieve pressures due to the initial blowdown before fission
prodducts are released, while such pressure relief does occur for the larger
hole sizes. Additional driving forces arise when the core slumps into the
lower plenum as a result of substantial generation of steam and gas at that
time. However, in the Stone and Webster calculation, the fission product
aerosols were calculated to be largely deposited by this time because of inter-
actions with substantial amounts of liquid aerosol (that is, fog). This fog is
calculated by NAUA to remain airborne from the initial blowdown and to hasten
deposition of the solids during the time that the liquid aerosol was being
deposited by aerosol processes. However, the information about the depositing
liquid aerosol was not passed to the thermal-hydraulic code, and thus saturated
conditions were calculated to be maintained during core degradation. Hence,
the information that the containment was actually becoming superheated was not
available in NAUA, and thus the remaining liquid did not evaporate.
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In the CONTAIN calculation, the blowdown also introduced large amounts of liquid
aerosol, but the aerosol subroutine calculated that much of this was deposited
before core degradation began, and the reminder was quickly evaporated by the
hot gases released during core degradation. Thus, fission product residence
times as airborne particulates were significantly longer, and considerably larger
amounts were available to be driven out of containment at the time of core slump.

These two calculations were based, in part, on thermal-hydraulic information and
in-vessel and ex-vessel aerosol information from BMI-2104 for Surry. However,
the calculations used, in part, superseded results from Volume 1 and, therefore,
do not represent a consistent application of the computer codes. In view of this,
the close comparison between BMI-2104 Volume V results (29 percent deposited in
the safeguards building and 9 percent leaked to the environment based on a 0.35
square foot hole in containment) and the CONTAIN results may be fortuitous.

The major technical conclusion of these studies, for which the containment fail-
ure mode and timing were input quantities, is that the containment behavior is
a major factor in determining the source term for many of the accident sequences.
If the containment fails early in the sequence and gas flows are high, airborne
fission products will be carried from the containment. On the other hand, if
the containment failure is delayed, natural processes can reduce the airborne
fission product concentration and the source terms are reduced. The size of
the postulated hole at failure can dramatically influence the gas flow relative
to the time of fission product injection into the containment. Further, if the
hole size from seal leakage were large enough, the calculated pressure versus
time might be affected enough to change the prediction of catastrophic failure--
at the expense of some earlier offsite release. These considerations highlight
why the decision was made to form containment working groups. A discussion of
the planned research in this area is provided in Section 6.3.3.

4.10 Aerosol Retention in Containment

Natural processes result in the removal of aerosol particles from the contain-
ment atmosphere by the processes discussed in Chapter 3 or by enlarging the
aerosol size and thereby making the settling process more effective. Many of
these processes are a function of the aerosol concentration and all of them are
functions of time. As a result, in the absence of additional sources, the quan-
tity of fission products suspended in the containment will decrease with time
following their injection into the containment atmosphere. The rate of deple-
tion varies with time because it is a function of several variables, including
the total suspended aerosol mass and the aerosol particle size distribution.
In general, though, it is observed that there is a gradual slowing of the deple-
tion rate over a period of several hours.

A typical result from the NAUA code is shown in Figure 4.16, which accounts for
all the phenomena described in Chapter 3 and also accounts for the time varia-
tion in the rate of production of aerosols. This calculation is from BMI-2104,
Volume V for a small LOCA with hydrogen burns at Surry. The mass of material
airborne in the containment (the solid curve in Fig. 4.16) begins to rise at
134 minutes when the core begins to melt. It continues to rise until 150 minutes
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when the core collapses. Vessel failure follows at 164 minutes. Natural
processes deplete the airborne mass until the time that the core-concrete
interaction begins at 337 minutes. At that time, the airborne mass begins to
rise sharply. The multiple peaks following that time result from (1) the sharp
decreases as multiple hydrogen burns provide a force to drive aerosols from the
containment, (2) the continued production of aerosols by the core-concrete
interaction, and (3) the removal of aerosols by natural processes.

The integrated mass leaked (the dashed curve in Fig. 4.16) shows the puff release
at containment failure (7 ft 2 failure size), which occurs at 164 minutes (the
same time as vessel failure). The reason for the containment failure is the
pressure spike caused by the first of the multiple hydrogen burns. Ignition
was assumed to occur at the time the core exited the vessel, and subsequent burns
were assumed to take place when the combustible concentration reached 10 percent
since the other criteria were satisfied. The puff includes the aerosols that
were in the reactor coolant system at the time of vessel failure. These aerosols
are not mixed with the airborne material, accounting for the release of more
material from the containment than was airborne in the containment prior to the
failure time. With no force available to drive the aerosols from the contain-
ment, no additional mass leaks, as shown by the flat portion of the dashed curve.
As soon as gases are produced from the core-concrete interaction, the leaked
mass begins to rise. The multiple sharp rises later in time represent the aero-
sols leaked during the multiple hydrogen burns.

Ice Condensers. The ice condenser system is used in some PWRs to suppress the
rise in pressure that would result froman accidental breach of the reactor
coolant system. Although the primary purpose of the ice condenser is to absorb
energy by condensing steam released in a design basis LOCA to protect the con-
tainment against overpressure, the ice beds and their supporting structures also
provide a means for trapping substantial amounts of the fission products that
could be released to the containment. The effectiveness of the ice condenser
as a fission product scavenger is calculated with the ICEDF model used in con-
junction with the NAUA code. Typical results are shown in Table 4.13 for two
sequences, representing sequences with different steam and noncondensible gas
flows and with and without air return fans operating. This table shows a
different time dependence of the decontamination factor, that is, the ratio of
the amount of aerosol entering the ice condenser to that leaving, for the two
sequences. The loss of the ac power with induced LOCA (S3 B) sequence has no
air-return fans operating. During the part of the sequence before vessel fai-
lure (at 374 min), the flow through the ice bed is steam-rich and the condensa-
tion of that steam leads to a high decontamination factor. The water in the
cavity provides some steam condensation after vessel failure, leading to a
smaller fraction of steam in the flow through the ice bed and a smaller decon-
tamination factor. However, the water in the cavity eventually boils and the
decontamination factor again rises in the steam-rich flow.

The second sequence, the seal failure LOCA with failure of core cooling and spray
in recirculation (S 3 HF), gives results for a sequence where the air-return fans
are operating. The recirculation of noncondensible gas into the lower compartment
reduces the relative amount of steam in the flow through the ice bed and therefore
lower decontamination factors are observed until vessel failure (at 410 min).
The containment fails, in this sequence, at the large hydrogen burn at 412 minutes,
and during the period from then to about 500 minutes, the flow through the ice
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Table 4.13 Decontamination factors for an ice
condenser using the ICEDF code

Loss of
induced

Time
(mtin)

339

364

457

509

524

528

568

854

986

ac power with
LOCA (S3B)

Decontamination
Factor

7.1

5.2

3.9

2.7

3.2

6.7

7.3

4.1

3.7

Pump seal LOCA with failure
of core cooling and spray
in recirculation (S 3HF)

Time Decontamination
(min) Factor

379 1.6

408 1.3

424 1.0

465 1.4

559 2.3

635 4.2

800 5.3

987 5.9

992 1.0
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bed is downward from the upper compartment to the lower, due to the reverse
differential pressure caused by steam condensation in the lower compartment.
Finally, the water in the cavity heats and the differential pressure again
reverses, leading to the same type of behavior as in the loss of ac power (S 3 B)
sequence. The ice is depleted at about 990 minutes, and the decontamination
factor is unity thereafter.

Pressure-Suppression Pools. BWRs are equipped with pressure-suppression pools
to condense the steam released to the containment in a LOCA. In this way, pro-
tection is provided for the containment vessel against overpressure failures for
design basis accidents. The pressure-suppression pool also provides an effective
means for scrubbing fission products from the gases escaping from the reactor
coolant system in severe accidents.

Independent model development sponsored by NRC and the Electric Power Research
Institute show that the aerosol scrubbing effectiveness of suppression pools is
an extremely strong function of the aerosol particle size. The calculated
decontamination factor (that is, the mass of aerosol fission products entering
the pool divided by the mass leaving) varies by several orders of magnitude for
particle sizes between 1.0 and 10 microns in diameter, as illustrated in
Figure 4.17, based on SPARC code calculations. Although the details of the
independent models are different, the results show that scrubbing effectiveness
credited in calculations using SPARC is high enough so that the releases to the
environment are largely determined by bypass paths around the pool. In the
calculations, the parameters describing the condition of the pool and the com-
position of the carrier gas are combined with the concentration of aerosols as
a function of particle size to compute the decontamination factor at a given
time.

4.11 Quality Control Program and Audit Calculations

One of the conclusions reached during the development phase of the program was
that, because of the complexity of the phenomena and the large amount of input
required, a quality control program is essential. Therefore, all the source
term calculations for the risk rebaselining program were subjected to an inde-
pendent audit or a quality control review (Ref. 4.8) performed by the Brookhaven
National Laboratory. This program had three purposes: (1) ensure that the
Source Term Code Package could be run successfully at an independent laboratory
and that it would give correct results for a standard problem; (2) verify that
the input chosen represented the best available information regarding the par-
ticular plant being modeled and also represented a reasonable choice of charac-
teristics for the sequence being modeled; (3) verify that Source Term Code
Package runs would give close results for sequences carried over from BMI-2104
to the risk rebaselining study.

The audit calculations showed that the Source Term Code Package could be trans-
ferred successfully. The results of the standard problem were identical. This
provides confidence that the results are not dependent on the laboratory where
the code is run for identical assumptions and code version.

Brookhaven National Laboratory results have verified that all the input repre-
sents the best available information regarding the particular plants being
modeled. Some of the parameters in this class are the containment volume, the
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reactor coolant system volume, the concrete composition, the starting inven-
tories of materials and a host of others. Not included are such parameters as
the diameter of the corium pool in the reactor cavity, the containment failure
size, or the flame speed for the hydrogen burns. These parameters are uncertain
and therefore open to interpretation by different analysts. This is often the
reason for the assertion that different laboratories running the same code get
different results. In any case, it is necessary to ensure that these uncertain
quantities are included in an uncertainty evaluation. The present choice of the
uncertain parameters has been agreed upon by Brookhaven National Laboratory and
Battelle Columbus Laboratories, and they provide the starting point for the
risk rebaselining uncertainty analysis. The choice of the uncertain parameters
for the results reported here should be reviewed in the context of the risk
rebaselining study. The timing parameters and the release fractions in this
report, then, represent a reasonable, but not the only, representation of the
particular sequences.

In the process of verifying that the Source Term Code Package would give close
results for BMI-2104 runs to be carried over to the risk rebaselining study, a
sequence was found for which the temperature feedback now included in the
integrated MERGE and TRAP-MELT codes produced larger changes than had been
anticipated. In addition, the sequence was affected by other changes in the
Source Term Code Package and in the choice of options. This sequence is the
containment bypass LOCA (V) sequence for Surry. The factors discussed below
affect both options for the sequence--the case where the break is assumed to be
above the water in the safeguards building and where it is assumed to be
submerged--in similar fashion. However, for simplicity, only the case of a
break above water will be discussed.

After publication of BMI-2104 Volume V on Surry, a coding error was discovered
in the TRAP-MELT code, in its unintegrated version, involving the estimation of
turbulent deposition. Correction of this error led to the values for release
fractions given in NUREG/CR-4624. Brookhaven National Laboratory used the
Source Term Code Package for the audit calculations, which showed three important
differences compared with the Battelle results. First, because of the coupling
in the Source Term Code Package between the MERGE and TRAP-MELT codes, fission
products that are deposited in the reactor coolant system piping during the
early phases of the accident heat the pipe during the later phases, resulting
in revaporization of some of the previously deposited volatile material. Because
the deposition was large, considering the small diameter of the pipe, the
temperature rise is large. This effect is illustrated in Figure 4.6, which is
based on Brookhaven results. Second, the Source Term Code Package includes a
revised CORSOR fission product release model with reduced release of ruthenium.
Finally, Brookhaven chose an option in the thermal-hydraulic calculation in
MARCH that produces less environmental release of those fission products released
ex-vessel. Because the Surry containment is operated at subatmospheric pressure
(10 psi), at the time of vessel failure the pressure in the containment will
equalize with the environment. Brookhaven chose to model this as a restricted
flow that would take a long time to equalize through the long, small-diameter,
residual-heat-removal-system pipe. Battelle, on the other hand, had modeled
this flow as rapid, equalizing the pressure In one MARCH time step.
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For all these reasons, the Brookhaven modeling of the containment bypass LOCA
sequence for Surry is believed to be a more reasonable representation. Based
on calculations for the QUEST study, the differences in the results are well
within the uncertainty. Starting with either calculation, application of the
uncertainty due to revaporization (one of the major sources of uncertainty)
would lead to results that would encompass the other calculation. The compari-
son between the Brookhaven and Battelle results is given in Table 4.14. The
difference of several orders of magnitude in the results for ruthenium reflects
the change in release coefficients between the BMI-2104 code suite, which used
CORSOR, and the Source Term Code Package, which used CORSOR-M, as discussed in
Chapter 3.

Another of the Brookhaven audit calculations produced results different from
the Battelle calculations reported in NUREG/CR-4624. This sequence is the
station blackout (ThLB') sequence for Surry with early containment overpressure
failure. As discussed above, the Battelle calculation adjusted parameters in
MARCH to produce a high containment pressure to simulate direct containment heat-
ing. The Brookhaven calculation did not attempt to maximize the pressure, lead-
ing to a blowdown at vessel failure (the correct time for direct containment
heating) from a low pressure. The comparison of results, showing the effect of
blowdown from different starting pressures, is given in Table 4.15. The differ-
ence between these two calculations is small and well within the uncertainty.
For both of these calculations, the option of no steam condensation in NAUA was
chosen because the atmosphere would be superheated because of the chemical and
thermal energy deposition and no condensation would occur. The release fractions
are higher for this option than for the option with condensation because the
fallout of condensed steam would decontaminate the containment atmosphere and
lead to smaller release fractions.

4.12 Summary of Sample Source Term Calculations and Comparisons with Reactor
Safety Study Results

The final result of consistent application of the source term analytical proce-
dure is the determination of the amount and timing of the releases of radioac-
tive material to the environment. These results can be compared with Reactor
Safety Study results to assess whether or not any generalizations can be made.
Because only Surry and Peach Bottom were analyzed for the Reactor Safety Study
and because source term results have been found to be plant specific, no valid
comparisons with results for Zion, Sequoyah, or Grand Gulf can be made.

Tables in this section include both the plume characteristics and the release
fractions for the chemical element groups. These are the values that are
tallied by the NAUA code, based on the airborne concentration of radioactive
material in each of the chemical element classes used in the consequence calcu-
lations and flow rates to the environment evaluated by MARCH. The flow rates
were evaluated in MARCH, based on criteria input by the user (such as failure
pressure, failure temperature, or failure time) and appropriate calculations to
assess when the criterion is met, thereby allowing flow to the environment
through a hole of an assumed size. The timing parameters (given in hours to
conform to the input requirements of the consequence model code) are based on
the event times as evaluated in MARCH. For cases where the containment is cal-
culated to fail prior to core melt, the time to release is taken as the start
of core melting. For other cases, the time to release is the containment fail-
ure time. Because the progression of various accident sequences can be very
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Table 4.14 Comparison of Brookhaven and Battelle calculations
containment bypass LOCA (V) for Surry

for the

Release Fractions*

Laboratory I Cs Te Sr Ru La Ba Ce

Brookhavent 3xIO- 1  3x10-1 6xIO- 2  5x10-s 2xlO- 7  3x10- 4 4x10-3  4x10-4

Battelle# 2x1O- 1  2x10- 1  lxlO-1 6x1O- 2  9xlO- 3  6xlO- 3

*The timing parameters and noble gas releases are identical. Chemical element
grouping for the two versions of the code are given in Section 3.1.

tSource Term Code Package calculation.
#BMI-2104 code suite calculation.

Table 4.15 Comparison of Brookhaven and Battelle calculations
for the station blackout (TMLB') sequence for Surry
with early overpressure failure

Release Fractions*

Laboratory I Cs Te Sr Ru La Ba Ce

Brookhavent lxlO- 1  lxlO-1 2x10- 1  3x10- 2  2x10-7 1x10- 3  2x10- 2  8x10-4

Battelle# 2x10-1 2x10- 1  9x10- 1  2x10- 2  3x10- 3  2x10-4

*The timing parameters and noble gas releases are identical. Chemical element
grouping for the two versions of the code are given in Section 3.1.

tSource Term Code Package calculation.
#BMI-2104 code suite calculation.
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different, the times to release can also be very different. They can range from
fractions of an hour to many hours. The release duration is a compromise. The
consequence code, CRAC, used in the Reactor Safety Study, assumes a uniform
release over the release duration. This approximation is adequate for the time
dependence of the release for the Reactor Safety Study analytical procedure.
However, for some sequences (for instance, the pre-melt containment failure A1'dS
(TC1) sequence for Peach Bottom) the release as evaluated using the source term
analytical procedure is actually of two characters: a short duration release at
containment failure, which contains mainly the volatile material that has been
airborne, followed by the release over a longer time period of the refractory
materials as they are sparged from the core-concrete mixture. The energy of
release is the total energy divided by the release duration, a model that was
not included in the scope of the review by the American Physical Society.
Since no consequence calculations are included in this report, no attempt has
been made to evaluate the warning time.

It is important to recognize that the release categories in the Reactor Safety
Study represent bins of sequences and that the plume characteristics and release
fractions given are compromises among parameters for all the sequences in the
bin. On the other hand, the present results are for single sequences.

For all the sequences that do not melt through the basemat but release directly
to the atmosphere, the minimum release fraction for iodine has been taken as
0.5 percent to account for the organic form of iodine. Since the formation of
organic forms of iodine is not considered in the code suite, this value is based
on a recent review of information on the subject, Including measured results
from nonpower reactor accidents (Ref. 4.9).

Comparisons with the Reactor Safety Study

Tables 4.16 and 4.17 give pairwise comparisons for three sequences of Reactor
Safety Study release categories with results to be used in the risk rebaselin-
ing study. Two are Surry sequences and one is a Peach Bottom sequence. No
initiating event frequencies or frequencies of containment behavior conditional
on the initiating event are included; they are beyond the scope of this docu-
ment and belong in other areas of the risk assessment study. They will be
discussed in and should be evaluated in the context of NUREG-Z150.

One other important comparison can be made with Reactor Safety Study results
for Surry. The small-break LOCA with failure of the containment spray injec-
tion system (S 2 C) sequence was binned into the PWR-3 release category in the
Reactor Safety Study. If the containment spray recirculation system operates
(it is separate from the injection system at Surry), the containment would have
adequate heat removal and, with operating core injection and recirculation
systems, there would be no core melt. However, the Reactor Safety Study postu-
lated that a fraction of the S2 -size LOCA sequences would release coolant into
the reactor cavity rather than into the containment (for instance, failure of
an in-core instrument penetration). At Surry, the spray recirculation system
is automatically started after a short time delay following receipt of a spray
activation signal. Therefore, it was postulated a small LOCA would lead to an
automatic starting of the recirculation pumps with a dry containment sump (the
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Table 4.16 Comparison of Reactor Safety Study and risk assessment study
results for the station blackout (TMLB') with early containment
failure and interfacing system LOCA sequences for Surry.

01
01

Release Fractions*
Release Release Energy of
Time Duration Release Noble

Sequence (hr) (hr) (Calories/sec) Gases Iodine Cesium Tellurium Strontium Ruthenium Lanthanum Barium Cerium

WASH-1400 2.5 0.5 1.2x10 7  9x10- 1  7x10- 1  5x10- 1  3x10- 1  6x10- 2  2x10- 2  4x10- 3

PWR2

Station 2.5 10 1.4x105  1.0 2x10- 1  2x10- 1  lx1O- 1  2x10- 2  3x10- 3  2x10- 4

blackout
(ThLB')

early
overpressure#

Station
blackout 1.0 2x10-1  2x10-' lx10- 1  2x10- 2  8x10-2  2x10- 3

(ThLB')
direct
containment
heating"A

Interfacing
system LOCA 1.0 2.0 2.4x105  1.0 3x10- 1  3x10- 1  6x10-2  5x10- 3  2x10- 7  3x10-4 4x10-3  4x10- 4

(V) without
watert

Interfacing
system LOCA 1.0 2.0 2.4x105  1.0 5x10- 2  4x10- 2  9x10- 3  lx10- 3  4x10- 8  5x10- 5  7x10-4 7x10- 5

(V) submergedt

*Chemical elements for which these groups are surrogates
suite and Source Term Code Package calculations.

**Effect of direct containment heating on fission product
#BMI-2104 code suite calculation.
tSource Term Code Package calculation.

are given in Table 2.1 for WASH-1400 and in Section 3.1 for the BMI-2104 code

release based on Reference 4.5.



Table 4.17 Camparison ot Reactor Safety Study and risk assessment study results for
the postmelt containment failure ATWS (TC2) sequence for Peach Bottom.

CA
a.'

Release Fractions*
Release Release Energy of
Time Duration Release Noble

Sequence (hr) (hr) (Calories/sec) Gases Iodine Cesium Tellurium Strontium Ruthenium Lanthanum Barium Cerium

WASH-1400
BWR3 30 3 1.4x106  1.0 lx1O- 1  1x10- 1  3x10- 1  1x10- 2  2x10- 2  3x10- 3

Postmelt
containment
failure ATWS
(TC2)t 2 10 1.4x10s 1.0 lx1O- 2  1JX10- 2  9x10- 2  3x10-1 2x1O- 6  9x10-3  2x10- 1  2x10- 2

Postmelt
containment
failure ATWS
with venting
(TC3)t 2 10 1.9x10s 1.0 5x10- 3  lxlO- 3  7x1O- 3  9x1O- 3  4x10- 7  3xJO-4 6x10- 3  5xlO- 4

*Chemical elements for which these groups are surrogates are given in Table 2.1 for WASH-1400 and in Section 3.1 for the BMI-2104 code
suite and Source Term Code Package calculations.

tSource Term Code Package calculation.



reactor coolant system water is in the reactor cavity) and the subsequent fail-
ure of those pumps. This assessment was based on a hand calculation of the
likely location of the water inventory. A recent evaluation of the thermal-
hydraulic conditions with the integrated code has shown that the automatic
actuation signal for this sequence would not be early, but later, and ample
water would be in the sump at the time of the automatic start of the spray
recirculation pump. Therefore, this sequence is no longer believed to result
in core melting. It should be recognized that some residual frequency due to
hardware failures (sequence S2 CF) or due to human error in initiating contain-
ment spray recirculation manually in advance of the automatic signal to start
might remain, but these events are believed to have low frequencies and are
being reevaluated in other areas of the risk rebaselining study.

Comparisons of the sequences in Tables 4.16 and 4.17 with the comparable Reactor
Safety Study release category show that there is no single multiplicative factor
that adequately describes the release fraction relationship for all sequences
and both plants. For certain chemical element groups and most sequences (for
instance, iodine and cesium for the station blackout sequence for Surry), the
results are lower by less than an order of magnitude. For Surry, the release
fractions for one of the containment bypass LOCAs are reduced compared to the
Reactor Safety Study results because of the reconsideration of the sequence
definition, which allows for fission product removal in an overlying water pool.
On the other hand, for the Surry containment bypass LOCA without an overlying
water pool, the results are quite comparable to those of the Reactor Safety
Study. For the postmelt containment failure ATWS (TC2) sequence at Peach Bottom,
the release fractions are comparable to those of the Reactor Safety Study with
releases of the less volatile elements being somewhat higher. However, in addi-
tion to the effects of the comparable release fraction on health effect calcu-
lations, the change in the timing of the release for this sequence (an effect
recognized after completion of the Reactor Safety Study (Ref. 4.10)) is impor-
tant in evaluating early health effects. If, however, the operator is success-
ful in venting the wetwell air space, the fission products would be released
through the suppression pool to the reactor building throughout the sequence.
Although the pool would be boiling, It could still provide some additional fis-
sion product removal. The resulting lowered source term is also presented in
Table 4.17. It should be noted that success of the venting is not assured.

These comparisons serve to illustrate again the plant and sequence specificity
of conclusions regarding the results of application of the source term analyt-
ical procedure using the Source Term Code Package or the earlier BMI-2104 code
suite.

Comparisons of the type just given can be misleading if they are used incor-
rectly. In making improvements in the Reactor Safety Study methods to produce
results based on more mechanistic models, the factors used previously to
produce results biased toward higher source terms have in general been removed.
In several cases, the new models or the uncertainties that remain could lead to
source terms as high or higher than the Reactor Safety Study. Also, for appli-
cations other than offsite risk, the factors that biased the results toward
higher source terms produce in-plant results that are biased toward lower values.
Thus, only by considering the purpose of the analyses and the uncertainties
involved can meaningful comparisons be made.
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Comparison of the Same Sequence at Different Plants

A comparison of results using the Source Term Code Package show that the same
sequence at different plants can have different results, as shown in Table 4.18.

For the pre-melt containment failure ATWS (TC1) sequence, two factors are impor-
tant in causing lower releases for Grand Gulf. First and more important, con-
tainment failure does not cause bypass of the pool, and fission product removal
by the pool continues throughout the sequence. For Peach Bottom, the contain-
ment failure may occur at the knuckle of the drywell, resulting in pool bypass
for all material released after vessel failure. (Although the containment fails
before the core melts, those fission products released from the fuel in-vessel
pass through the pool because they are released through the depressurization
system.) Second, the pool depth at Grand Gulf is larger than at Peach Bottom
resulting in larger decontamination by the pool, other conditions being equal.

Effect of Time of Containment Failure

The behavior of the containment can have a large effect on source terms. If
the time of containment failure is delayed following cessation of input of
material to the containment, natural processes and any operating engineered
safety features can reduce the airborne concentrations. For the Zion small-
break LOCA with emergency core cooling and containment heat removal failure
(S 2DCF) sequence, the delay in containment failure from about 2 to about 15
hours results in about a decade of reduction in fission product release, as
shown in Table 4.19.

Comparison of Ice Condenser Plant Sequences

Two of the sequences calculated for the risk assessment study for the Sequoyah
plant show different behavior because of the behavior of the containment and
the influence of ice bed retention. Table 4.20 gives the source terms for the
pump seal LOCA with failure of core cooling and sprays in recirculation (S 3 HF)
and the loss of heat removal and makeup with an induced steam generator tube
rupture (TMLU-SGTR) sequences. For the first sequence, the containment fails
following vessel failure, during a hydrogen burn. However, fission products
are released through the ice bed, with fission product removal until the exhaus-
tion of the ice. Although the fission product removal per pass through the ice
bed is not large for the early phases of the sequence, the air in the upper
compartment (with its fission product content) is recirculated to the lower
compartment and fission products make multiple passes. For the second sequence,
the start of the release takes place before vessel failure when the steam
generator tubes are assumed to fail. In response to the increased pressure in
the secondary side of the steam generator, the secondary-side safety valves
open and as the core melts fission products are released to the environment.
Following vessel failure, the expansion into the containment volume and through
the ice bed reduces the pressure to the point where the secondary-side valves
close and remain closed. In addition to the timing difference, Table 4.20 shows
comparable, but slightly higher, releases of nuclides released in-vessel such
as iodine or tellurium, and reduced releases of nuclides released both in-vessel
and ex-vessel or just ex-vessel such as strontium or cerium.
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Table 4.18 Comparison of results for the pre-melt containment failure
ATWS (TC1) sequence for Peach Bottom and Grand Gulf

4C: Release Release Energy of
Time Duration Release Noble

Plant (hr) (hr) (Calories/sec) Gases

Peach
Bottomt 2.5 10 6.2x105  1.0

Grand
Gulft 3 10 5.1,105  1.0

*Chemical elements for which these groups are surrogates ai
tSource Term Code Package calculation.

Iodine Cesium Tellurium

3x10- 2  3x10- 2  3x10- 1

5x10- 3  4x10- 3  3x10- 3

re given in Section 3.1.

Release Fractions*

Strontium Ruthenium

5x10- 1  4x10- 7

2x10- 3 5x10- 9

Lanthanum

lx10- 2

9x10- 5

Barium

4x10- 1

lx1O- 3

Cerium

2x10-
2

]Lx10- 4



0

Table 4.19 Comparison of results for the small-break LOCA with emergency core cooling
and containment heat removal failure (S2 DCF) sequence for Zion

Release Fractions*
Containment Release Release Energy of
failure Time Duration Release Noble
time (hr) (hr) (Calories/sec) Gases Iodine Cesium Tellurium Strontium Ruthenium Lanthanum Barium Cerium

Earlyt 2.2 10 4.2x105  1.0 2x1O- 1  2x40-1  3x40- 1  4x10-2  2x10-4 2x40-3  3xlO- 2  6x10- 4

Latet 15 10 4.6x105  1.0 3x10- 2  3x10- 2  3x10- 2  3x10- 3  5x10- 7  8x10- 5  2x10- 3  6x10- 5

*Chemical elements for which these groups are surrogates are given in Section 3.1.
tSource Term Code Package calculation.



Table 4.20 Comparison of results for the pump seal LOCA with failure of core cooling and sprays in recirculation
(S 3 HF) and the loss of heat removal and makeup with an induced steam generator tube rupture (TMLU-SGTR)

sequences for Sequoyah.

t

Release Fractions*

Release Release Energy of
Time Duration Release Noble

Sequence (hr) (hr) (Calories/sec) Gases Iodine Cesium Tellurium Strontium Ruthenium Lanthanum Barium Cerium

Seal LOCA
with failure
of core
cooling and
sprays in
recirculation
(S3HF)t 7 10 8.6x104  1.0 5x10-2  4x10-2  lxlO- 2  lxlO-3  7x10- 8  5x10-5  lxlO- 3  4U105

Loss of heat
removal and
makeup with
induced steam
generator tube
rupture
(TMLU-SGTR)t 2.5 0.25 1.5x106 0.4 lx10- 1 lx10- 1 9x10- 2 lx1O- 4 lx1O-7 2x10-s 2x10- 3 negl.

*Chemical elements for which these groups are surrogates are
tSource Term Code Package calculation.

given in Section 3.1.



4.13 Parametric Analysis of Effect of Iodine Chemical Form

All the calculations discussed thus far in this chapter have assumed that the
iodine is released from the reactor coolant system as cesium iodide, with the
material properties and behavior characteristics discussed for that chemical
form in Chapter 3. However, the experimental evidence does not completely
support this assumption because of conflicting evidence from experiments still
in the process of analysis as discussed in Chapter 6.

Because of this conflicting evidence, the chemical form of iodine has been
identified as a major source of uncertainty, and experimental programs are in
place to provide resolution of the issue in the future. In the meantime, a
parametric analysis is needed to provide some insight on how important, or
important for what types of sequences, this uncertainty might be. Therefore,
models to treat volatile forms of iodine are being developed at the Oak Ridge
National Laboratory, and they could be incorporated into source term calculations,
should that prove to be desirable. These models (Ref. 4.11). referred to as the
Oak Ridge model in the following discussion, are still preliminary and have not
been peer reviewed. Therefore, the results discussed below are also preliminary
and should be used with caution.

The Oak Ridge model uses input information for a volume on (1) thermal-hydraulic
conditions in the volume, (2) sources of radioactive and nonradioactive aerosols
from the reactor coolant system and from cord-concrete interactions, and (3)
the associated transient behavior of the aerosols in the volume. That is, the
Oak Ridge model takes information from MARCH, TRAP-MELT, VANESA, SPARC, and NAUA.
The model includes the following:

1. Treatment of several forms of volatile iodine, namely, 12, HI, and CH3I,
in addition to iodine as a particulate;

2. Partitioning of iodine species between liquid and gas phases in the
containment as affected by aqueous chemistry, pH of the liquid,
compound formation (such as AgI), temperature, and radiation;

3. Transport and deposition to and from steel, concrete, painted, and
aerosol surfaces via absorption and desorption processes;

4. Formation of organic iodides from aqueous phases and gas phases,
including sparging of organic-bearing materials through suppression
pools; and

5. Volatilization of iodine upon evaporation of water pools to dryness.

The models for transport and deposition (item 3 above) are in a very early
stage of development and do not yet include all the factors of importance. For
instance, transport to containment surfaces by natural convection is treated by
using constant input values for the velocity and friction factor. Also, the
retention of volatile iodine forms in suppression pools is treated in a simple
fashion, by analogy with cesium iodide.
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Because no quantitative information is available on how much volatile iodine
might be formed during the course of an accident, the Oak Ridge model was
exercised in a parametric fashion to provide some insights on how source term
results might change because of differing assumptions about chemical forms.
These insights will be useful in evaluating source term uncertainties for the
risk rebaselining in NUREG-1150.

One sequence has been evaluated for Surry with two different containment failure
modes, that is, the station blackout (TMLB') sequence for containment failure
at vessel failure and at 12 hours. The input for the case of containment fail-
ure at vessel failure was based on BMI-2104 code suite calculations (Ref. 4.1,
Vol. III) and considered two subcases: with steam condensation allowed at
containment failure and without steam condensation at containment failure. The
latter calculation, without steam condensation, is believed to be a better
surrogate for the early containment failure case with direct heating. For this
general sequence, then, three specific subsequences were evaluated: (1) contain-
ment failure at-vessel failure with steam condensation allowed, (2) containment
failure at vessel failure with steam condensation not allowed, and (3) contain-
ment failure at 12 hours.

For the parametric study, the chemical form of iodine assumed to be released
from the reactor coolant system was varied to yield three assumptions of the
amount and form of iodine and CsOH released from the reactor coolant system.
The first assumption constituted a base case to compare with the BMI-2104 code
suite assumptions, and also to evaluate whether or not the rest of the chemistry
model had a significant effect. That is, all the iodine was considered to be
CsI, and the amount of CsI and CsOH released from the reactor coolant system
were taken directly from the Battelle calculations. For the other two assump-
tions, all the iodine was assumed to be in'the form of HI. Because of the im-
portance of pH on the results the CsOH was treated in two ways. They were:
(1) the CsOH calculated to be released from the reactor coolant system using
the BMI-2104 code suite was also released in the present calculation leading to
a high pH, and (2) the CsOH was assumed to be trapped in the reactor coolant
system while all the iodine calculated to be released from the fuel (virtually
100 percent) was released as HI leading to a low pH. The pH values found for
these three conditions, including consideration of the content of boric acid,
are given in Table 4.21.

The results-of the evaluation using the Oak Ridge model are given in Table 4.22
for the nine variations of the station blackout sequence (two early and one late
containment failure cases for each of three assumptions of iodine and CsOH
release). The results using the BMI-2104 suite are given for comparison. From
these results, preliminary conclusions are: (1) for late containment failure,
natural removal processes can reduce airborne concentrations of volatile iodine
and the pH adjustment of sump water (either though additives or through fission
product cesium deposition) can keep iodine in solution, (2) for the case of high
sump pH, the effect of the maximum possible range of chemical form assumption,
from all-particulate to all-volatile, is only about a factor of 3 increase, and
(3) the addition of the Oak Ridge model to the base case causes little change.

One sequence has also been evaluated for Peach Bottom to show the effect of
iodine chemical form for a different transport path. The sequence considered
was the postmelt containment failure ATWS (TC2) sequence, for which the iodine
released in-vessel (96 percent) passes through the depressurization system to
the suppression pool. Again, the fraction of iodine assumed to be HI was

4-63



Table 4.21 pH of the sump water for various assumptions of reactor
coolant system release for Surry station blackout
(TMLB') sequence

Case

Base CsOH+HI HI

pH 6.8 6.1 3.1

Table 4.22 Release fraction of iodine for the Surry station blackout
(TMLB') sequence for varying assumptions of iodine chemical
form and containment failure

Case
Containment Battelle 1
Failure Time Calculations# Base* CsOH+HI* HI*

Early, with steam
condensation 7x10- 2  8x10- 2  3x10- 1  3x10-I

Early, without steam
condensation 2x10- 1  2x10-' 5x10- 1  5x10- 1

Late 3x10- 3  3x1O-3  5x10- 3  6x10- 2

#BMI-2104 code suite calculation.
*Oak Ridge model calculation.

4-64



varied from 0 to 1.0. For the former assumption (base case), the release from
the reactor coolant system is Cst and CsOH, yielding a pH in the pool of 7.8.
For the latter assumption, the capture of CsOH in the reactor coolant system
and the release of HI to the pool yield a pH of 4.4 for the pool. The results
are given in Table 4.23, including the Source Term Code Package value for the
risk rebaselining study for comparison. Again, the preliminary conclusion is
that there is only about a factor of 3 increase in the iodine release because
of the change in assumption from all-particulate to all-volatile chemical form.

Because the models are in the developmental stage, caution is necessary in
using the results or conclusions; peer review and validation are required.

4.14 Uncertainty

The results of source term calculations for the example accident sequences pre-
sented in this chapter have uncertainties. Section 3.3 describes the existing
and future studies of those uncertainties. For evaluating specific numerical
results for source terms, the uncertainties arise from several sources: (1)
uncertainties in the models describing complex phenomena such as the meltdown
models, combustion. models, or aerosol process models; (2) details of the plant
description such as the station battery depletion time, burnup, or reactor power
shape; and (3) uncertainties in sequence description such as size and location
of breaks in the reactor coolant system, size and timing of induced failures in
the reactor coolant system, or hole size formed at containment failure. The
methods for estimating uncertainties or sensitivities are in an early stage of
development. Because quantitative estimates of the uncertainty are necessary
to provide the perspective on source term changes, the studies of uncertainty
are being pursued not only within the source term code development program but
also in connection with NUREG-1150. Only when those studies are completed can
the impact of the results presented' here on the understanding of severe acci-
dents be assessed.

[he Quantitative Uncertainty Estimation for the Source Term (QUEST) study, dis-
cussed in Section 3.3, provided the first attempt to evaluate the change in
the calculated source terms resulting from "reasonable" changes in the input
parameters and the models. Only three sequences were evaluated and therefore
generalization to many sequences based on these few results is not justified.
Based on this limited study, however, it can be concluded for those sequences
that if the mode and timing of containment failure is considered to be fixed,
the release fractions would likely show a span of two decades because of input
and model changes. An important development in the QUEST study was a method of
scanning the entire calculation to determine the important parameters for a par-
ticular output of interest. Based on this method, future studies can focus the
estimation of the uncertainty factors important to the purpose at hand. The
QUEST study, then, was an in-depth study but of limited extent.

For the NUREG-1150 uncertainty estimate, a very broad study is in progress,
that is, all sequences are being studied for all the plants. However, a simpli-
fied method of accounting for those parameters believed to be the most important
to the purpose (risk assessment) is being employed, and the number of parameters
that can be considered is limited. Therefore, the uncertainty study for
NUREG-1150 is an extensive study, but of limited depth.
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Table 4.23 Release fraction of iodine for the
Peach Bottom postmelt containment
failure ATWS (TC2) sequence for
varying assumptions of iodine
chemical form

Battelle Case
Calculationst Base* HI*

lxlO- 1  2x10- 1  6x10- 1

*Oak Ridge model calculation.
tSource Term Code Package calculation.
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A third study (QUASAR) has just begun within the code development program that
will build upon and extend the QUEST study. QUASAR will use the Source Term
Code Package and will rely, as do all other existing studies, on expert judg-
ment (Delphi method) for parameter uncertainty estimation. This study will
be in-depth but limited in extent.

The insight gained from these studies and the methods being developed will
provide for future users of the source term code or source term code results
the guidance necessary for those users to consider uncertainties for their
specific applications.

4.15 Conclusions

A large number of severe accident sequences has been analyzed with the NRC's
Source Term Code Package and its predecessor, the BMI-2104 suite of codes; these
calculations have exercised the codes over a wide range of conditions.
Different types of plant and containment designs have been considered that
represent the range of I Ight-water- reactor designs in the United States. The
types of sequences chosen for study represent (1) a range of high and low pres-
sures; (2) different initiating events such as transients and LOCAs; (3) sequences
expected to minimize or maximize the effects of engineered safety features; and
(4) different possible behaviors of the containment. These sequences, taken
together, have provided an extensive test of the capabilities of the methods.

Source terms were found to vary with plant design and construction details, and
these variations need to be taken into account in efforts to develop simplified
source terms. Examples of the type of plant detail that affect results are the
type of concrete used, the depletion time of station batteries, the heat sinks
in containment, diameters and routing of important piping, and the reactor power
shape and power level. Because results depend strongly on such details, results
from analysis of one plant are not likely to describe results from another plant.
An example of this is shown in Section 4.12 for the pre-melt containment failure
AIWS sequence for Peach Bottom and Grand Gulf.

Severe accident sequences are complex, and experience has shown that thi's com-
plexity requires care and attention to details on the part of a computer code
user to represent the plant and the sequences adequately in the code input.
There are details of plant design and operation, as discussed above, that strongly
influence the progression of severe accidents. Further, there are options avail-
able in the codes, which are set by the user, that also significantly affect
the results. Discrepancies In calculated results can be introduced if skillful
attention is not paid to both types of input. The major purpose of noting this
conclusion is to make potential users aware that, to perform an analysis
successfully, a code user must understand plant design details, plant operating
procedures, accident sequence progression, and code analysis techniques.

Containment performance (survival, failure, or bypass), which is described by
input parameters in all current source term codes, is a major factor affecting
source terms. The effect of containment behavior on source terms is discussed
in Section 4.9, and containment performance has been found to be an important
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factor affecting most sequences significantly. The containment failure criteria
used in determining containment behavior are evaluated outside the fission pro-
duct release and transport methods such as the Source Term Code Package and input
to them. However, the Source Term Code Package calculates the time at which a
criterion for failure is satisfied and, further, calculates the releases to the
environment given the size and location of the failure. The comparison in
Table 4.19 for early and late containment failure for a Zion sequence demon-
strates this point.

The analyses performed to date with the Source Term Code Package suggest that
generalizations are inappropriate since large factors of reduction in source
terms were not found for all sequences as reported in other studies. The
American Nuclear Society concluded in the technical summary of its report, under
the heading "Major Finding," that current knowledge is sufficient "to warrant
the reduction of calculated source terms from estimates in WASH-1400 by more
than an order of magnitude to several orders of magnitude" except for noble
gases. The results presented here do not substantiate that generalization.
Some sequences were found not to show reduction (for instance, the containment
bypass LOCA (V) sequence for Surry). Also, the postmelt containment failure
AThIS (TC2) sequence for Peach Bottom shows a different distribution of nuclides
released, some higher and some lower, than the Reactor Safety Study.
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5. REVIEW OF SOURCE TERM WORK

The NRC sought a technical consensus within the scientific community on the
basic principles and phenomena of severe accidents as well as the analytical
procedure used to represent and study the accidents. To evaluate these tech-
nical matters, the NRC sponsored two review groups, participated in scientific
exchange meetings with a nuclear industry group, participated in a review
performed by a professional society, and solicited public comments on a draft
report. One of the two NRC-sponsored reviews, known as the technical expert
peer review, was a critique of specific technical areas in NRC-sponsored source
term analyses. The other review, conducted by the American Physical Society
(APS), was an independent, broad-based critique of the scientific basis for the
source term analytical procedure. An exchange of technical information was
conducted with the Industry Degraded Core Rulemaking (IDCOR) program; this
information exchange was structured to compare and contrast the analytical
procedures developed for the NRC and IDCOR. An NRC staff member participated
in a review and evaluation of the state of knowledge of source terms conducted
by the American Nuclear Society. A very visible part of the review process
consisted of the consideration of public comments received after publishing a
draft of this report, NUREG-0956. Also, the source term work was reviewed by
the NRC's Advisory Committee on Reactor Safeguards (ACRS).

During the process of conducting these major elements of review, other activi-
ties took place that contributed significantly to this review. A number of
other organizations not mentioned above became involved in varying degrees with
a source term reassessment effort. Some reports and discussions were made
available to the NRC and these also contributed to the general review of the
source term technology. Finally, a number of other activities, such as inde-
pendent verification projects, experience by various code users, and discus-
sions by research groups, also contributed to the review process. All these
review activities are discussed in this chapter.

5.1 Technical Expert Peer Review

The NRC sponsored five meetings with a panel of 14 scientists and engineers
during the period when the source term analytical procedure was being developed
and first applied. The timing of these meetings allowed for changes to be made
as the calculations progressed, and it allowed for other changes to be planned,
a process that resulted in the present Source Term Code Package. These open
meetings were held between January 1983 and January 1984 and transcripts of the
meetings are available (Ref. 5.1). The panel members are identified in
Table 5.1. In addition, representatives from both the nuclear industry and
from public interest groups attended and participated as observers.

At the peer review meetings, the NRC contractors presented the developing
analytical procedure and the supporting research. The review panel critiqued
the work, and the observers were given time to make brief presentations and
statements. Following each meeting, the NRC requested written comments from
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Table 5.1 Members and affiliations of the technical
expert peer review group

Member Affiliation

A.

0.

R.

C.

W.

S.

R.

A.

R.

0.

0.

R.

D.

L.

Castleman

Cooper

Hilliard

Johnson

Kastenberg

Levy

Potter

Reynolds

Ritzman

Rowe

Torgerson

Vogel

Walker

Zumwalt

Pennsylvania State University

Harvard University

Hanford Engineering Development Laboratories

Argonne National Laboratory

University of California at Los Angeles

S. Levy, Inc.

United Kingdom Atomic Energy Authority

University of Virginia

Science Applications, Inc.

Rowe and Associates

Atomic Energy of Canada limited

Electric Power Research Institute

Technology Applications, Inc.

North Carolina State University

5-2



the review panel and invited written comments from the observers. Discussions
during the meetings and written comments after each meeting identified strengths
and weaknesses in the analytical procedure. A summary of these comments and
the responses from NRC contractors is found in Volume VII of BMI-2104 (Ref. 5.2).

The NRC staff responded to these comments and recommendations from the review
panel with seven major changes in the reassessment program.

1. A study was initiated at the Oak Ridge National Laboratory to determine
the status of validation of the computer codes (Ref. 5.3).

2. A study was initiated at the Sandia National Laboratories to determine the
plausible range of source term estimates resulting from uncertainties in
input and models. This effort is commonly known as the QUEST (Quantitative
Uncertainty Estimation for the Source Term) study (Ref. 5.4).

3. The NRC staff decided to reanalyze the source term estimates for the first
plant analyzed, Surry, with an improved version of the MARCH code. The
original calculations for the Surry plant, which used the MARCH-1.1 code,
are reported in Volume 1 of BMI-2104, and the improved calculations, which
used the MARCH-2 code, are reported in Volume V of BMI-2104 (Ref. 5.2).
As discussed in Chapter 4, many new sequences have now been analyzed with
the still further improved Source Term Code Package, and these are reported
in Reference 5.5.

4. After the peer review panel discussed the potential for decay heat to re-
evolve fission products from the reactor coolant system, the NRC instructed
its contractors to study the effect and plan necessary changes in the ana-
lytical procedure (see Section 3.1.6). These changes have now been made
in the Source Term Code Package as discussed in Chapter 3.

5. From discussions about the arrangement of pipes and compartments in the
Surry plant, the review panel noted the possibility that the interfacing
LOCA sequence could take place where the pipe rupture becomes submerged
under water. The NRC then instructed its contractors to account for the
removal of fission products as they exit from the pipe break and pass
through the 6verlying water. This is reported as the V sequence with
water in Volume V of BMI-2104. The scrubbing effect of overlying water
Dools is now evaluated for all sequences where an overlying pool exists.

6. When the review group discussed the integrity of the containment as a
major factor in source term estimates, the NRC established the Containment
Loads Working Group and the Containment Performance Working Group. The
importance of containment integrity is still recognized, but the evalua-
tion of containment performance is now handled outside the source term
analytical procedure as discussed in Chapter 4.

7. The NRC staff agreed with suggestions to give more consideration to chem-
ical elements other than iodine, cesium, and tellurium. At least some of
the revised source terms were reported in BMI-2104 for all the chemical
element groups as they were used in the Reactor Safety Study. A compre-
hensive inventory (11 groups of fission products and core materials) is
now routinely tracked in the Source Term Code Package.
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5.2 American Physical Society Study Group

The NRC gave a grant to the American Physical Society (APS) to independently
review the broad scientific basis for the NRC source term analytical proce-
dures. The APS was requested to "review the adequacy of the technical base
upon which the phenomenological models for radionuclide release from postulated
severe reactor accidents are constructed, the adequacy of the models themselves,
and the correct use of the complex computer codes that incorporate these models
in the analysis of accident sequences." A study group was established by the
APS consisting of 12 scientists, most of whom were from the academic community.
The names and the affiliations of the scientists in the study group are listed
in Table 5.2. The APS study began in September 1983 when most of the code deve-
lopment and the calculations for BMI-2104 were nearing completion. The findings
of the study group were released to the public as a draft report at an NRC
Commission meeting on February 21, 1985. The final version of the report was
released as a supplement to the July 1985 edition of Reviews of Modern Physics
(Ref. 5.6).

The APS study group examined the source term analytical procedure reported in
BMI-2104, the validation of the computer models reported in ORNL/TM-8842, the
uncertainty study reported in SAND84-0410, and related research reports. The
study group solicited information from the NRC staff, NRC contractors, public
interest groups, and representatives of the nuclear industry. The study group
toured the research facilities at the Oak Ridge National Laboratory, the Sandia
National Laboratories, the Battelle Columbus Laboratories, the Idaho National
Engineering Laboratory, and the Karlsruhe laboratory in Germany.

The study group evaluated the source term analytical procedure by critically
reviewing the experimental bases, the theoretical analyses, and the scientific
principles in the analytical procedure. The scientific principles used to pre-
dict fission product release, fission product transport, chemistry, thermal
hydraulics, and aerosol mechanics were all examined. The APS findings consisted
of both conclusions and recommendations. Two general conclusions in the final
APS report (Chapter VIII) are quoted below from pages S127-8 of their report:

(1) "The study group finds that considerable progress has been made since
publication of the Reactor Safety Study (NRC, 1975) in developing both a
scientific basis and calculational ability for predicting the source term.
In a number of cases, new calculations indicate that the quantity of
radionuclides that would reach the environment is significantly lower than
that calculated in the Reactor Safety Study. This reduction can be attri-
buted to three principal factors: (i) the recognition that reactor con-
tainments are stronger than assumed in the Reactor Safety Study and there-
fore fail, if at all, at later times; (ii) inclusion in the modeling of
previously neglected physical and chemical phenomena that lead to the re-
tention of fission products; and (iii) inclusion of additional sites
(suppression pools, ice beds, auxiliary buildings) that trap radionuclides
more efficiently than previously assumed."

(2) "The study group examined the chemical and physical phenomena
considered by the technical community since the Reactor Safety Study was
completed. For most sequences and most radionuclides, these phenomena
reduce the source term from that calculated in the Reactor Safety Study.
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Table 5.2 Members and affiliations of the American Physical Society
study group

Member Affiliation

Richard Wilson, Chairman

Kamal J. Araj, Executive
Assistant

Augustine 0. Allen

Peter Auer

David G. Boulware

Fred Finlayson

Simon Goren

Clark Ice

Leon Lidofsky

Allen Lee Sessoms

Mary L. Shoaf

Irving Spiewak

Thomas Tombrello

Harvard University

Brookhaven National Laboratory

Brookhaven National Laboratory (Retired)

Cornell University

University of Washington

Aerospace Corporation

University of California at Berkeley

E. I. duPont de Nemours & Co. (Retired)

Columbia University

U. S. Department of State

Princeton University

Institute for Energy Analysis

California Institute of Technology

5-5



"However, one mechanism that might, for some sequences, increase the radio-
nuclide releases above those calculated in the Reactor Safety Study is the
release of nonvolatile radionuclides in the core-concrete interaction. It
is important to complete the experiments now underway to improve our know-
ledge of the physics and chemistry in this crucial area. Moreover, the
analyses performed in the recent studies that we have surveyed have not
treated all types of reactors nor all types of containments in equal detail.
It is impossible to make the sweeping generalization that the calculated
source term for an accident sequence involving any reactor plant would
always be a small fraction of the fission product inventory at reactor
shutdown."

Three major recommendations were also listed in the APS report (pp. S129-130).

1. "The NRC should continue to insure a strong, integrated, program of
experimental and analytical studies in order to provide a sound data
base for calculation of the source term."

2. "The NRC should undertake uncertainty analyses so that calculated
radionuclide releases can be stated within explicit limits."

3. "The study group recommends that the theoretical and experimental
studies be published in archival, peer-reviewed journals, and that
the computer codes, together with a clear and complete technical
description of the models and the assumptions, be made available to
interested parties."

The NRC staff has responded to the recommendations of the APS study group. The
NRC's Severe Accident Research Plan has recently been revised to focus on speci-
fic source-term-related areas (Ref. 5.7), and this revised program is reflected
In Chapter 6. Additional uncertainty studies have been initiated (see Sec-
tion 3.3), including the explicit estimation of uncertainty bands for the risk
rebaselining study to be reported in NUREG-1150. NRC contractors have been
encouraged to publish technical papers in scientific journals; aNl code manuals
related to the Source Term Code Package have been completed and published as
reports; and the Source Term Code Package in the form of a computer tape is
available to interested parties upon request.

5.3 Industry Degraded Core Rulemaking Program

The IDCOR group was organized under the auspices of the Atomic Industrial Forum
and is sponsored by about 60 representatives from United States utilities, ven-
dors, and architect-engineers. "The objective of the IDCOR Program Is to develop
a comprehensive, integrated, well-documented, technically sound position on the
issues relating to potentially severe degraded-core accidents, and to provide
the basis for industry participation in the NRC decision process on severe
accidents" (Ref. 5.8).

IOCOR activities were designed to:

1. Identify key issues in the avoidance and control of severe accidents,

2. Develop understanding of the physical phenomena which would occur in these
accidents,
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3. Produce mathematical models to describe the sequence of events,

4. Apply this information as realistically as possible to analyze the severe
accident behavior of several major classes of existing reactors, and

5. Establish the basis for application of these results to all classes of
existing light-water reactors.

The program had no substantial experimental research or probabilistic risk
assessments (PRAs) of its own but instead relied on previous work. The infor-
mation came from the nuclear industry, the national laboratories, the Electric
Power Research Institute, and foreign programs. Many of the sources of infor-
mation are the same as or similar to the sources used by the NRC.

An integrated computer program called MAAP was developed for IDCOR along with
several other computer programs to predict the release of radionuclides to the
environment, to determine risk, and to evaluate the effects of potential plant
modifications. Open meetings were held to discuss technical topics related to
the NRC-supported BMI-2104 suite of codes and the IDCOR-sponsored MAAP code.

The NRC staff, the IDCOR staff, and contractors from both programs met five
times from November 1983 to December 1984 in open meetings to exchange technical
information on the following topics (Refs. 5.9-5.13):

1. Accident Phenomenology and Containment Loading.

2. Fission Product Release and Transport.

3. Containment Loads and Fission Product Behavior.

4. Integrated Analysis of Fission Product Behavior.

5. Baseline Risk Profile and Operating Procedures.

The discussion of these topics was aided by IDCOR's analysis of four plants
with the MAAP code. Although the four plants analyzed by IDCOR are the same
as four of the five plants in the BMI-2104 analyses, comparisons between the
results were difficult to make. In general, even though similar sequences were
selected in some cases, sufficient differences existed in the details of the
sequence definition that the differences in the models used in the two analyses
were obscured. The absence of a detailed review of the MAAP code and these
particular calculations made numerical comparisons difficult.

Nevertheless, based on these discussions, the NRC staff defined a list of tech-
nical issues that are either major contributors to uncertainty in plant risk or
that represent significant differences in modeling assumptions embedded in the
NRC and IDCOR codes. These differences often arise because of assumptions
related to sequence definition, a limited amount of experimental data, and the
interpretations of data.

Additional meetings, all open to the public, have been held with IDCOR since
December 1984 in an attempt to resolve these technical issues. In this case,
resolution is defined as agreement between the NRC and IDCOR on how a specific
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technical issue will be dealt with in the implementation of the Severe Accident
Policy Statement for operating plants. Such resolution would not necessarily
imply agreement within the technical and scientific peer community on the under-
standing of the phenomena related to the issue. In this regard, technical
resolution of these issues is the focus of the NRC research program described
in Chapter 6. Fourteen such issues exist today and the status of their resolu-
tion is described in Appendix B to this document. Since the IDCOR project is
directed at the NRC decision process, resolution of the remaining 14 IDCOR-NRC
technical issues will be pursued by the NRC as part of the regulatory applica-
tion process.

The meetings with IOCOR have been beneficial not only for their designed
purpose--to exchange technical information--but also because they allowed the
NRC staff and its contractors to reflect on their own work in light of the
IDCOR work. While this was not a formal review of the NRC-sponsored work, it
contributed significantly to the overall source term assessment.

5.4 American Nuclear Society

The American Nuclear Society fANS) chartered a special committee in June 1982
to assess source terms. The study was funded in part by a grant from the NRC,
and one NRC staff member participated in committee deliberations. "The Committee
was to review and evaluate the state of knowledge of how to predict a source
term deriving from a severe core damage accident, and to summarize the results
prepared by several investigating organizations" (Ref. 5.14). The study included
the review of reports on the BMI-2104 analytical procedure. The study consisted
of investigating generic phenomena, such as chemistry and thermal hydraulics,
and specific accident sequences. A brief parametric analysis was done for the
Surry plant. The committee was not asked to determine source terms but instead
to compile information and compare findings with the results of the Reactor
Safety Study.

The ANS committee released its findings in a report in September 1984. Their
major finding (Ref. 5.14, p. 8-1) is reproduced below:

"Source terms for severe core damage accidents have been overestimated
by large factors both in government and industry publications. With a small
number of exceptions, estimates of source terms associated with severe
core damage accidents can be reduced from estimates in WASH-1400 by more
than an order of magnitude to several orders of magnitude. The noble gas
fission products (krypton and xenon) are exceptions. Because of their
chemically inert character, they do not undergo the wide range of chemical
and physical interactions which are the fundamental cause of the reduced
release of most fission products. However, the very fact that they are
inert also leads to low radiological consequences from their release.
Specifically, for the four general plant categories, the Committee finds:

For large dry PWR containments, sufficient information exists to
support the calculation of source terms ranging from a small fraction
of a percent to no more than a few percent of the core inventory of
important fission products species.
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A comparable conclusion is reached for the BWR MK-III containment
because of the suppression pool's high availability and effectiveness
in scrubbing fission products, and the large size of the containment.

A similar conclusion is reached for PWR ice condenser containments,
based on the limited available analyses.

Relative to BWRs in MK-I and MK-II containments, studies of most of
the accident sequences produced comparably low releases. However,
some analyses for a few specific accident sequences, in which bypass
of the suppression pool is postulated, result in high reported
releases. The Committee believes that these high release results
are due in part to input assumptions and modeling."

Further findings of the ANS committee are discussed in Chapter 8 of the, ANS

report.

5.5 Other Organizations

Stone and Webster Engineering*Corporation began'investigating source terms after
the TMI-2 accident and have recently presented a report summarizing their work
(Ref. 5.15). The Electric Power Research Institute has placed a high priority
on source term research programs (see Chapter 6) and has participated actively
in the efforts described in sections throughout this chapter. Stone and Webster,
the Electric Power Research Institute, the New York Power Authority, the Union
of Concerned Scientists, Risk Management Associates, the Environmental Policy
Institute, Adlai Stevenson Program on Nuclear Policy, and the Committee to
Bridge the Gap also participated in a public meeting on source terms with the
NRC Commissioners. Presentations at that meeting covered topics ranging from
fundamental source term science, which is the subject of this report, to regula-
tory policy, which is beyond the scope of this report. Many of the comments on
the source term science are being addressed in the continuing research programs
described in Chapter 6. Other comments are currently being evaluated by the
NRC staff. The full text of the presentations made by these organizations
along with the ensuing discussions can be found in Reference 5.16.

5.6 Other Reviews

In addition to the formal or more traditional types of peer reviews, other types
of reviews occurred that were also important as part of the multifaceted review
process, and some of them are discussed below.

Verification Review. An important review of the codes is a line-by-line check
of the codes in areas where problems are expected. The purpose here is not to
assess the validity of the codes, but to ensure that the computer programming
is correct. Considering the large size of the Source Term Code Package, such a
review is practical only when it involves a group of analysts who are knowledge-
able and skillful in using the codes. Such a review was done as a verification
study at the Brookhaven National Laboratory and is discussed in detail in
Section 3.2.1 and reported in NUREG/CR-4629 (Ref. 5.17).
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Review Through Use. Another way that the NRC codes have been reviewed is through
the experience that analysts have had in using the codes. For example, engineers
at the United Kingdom Atomic Energy Authority found an error in the aerosol de-
position model that was brought to the attention of the NRC and corrected. Also,
prior to the verification study discussed above, staff members at the Brookhaven
National Laboratory investigated an error in the viscosity model for a molten
core in a reactor cavity; this was also corrected. The NRC codes have gone
through what amounts to stringent testing because the codes are used by an
international scientific community.

Review of Special Topics. The NRC held meetings to review and critique spec-
ific portions of the NRC research. Such reviews usually involved experts in the
appropriate discipline and often, but not exclusively, NRC contractors. One
such review was done on an experiment at the Sandia National Laboratories that
was to examine the stability of cesium iodide in a radiation field; experts in
radiation chemistry critiqued the experiment and made recommendations to the
NRC. Other examples include reviews of the codes such as the VANESA code.

5.7 Public Comments

The draft version of this report, NUREG-0956, was released for a 90-day public
comment period beginning on August 7, 1985. Because of the large amount of in-
terest that was :expressed, the public comment period was extended an additional
60 days, bringing the total comment period to 150 days. It ended on January 7,
1986. The NRC received 66 comment letters concerning draft NUREG-0956.

To address these comments, all similar comments have been grouped together.
In this way, 48 general categories that represent most of the comments were
identified. Table 5.3 lists these technical and regulatory comment cate-
gories, which are discussed in Appendix C.

5.8 Advisory Committee on Reactor Safeguards

The NRC staff met with the ACRS on a number of occasions to discuss the assess-
ment of source term technology and the preparation of this report. As a result
of those discussions, the ACRS issued two letters. The first ACRS letter regard-
ing NUREG-0956, dated December 12, 1985, addressed the draft report that was
issued for public comment in 1985. That letter has been included with the pub-
lic comments discussed in Section 5.7 and has been replied to in that framework.

Additional meetings were then held with the ACRS to discuss the response that
was being made to the ACRS comments, the public comments on the draft document,
and the changes that were being made for this final version. Subsequently,
another ACRS letter was received dated June 10, 1986, and this letter contained
ten specific comments. The recent ACRS letter and the NRC staff's response to
these comments are presented in Appendix D.

5.9 Summary

Based on experience with the review of NRC codes and on comments from reviewers,
severe accident source term codes should be thoroughly peer reviewed. The Amer-
ican Physical Society study group on severe accidents examined results from com-
puter codes used by a number of government and industry organizations. The
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Table 5.3 Categories of comments on draft NUREG-0956

Topic of comment

Accident Sequence
Advisory Groups
Aerosols
Applications Must Be Known
Bias
Changes in Source Terms
Chemistry--Iodine
Chemistry--Radionuclides
Consider Other Studies
Containment Performance
Control Rod Materials
Core-Concrete Interaction
Core Melt Progression and Modeling
Debris Coolability
Decay of Isotopes
Decisionmaking
Definition of Terms
Equipment Survivability
External Events
Fuel Burnup
Generalizations
High-Pressure Melt Ejection
Hydrogen Combustion
Hydrogen Production
Inadequate Research
Industry Effort
Natural Circulation
NUREG-1150
Operating Experience
Operator Actions
Outdated Technology
Peer Review
Probabilistic Risk Assessment
Regulations--Recommendations
Regulations--Relax
Report--Recommendations
Revaporization and Resuspension
Risk
Secondary Structures
Skill Needed To Use Codes
Steam Explosions
Technical Content Of NUREG-0956
Thermal Hydraulics
TMI-2 Data
Uncertainties--General
Uncertainties--Quantified
Validation
Verification
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study group recommended that the related "theoretical and experimental stu-
dies be published inarchival, peer-reviewed journals, and that the computer
codes together with a clear and complete technical description of the models
and the assumptions be made available to interested parties." Many commenters
from both industry groups and public interest groups echoed the recommendation
for a thorough review. Based on these comments and the large number of correc-
tions and improvements made to the NRC's source term codes as a result of peer
review, a thorough peer review is deemed necessary for source term codes used
in regulatory applications.

The NRC's Source Term Code Package and supporting material have received exten-
sive peer review that, while not exhaustive in every detail, is adequate to
qualify them for use in decisionmaking. Within the NRC's research programs,
there have been staff and management reviews, an uncertainty study, a valida-
tion study, a quality control effort, and experience with NRC-sponsored source
term codes by multiple users. These activities contributed significantly to
the review of the source term technology. In addition, there have been formal
reviews of the NRC's work by a technical expert peer review group and by the
American Physical Society. The NRC's codes and research results have also been
part of the technology under consideration within the Industry Degraded Core
Rulemaking (IDCOR) Program and by the American Nuclear Society and other groups.
Finally, there have been comments from the Advisory Committee on Reactor Safe-
guards and from the general public on the staff's assessment as described in
the draft of this document. The above activities constitute an extensive review
that has taken place over a period of 3 years. While all uncertainties have
not been resolved--and indeed are unresolvable at this time--the staff is satis-
fied that the review has been thorough, that modifications have been responsive
to the review findings, and that sufficient familiarity has been developed such
that the Source Term Code Package and its supporting material can be used in
making regulatory decisions.
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6. RESEARCH

In the process of assessing the source term technology, certain limitations
and uncertainties have been identified that require further research. This
chapter identifies issues that need additional study and evaluation, it summa-
rizes the experimental work that has been done in these important areas, and it
briefly describes plans for further research in these areas. Code validation
is also incomplete. Since code verification and validation are especially im-
portant for source term analysis, a section on that subject is also included.
Additional information on the NRC research programs can be found in Refer-
ences 6.1 and 6.2. Section 6.2, which summarizes experimental work in impor-
tant source term areas, provides additional background information for the
analytical procedures described in Chapter 3.

6.1 Identification of Source Term Issues

Recent source term studies have identified issues that need additional study
and evaluation (see also Ref. 6.3). These issues are the basis for eight major
areas of uncertainty affecting current source term analyses as summarized in
Chapter 3 and identified in Table 6.1. These broad phenomenological areas are
believed by the NRC staff and its contractors to contribute most significantly
to uncertainties in predictions of source terms. The areas listed in Table 6.1
are confined to the scope of this report and do not include areas related to
event probabilities, containment behavior, and offsite consequences.

The American Physical Society in Section VII.F of its report (Ref. 6.4) identi-
fied 18 specific research topics that deserve inclusion by the technical com-
munity in the overall research program. These topics are listed in Table 6.2.
The APS-recommended research topics are more narrowly focused than the broad
areas of uncertainty identified in Table 6.1.

The American Nuclear Society in Section 8.11 of its report (Ref. 6.5) also
identified topics requiring additional investigation. Their eight topics are
listed in Table 6.3.

The Industry Degraded Core Rulemaking (IDCOR) program has also conducted a
major source term study (Ref. 6.6). In discussions among IDCOR representatives,
NRC staff, and contractors, a number of technical issues have been identified.
These issues are either major contributors to uncertainty in plant risk or
represent significant differences in modeling assumptions embedded in the NRC
and IDCOR codes. The IDCOR-NRC issues are listed in Table 6.4 and are de-
scribed more fully in Appendix B to this document.

The above-mentioned issues, topics, and phenomenological areas, while having
somewhat different origins and purposes, are very consistent with each other
and provide an excellent indication of further source term research needs. All
of these needs are addressed in the NRC's Severe Accident Research Plan, which
is described in detail in NUREG-0900, Rev. I (Ref. 6.1).
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Table 6.1 Major areas of uncertainty affecting current
source term analyses

Area of Uncertainty

1. Natural circulation in reactor coolant system

2. Core melt progression and hydrogen generation

3. Steam explosions

4. High-pressure melt ejection

5. Core-concrete interactions

6. Hydrogen combustion

7. Iodine chemical form

8. Fission product revaporization
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Table 6.2 APS recommendations for future research

APS Research Topic

1. Vaporization of low volatility fission products

2. Thermal hydraulics of core-concrete interaction

3. Release of refractory materials in core-concrete interaction

4. Transport of radionuclides through reactor

5. Tellurium behavior

6. Release of volatile forms of iodine

7. Damage progression in core

8. Fragmentation of corium at reactor pressure vessel meltthrough

9. Research on containment breach

10. Containment failure modes

11. Generation mechanisms for aerosols

12. Effectiveness of suppression pools and ice beds

13. Growth and deposition of aerosols

14. Change of sequence by fission product heating

15. Intercomparison of aerosol codes

16. Aerosol deposition on pipes

17. Natural circulation research

18. Integrated severe accident code
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Table 6.3 ANS recommendations for additional investigation

Technical Area Further Description

1. Mechanisms of core degradation

2. Aerosol transport in reactor
coolant system

3. Thermal hydraulics (in RCS)

4. Corium-concrete reactions

5. Containment response and leakage

6. Codes

7. Probability of accidents

8. Uncertainties in estimates of
source terms for severe core damage
accidents

Space and time dependence.
Silver aerosol generation.

Adsorption-desorption.
Chemical reactions. Fission
product self-heating.

Thermal convection loops.
Pump seal failure.

Includes fission product
and aerosol release.

Effects of leaking and plug-
ging. Retention in contain-
ment and secondary buildings.

Validation, verification,
code coupling, etc.

Probability below which
source term should be
disregarded.

Uncertainties should be
reduced.
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Table 6.4 IDCOR-NRC technical issues that contribute to
uncertainties or represent different modeling
assumptions

Technical Issue

1. Fission product release prior to vessel failure

2. Recirculation of coolant in the reactor vessel

3. Deposition of fission products and aerosols in reactor coolant
system

4. In-vessel melt progression

5. Containment failure by in-vessel steam explosion

6. Direct heating of containment by ejected core material

7. Ex-vessel fission product and aerosol release

8. Ex-vessel heat transfer from molten core to concrete
and containment

9. Revaporization of fission products

10. Deposition of fission products and aerosols in containment

11. BWR suppression pool bypass

12. Performance of containment and other reactor buildings

13. Hydrogen ignition and burning

14. Accident sequence definition
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6.2 Status of Research in Important Source Term Areas

In the following subsections, research results in the eight broad areas identi-
fied in Table 6.1 are discussed. The discussions summarize the state of the
art in these areas and also indicate why these areas have special importance in
source term analysis. Many acronyms are used to describe these activities.
The acronyms either refer to test facilities, test programs, or computer codes.
Table 6.5 identifies acronyms for test facilities and programs while Figure 6.1
identifies computer codes. Additional information on the computer codes can be
found in Chapter 4 of NUREG-0900, Rev. 1. Reference to Figure 6.1 is made
again in Section 6.4 below.

6.2.1 Natural Circulation in Reactor Coolant System

Multidimensional natural circulation flow in the reactor coolant system is
believed to occur because of buoyancy effects resulting from temperature and
composition variations in the hot fluid. If flow recirculation occurs in the
vessel, some of the upper plenum fluid may flow back into the core; addition-
ally, if countercurrent flow occurs in the hot leg, some of the hot-leg fluid
may flow back into the vessel. As a result, core temperatures may be lowered,
but upper plenum structures and ex-vessel piping and components, including the
steam generator tubes, may be heated up beyond temperatures expected when
recirculation is not considered. These temperature and flow changes can affect
reactor coolant system integrity, hydrogen generation, and fission product
revaporization.

The Electric Power Research Institute (EPRI) has sponsored 1/7th-scale tests
performed by Westinghouse (Refs. 6.7 and 6.8) to demonstrate natural circulation
and investigate its effects. These tests, using water and sulfur hexafluoride
for easy visualization, are being performed in an electrically heated PWR system
model. Figure 6.2 shows measured results for an initial study that illustrate
the multidimensional flow patterns. This test used water heated by a 28 kW
simulator with steam generators cooling the hot-leg flows.

None of today's integrated source term codes has the capability of predicting
natural circulation flow patterns. Recirculatory flow patterns have been input
to EPRI's CORMLT code (Ref. 6.9) to investigate the effects of natural circula-
tion. Results suggest that the reactor coolant system boundary would probably
fail before the vessel bottom head is penetrated by hot core debris in a high-
pressure TMLB' sequence. This kind of failure would reduce or eliminate the
potential for high-pressure melt ejection and its direct heating effect on
containment atmosphere.

NRC-sponsored work by Theofanous et al. (Ref. 6.10) supports this suggestion,
but it should be pointed out that Theofanous' calculations are based on highly
simplified assumptions, including user-input core geometry and composition. On
the other hand, IDCOR-sponsored calculations with their MAAP code (Ref. 6.11,
Section 3) suggest that temperatures high enough to result in failure of the
reactor coolant system are not achieved. These calculations are also based on
the EPRI-sponsored test results and, like the other calculations mentioned, use
assumed flow patterns that are input to the code.
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Table 6.5 Identification of acronyms for current test facilities
and programs

Acronym Facility or Program

ACRR Annular Core Research Reactor at Sandia National Laboratories.

AMIT Aerosol Moisture Interaction Test Vessel at Oak Ridge National
Laboratory.

BETA Concrete crucible melt facility at KfK, Karlsruhe, Germany.

CORA Out-of-pile severe fuel damage facility at KfK, Karlsruhe, Germany.

DEMONA Quarter-scale containment model for aerosol tests at Battelle-
Frankfurt, Germany.

FITS Fully Instrumented Test Site at Sandia National Laboratories for
studying interactions of molten fuel with coolant.

FLAME Flame Acceleration Measurements facility at Sandia National
Laboratories.

HCOG Hydrogen Control Owners Group experiments performed by Factory
Mutual Research Corp., Norwood, Mass.

LACE LWR Aerosol Containment Experiments initiated by the Electric
Power Research Institute at Hanford Engineering Development
Laboratories.

LMF Large Melt Facility at Sandia National Laboratories for studying
core-concrete interactions.

LOFT Loss of Fluid Test facility at Idaho National Engineering Laboratory.

MARVIKEN Unfueled power reactor used for aerosol experiments in Sweden.

NIELS Out-of-pile severe fuel damage facility of KfK, Karlsruhe, Germany.

NRU National Research Universal. Test reactor at Chalk River National
Laboratory, Canada.

NSPP Nuclear Safety Pilot Plant. Aerosol test facility at Oak Ridge
National Laboratory.

NTS Department of Energy's Nevada Test Site where hydrogen combustion
tests were performed.

PBF Power Burst Facility. Test reactor at Idaho National Engineering
Laboratory.

STEP Source Term Experimental Program sponsored by Electric Power Research
Institute in the TREAT reactor.

SURTSEY High-pressure melt-ejection test facility enclosed in a containment
vessel at Sandia National Laboratories.

TMI-2 Examination of core debris from TMI-2 at Idaho National Engineering
Laboratory (DOE) and Argonne National Laboratory (NRC).

TREAT Transient Reactor Test facility at Argonne National Laboratory's
Idaho site.
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accident phenomena covered by each NRC-sponsored severe
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Figure 6.2 Velocity vectors for natural circulation of water in the
EPRI-sponsored 1/7th-scale tests performed by Westinghouse.
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The NRC is sponsoring true multidimensional flow calculations with several of
the detailed mechanistic codes (MELPROG/TRAC, SCDAP/RELAP5, and COMMIX), but
this work will not be completed until 1987. In light of the conflicting re-
sults mentioned above, the incomplete status of research in this area, and the
fact that none of this work has received a general peer review, a natural cir-
culation adjustment was not made to the Source Term Code Package in the 1985
version that is in current use. However, scenarios have been analyzed with the
Source Term Code Package to examine the effects on source terms of induced
failures in the hot leg and in steam generator tubes (Ref. 6.12, Vol. II).
Uncertainty estimates have been introduced to accommodate natural circulation
effects in the NUREG-1150 risk rebaselining study.

6.2.2 Core Melt Progression and Hydrogen Generation

Adequate experimental data do not exist for zirconium oxidation, maximum melt
temperature, and structural effects after a reactor core starts to lose its
original geometry (i.e., during core slumping). Zirconium oxidation is impor-
tant for at least three separate reasons: (1) it provides a significant in-
vessel heat source, (2) the amount of unoxidized zirconium left in the melt has
a strong effect on the ex-vessel concrete interaction, and (3) the hydrogen
produced affects containment loads significantly. Core temperatures are
obviously important because oxidation, fission product release, and many other
processes depend strongly (exponentially) on temperature. The time at which
vessel failure occurs and the amount of structural steel drawn into the melt
are also important factors. Experiments to study core melt phenomena have been
conducted recently at the KfK laboratory in Karlsruhe, Germany, and at several
U.S. laboratories under the NRC's Severe Accident Research Program.

Out-of-pile tests in the NIELS and CORA facilities in Karlsruhe have been par-
ticularly valuable in revealing the fundamental behavior of basic fuel mate-
rials (Zr, U, 0) under high-temperature severe accident conditions (Ref. 6.13,
p. 4200-97). Figure 3.8 shows an equilibrium pseudo binary phase diagram
between U02 and oxygen-saturated alpha-phase Zircaloy 4 resulting from this
work.(Ref. 6.13, p. 4300-19). As indicated in this figure, alpha-Zr(O) will
dissolve U02 if they are in contact at temperatures in excess of about 1,9000 C.
A eutectic melt is formed with a 15 percent mole fraction of U02 , whereas a
two-phase mixture of liquid with a dispersed (U,Zr)0 2 solid component exists at
higher U02 compositions, analogous to a slush. A mixture of two liquids occurs
at 2,4000C when the U02 mole composition is between 23 and 70 percent. Thus,
it is evident that a large volume of U02 could be dissolved by molten alpha
Zr(O), at temperatures in excess of 1,900°C, given sufficient time and provided
there is intimate contact.

Relatively large-scale integral tests have been carried out in the Power Burst
Facility (PBF) to examine the meltdown behavior of a small region of a core
(i.e., a fuel bundle) under more typical reactor conditions. Figure 6.3 shows
a cross-sectional view of the fuel bundle region for the Severe Fuel Damage
Test 1-4, which is the most prototypical, most recent, and last test to be run
in this series. While it will be several years before all the PBF severe fuel
damage test data are fully analyzed, some data are available (Refs. 6.14 and
6.15). Figure 3.10 shows a metallographic cross section of the posttest debris
found at the lower end of the test train in the earlier Severe Fuel Damage
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Scoping Test. Solid fuel rod stubs (dark circles) are shown to be embedded in
a debris field of once-liquid material. Appearances indicate that the once-
liquid material is most likely a composite of liquefied fuel mixed with molten
zirconium, which apparently slumped to the lower region of the bundle during
the test transient.

Maximum measured temperatures for the PBF severe fuel damage tests ranged from
about 2,0750C to 2,2250 C, but thermocouple failure at the higher temperatures
was common. Posttest calculations with the SCDAP code show good agreement with
measured values up to the point of thermocouple degradation and somewhat higher
temperatures thereafter. Figure 3.9 shows a comparison of measured and calcu-
lated fuel centerline temperatures for one thermocouple location in the Severe
Fuel Damage Scoping Test. A calculated peak temperature of about 2,075*C is
seen in this figure, but postirradiation examination of the debris indicated
higher temperatures. Based on microstructural appearances, temperatures
greater than 2,4000C were indicated, and temperatures as high as 2,8000 C are
believed to have been possible. However, the highest fuel temperatures are
reported to occur locally at the surface of the fuel pellets where reactions
are occurring with the molten cladding; pellet interiors are believed to remain
considerably cooler. Preliminary evaluations of TMI-2 debris have been made,
and peak fuel temperatures have also been inferred from microstructural appear-
ances (Ref. 6.16). Temperatures as high as 2,5000 C to 2,8000C are believed to
have occurred in some of the TMI-2 debris particles. There is obviously a lot
of uncertainty remaining in the maximum fuel temperatures achievable under
severe accident conditions, but it is quite clear that temperatures can easily
reach values that produce molten or liquefied core debris.

Hydrogen production was also measured in the PBF severe fuel damage tests.
Figure 3.11 shows hydrogen production along with average temperatures for Test
1-1.* Significant hydrogen production is seen to continue after fuel relocation
began at about 37 minutes in this severely damaged bundle. As of early 1986,
cladding oxidation after the loss of intact-rod geometry is not well understood,
and this lack of understanding has led to development of different models for
the process. Some analysts have hypothesized that the candling or flowing of
molten cladding will expose Zr (metal) or alpha-Zr(O) to steam thus increasing
the rate of oxidation, which is normally limited by the rate of oxygen diffusion
through the exterior ZrO2 layer (Ref. 6.17, p. 4-52). Others have hypothesized
that the flow of liquid cladding and liquefied debris will block the flow of
steam through the bundle thus reducing the rate of oxidation (Ref. 6.6, p. 6-4).
About all that can be said at this time is that PBF data indicate only partial
flow-area blockages (56 to 91%, see p. A-7 and B-2 of Ref. 6.17) and continued
hydrogen production (Fig. 3.11) throughout the degradation period.

6.2.3 Steam Explosions

During a severe accident sequence, steam explosions can occur if molten core
material comes into contact with water. Three phenomena related to steam explo-
sions have been identified as having potentially significant effects on source
term analysis. One is the threat to containment integrity from an energetic
explosion; the second is the generation of hydrogen from the oxidation of

*The hydrogen peak around 55 minutes is an artifact related to the introduction
of an argon sweep gas at 53 minutes.
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debris particles; and the third is the release of fission products by chemical
and mechanical means. Steam explosions are not modeled in the NRC's Source
Term Code Package or in the industry's source term codes, but allowances for
the effects of steam explosions are being made in the risk rebaselining study
to be published in NUREG-1150. Steam or vapor explosions occur when two
liquids at different temperatures come into physical contact in such a way that
the internal energy, transferred from the hot liquid to the cold liquid, causes
explosively rapid boiling. It is theorized that the most violent type of vol-
canic eruptions are steam explosions (Ref. 6.18). Explosions have occurred in
the metal processing industry. Extensive damage in steel and aluminum found-
ries results from accidental spills of molten metal into water (Ref. 6.19).
Explosions occur in charging electric melt furnaces with scrap metal that
happens to contain rain water. One step in the paper-pulping process recovers
the pulping chemicals (inorganic salt) by burning out the wood residue in a
water-jacketed furnace. Recovered chemicals form a molten smelt (salt) layer
in the bottom of the furnace. Every year, about 1 percent of the pulp-recovery
boilers in North America are destroyed when water is accidentally introduced
onto the smelt (Ref. 6.20). Cryogenic-water explosions occur when a cryogenic
liquid such as liquefied natural gas is poured onto water, which in this case
is the hot liquid (Ref. 6.21).

There seems to be little doubt that simple containment pressurization by the
steam and hydrogen generated from the interaction of core debris with water is
insufficient to threaten containment integrity for large-volume containments
(Ref. 6.22, p. C-7.3). When combined with the absence of effective steam con-
densation, however, such simple pressurization could threaten the integrity of
small volume and low design-pressure containments. Also, the possibility can-
not be completely discounted that an energetic explosion could launch the upper
vessel head, which could then penetrate the containment. This is the alpha-
mode containment failure as defined in the Reactor Safety Study. Figure 6.4
shows a core melt configuration that could initiate an energetic steam explo-
sion. In this scenario, molten core material accumulates in the core region
and is confined by a crust of resolidified rubble. At some point, the accumu-
lation of molten core material gets so large that the crust is penetrated and
a large mass of molten material pours coherently into the water in the lower
plenum. A molten core relocation involving 10 to 20 percent of the core mate-
rials is believed to have occurred during the TMI-2 accident at 227 minutes
after the start of the transient (Ref. 6.23), but alpha-mode failure obviously
did not occur. Figure 6.5 shows the known core configuration in TMI-2 after
the head was removed.

It is unrealistic to picture a steam explosion as a series of separate and
independent steps; in fact, synergistic effects among the interacting factors
are important. Nevertheless, dividing the explosion into distinct events is a
useful concept. The following four stages have been identified for an ener-
getic explosion resulting from a pouring mode of contact (Refs. 6.24 and 6.25).

1. At some depth into the water, the melt and coolant form a coarse mixture.
Given the very high melt temperature, the melt is surrounded by a vapor
blanket so that heat transfer rates are relatively low. During this stage
the system is relatively quiescent.
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2. There is some initiating event, for example, melt contact at the vessel
bottom, that causes a local collapse of the vapor blanket. Local frag-
mentation of the melt occurs causing high heat transfer rates and press-
urization in that region of the mixture.

3. A propagation stage follows during which the local pressurization creates
a shock wave that propagates through the mixture causing fragmentation and
rapid heat transfer from the melt to the coolant throughout the mixture.

4. An expansion stage follows during which the high-pressure coolant expands
doing work on its surroundings. Damage may result from either the high
pressure produced or from the slug impact of materials flowing out of the
interaction zone.

After an initiating event, the propagation stage becomes an autocatalytic mixing
shock wave followed by an expansion stage. For the melt and coolant in a strat-
ified mode of contact (that is, where the molten core material forms a pool on
the lower vessel head with an overlying pool of water), a coarse mixture stage
does not exist.

For a large, energetic steam explosion that threatens vessel integrity to be
possible, a number of factors have to work together. These factors are frac-
tion of core molten, pour diameter, time of trigger, fraction of molten core
that mixes, energy conversion ratio, fraction of molten core participating in
the explosion, fraction of remaining melt and water above the explosion, energy
dissipation by bottom failure, slug composition and impact, upper head and head
bolt temperatures and strength, and containment strength. These factors are
discussed by Berman et al. (Ref. 6.26) and were considered by the thirteen
members of the Steam Explosion Review Group assembled by the NRC (Ref. 6.22).
Consensus on the validity of analytical models was not reached by the group.
However, alpha-mode containment failure probabilities were estimated by most
members of the group. The upper bound conditional probabilities of alpha-mode
failure given a core melt ranged from 0 to 0.1 with "best estimate" values
ranging from 0 to 0.01. The alpha-failure conditional probability for the
Reactor Safety Study was 0.01 with an uncertainty of a factor of 10 in either
direction, and alpha-mode failure did not appreciably contribute to reactor
accident risk in that study (Ref. 6.22, p. C-7.4). Alpha-mode failure is thus
considered to have a low probability and its analysis is not included in the
NRC's Source Term Code Package or in the industry's source term codes. A
consideration of alpha-mode containment failure is, however, included in the
containment event trees for the NRC's risk rebaselining study to be published
in NUREG-1150.

Hydrogen production can be significant during a steam explosion because of the
large-scale intimate contact between water and core debris, which may contain
large amounts of unoxidized Zircaloy and steel. Spencer et al. (Ref. 6.27)
have studied oxidation and hydrogen production in recent corium quench experi-
ments. Hydrogen production from fuel-coolant interactions (whether steam explo-
sions or less energetic events) is modeled in the Source Term Code Package, but
the modeling relies heavily on user input to define the debris configuration.

Debris dispersal and fission product releases accompanying steam explosions are
also of interest. Powers (Ref. 6.28) has recently examined debris dispersal
and fission product releases resulting from steam explosions. Figure 6.6 shows
the size distribution of particles recovered from steam explosion tests. Less
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than 1 percent of the debris mass is in particulate form in the aerosol range
(i.e., smaller than 5 microns). The large particulates that are preferentially
formed would fall out of the atmosphere very quickly and would not contribute
significantly to the fission product aerosol inventory. However, refractory
oxides of fission products like barium, lanthanum, and plutonium, which typic-
ally do not make major contributions to source terms, might have their contri-
butions to the release enhanced significantly.

In the Reactor Safety Study, ruthenium was assumed to be released to the con-
tainment in large quantities (90 percent) in a so-called oxidation release that
accompanied steam explosions. This high release was the result of the assumed
formation of vapors of Ru0 2 , RuO3 , and Ru0 4 in the oxidizing conditions of the
reactor containment atmosphere. Such vapors are not formed extensively in the
more reducing conditions of the reactor coolant system. Ruthenium is believed
to be the only important fission product significantly affected by steam explo-
sion chemical changes. Calculations performed by Powers (Ref. 6.28) indicate
that nearly all the other metals in the debris (mostly iron) would have to
oxidize before ruthenium began to oxidize. Therefore, the oxidation release of
ruthenium may be much smaller than previously assumed. Oxidation releases have
not been included in the Source Term Code Package, and their omission appears
to be justified for steam explosions, although experimental assessment is not
yet available.

6.2.4 High-Pressure Melt Ejection

In accident sequences such as those initiated by station blackout or small-break
loss-of-coolant events, core degradation and melting may take place while the
reactor coolant system remains pressurized. If the reactor vessel is breached
in such a condition, the molten core debris could be ejected under high pressure.
The ejected debris might then be dispersed out of the reactor cavity into the
surrounding containment volume as particles, transferring thermal energy to the
containment atmosphere. In addition, metal contents of the sprayed core debris,
mostly zirconium and steel, could react with oxygen and steam generating chemical
energy, which would further heat and pressurize the containment atmosphere, and
producing hydrogen that may also burn. The mechanical fragmentation of debris
and vapor condensation could also produce fission product aerosols as a result
of high-pressure melt ejection.

Experiments to study high-pressure melt ejection are being sponsored by the NRC
at Sandia National Laboratories (Refs. 6.29 through 6.31) and have been sponsored
by EPRI at Argonne National Laboratory (Ref. 6.32). The small-scale Argonne
tests are reported to show a limited amount of sweepout from the cavity with
little or no heatup of the containment atmosphere, but some pressure rise was
observed in all the tests. It was concluded (Ref. 6.11, p. 9-13) that
extremely fine fragmentation of debris (i.e., aerosol formation) is not likely
and that the configuration of the cavity region in a containment like Zion's
would act as an efficient collector of the debris.

The larger-scale Sandia tests show somewhat different results. Figure 6.7
(Ref. 6.29) shows a diagram of the HIPS test apparatus, which models the Zion
reactor cavity region, and Figure 6.8 (Ref. 6.31) shows a series of photographs
during one of the tests. Table 6.6 shows that the extent of dispersed material
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Figure 6.7 Melt generator and concrete crucible for
Sandia high-pressure melt-ejection tests.

6-19



MELT EJECTION FROM. 1 /10Oth SCALEý CONCRETE, CAVITY-,

C)
~,
C'

4~I
4
J

:,1 )

U

I..
r.3o

- C)
* I j

1
.

,-1.

t='O .1 sec. . .11 ;
ýMELT JUST "EMERGING FROM CAVITY, EXIT.
VELOCITY = 30 mlsec. .
VERTICAL SCALE IS 38 METERS.

t = .5 sec.-,1
,' _MELT EJECTION, FROM CAVITY COMPLETE.

"b AEROSOLNCLOUD BEGINS TOFORM.

=t 1.0 secS.EN t =1. secO. M .
EJECTED MELT REACHES MAXIMUM HEIGHT.' SEPARATIONCOMPLT
PARTICLES BEGIN SEPARATION FROM i' 1 ,/PARTIC LEs FOLLOWING PARABOLIC
AEROSOL.. . - .....- '-- -- : 'TRAJECTORIES.

Figure 6.8 'Debris dispersal from a scaled cavity duringthe Sandia -
HIPS 5C high-pressure melt-ejection tests.



Table 6.6 Debris dispersal from scaled cavities in Argonne and
Sandia high-pressure melt-ejection tests

Test Linear Vessel Cavity Extent of Water in
Lab Name Scale Pressure Material Dispersal Cavity

(psi) (%)

ANL CWTI-5 1:30 735 steel, lavite 62 Yes
CWTI-6 1:30 838 steel, lavite 32 No

SNL SPIT-18 1:20 1852 alumina 58 No
SPIT-19 1:20 1852 concrete 95 No

SNL HIPS-2C 1:10 1720 concrete 99 No
HIPS-4W 1:10 1720 concrete Approx. 95* Yes
HIPS-5C 1:10 985 concrete 99 No
HIPS-6W 1:10 573 concrete Approx. 95* Yes
HIPS-3J 1:10 720 concrete No
HIPS-7C 1:10 794 concrete 98 No

*Crucible destroyed by pressure generated in water pool.
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appears to increase with the scale size of the test. An intense cloud of aero-
sols, which is visible in Figure 6.8, was reported for all the HIPS tests in
contrast to the Argonne tests. The Sandia test HIPS-7C (Ref. 6.30) was specifi-
cally evaluated to determine the effect of particle trapping by the cavity
structure; only 4 percent of the melt was trapped by the structure since the
vigorous splashing caused most of the debris to be reentrained in the deflected
gas stream. Because the Sandia tests were conducted outdoors, no measurement
of the important effect on atmospheric heating was possible. Future tests at
Sandia will be conducted in a new large steel vessel so that the direct heating
effect can be measured.

The effects of high-pressure melt ejection are not modeled in the industry's
MAAP code or in the NRC's Source Term Code Package. IOCOR concludes that.this
would not make a significant contribution to the pressure loading in a PWR
(Ref. 6.11). The NRC makes an allowance for this effect as a contributor to
the probability of early overpressure containment failure in the risk rebase-
lining study, NUREG-1150.

6.2.5 Core-Concrete Interactions

Molten core debris that penetrates the lower head of the reactor vessel will
fall onto the concrete floor or into a concrete cavity underneath the reactor
vessel. The core debris will be very hot and will continue to generate heat
because of its fission product inventory. The core debris will also contain
amounts of unoxidized metals, mainly Zircaloy and steel, which can oxidize dur-
ing the core-concrete interaction releasing more heat. Fission products can
also be released during this interaction.

Two major experimental programs have been conducted to investigate core-concrete
interactions. One, sponsored by the German government, has been carried out in
the BETA facility constructed for this purpose at the KfK laboratory in Karlsruhe.
The other program, sponsored by the NRC, is being conducted at Sandia National
Laboratories. Figure 6.9 shows a diagram of the German apparatus, and Fig-
ure 6.10 shows a photograph that illustrates the size of the BETA facility
(Ref. 6.13, p. 4300-104). Molten masses on the order of 400 kg are preheated
with a thermite reaction, and sustained heating is provided in the concrete
test cavity by radio-frequency induction coils.

Most of the tests in the BETA facility (that test program is now completed)
used test cavities of siliceous concrete, which is the type of concrete used
in German reactor construction. Figure 6.11 shows concrete erosion versus time
for Test V1.3. This was the first BETA test using a metal and oxide melt,
which was comprised of 300 kg steel (82% Fe, 10% Cr, 8% Ni) and 150 kg oxide
(70% A1203 , 30% Si0 2 ). Downward erosion of the melt into the concrete is seen
to dominate this high-temperature interaction. Aerosol production with these
siliceous concrete test cavities is reported to be very low, with concentra-
tions of less than 10- 2 g/m3 (Ref. 6.13, p. 4300-110). It should be noted,
however, that siliceous concrete does not produce as much decomposition gas
(H2 , CO, C02 , and H2 0) as limestone concrete used in some U.S. reactor con-
struction; that the steel used in the tests did not include manganese, the most
volatile major constituent in reactor-type steels; and that the oxide used in
the tests did not include any fission product simulants, which might have
enhanced aerosol production. Very recent tests in the BETA facility with a
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Figure 6.10 Photograph of Karlsruhe BETA core-concrete interaction
facility.

6-24



50

BETA-EXPERIMENT V 1.3
0----0 VERTICAL

o-r---o HORIZONTAL

I

401-

0

cc
2i

30 !-

201

I
I
/
I

4.56 cm/min.
10

I INh q
I.

V0 10 20 30

TIME (Minutes)

Figure 6.11 Melt front progression in Test V1.3 at the Karlsruhe BETA
core-concrete interaction facility.

6-25



U.S. limestone test cavity produced copious amounts of aerosols over a sus-
tained period of time. Data from these tests are not yet available.

Figures 6.12 and 6.13 show diagrams of the test facility at Sandia National
Laboratories (Ref. 6.33). Figure 6.12 shows the test arrangement for the
TURC1T test where the core debris is represented by a thermite charge (200 kg
of 3Fe 3 04 + 8AI). The thermite charge was doped with La2 03 , BaO, CeO2 , Zr02 ,
Ni, Mn, and Mo to simulate fission products, zirconium, and steel. Figure 6.13
shows the test arrangement for the TURCiSS test, where the core debris is re-
presented by 202 kg of Type-304 stainless steel. The steel was also doped with
fission product simulants. The test cavity consisted of a castable MgO cylin-
der with a limestone/common-sand concrete slug in the bottom to provide for a
one-dimensional measurement. Figure 6.14 shows the concrete erosion profiles
for TURCIT and TURCISS. Aerosol instrumentation was damaged during the TURCIT
test although a dense aerosol cloud was observed. Dense aerosols were also
observed for the TURCISS test, and measured densities ranged from 53 to 80 g/m3

during the first 60 seconds of the test, falling to about 2 g/m3 in 4 minutes.
Note that the TURC tests did not have sustained heating so that temperatures
fell rapidly during the test. Additional tests with sustained heating are
planned at Sandia.

Other tests at Sandia National Laboratories have investigated the effects of
overlying water pools since in some cases the reactor cavity may be flooded and
the core debris may be submerged (Ref. 6.34). Experiments with stainless steel
melts in water-cooled cavities (the SWISS series of tests) show that melt-concrete
interactions are little affected by an overlying water pool. Figure 6.15 shows
measurements from which this conclusion was reached. An overlying water pool
will, of course, have a big effect on retention of aerosols, and this effect
is included in the models used for source term analysis. Several tests in the
SWISS series also indicate that decontamination of flooded melts may be enhanced
by a solidified, cool crust, which can filter particles and condense vapors.

6.2.6 Hydrogen Combustion

Combustible gases will likely result in one or more combustion events inside
noninerted containments, and they can also lead to combustion in adjacent struc-
tures, e.g., the secondary building, following failure or venting of both in-
erted and noninerted containments. Combustion can contribute to containment
and secondary building failure by overpressurization due to deflagration or
detonation, missile generation, and equipment failure due to thermal or press-
ure effects. Combustion can also affect the source term by altering the chemi-
cal state of fission products and by resuspension of fission products from
surfaces. Hydrogen combustion is modeled in the NRC's Source Term Code Package
and in the industry source term codes as a deflagration (burning) process.
Uncertainties associated with hydrogen combustion involve (1) hydrogen trans-
port and mixing, (2) ordinary deflagrations, (3) accelerated flames and the
transition from deflagration to detonation, (4) detonations, and (5) diffusion
flames. These topics are discussed briefly below.

It is generally acknowledged that hydrogen transport and mixing in an LWR con-
tainment are sensitive to the hydrogen injection rate, the availability of
forced circulation or induced turbulence, the plant geometry, and the Initial
containment temperature distribution. If fans are operating, there will be

6-26



XVENT PIPE

COVEI

HERMITE MELT
GENERATOR

FLOW PATH
"-'1 INSTRUMENTATION

INTERACTIOI
CHAMBER

PORTCULLI!

2. 3m

,FILTER

\ N

Figure 6.12 Core-concrete interaction test TURCIT experimental
setup at the Sandia LMF facility.

6-27



2.3 m

Figure 6.13 Core-concrete interaction test TURCISS experimental
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rapid and good mixing in the containment; containment sprays also promote good
mixing. Several research efforts, including large-scale experiments and multi-
dimensional thermal-hydraulic analyses, have been completed which generally
confirm this characterization of transport and mixing (Refs. 6.35 through 6.37).
Transport and mixing in the lower compartment of ice condenser containments
have been studied in a series of large-scale tests performed by the Hanford
Engineering Development Laboratory (Ref. 6.35). For the scenarios simulated,
the results of the Hanford tests show that good mixing in the lower compartment
can be expected if the air-return fans remain operational. For large, rela-
tively unconfined regions of containment such as the upper compartment of an
ice condenser or large, dry containment, analyses performed by Sandia (Ref.
6.36) indicate that the operation of containment spray systems will result in
the establishment of significant air currents conducive to hydrogen mixing
(approximately 10 m/s). The results of large-scale hydrogen combustion tests
performed at the Nevada Test Site (Ref. 6.37) appear to support qualitatively
the notion that operation of either fan or spray systems will result in a well-
mixed atmosphere. Similarly, the Nevada tests suggest that, for certain break
conditions, 'hydrogen concentration gradients can exist if both containment
spray and fan systems are inoperable.

A general understanding of the parameters that have a major impact on deflagra-
tions has existed for several years. For example, lower flammability limit
values for hydrogen in air saturated with water vapor at room temperature and
pressure were determined by Coward and Jones (Ref. 6.38) to be 4.1 percent
hydrogen for upward propagation, 6.0 percent hydrogen for horizontal propaga-
tion, and 9.0 percent hydrogen for downward propagation. These limits are
still generally accepted. In reactor accidents, however, the conditions inside
containment prior to combustion may include elevated temperature, elevated
pressure, and the presence of steam. The more recent experimental programs
provide additional confidence in our understanding of combustion behavior under
expected plant conditions- and have resulted in a reasonably complete data base
at several scales for ignition limits, combustion completeness, flame speed,
and burn pressure for hydrogen-steam-air mixtures. As part of these experimen-
tal and analytical programs, relationships have been established to describe
the effect on the aforementioned combustion parameters due to the operation of
engineered safety features and the presence of water fogs. A lesser amount of
information has been obtained concerning the effects of carbon monoxide and
aerosols on the combustion behavior; however, a basic understanding of these
effects also exists. Specifically, the lower flammability limits for hydrogen,
air, and carbon monoxide mixtures are predicted with reasonable accuracy.

McGill University researchers (Refs. 6.39 and 6.40) have investigated the rate
of flame acceleration through obstacle fields as a function of obstacle configu-
ration, degree of venting, and hydrogen concentration in dry air. In tests in
unvented channels with various blockages, noticeable flame acceleration and
deflagration-to-detonation transition (DDT) were observed only for hydrogen
concentrations in excess of 13 to 15 volume percent (see Fig. 6.16). Further
tests to investigate the effect of channel venting on flame acceleration showed
that only a minimal amount of venting (approximately 10 percent) was necessary
to preclude significant flame acceleration. The first series of tests con-
ducted in the large FLAME facility at Sandia (Ref. 6.41) investigated the
effects of top venting in an obstacle-free channel. In these tests, top vent
areas of 0, 13, and 50 percent were considered with hydrogen concentration
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ranging from 7 to 30 percent. Significant flame acceleration or DDT was not
observed in any tests with 50 percent top venting regardless of hydrogen con-
centration. For tests with either no top venting or 13 percent top venting,
DDT occurred when the hydrogen concentration exceeded 24 percent hydrogen.
Additional tests in the FLAME facility are planned to investigate the effect of
obstacles on flame acceleration. In preliminary tests, DDT has been observed
for conditions of 28.5 percent hydrogen, with 50 percent venting and with the
presence of obstacles simulating ice condenser air refrigeration units in the
FLAME channel.

Major questions regarding detonation of a flammable mixture include (1) whether
the mixture is detonable, (2) whether the ignition source is of a sufficient
energy level to directly initiate a detonation, and (3) whether the geometric
confinement is sufficient. Testing at Sandia has confirmed a previously estab-
lished relationship between detonation cell size and hydrogen concentrations in
hydrogen and air mixtures (Refs. 6.42 and 6.43). Results indicate that for
hydrogen-air mixtures at room temperature and atmospheric pressure, the detona-
tion cell size ranges from approximately 0.6 inch for a stoichiometric mixture
to approximately 2 feet for a mixture with 15 percent hydrogen. The Sandia
tests have also confirmed the effect of mixture temperature and steam concen-
tration on the required hydrogen concentration and cell size for detonation.
The results confirm that these two effects oppose each other. Higher initial
temperatures were found to decrease the cell size, while higher steam concen-
trations were found to increase the cell size. The effects of steam dilution
are partially offset by the decrease in cell size due to the higher initial
temperature and pressure in the steam tests.

It is possible that hydrogen may burn simply as a diffusion flame. A diffusion
flame is one in which the burning rate is controlled by the rate of mixing of
oxygen and fuel. For the hydrogen to burn in this manner, it is necessary that
at some locations the mixture be within flammability limits. The diffusion
flame can begin either because of flashback from an outside ignition source or
because the mixture temperature is above the spontaneous ignition temperature.
The diffusion flame will develop at a distance from the orifice such that the
turbulent burning velocity is equal to the gas flow velocity. There is evi-
dence to suggest that for a particular set of conditions (temperature, press-
ure, and composition), there is a minimum orifice diameter of a fraction of an
inch or less. Experimental work on diffusion flames is being performed at the
Nevada Test Site, at Sandia National Laboratories, and by the Hydrogen Control
Owners Group (see Section 6.3.3).

6.2.7 Iodine Chemical Form

Following the Three Mile Island accident, considerable interest was generated
in the chemical form of iodine in severe accidents. Because of the apparent
small release of iodine to the containment, it was concluded that the chemical
form of iodine must have hindered its release from the reactor coolant system,
and, in particular, cesium iodide (CsI) was identified as the predominant io-
dine chemical form. In fact, there is very little evidence from the TMI acci-
dent that indicates what the chemical form of the iodine was during reactor
coolant system transport. The release to the containment was at all times
scrubbed through a pool of water in the reactor coolant drain tank, and the
often quoted airborne concentrations (Ref. 6.44) at 75 hours in the containment
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are as consistent with an 12 chemical form as a CsI chemical form. Some evi-
dence concerning the chemical form of iodine can be derived from chemical com-
positions of water samples from the sumps at Three Mile Island. These samples
show iodine to be in an ionized form (Ref. 6.45). These results were Inter-
preted as indicating that iodine was in the form of an iodide salt before
entering solution. In contrast, however, there is an indication (Ref. 6.44) of
some difference in the spatial distribution of iodine and cesium on walls and
horizontal surfaces of the containment building leading to the implication that
iodine and cesium were not transported in the same form.

During the years after the Three Mile Island accident, a technical basis was
developed using multicomponent chemical equilibrium computer codes to establish
CsI as the most likely chemical form for iodine under severe accident conditions
(Ref. 6.46). NUREG-0772 adopted the position that a variety of iodine species
would form in the reactor coolant system but that the predominant form was
likely to be cesium iodide. For this reason the BMI-2104 code suite (Ref. 6.47)
and the related Source Term Code Package (Ref. 6.48) focused on cesium iodide
transport in the reactor coolant system. BMI-2104 recognized that, regardless
of the chemical form in the vessel, some volatile iodine species would form in
the containment. The contribution of these more volatile forms to the environ-
mental source term was treated with a simple assumption in BMI-2104 and was
only significant for sequences in which the release of radionuclides was
otherwise very small.

Despite almost universal acceptance of the predominance of cesium iodide, there
has been growing evidence over the past 5 years of processes that can enhance
the production of more volatile iodine forms. Hydrogen combustion, radiolysis
in water-shrouded aerosol particles, and radiolysis in water pools have each
been shown to produce volatile iodine in the containment. The reaction between
84 C, CsI, and steam in BWRs has been postulated as another potential source of
volatile iodine, and some experimental data suggest that CsI will be converted
to more volatile iodine forms by radiation in the reactor coolant system. Other
studies, however, continue to show that CsI is the preferred form. The para-
graphs below review some of the evidence.

At Battelle Columbus Laboratories, an experimental program is being conducted
to study the chemical forms of the fission products during release from fuel.
The experiments are carried out in an electrically heated system that is equipped
with an online mass spectrometer. Irradiated fuel is heated to various temper-
atures and the quantities and chemical forms of the released materials are
measured by the mass spectrometer as a function of time. Preliminary results
show that the activation energies of release are different for cesium and
iodine, indicating that cesium and iodine move through the fuel separately and
at different rates (Ref. 6.49). Thermodynamic analysis for these experimental
conditions also shows that CsI is present only in negligible concentration in
the immediate environment surrounding the fuel. It Is expected that for reac-
tor accident conditions, at least those with fresh fuel, the small amounts of
cesium and iodine released relative to the more abundant steam and hydrogen
present in the reactor core at high temperatures would favor the formation of
separate cesium and iodine species.
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On the other hand, out-of-pile experiments conducted at the Oak Ridge hot cell
facility (Ref. 6.50) showed that the observed behavior of iodine was consistent
with that of CsI. The experiments, which were intended to determine fission
product release from fuel rods, were carried out with commercial irradiated
fuel. The fuel was heated in steam at temperatures up to 2,000*C. A thermal-
gradient tube was attached to the furnace outlet for fission product deposition
at lower temperatures. Fission products that were transported through the tube
were subsequently passed through a series of filters to trap particles and cold
traps to trap vapor species. Cesium and iodine were found together on the
thermal-gradient tube in the temperature region where the presence of CsI had
been confirmed in earlier tests with simulants. Little iodine was found beyond
the particle filters indicating that iodine was not being transported as a
vapor species.

To determine if ionizing radiation alters the chemistry of radionuclides, scop-
ing experiments were conducted at Sandia National Laboratories in a radiation
environment (Ref. 6.51). The first few of these experiments were repetitions
of experiments previously done in laboratory studies without a radiation field
present. Several experiments were carried out in a steel pipe, part of which
was exposed to a cobalt gamma source. Deposition coupons were placed in the
pipe to study any deposition reactions. CsI or AgI and steam were passed
through the pipe at the designated conditions. These compounds involving
iodine were examined in the initial testing phase since they were thought to be
most susceptible to alteration by ionizing radiation. These types of tests
have been repeated a few times with conflicting results leading to the percep-
tion that at least one variable of importance to iodine chemistry has not been
adequately controlled. More tests of this type are to be run.

This type of experiment is also being repeated independently in an EPRI-sponsored
program at the Whiteshell Laboratory in Canada. At the time of publication of
this report, the Canadian tests have not been run.

Radiation may also alter the chemical form of material in the containment by a
general process known as radiolysis. Iodine reacts with radiolysis products to
yield a distribution of species that would not form in the absence of radiation.
Radiation effects on iodine have been studied at the Oak Ridge National Labora-
tory in four different situations (Refs. 6.52 and 6.53): (1) in water pools
containing inorganic iodide ions, (2) during evaporation of water pools,
(3) under conditions leading to the formation of organic iodides, and (4) in
reactions with impurity silver.

Iodide ions in aqueous solution, such as that in the containment sump, can be
readily oxidized to 12, but the extent of iodide ion conversion to 12 as well
as the rate of conversion depends strongly on solution pH. The effect of this
conversion is to increase iodine volatility. For example, at a pH of 6, the
partition coefficient (concentration of iodine in the aqueous phase divided by
the concentration of iodine in the gas phase) was greater than i05 without radi-
ation. With 1 megarad of gamma radiation, the partition coefficient decreased
to less than.103 . At a pH of 9, the effect of radiation on the partition coef-
ficient is not apparent; the partition coefficient remains greater than i05.
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Studies of iodine volatilization during evaporation to dryness of cesium iodide
solutions, which may be relevant to conditions in any overheated small water
pool, have also shown that radiation resulted in an order-of-magnitude increase
in the iodine volatilized. For example, at a starting pH of 6, 55 percent of
the initial iodide was volatilized with radiation while only 6.8 percent was
volatilized in the absence of radiation. On the other hand, at a starting pH
of 9, 22 percent was volatilized with radiation and 1.8 percent without.

Organic iodides have been produced in aqueous 12 solutions under irradiation.
When 1 x 10-2 moles of methane were bubbled through a 1 x 10-4 molar 12 solution
with 1 megarad of gamma radiation (a condition that may exist in BWR suppression
pools), more than 20 percent of the initial iodine was converted to organic
iodide. In an identical test without radiation, less than 10-3 percent was
converted to organic iodide. It has been observed that there is a linear in-
crease in percent conversion to organic iodine with increasing methane concen-
tration. However, the absolute amount of organic iodide formed is relatively
insensitive to changes in iodine concentration, and the percent conversion
increases only slightly with increasing iodine concentration.

A luminescence microprobe was used to investigate deposited fission products
in the PBF severe fuel damage test series. This technique was used to examine
Test 1-3 deposition samples where 1-131 had been measured (Ref. 6.54). Only
one CsI particle was identified on the samples examined from Test 1-3. By the
time of the luminescence examination, 1-131 had decayed away, but based on the
fact that significant stable and long-lived iodine isotopes are also present
along with long-lived cesium, significant CsI could have been expected to be
present on the samples at the time of the examination. Unfortunately, the
analysis techniques did not prove to be adequate for positive identification of
CsI in the complex mixture of these deposits.

Thermochemical equilibrium calculations supported by chemical kinetics calcula-
tions have been used to describe the observed behavior of iodine and cesium in
the PBF tests (Refs. 6.15 and 6.55). This analysis suggests that HI and CsI
would be the major forms of iodine generated in the steam and-H2 effluent in
the trace-irradiated fresh fuel tests (Scoping Test and Test 1-1) where exact
partitioning between HI and CsI is dependent on fission product concentrations.
However, in either case HI converts to CsI in the PBF sample system as the
effluent temperatures are lowered. On the other hand, for the tests with
higher burnup fuel (Tests 1-3 and 1-4), the more prototypic iodine and cesium
concentrations may have been high enough to favor CsI formation in the effluent
rather than HI.

Past experiments (Refs. 6.56 through 6.59) conducted to measure fission product
release in-pile at the Oak Ridge Research Reactor and the TREAT reactor did not
detect the presence of volatile iodines in their sampling systems. Fission
products released from fuel were passed through particulate and activated char-
coal filters. Most of the cesium and iodine were found on the particulate fil-
ter. This indicates that little or no volatile iodine was formed.

Airborne samples collected in the containment building for the LOFT FP-2 test
were analyzed by gamma ray spectroscopy and found to contain 1-131, 1-132, 1-133,
and 1-135 as molecular iodine (02), methyl iodine (CH3 I) and "hypoiodius acid
HOI" (Ref. 6.60). Preliminary estimates indicate that less than 1 percent of
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the bundle inventory of radioiodine at the time of the test was present in the
containment during the sampling period. Since these fission products and others
originated as a result of leakage from the LOFT primary system, blowdown sup-
pression tank, and sampling systems into the containment, they do not represent
the species distribution of all iodine released in the test. Nevertheless,
samples were collected for several days following the test by a radioiodine
species sampler capable of determining the various chemical forms of the radio-
iodines. Samples collected immediately after the test indicated 1-131 to be
present in large fractional amounts as molecular iodine and smaller fractional
amounts of CH3 I and "HOI." As sampling continued, the amounts of 1-131 as mo-
lecular iodine (02) decreased while the concentration of methyl iodine (CH3 I)
increased, indicating 1-131 as 12 was being converted to CH3I. For 1-132, the
dominant chemical form was molecular iodine (12), which remained in high con-
centrations during the entire sampling period. Only small fractions of 1-132
as CH3I and HOI were determined. Since a significant fraction of the core
inventory of radioiodine is expected to have been released to the reactor cool-
ant system and the blowdown suppression tank, analysis now under way of samples
from these locations will enable us to learn the chemical form of the bulk of
the released iodine.

A series of scoping tests was conducted at Sandia National Laboratories to study
the effect of H2 burning at various hydrogen concentrations on CsI behavior in
the containment (Ref. 6.61). The initial aerosol composition used was 90 per-
cent A12 03 and 10 percent CsI by weight and was kept the same for all tests.
Airborne samples of aerosols and gas were collected batchwise as a function of
time. These samples and the fallout samples collected at the end of each test
were partly analyzed. Results from the test with 30 volume percent of hydrogen
in air (stoichiometric composition) showed that as much as 75 percent of the
input CsI was decomposed. Most of the dissociated iodine was in the form of
12. The amount of volatile iodine was found to increase as the initial hydro-
gen concentration was increased from 9 volume percent to the stoichiometric
composition of approximately 30 volume percent. Analysis of the remaining
samples is under way.

Considering all the above, it is clear that the chemical state of fission prod-
uct iodine is not necessarily fixed at all stages in the course of an accident.
The evidence on the relative amounts of CsI and the more volatile forms of
iodine is qualitative and conflicting at this time. Experimental work to
resolve this issue is continuing. The Canadian test on radiation effects will
be run in late summer of 1986. Data evaluation for all of the programs men-
tioned above is continuing. Data from the EPRI-sponsored Source Term Experi-
mental Program in the TREAT reactor will also be available soon. In the mean-
time, several things can be said and done. First, all the base-case analyses
currently being performed for the NRC risk rebaselining study continue to use
the assumption that iodine is in the form of CsI. Second, the chemical form of
iodine is certainly important, but it is probably less important than commonly
believed. This is so because (a) CsI is not a nonvolatile substance and its
vaporization is accounted for in the Source Term Code Package, (b) the more
volatile forms of iodine do not behave as noble gases and retention mechanisms
would operate, and (c) some important sequences are dominated by other radio-
nuclides. Third, with relatively minor modifications, the Source Term Code
Package could handle more volatile iodine species if they were found to be
present in significant amounts. And fourth, with models that are being
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developed to account for the important processes, a sensitivity study has been
performed to investigate the range of effects of different split fractions of
CsI and other volatile chemical forms of iodine. The results of this study are
presented in Section 4.13, and these results are being used as the basis for
quantifying the uncertainty due to unknown chemical forms of iodine in the risk
rebaselining study to be published in NUREG-1150. While it may be possible to
bound these uncertainties on the basis of current technology, additional
research is needed to reduce this uncertainty.

6.2.8 Fission Product Revaporization

During the course of an accident, piping and upper plenum surfaces may heat up
enough to revaporize fission products that had previously been deposited in the
reactor coolant system. Heatup may result from the continued flow of hot gases
from the core region, including the effects of natural circulation, and from
the decay energy residing in the accumulating fission product deposits. Because
surface temperatures may be as high as 1,0000 C, but well below 2,000*C (steel
melts around 1,5000C), only the volatile fission products (cesium, iodine, and
tellurium) would be affected.

The rate of revaporization of these fission products will depend on the vapor
pressure of the chemical form that exists in the deposits. None of the current
source term codes models the chemical deposition process mechanistically. The
assumed chemical forms for most current studies, including this one, are CsI
for all of the iodine, CsOH for the balance of the cesium, and Te metal or metal
tellurides for tellurium. Figure 6.17 shows the Vapor pressures of these spe-
cies in their pure form. A recent review (Ref. 6.62) of experimental data on
the interactions of CsI, CsOH, and Te with reactor materials provides the fol-
lowing insights. The salt CsI does not react readily with reactor materials so
that the behavior of CsI is best characterized by the revaporization of pure
CsI. The hydroxide CsOH, while it does not react rapidly, does form a more
stable condensed phase compound on steel surfaces. The compound has been found
to contain silicon from the steel and is believed to be Cs2 Si 4O9 . Cesium, which
was initially in the form of CsOH, would thus evaporate (revaporize) at a lower
rate than pure CsOH. Tellurium metal reacts rapidly with unoxidized iron and
nickel alloys to form iron and nickel tellurides. These tellurides can be fur-
ther transformed to even more stable compounds by prolonged heating. Therefore,
a large reduction in the tellurium vapor pressure is caused by these interactions.

None of the current source term codes models these chemical reactions mechanist-
ically, Furthermore, CsI, CsOH, Te, and steel are not the only chemical species
present during a reactor accident; core debris and aerosols contain many other
species with which these volatile fission products could react. And, of course,
structure and surface temperatures are not well modeled because of the difficul-
ties already mentioned in treating natural circulation and thermal hydraulics
after core degradation and vessel failure occur. Nevertheless, a number of
analytical studies have been performed recently including those by the NRC
(Ref. 6.63) and Stone and Webster (Ref. 6.64). However, details of these stu-
dies have not been reviewed although they will provide insights into the signif-
icance of this issue.
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6.3 Plans for Further Source Term and Containment Loads Research

Section 3.2 of NUREG-0900, Rev. 1 (Ref. 6.1) describes in detail the source
term and containment loads part of the NRC's severe accident research program.
This part of the research program is divided into four subareas, and the
planned activities for these subareas are summarized below.

6.3.1 In-Vessel Melt Progression Research

Planned activities for in-vessel melt progression research are illustrated in
Figure 6.18. The major code activities during the FY 1985-to-FY 1987 period are
improvement of the models in the developing SCOAP and MELPROG codes and assess-
ment or validation of these models with the data that become available. These
two codes have different capabilities and different applications. The SCDAP
code includes the detailed rod geometry and treats the state of the core during
the earlier stages of core-uncovery transients and is particularly useful for
analysis of accident recovery by core reflooding as at T1I-2. It currently
models the details of core degradation (oxidation and hydrogen production, rod
rupture, melting, material relocation, and fission product release) and the
behavior of fuel rods, control rods, and other structures in the core. It in-
cludes modeling of reactor system thermal hydraulics and the release, transport,
deposition, and resuspension of fission products and aerosols. The code includes
models for multidimensional flow and for BWR control blades and canister walls,
thereby having the capability to analyze both PWRs and BWRs.

The MELPROG code treats the in-vessel progression of core melting, liquefaction,
relocation, attack on the reactor internal structure and the vessel, mode of
vessel failure, and the initial conditions for melt entry into the reactor
cavity and the containment. Modeling to allow analysis of BWRs as well as PWRs
will be added. MELPROG will also have fission product retention and transport
modules added that incorporate the models of the TRAP-MELT transport code. A
special fission product behavior code, VICTORIA, which will accommodate results
of the current fission product release research, is also being added. Both the
SCOAP and MELPROG codes have been linked to appropriate thermal-hydraulic codes
to incorporate the potentially significant effects of in-vessel natural convec-
tion on core melt progression. Because of the internal structure of the codes,
and for other reasons, the SCDAP code has been linked to the RELAP5 thermal-
hydraulic code, and the MELPROG code has been linked to a two-dimensional
version of the TRAC code. By FY 1988, these codes in their MOD-2 versions will
provide advanced tools for the mechanistic analysis of in-vessel melt progres-
sion behavior in severe LWR accidents. The governing models in these mechanis-
tic codes will have undergone validation testing by comparison with data gener-
ated in the research program. Particularly for the MELPROG code, however,
large-scale integral validation will not be possible although useful integral
data will be obtained from the TMI-2 core and vessel examination. The valida-
tion program for the MELPROG code will use small-scale experiments starting in
FY 1987. These codes can be used for detailed analysis of the more difficult
and risk-significant accident sequences, for analysis of experiments, and for
benchmarking the advanced integrated code, MELCOR. At that time, the need for
further analytical or experimental work to further reduce the uncertainties in
the assessment of severe accident consequences and risk will be examined.
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The final PBF severe fuel damage test, SFD 1-4, with high-burnup fuel, Ag-In-Cd
control rods, and online aerosol diagnostics, was performed in FY 1985. Analy-
sis of results, postirradiation examination, and preparation of reports will
continue through FY 1986 and FY 1987 and into FY 1988.

The PBF results furnish an integral (i.e., multiple interactions) data base on
in-vessel behavior under core uncovery accident conditions. These results in-
clude in-vessel fission product release, chemical form, transport and deposi-
tion, and aerosol generation with high-burnup fuel and control rod materials.
Also included are data on hydrogen generation and the state of the core during
melt progression up to the approximately 2,2250 C temperature at the end of the
rapid steam oxidation transient.

Two NRU full-length coolant boildown tests to 2,2250 C are to be performed in
FY 1986. These tests are primarily for full-length validation of the modeling of
oxidation and hydrogen generation in the SCDAP and MELPROG codes. This model-
ing is currently based on data from PBF and ACRR with short fuel bundles. The
first test, FLHT-2, will use a coolant boildown transient to 2,225*C, where
temperature will be held for about 20 minutes to determine effects on fuel
damage of extended time at high temperatures. A full-length high-temperature
melt progression and source term model validation test with high-burnup fuel is
planned for late FY 1987. These full-length NRU tests will provide definitive
integral data on oxidation and hydrogen generation for resolution of this
issue. Future use of NRU is seen for accident management testing of recovered
accidents with core reflooding.

The last of the ACRR fresh-fuel melt progression experiments, DF-4, will be
performed in FY 1986. This experiment will contain a BWR boron carbide control
blade in the fuel bundle to provide data on the effects of such materials on
core melt progression, on aerosol generation, and on the chemical environment
in the core, which is important for fission product behavior. This experiment
will furnish unique data for use in the BWR versions of the SCDAP and MELPROG
codes. In FY 1987 and FY 1988, two small integral melt progression experiments
will be performed in ACRR to provide data on processes during the later stages
of core melt progression, including attack on the reactor vessel.

Special experiments will start in FY 1986 for validation testing of the key
models in the MELPROG code. Sensitivity studies with the MELPROG code will
determine the phenomena that require new experimental data, and appropriate
small in-pile or out-of-pile experiments will be performed. Phenomena that
determine the maximum fuel temperatures reached during core melt progression
appear to be among the most important.

Throughout this period, data from the out-of-pile experiments on melt progres-
sion phenomena will become available from NRC work on Zircaloy oxidation rates
and the viscosity of liquefied fuel. Data will also become available from a
German program (in connection with the NRC's foreign partners program on
Severe Fuel Damage and Source Terms) on the thermodynamics and kinetics of the
zirconium-uranium-oxygen system and out-of-pile integral experiments on fuel
rod oxidation and fuel liquefaction and relocation. Work performed in the new
CORA facility at the Karlsruhe laboratory in close cooperation with NRC will
provide important data for assessment and validation of the models in the SCOAP
and MELPROG codes.
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Data from the TMI-2 core examination and LOFT FP-2 will also become available
throughout this period, and these data will be used to test the models in the
SCDAP and MELPROG codes.

6.3.2 Fission Product Behavior Research

A schedule of programmatic activities for fission product behavior research is
provided in Figure 6.19. Release data at high pressures, higher temperatures
(about 2,1000C), oxidizing and reducing environments, and with fuels of various
burnups have not yet been determined. The programs addressing these needs are
the out-of-pile experiments at Oak Ridge and Battelle Columbus, the in-pile
separate-effect experiments in the ACRR facility, and the integral experiments
in PBF and NRU. The PBF severe fuel damage tests have been completed, but
sample and data analyses will continue. Investigation of the effects of temper-
ature, burnup, and other parameters at ambient pressures will be the focus of
the Oak Ridge tests, while release at high pressures will dominate the Battelle
experimental matrix. Two separate-effect fission product release experiments
in ACRR will provide confirmatory data under in-core accident conditions, in-
cluding particularly the effects of radiation and pressure. An NRU experiment
will provide integral confirmation of the in-pile and out-of-pile separate-
effect experiments. VICTORIA code validation will be carried out as results
from the above programs become available.

Experiments are being conducted at the Oak Iidge core melt facility to study
the extent of boron carbide control rod oxidation by steam and the subsequent
reaction with cesium iodide in the presence of core materials. Confirmatory
in-pile data on boron carbide control rod behavior will also be obtained at the
ACRR facility (DF-4 test).

The high temperature fission product chemistry program at Sandia will continue
to obtain kinetic data on the interaction between volatile fission products and
aerosols. Investigation of the effect of radiation on fission product retention
in the reactor coolant system will also be part of the work scope of this program.
Integral calculations to assess the impact of fission product revaporization on
severe accident source terms are being planned and would likely fall under the
scope of this program.

The last of the Oak Ridge aerosol transport tests will be conducted in FY 1986.
The program will be subsequently redirected to focus its efforts on the study
of fission product and aerosol resuspension.

TRAP-MELT code validation under high-velocity conditions will be carried out by
Battelle with data obtained from the LACE test program (Tests LA1 and LA3)
sponsored by the Electric Power Research Institute, the NRC, and others.

6.3.3 Containment Loads Research

Planned activities for fuel-structure interactions and containment analysis
research are shown in Figure 6.20. Further tests are planned at Sandia to aug-
ment the existing data base for the long-term behavior of molten core debris
collected in a reactor cavity. All tests are scheduled to be completed in FY
1986, but analyses of the test data and development of analytical models will
be extended into FY 1987. Sandia's Large Melt Facility (LMF) will be used
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Figure 6.19 Planned activities for fission product behavior research.
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Figure 6.20 Planned activities for fuel-structure interactions and
containment analysis research.



to produce molten corium needed for these tests. However, a method will have
to be developed to simulate decay heat in the core material.

High-pressure ejection tests in the SURTSEY facility will begin late in 1986
and will continue into 1988. These tests seek to quantify the influence of
such parameters as initial conditions and melt properties on debris dispersal
characteristics (particle size distribution, amount dispersed, etc.) and con-
tainment heating. The main issue addressed by the high-pressure ejection tests
is rapid heating of the containment atmosphere. Dynamic and static loads will
be studied in tests conducted in a simulated containment. The tests will begin
in the fourth quarter of FY 1986 and extend into FY 1988. A separate small-
scale test program at Brookhaven will investigate the sensitivity of debris
dispersal to plant configuration.

Molten core interactions with coolant (including steam explosions) are also
being studied. Experiments will investigate the effects of test conditions on
the rate at which energy is transferred from the fuel to the coolant, the effi-
ciency of this conversion (conversion ratio), and the fraction of the molten
corium that actually participates in the explosive interaction. It has been
postulated that flow diverters and other structural members in the lower plenum
of a PWR will change the character of the interaction. This hypothesis will be
examined by using perforated plates just below the water level in the tests.
Other tests will examine the importance of contact mode (melt into water or
water into melt), vessel pressure at the time of contact, and the need for an
external pressure source to trigger the explosion. This program will complete
the present phase during FY 1987. At that time it will be reviewed to identify
residual problems and to assess the need for further work.

To extend the analytical capability of the CONTAIN code and permit its applica-
tion to the resolution of outstanding issues, the following tasks will be pur-
sued: (1) improve the numerical algorithms in the intercompartment flow model
to increase the code efficiency and permit the evaluation of multidimensional
effects, e.g., containment atmosphere stratification, hydrogen combustion, and
ice condensers; (2) develop and refine new and missing models to ensure the
comprehensive capability of the CONTAIN code so that all existing reactor sys-
tems (PWRs and BWRs) can be analyzed; (3) complete and distribute the CONTAIN
code reference manual (to supplement the user's manual) so that the mathemat-
ical details, the phenomenological models, and the numerical algorithms used
for their solution are readily available to users.

Further research in the area of molten-core/concrete interaction modeling will
include the following: (1) improve heat transfer models, including those related
to freezing and crust formation, and incorporate these into the CORCON M002
code; (2) integrate the fission product release model VANESA with the CORCON
MOD2 code and test against experimental data from core-concrete tests doped
with simulated fission products; and (3) continue validation of the CORCON MOD2
code. The CORCON code will be applied in the planning and execution of the
related experimental programs.

Small-scale experiments together with model development will continue at Brook-
haven to clarify unresolved issues related to steam generation rates, debris
bed formation and coolability, and energetic fuel-coolant interactions. These
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include (1) a study of the mechanisms that determrnn the dispersal of hot par-
ticulate (or molten) debris as it enters the water from a failed vessel and a
determination of the steam generation rates that accompany such processes;
(2) an investigation of pool surface boiling phenomena over a range of anti-
cipated accident conditions; (3) a study of crust formation and other freezing
mechanisms needed to develop models and incorporate this improved understanding
into the CORCON code; and (4) an investigation of the mechanisms that influence
the initiation and propagation of fuel-coolant interactions that occur between
pools of molten simulants and overlying layers of water.

Planned activities for hydrogen behavior research are shown' in Figure 6.21.
Analysis of hydrogen burning in a typical large, dry containment and a sub-
atmospheric containment will be done in FY 1986 using the HECTR and HMS-BURN
codes. A scoping analytical study of the IDCOR postulate of hydrogen, CO, and
C02 burning for an ice condenser plant will be completed in FY 1986.

With the completion of the Hydrogen Control Owners Group (HCOG) program, an
assessment will be made of the need for any additional experimental work on
diffusion flame phenomena. Analytical work will focus on the incorporation of
a diffusion flame model into the HECTR code in FY 1986 and the application of
the code to Grand Gulf and the HCOG experiments. Additionally, the HMS-BURN
code will be used to perform a number of benchmarking calculations for selected
Grand Gulf accident sequences and HCOG experiments in FY 1986.

Experiments on flame acceleration and the transition to detonation in the FLAME
facility will be completed in FY 1986. These tests will include the study of
venting, obstacles, and turbulence and an attempt to simulate a few specific
plant geometries. Limited comparisons will be made for the codes under develop-
ment with selected experiments in FY 1986. The plan is to develop enough
understanding of the phenomena that, with engineering judgment, assessments can
be made for selected accident sequences in selected plants.

Experimental work on detonations will be completed in FY 1986. This work is very
important in providing a building block for an assessment of local detonations
in specific plant and containment types. An analytical and engineering assess-
ment of the potential for local and global detonations will be completed in
FY 1986.

Mitigation studies on the efficacy of the deliberate ignition system and of a
passive catalytic igniter will be completed in FY 1986 with a final report and
recommendation on the catalytic igniter. Also in FY 1986, a final report will
be issued on the effect of sprays and fans on igniter operation.

6.3.4 Ex-Vessel Fission Product Behavior Research

A schedule of activities for ex-vessel fission product and aerosol research is
provided in Figure 6.22. The validation of the VANESA code is continuing. Of
particular interest are tests that involve U02 , Zr02 , and Zr melts, doped with
fission product elements, and limestone concretes. Separate-effect tests and
tests with an overlying pool of water are also being planned. One limited series
of experiments is planned to obtain quantitative information on phenomena that
affect the characteristics and transport behavior of aerosols in the contain-
ment. These experiments will be conducted in the AMIT facility at Oak Ridge
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Figure 6.21 Planned activities for hydrogen behavior research.
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using a single aerosol component, Fe2 03 . The aerosol behavior questions will
be answered for the independent variables: relative humidity, aerosol concen-
tration, and resuspension velocity.

The iodine chemistry program at Oak Ridge will continue to address analytically
and experimentally the issue of volatile iodine generation from the decay of
Te-132 and also to develop models for the prediction of iodine concentration in
the containment atmosphere.

Since code development activities on the SPARC and ICEDF codes are coming to an
end, code validation will be the major focus in this program in FY 1986 and
FY 1987. Validation of the SPARC code will continue, assuming that adequate
experimental data have been released by others. For the validation of the
ICEDF code, engineering-scale unit-cell tests are planned to simulate a mixture
of steam, air, and aerosols passing through four ice basket columns.

6.4 Severe Accident Computer Codes

In every program element described above, there is an effort to reduce experi-
mental observations and theoretical considerations to mathematical models.
Because these mathematical models are often complex, it is not practical to do
hand calculations with them so the mathematical models are programmed into com-
puter codes. In principle, it would be possible to take the many individual
codes--the so-called detailed mechanistic codes--and apply them to certain
accident sequences to calculate source terms and risks. In practice this is
not usually attempted because of (1) absence of important feedback between
codes, (2) excessive running time of the detailed codes, and (3) difficulty of
managing code interfaces.

6.4.1 Two-Tier Code Strategy

As a consequence of the need to do calculations covering a broad range of phe-
nomena, a two-tier code strategy has evolved for the analysis of severe acci-
dents. One tier in this strategy consists of integrated codes that are designed
to cover the full range of accident phenomena, to incorporate proper feedback,
and to be relatively fast running. These codes employ compromises in analytical
detail and simplifying assumptions in order to reduce running time and facilitate
problem setup. The models in these integrated codes are frequently more mature
and less subject to frequent change than those in the detailed mechanistic codes,
making the integrated codes necessarily more distant from the edge of technology.
There are two such NRC-sponsored integrated codes at this time, one that is
being used for current source term and risk analyses and one that is being de-
veloped as a replacement that has been designed to correct limitations of the
present code. A broad-scope integrated code is also needed to study uncertain-
ties because of its ability to propagate variations through the full range of
phenomena.

The other tier in this strategy consists of a number of detailed mechanistic
codes that result from the above program elements. The detailed mechanistic
codes are often developed in close connection with experimental programs. These
codes of limited scope find direct application in planning and interpreting
experimental results (e.g., the extensive use of the SCOAP code in the PBF and
LOFT programs). They are used to investigate highly specialized problems for
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which the integrated codes are inadequate (e.g., the area of natural circula-
tion in the upper core and plenum regions). These codes, or the scientific
principles within them, are used in developing the integrated codes (MELCOR
code development is dependent on the mechanistic code programs), and the de-
tailed mechanistic codes are also used for benchmarking the integrated codes
as discussed below. In short, the science of severe accident phenomena resides
in the mechanistic codes.

Figure 6.1 illustrates the two-tier code strategy and identifies by name many
of the computer codes used in the Severe Accident Research Program. Relation-
ships between the detailed mechanistic codes have been shown in Figure 6.1
(namely, FASTGRASS is a part of SCDAP, VICTORIA is a part of MELPROG, and CORCON,
VANESA, MAEROS, SPARC, ICEDF models and HECTR models are parts of CONTAIN).
Relationships between the detailed mechanistic codes and the integrated codes
are not shown in Figure 6.1, but such relationships exist. In particular, TRAP-
MELT, CORCON, VANESA, NAUA, SPARC, and ICEDF along with several other codes,
which would not be characterized as detailed mechanistic codes (namely, MARCH,
MERGE, and CORSOR), make up the BMI-2104 suite of codes. This suite of codes,
with some modifications, is now called the Source Term Code Package. The fully
integrated MELCOR code does not usually incorporate complete as-programmed
mechanistic codes, but it does include a large amount of the modeling equiva-
lent to the MELPROG and CONTAIN codes. Furthermore, the MACCS offsite conse-
quence model, which was developed as part of the MELCOR program, has been found
to be useful as a stand-alone code and is thus shown as a detailed mechanistic
code. All the codes used in the Severe Accident Research Program in a promi-
nent way are described in Section 4.3 of NUREG-0900, Rev.1 (Ref. 6.1).

6.4.2 Verification and Validation

The following definitions of verification and validation have been adopted for
this program. Verification is a quality control activity that involves check-
ing a computer code to make sure that its mathematical equations have been pro-
grammed accurately and that the code runs as intended. Validation is the process
of comparing computer code predictions with experimental observations or funda-
mental laws of physics to make sure that the mathematical models in the code are
scientifically valid. Verification and validation efforts exist for all the
severe accident codes, but the extent and formality of these activities vary as
described below.

Code Verification

As a result of discovering both coding and input errors during the review of
the BMI-2104 study, formal verification programs were initiated for both the
Source Term Code Package and the MELCOR integrated codes. These verification
programs are independent inasmuch as verification is being performed by Brook-
haven National Laboratory whereas the Source Term Code Package and MELCOR codes
were developed at different laboratories (Battelle and Sandia, respectively).
In addition to checking for errors, these programs also check code portability,
user friendliness, running time, and traceability of modifications. Formal
procedures based on industry standards and NRC licensing practices are being
developed at Brookhaven National Laboratory.
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The detailed mechanistic codes are more developmental in nature and tend to be
changed or be modified frequently in the search for improved understanding of
severe accident phenomena. Consequently, independent and formal verification
programs do not usually exist for the detailed mechanistic codes. Instead,
reliance is placed on individual laboratory practices, which often incorporate
a system of double checking of modeling changes that are made to an existing
version of a code.

Code Validation

All codes in the Severe Accident Research Program are validated to various
degrees using experimental data and fundamental physical principles. In some
cases, however, only subparts of a code have been validated leaving the code
untested as a whole. In other cases, a code may have been compared with data
during its development, but it may be lacking a comparison with independent
data. Furthermore, the validation that has been performed has not always been
presented in readily available forms. The NRC agrees with the strong recommen-
dation of the American Physical Society's study group on radionuclide release
from severe accidents that additional validation of the NRC's severe accident
computer codes be undertaken.

To provide for improved code validation, a coordinated validation plan is being
prepared for the Severe Accident Research Program (see Fig. 6.23). The first
step in preparing the validation plan is to identify past and near-term future
experimental results that are suitable for code validation.. NRC staff members
and contractors, who are responsible for experimental programs, are identifying
such data. Contacts are being made with the Electric Power Research Institute,
the Department of Energy (DOE), and with NRC's foreign partners in the Severe
Fuel Damage and Source Term research program to ensure that all relevant sources
of information are included. Data from the TMI-2 examinations sponsored by DOE
are also included.

Step 2 of the validation plan involves scheduling specific calculations with
each of the detailed mechanistic codes for comparisons with relevant data. Pre-
liminary schedules have been established for SCDAP, TRAP-MELT, MELPROG, and the
CONTAIN series of codes. Efforts are under way to complete a validation matrix
for the detailed mechanistic codes.

Step 3 is referred to as benchmarking for the integrated codes, the Source Term
Code Package and MELCOR. For the most part, Step 3 will consist of comparing
the Source Term Code Package and MELCOR code calculations with detailed mechan-
istic code calculations. The cases for comparison, when possible, will be a
subset of the same cases selected for data comparisons with the detailed mechan-
istic codes. This selection process will thus produce code-to-code comparisons
as well as code-to-data comparisons for the integrated codes. Step 3 will also
include comparisons of the Source Term Code Package and MELCOR code calcula-
tions with IOCOR and EPRI codes, which may be used in licensing, and with codes
developed by NRC's foreign partners in the Severe Fuel Damage and Source Term
Program.

6.5 Summary

The reviewers and the NRC staff are in general agreement on areas in the source
term technology that need further research. The NRC staff has identified major
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areas of uncertainty in source term analysis; the APS study group has recom-
mended research on specific topics; the ANS special committee has identified
matters requiring additional investigation; and IDCOR and the NRC staff have
identified issues on which they have differences of technical opinion due
largely to the lack of experimental data. These four assessments are in gen-
eral agreement on the areas in the source term technology that need further
research, and the major areas of uncertainty are discussed in this chapter.

The NRC's Severe Accident Research Plan has been recently revised, and work has
been focused in areas of the source term technology that need further study.
During the course of the NRC source term reassessment and interaction with other
organizations, the NRC staff has been modifying research programs as considered
appropriate to address the identified needs. The NRC staff is also exchanging
information with other organizations such as the Electric Power Research Insti-
tute, the Department of Energy, and several international research organizations
to strengthen these areas of the technology. A revised Severe Accident Research
Plan has been recently published as NUREG-0900, Rev. 1.
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7. CONCLUSIONS AND RECOMMENDATION

Chapters 1 and 2 provide background information. In Chapter 3 an integrated
approach to source term assessment is described along with key elements of its
supporting data base. This approach involves the use of mechanistic models to
describe severe accident phenomena, and these models are integrated in a computer
code framework such that important feedback between phenomena is accounted for.
A particular version of this integrated approach called the Source Term Code
Package is also described in Chapter 3. The status of verification and valida-
tion of the Source Term Code Package is discussed as are the current uncertain-
ties in source term analyses. Major advances in source term technology since
the 1975 Reactor Safety Study are also discussed. Conclusions related to
Chapter 3 are summarized below in Section 7.1.

Numerous postulated accident sequences have been analyzed with the Source Term
Code Package for five operating plants of various U.S. light-water-reactor de-
signs. Sequence definition, the selection of some of the input values describ-
ing these sequences, and the use of results from these analyses in risk assess-
ment are outside the scope of.this report and will be discussed in NUREG-1150.
Nevertheless, it is instructive to examine these analyses in detail, treating
them as sample calculations. Insights from the examination of such results are
discussed in Chapter 4. Conclusions related to Chapter 4 are summarized below
in Section 7.2.

The Source Term Code Package discussed in Chapter 3 and the accident sequence
analyses discussed in Chapter 4 are direct descendants of the code suite and
sequence analyses published earlier in BMI-2104. That work was extensively re-
viewed over a period of 3 years. The review included formal reviews initiated
by the NRC, comparisons with related industry efforts, and comments from numer-
ous organizations and members of the general public. These reviews enabled the
NRC and its contractors to upgrade the codes and analyses to the status reflected
in Chapters 3 and 4. Chapter 5 summarizes the review process, and conclusions
related to Chapter 5 are summarized below in Section 7.3.

Chapter 6 identifies issues related to the source term technology where the
current understanding is limited. The current status of research that is ad-
dressing these issues is discussed to illustrate some of the information that
has been obtained in recent experimental programs and to indicate the impor-
tance of these issues to current and future source term analysis. Plans for
further source term and containment research have recently been revised to
better address these issues, and the revised research plan is also discussed
in Chapter 6. Conclusions related to Chapter 6 are summarized below in Sec-
tion 7.4.

In the course of this reassessment effort, the NRC staff has reached several
conclusions as listed below. The reasons for reaching these conclusions are
discussed briefly below each conclusion.
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7.1 Integrated Approach to SourceTermAssessment

Conclusion 1. An approach to source term assessment using a frame-
work of coup-led and integrated computer codes has been developed; this
framework can accommodate improvements expected from ongoing research.

Severe accident phenomena that govern the release and transport of radionuclides
interact with each other and these interactions have been previously neglected.
Recent realistic analyses that account for these interactions require the use
of large coupled and integrated computer programs, and many organizations are
now using this approach. The framework of coupled and integrated codes is also
convenient for accommodating further improvements expected from ongoing research.

Conclusion 2. The complexities of source term phenomena have re-
sulted in so-phisticated computer codes and large amounts of numeri-
cal information that require the use of quality control measures
in preparing the codes and performing analyses.

Severe accidents are complex and involve a broad spectrum of phenomena. Ten
separate computer codes describing these phenomena have been coupled and inte-
grated to provide the analysis capability required in the Source Term Code Pack-
age. The magnitude of programming involved and the quantity of input informa-
tion required led to errors in calculations reported in BMI-2104 and in early
calculations with the Source Term Code Package. Consequently, a quality con-
trol program was initiated to eliminate such errors. This experience with cod-
ing errors and data transfer errors with both the BM4I-2104 suite of codes and
the Source Term Code Package suggests that quality control would be a concern
for all source term computer codes.

Conclusion 3. Validation of the NRC's Source Term Code Package is
substantial in some areas but limited in others; more comparisons of
computer codes with experimental results are needed.

All codes in the Source Term Code Package are based on accepted principles and
experimental observations to the extent possible, but validation against larger-
scale, more prototypical experiments is necessary to achieve an improved level
of confidence. The NRC's Severe Accident Research Program was initiated 5 years
ago, and some scoping tests were performed early; however, the bulk of the data
is just emerging as these programs reach maturity. Validation of source term
codes, particularly in the current versions being used for analyses, is thus
not complete, and limited validation is reflected in the recognized uncertainties.

Conclusion *4. The current severe accident data base and the pheno-
menological models in the NRC's Source Term Code Package represent
a major advance in technology compared with the Reactor Safety Study.

Significant amounts of new data are now available and emerging from severe acci-
dent research programs that were initiated following the accident at Three Mile
Island in 1979. Major advances from these research programs that are related
to source terms are discussed in the report. Combining the integrated approach
to source term assessment with these major research advances, NRC contractors
and staff have developed the NRC's Source Term Code Package. Using this coupled
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and integrated set of codes and their supporting data base provides better esti-
mates of source terms, allows a deeper understanding of severe accident phenom-
ena, and will allow important issues to be considered much more realistically
than before.

Conclusion 5. The NRC's Source Term Code Package and other current
source term codes have been designed to provide realistic estimates
of source terms without any intentional conservative margins.

Several past source term estimates, such as those given in TID-14844, have in-
corporated intentionally conservative elements for specific uses in the regula-
tory arena where conservative margin was deemed appropriate. In contrast, the
Source Term Code Package and other similar codes do not incorporate intentional
biases because they are intended to provide realistic estimates. In fact, re-
cent experience has shown that it is not possible to provide an inherently con-
servative margin in source term codes that are to be used for many sequences
and many purposes. The major purpose of noting this conclusion is to make po-
tential users aware of this fact so that consideration of uncertainties in pre-
sent methodologies as well as an appropriate degree of conservatism can be in-
corporated into contemplated regulatory actions.

7.2 Insights from Selected Accident Sequences

Conclusion 6. A large number of severe accident sequences has been
analyzed with the NRC's Source Term Code Package and its predecessor,
the BMI-2104 suite of codes; these calculations have exercised the
codes over a wide range of conditions.

Different types of plant and containment designs have been considered that repre-
sent the range of light-water-reactor designs in the United States. The types
of sequences chosen for study represent (1) a range of high and low pressures;
(2) different initiating events such as transients and LOCAs; (3) sequences
expected to minimize or maximize the effects of engineered safety features; and
(4) different possible behaviors of the containment. These sequences, taken
together, have provided an extensive test of the capabilities of the methods.

Conclusion 7. Source terms were found to vary with plant design and
construction details, and these variations need to be taken into
account in efforts to develop simplified source terms.

Examples of the type of plant detail that affect results are the type of con-
crete used, the depletion time of station batteries, the heat sinks in contain-
ment, diameters and routing of important piping, and the reactor power shape
and power level. Because results depend strongly on such details, results from
analysis of one plant are not likely to describe results from another plant.
An example of this is shown in Section 4.12 for the pre-melt containment-
failure ATWS sequence for Peach Bottom and Grand Gulf.

Conclusion 8. Severe accident sequences are complex, and experience
has shown that this complexity requires care and attention to details
on the part of a computer code user to represent the plant and the
sequences adequately in the code input.
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There are details of plant design and operation as discussed under Conclusion 7
that strongly influence the progression of severe accidents. Further, there
are options available in the codes, which are set by the user, that also signi-
ficantly affect the results. Discrepancies in calculated results can be intro-
duced if skillful attention is not paid to both types of input. The major pur-
pose of noting this conclusion is to make potential users aware that, to perform
an analysis successfully, a code user must understand plant design details,
plant operating procedures, accident sequence progression, and code analysis
techniques.

Conclusion 9. Containment performance (survival, failure, or bypass),
which is described by input parameters in all. current source term
codes, is a major factor affecting source terms.

The effect of containment behavior on source terms is discussed in Section 4.9,
and containment performance has been found to be an important factor affecting
most sequences significantly. The containment failure criteria used in deter-
mining containment behavior are evaluated outside the fission product release
and transport methods such as the Source Term Code Package and input to them.
However, the Source Term Code Package calculates the time at which a criterion
for failure is satisfied and, further, calculates the releases to the environ-
ment given the size and location of the failure. The comparison in Table 4.19
for early and late containment failure for a Zion sequence demonstrates this
point.

Conclusion 10. The analyses performed to date with the Source Term
Code Package suggest that generalizations are inappropriate since
large factors of reduction in source terms were not found for all
sequences as reported in other studies.

The American Nuclear Society concluded in the technical summary of its report,
under the heading "Major Finding," that current knowledge is sufficient "to
warrant the reduction of calculated source terms from estimates in WASH-1400 by
more than an order of magnitude to several orders of magnitude" except for
noble gases. The results presented here do not substantiate that generaliza-
tion. Some sequences were found not to show reduction (for instance, the con-
tainment bypass LOCA (V) sequence for Surry). Also, the postmelt containment
failure ATWS (TC2) sequence for Peach Bottom shows a different distribution of
nuclides released, some higher and some lower, than the Reactor Safety Study.

7.3 Review of Source Term Work

Conclusion 11. Based on experience with the review of NRC codes and
on comments from reviewers, severe accident source term codes should
be thoroughly peer reviewed.

The American Physical Society study group on severe accidents examined results
from computer codes used by a number of government and industry organizations.
The study group recommended that the related "theoretical and experimental stu-
dies be published in archival, peer-reviewed journals, and that the computer
codes together with a clear and complete technical description of the models and
the assumptions be made available to interested parties." Many commenters from
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both industry groups and public interest groups echoed the recommendation for
a thorough review. Based on these comments and the large number of corrections
and improvements made to the NRC's source term codes as a result of peer review,
a thorough peer review is deemed necessary for source term codes used in regu-
latory applications.

Conclusion 12. The NRC's Source Term Code Package and supporting
material have received extensive peer review that, while not exhaus-
tive in every detail, is adequate to qualify them for use in
decisionmaking.

Within the NRC's research programs, there have been staff and management re-
views, an uncertainty study, a validation study, a quality control effort, and
experience with NRC-sponsored source term codes by multiple users. These acti-
vities contributed significantly to the review of the source term technology.
In addition, there have been formal reviews of the NRC's work by a technical
expert peer review group and by the American Physical Society. The NRC's codes
and research results have also been part of the technology under consideration
within the Industry Degraded Core Rulemaking (IDCOR) Program and by the American
Nuclear Society and other groups. Finally, there have been comments from the
Advisory Committee on Reactor Safeguards and from the general public on the
staff's assessment as described in the draft of this document. The above ac-
tivities constitute an extensive review that has taken place over a period of
3 years. While all uncertainties have not been resolved--and indeed are unre-
solvable at this time--the staff is satisfied that the review has been thorough,
that modifications have been responsive to the review findings, and that suffi-
cient familiarity has been developed such that the Source Term Code Package and
its supporting material can be used in making regulatory decisions.

7.4 Research

Conclusion 13. The reviewers and the NRC staff are in general agree-
ment on areas in the source term technology that need further research.

The NRC staff has identified major areas of uncertainty in source term analysis;
the APS study group has recommended research on specific topics; the ANS special
committee has idefitified matters requiring additional investigation; and IDCOR
and the NRC staff have identified issues on which they have differences of tech-
nical opinion due largely to the lack of experimental data. These four assess-
ments are in general agreement on the areas in the source term technology that
need further research, and the major areas of uncertainty are discussed in
Chapter 6.

Conclusion 14. The NRC's Severe Accident Research Plan has been re-
cently revised, and work has been focused in areas of the source term
technology that need further study.

During the course of the NRC source term reassessment and interaction with other
organizations, the NRC staff has been modifying research programs as considered
appropriate to address the identified needs. The NRC staff is also exchanging
information with other organizations such as the Electric Power Research Insti-
tute, the Department of Energy, and several international research organizations
to strengthen these areas of the technology. A revised Severe Accident Research
Plan has been recently published as NUREG-0900, Rev. 1.
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7.5 Recommendation

Based on the reassessment of the technical bases for estimating source terms
and the resulting conclusions stated above, the NRC staff has the following
recommendation:

Recommendation. The Source Term Code Package is recommended as an
integrated analytical tool for NRC evaluation of source terms in
regulatory applications provided that uncertainties are considered
for each type of application. Additional specific information on
source term phenomena can be obtained from NRC's detailed mechanistic
codes, their data bases, further results from NRC's Severe Accident
Research Program, and the forthcoming rebaselining of risk for a
sample of operating plants, NUREG-1150.

The NRC's Source Term Code Package uses the now-accepted framework of coupled
and integrated phenomenological models; it has been verified and validated in-
sofar as permitted by today's limited information; it has been successfully
tested in a large number of cases; it has been extensively reviewed and is fa-
miliar to a large number of interested parties from government, industry, and
the general public; and it is significantly better than methods and assumptions
used as the basis for current regulatory practices. Therefore, use of the
Source Term Code Package is recommended.

Uncertainties need to be considered for each type of application because the
Source Term Code Package, like other integrated severe accident codes of recent
vintage, does not incorporate any intentional biases, which are believed to
provide conservative margins for certain purposes in some earlier methods.
Recent experience has shown that it is, in fact, not possible to provide inher-
ently conservative margins in source term codes that are to be used for many
sequences and many purposes.

Since the Source Term Code Package is designed for production analyses, it does
not contain all the information available on severe accident phenomena. There-
fore, more detailed information on specific aspects of severe accident behavior
is available from other products of the NRC's Severe Accident Research Program
including the detailed mechanistic codes and their supporting data bases. This
additional information will be useful in evaluating uncertainties and resolving
difficult technical issues.
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APPENDIX A

BASIC REACTOR SYSTEMS AND CONTAINMENTS





A.1 Introduction

The purpose of this appendix is to illustrate and briefly discuss the plant
designs that were studied in the Battelle Columbus Laboratories' source term
analyses (BMI-2104). This appendix does not contain a comprehensive descrip-
tion of these plants, but rather the emphasis is on two areas of a plant that
significantly influence calculated source terms: the structures in the reactor
vessel and the containment building. This is the context in which the major
features of a pressurized water reactor (PWR) and a boiling water reactor (BWR)
are shown. Containment types are discussed for the following designs:

Type of containment Reactor

PWR, large, dry Zion
PWR, ice condenser Sequoyah
PWR, subatmospheric Surry
BWR, Mark I Peach Bottom
BWR, Mark III Grand Gulf

A.2 Pressurized Water Reactor

A PWR generating system is a dual cycle plant consisting of a closed-cycle
reactor coolant system called the primary system and a power conversion system
called the secondary system. Figure A.1 illustrates the PWR plant design.

The reactor vessel of a PWR is a cylindrical shell with hemispherical bottom
and top heads, inside of which are the reactor internals and the reactor core
as shown in Figure A.2. The reactor internals support and orient the reactor
core, the in-core instruments, and the control rod assemblies and also form a
flow path for the reactor coolant. The components of the reactor internals
are divided into three parts consisting of the lower core support structure, the
upper core support structure, and the in-core instrumentation support structure.
The latter two are referred to as the upper internals.

The PWR reactor containment encloses the entire reactor and the reactor coolant
system, and it provides a low-leakage boundary for the reactor system. The
structure provides biological shielding during both normal and design basis
accident conditions. Types of reactor containments for PWRs include the large,
dry containment and its variation, the subatmospheric containment, and the ice
condenser containment. The large, dry containment provided for the Zion plant
is in the shape of a cylinder with a domed roof and a flat foundation slab as
shown in Figure A.3. The capability to retain radionuclides is due to the
large volume that can accommodate a large amount of gases.

Some plant designs, for instance, the Surry plant, use a subatmospheric contain-
ment as shown in Figure A.4. This is a variation of the large, dry containment
type. The objective of this design is to reduce the pressure in the contain-
ment by maintaining the normal containment pressure below atmospheric pressure,
at about 10 psia. The operational features of subatmospheric containments and
their associated complementary systems are sufficiently similar to other dry
containments to allow inclusion of the subatmospheric containment in the
large, dry category. Following a design basis accident, the pressure is
quickly returned to subatmospheric by the plant's emergency core cooling
systems. This terminates containment leakage and provides a definite time
limit for any potential offslte effect. The potential for an isolation failure
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Figure A. 1 Schematic of a PWR plant design.
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Figure A.2 Schematic of PWR reactor vessel internal structure.
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Figure A.3 Schematic of the containment design for the Zion plant.
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Figure A.4 Schematic of the containment design for the Surry plant.
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due to a pre-existing hole for this type of containment is low relative to some
other types of containments because a pre-existing hole would prevent or
degrade the subatmospheric conditions.

Other PWRs, for instance, the Sequoyah plant, use an ice condenser containment
design such as that shown in Figure A.5. The ice condenser containment is
constructed so the steam produced by the reactor coolant system blowdown after
a LOCA is directed through an ice condenser to cool and condense the steam and
thus limit the maximum containment pressure. The ice condenser is essentially
a cold storage room shaped in the form of a "C", bounded primarily by the steel
containment shell and the concrete crane wall, both of which are lined with the
required thermal insulation and cooling ducts. The ice is in the form of flakes
and is contained in perforated metal tubes or baskets.

In the event of a loss-of-coolant accident, a slight pressure rise in the
reactor coolant system compartment causes the doors in the lower compartment
to open, permitting the steam and air to pass into the ice condenser. The
panels are normally kept in the closed position by the slight differential pres-
sure load caused by the weight of cold air in the ice condenser compartment.
An advantage of the ice condenser containment over a conventional containment
is that, by condensing the steam and thereby limiting the pressure rise in the
containment during a design basis event, the containment may be made smaller.
The volume of an ice condenser containment is only half that of a conventional
PWR containment.

A.3 Boiling Water Reactor

A direct cycle BWR system generates steam in the core that goes directly to
the turbine as shown in Figure A.6. The nuclear fuel in the core boils water
and produces saturated steam that passes through internal steam separators and
dryers directly into the turbine.

The reactor vessel contains internal components consisting of the nuclear
core, support structures, moisture removing equipment, jet pumps, and various
penetrations to accommodate control equipment and instrumentation. The reactor
vessel and some of the internal components are shown in Figure A.7. The upper
internals in this reactor design consist of the core shroud, shroud head,
steam separator assembly, and steam dryer.

The BWR containment systems are composed of a primary containment and a secon-
dary containment. The primary containment consists of a drywell, which encloses
the reactor vessel; a pressure-suppression chamber, which stores a large volume
of water; a connecting vent system between the drywell and water pool; isola-
tion valves; containment cooling systems; and other service equipment. The
secondary containment consists of a reactor building that completely encloses
the pressure-suppression primary containment. The principal functions of the
secondary containment system are to minimize the ground-level release of air-
borne radioactive materials and to provide the means for a filtered and con-
trolled elevated release of the reactor building atmosphere for certain types
of design basis accidents.
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The Mark I, or the drywell-torus concept, is shown in Figure A.8 for the Peach
Bottom plant. It is made up of a drywell in the shape of an inverted light
bulb connected via vent pipes to a torus-shaped suppression pool.

The Mark III containment for the Grand Gulf plant is shown in Figure A.9. The
suppression pool is located below and to the sides of the drywell. A weir wall
with horizontal vents connects the drywell with the suppression pool.
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MARK I CONTAINMENT (Peach Bottom)

Figure A.8 Schematic of the containment design for the Peach Bottom plant.
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Introduction

The Industry Degraded Core Rulemaking (IDCOR) program conducted a major source
term study. In discussions between IDCOR representatives, NRC staff, and con-
tractors, a number of technical issues have been identified. These issues are
either major contributors to uncertainty in plant risk or represent significant
differences in modeling assumptions embedded in the NRC and IDCOR codes. The
IDCOR-NRC issues are described in the following sections. These descriptions
are based on Appendix A of NUREG-0900, Rev. 1.

Since the IDCOR program is directed at the NRC decision process, resolution of
the IDCOR-NRC technical issues will be pursued by the NRC staff as part of the
regulatory application process. Technical resolution of these issues is the
focus of the NRC research program on severe accident phenomena described in
Chapter 6.

B.1 Fission Product Release Prior to Vessel Failure

Uncertainties in fission product release prior to vessel failure can affect both
the timing of release and the total quantity of release from fuel. Whether the
fission products are released in-vessel or ex-vessel can be particularly impor-
tant because of the potential for retention of fission products on reactor cool-
ant system structures for the in-vessel release component. Several subissues
contribute to this issue, namely:

1. Modeling of in-vessel release of fission products

The IDCOR model for fission product release from the fuel is based on
the oxidation of the fuel by steam. The model assumes that sufficient
steam and contact area (with the fuel) are present at all times during
the heatup to oxidize the fuel to a higher state, thereby significantly
enhancing the release of fission products. Each of the species con-
sidered is released from the fuel at the same rate. Partial pressures
of the vapor species are used to determine the amount of released
material that can be transported as a vapor. The condensed component
is apportioned between aerosol and fuel surfaces according to an input
factor.

The NRC's CORSOR model uses empirically determined coefficients based
on a variety of in-pile and simulant experiments for the release of
volatile fission products. Partial pressures of vapor species are
used in determining the release of less volatile species. Steam
oxidation is considered to be just one of several effects accounted
for by the empirical coefficients.

Both NRC and IDCOR models currently assume that the form of released
iodine is cesium iodide (CsI). However, from all the evidence available
today, it is clear that the chemical state of fission product iodine
is not fixed at all stages in the course of an accident and that the
evidence on the relative amounts of CsI and the more volatile form of
iodine is qualitative and conflicting.
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2. Tellurium retention in-vessel

A major difference existed in the treatment of tellurium release be-
tween the IOCOR model and the CORSOR model. Experiments at the Oak
Ridge National Laboratory and at the Power Burst Facility strongly
indicate that the tellurium release is reduced during this stage of
the accident if approximately 10 percent or more of the Zircaloy re-
mains unoxidized. Because of the rapid heatup of a core during boil-
off, most sequences result in unoxidized Zircaloy contents greater
than 10 percent. Therefore, in most sequences, the CORSOR release
model allows most of the tellurium to be retained in the core while
it is in the reactor vessel. The significance of this effect is that
if the tellurium is released early--as IDCOR originally advocated--it
will be deposited in the upper plenum and not be available in the
source term estimate; however, if it is retained in the molten fuel
at this stage--as experimental evidence indicates--it would be released
if the core exits the reactor vessel and subsequently interacts with
the concrete. Thus, the tellurium would be released to the contain-
ment volume without the potential for being deposited in the reactor
coolant system and, perhaps, at a time closer to the time of contain-
ment failure. Although the CORSOR model accounts for the interaction
of tellurium with the Zircaloy cladding, the model is crude and the
supporting data are sparse. Current IDCOR models now allow for the
tellurium retention mechanism as an option.

The overall significance of this issue is that, for certain sequences in both
PWRs and BWRs, significantly higher amounts of volatile fission products (I,
Cs, and Te) may be available for release to the containment during the core-
concrete interaction stage than computed in the IDCOR models. Depending on
the containment failure time, this effect can and does lead to much larger
source terms.

B.2 Recirculation of Coolant in the Reactor Vessel

Neither IDCOR nor current NRC (Source Term Code Package) models are able to
calculate recirculation patterns of steam and hydrogen in the reactor vessel
after core uncovery. Based on simplified analyses at Science Applications
International Corp. and Purdue University, it appears that recirculating flow
could have a significant effect on the core heatup behavior of PWRs at least
for high-pressure sequences. It is speculated that recirculating flow may
affect the core heatup rate, in-vessel release of fission products, quantity of
hydrogen produced in-vessel, structure temperatures, containment failure by
direct heating, and deposition of fission products in the reactor coolant
system. This issue is being investigated using the NRC detailed mechanistic
codes such as MELPROG/TRAC, SCDAP/RELAP5 and COMIIX.

B.3 Deposition of Fission Products and Aerosols in the Reactor Coolant System

The uncertainties in the existing predictive capability (TRAP-MELT3 is the most
detailed of the methods available) for deposition in the reactor coolant system
are large. The vapor and aerosol transport processes are complex and inter-
acting and chemical effects are only crudely modeled. The upper plenum geo-
metries and flow regimes are treated in a crude approximation of the plant sys-
tem. In initial discussions with IDCOR, the focus of NRC staff concern was
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the use of a log-normal aerosol size distribution in*IDCOR's RETAIN code. This
formulation has now been replaced with an empirical aerosol model, which is
used for the containment and the reactor coolant system. The validity of this
correlation when used for the reactor coolant system is of concern to the NRC
staff.

B.4 In-Vessel Melt Progression

The IDCOR and MARCH models of core slumping are greatly simplified represen-
tations of very complex processes. Some key features of the models are:

1. IDCOR assumes that molten core material becomes isolated from the rest of
the system until a slumping criterion is satisfied and then it instanta-
neously slumps to the lower core support plate. The NRC model treats ap-
proximately the effect of in-core fuel relocation and growth of the molten
region.

2. IDCOR models assume failure of the lower core support plate after a user
input fraction of the core is molten. NRC models calculate failure of
lower core support structures due to heating by slumped core material.

3. IDCOR assumes immediate vessel failure after failure of lower core support
plate. The NRC model permits the user to select early local head failure
or later gross head overheating. The condition of the core material (mass,
composition, and temperature) at the time of vessel failure can have a
major influence on the subsequent loads on containment (steam spike, direct
heating) and the extent of dispersal of the core debris.

Resolution of this issue is proceeding by performing best-estimate calculations
of melt progression, using the NRC's detailed mechanistic MELPROG code supported
by selected in-pile and out-of-pile separate-effect experiments. Since large-
scale integral experiments in this area are clearly impractical, the code models
will have to be validated with data from the debris formation and melt progres-
sion experiments at the Annular Core Research Reactor as well as ex-reactor
separate-effect tests.

Substantial agreement exists in the modeling of the Zircaloy reaction with steam
in the reactor core as long as the original geometry is maintained. However,
when the cladding melts and slumps and flow channels begin to block, issues
arise as to when blockage will occur, how effective it will be, whether clad-
ding material will run out of the hot zone, how much oxidation will occur as it
moves, and whether the relocated cladding will subsequently be reheated and
exposed to steam. The IDCOR models employ two parameters (a metal-water reac-
tion cutoff temperature and a flow blockage parameter) that effectively limit
the extent of hydrogen production that occurs in-vessel. Similarly in the
Source Term Code Package, MARCH-3 has externally controlled parameters that can
limit the extent of metal-water reaction. In practice, however, the assumptions
made in the IDCOR and NRC codes have led to substantially different results.

B.5 Containment Failure by In-Vessel Steam Explosion

The major significance of this issue is whether sufficiently energetic molten
fuel-coolant interactions can occur in the lower plenum to produce a missile
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of sufficient energy to breach the containment (commonly referred to as the
alpha-mode failure). The general consensus on this issue is that alpha-mode
containment failure has a low probability. Work is continuing to resolve this
issue and a report (NUREG-1116) was issued by an NRC-sponsored Steam Explosion
Review Group.

8.6 Direct Heating of Containment by Ejected Core Material

In the IDCOR calculation of the TMLB' sequence for the Zion plant, it was
assumed that half of the molten material ejected from the vessel under pressure
is swept out of the reactor cavity onto the containment floor. The analysis
assumes that the ejected debris will be trapped by structures and, therefore,
there would not be a potential rapid heating of the containment atmosphere by
the core debris or the oxidation of the core debris during transit and further
heating of the atmosphere. The potential for direct heating of the containment
atmosphere is being investigated by the NRC in an experimental program that is
under way at Sandia.

The issue of direct heating is related to the issue of in-vessel natural circu-
lation. If recirculating flow patterns within the reactor coolant system result
in alternative failure locations such as the hot leg or the steam generator
tubes, the reactor coolant system will depressurize prior to meltthrough of the
lower head and the core debris will not be rapidly dispersed from the reactor
cavity. Investigation into phenomena that would lead to primary boundary failure
and system depressurizatlon prior to core melt are not expected to eliminate
the residual probability of high-pressure melt ejection.

B.7 Ex-Vessel Fission Product and Aerosol Release

A potentially significant modeling difference between the IDCOR model and the
NRC models (CORCON and VANESA) was related to the release of refractory fission
products during the core-concrete interaction process. The NRC models allow
for the production of volatile oxides and hydroxides of these fission products
by reaction with steam and carbon dioxide sparging through the melt. Uncer-
tainties in the prediction of the ex-vessel release of fission products involve
the composition (masses of materials and oxidation state) at the time of vessel
failure, initial temperature of the melt, extent of core dispersal, and model-
ing of core-concrete attack as well as the complex chemical behavior within the
melt.

Although the current IDCOR model does allow for the sparging mechanism noted
above, the IDCOR core-concrete model essentially disperses and freezes the melt,
thereby rendering inclusion of the mechanism moot.

B.8 Ex-Vessel Heat Transfer from Molten Core to Concrete and Containment

This issue is associated with the magnitudes and mechanisms of energy transfer
from the molten core debris to the concrete, to the containment atmosphere, and
to overlying water pools (if present). The issue can potentially impact the
mode and timing of containment failure and the chemical forms of fission pro-
ducts. This is an area in which major differences exist in the modeling assump-
tions used in the IDCOR and NRC analyses. In general, the NRC analyses involve
more heat going into concrete attack, more rapid production of noncondensible
gases, more rapid pressurization of the containment, but lower atmosphere
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temperatures, particularly in the BWR analyses. These differences arise from
assumptions made regarding debris dispersal or spreading and differences in
core-concrete attack models.

B.9 Revaporization of Fission Products

Both the IDCOR and NRC models for in-vessel transport and deposition of fis-
sion products predict that a large fraction of fission products released from
the core can be deposited on structures in the reactor coolant system. Asso-
ciated with these fission products is a significant portion of the decay heat
with the potential to result in direct heating of structures and the revapori-
zation of deposited fission products. In the most recent IDCOR analyses,
revaporization is taken into account resulting in some enhancement of the
environmental source term for some reactor types and accident sequences. Major
uncertainties remain.

B.1O Deposition of Fission Products and Aerosols in Containment

Because of the limitations in the applicability of the log-normal size distri-
bution assumption for aerosols, which was incorporated in IDCOR's RETAIN code,
IOCOR has developed an empirical correlation for aerosol settling that has been
included in the MAAP code. This new model has substantial validity for contain-
ment application; however, it lacks the ability to properly treat turbulence
effects, multiple sources, and moisture-aerosol interactions and does not
include simultaneous removal processes.

B.11 BWR Suppression Pool Bypass

Analyses of suppression pool scrubbing in the NRC's calculations indicate that
the effectiveness of suppression pools is quite good even when the temperature
of the pool is at saturation. In general, the extent of pool bypass was found
to be a more important source of uncertainty than the details of suppression
pool modeling. In the IDCOR analyses, suppression pool decontamination has
been treated simplistically using constant decontamination factors and ignoring
bypass under the assumption that bypass leakage would become plugged by aero-
sols. The potential for bypass is quite plant dependent. However, since pool
bypass will govern the magnitude of environmental releases in Mark III BWR
designs, it should be explicitly considered in the analyses for this type of
containment.

B.12 Performance of Containment and Other Reactor Buildings

The potential magnitude of the source term to the environment is largely con-
trolled by the mode and timing of containment failure. If the containment
remains intact for a number of hours following melting of the core and the re-
lease of fission products, the potential consequences will be substantially
reduced either through natural deposition processes or by the action of con-
tainment safety features such as sprays, coolers, suppression pools, and ice
condensers. Analyses of containment performance and model experiments verify
the expectation that substantial margins exist between the design conditions
and conditions at which major leakage of containment structures can be expected
to occur. Considerable uncertainty still exists, however, as to how rapidly
leakage will grow as a function of pressure and temperature for different con-
tainment designs, the mode by which a containment will fail, and the location
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at which failure will be initiated. In the IDCOR analyses, containment failure
is typically characterized by a leak rate sufficient to prevent further pres-
surization. This assumption has the effect of increasing the residence time
of fission products in the containment and enhancing the effectiveness of depo-
sition. In the NRC's analyses, failure is typically characterized as a large
hole that leads to depressurization of the containment but does not involve
total destruction of the building. Sensitivity studies have also been performed
for leak rates that vary as a function of internal pressure.

The IDCOR analyses tend to give greater credit for secondary containment per-
formance than the NRC analyses. The differences are particularly evident in
the IDCOR V sequence for Zion in which considerable deposition is predicted to
occur in the auxiliary building even in the absence of water pool scrubbing.
It is also evident from the NRC-sponsored work at Oak Ridge that retention of
fission products by the reactor building surrounding the Mark I primary con-
tainment could mitigate the consequences of severe accidents under a given set
of conditions or assumptions. Secondary building performance is of particular
interest in accident sequences involving early failure or bypass of the primary
containment envelope and, thus, has the potential to mitigate consequences.

Finally, neither the NRC nor IDCOR analyses have provided a detailed assessment
of the ability of essential equipment to survive and operate (if power is avail-
able) under the conditions associated with a severe accident environment (high
temperature, high humidity, pressure differentials, flames, high radiation, and
high aerosol loadings). This equipment has been qualified to survive the LOCA
environment, which in many ways is similar. However, experiments at Sandia
have indicated that the more severe environment of core meltdown accidents
could lead to the degradation of equipment, particularly electrical cables.
After substantial core degradation has occurred, protection of containment
integrity becomes the key safety function.

B.13 Hydrogen Ignition and Burning

There are substantial differences between the IDCOR and NRC treatment of igni-
tion, burning, and flame propagation in mixtures of air, hydrogen, and steam.
IDCOR analyses base ignition on a calculated flame temperature criterion that
is a function of the composition of the atmosphere within the compartment. NRC
analyses, in addition to considering hydrogen and oxygen concentrations within
a compartment, give explicit consideration to steam inerting and the availa-
bility of ignition sources. The IDCOR models appear to predict continuous burn-
ing in essentially all cases, whereas the NRC treatment tends to predict a
number of discrete burns. The NRC's approach tends to allow the buildup of
higher hydrogen concentrations and hence can lead to the prediction of higher
containment pressures. The differences between the IDCOR and NRC treatment of
hydrogen ignition and burning are particularly pronounced in multicompartment
systems, such as the ice condenser containment, and in the absence of deliber-
ate Ignition. Neither IDCOR nor the NRC analyses at present Consider changes
in fission product chemistry due to hydrogen burning.

Resolution of this issue will come, in part, from continued comparisons between
experiments and analyses. It must be recognized, however, that experimental
data may not be available to address issues related to burning in complex
geometries.
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B.14 Accident Sequence Definition

Another significant source of uncertainty in risk analyses is the definition
of the accident sequences. In several cases where IDCOR and NRC have analyzed
the same or similar sequences, large differences in the calculated consequences
have resulted because of different assumptions about the sequence of events in
the accident. These differences often reflect a real uncertainty in the
accident sequence definition and possible operator actions. The NRC staff
believes that it is particularly important to reflect these uncertainties in
severe accident analyses.

B-9





APPENDIX C

REPLIES TO PUBLIC COMMENTS





Introduction

This appendix is a summary of the public comments received on the draft of this
document and related replies prepared by the NRC staff and its contractors.
The public comment period, which ended on January 7, 1986, is also discussed in
Section 5.7.

The public comments for draft NUREG-0956 are available for inspection at the
Public Document Room of the Nuclear Regulatory Commission. Including a letter
from the Advisory Committee on Reactor Safeguards, a total of 67 letters were
received during the 150-day comment period that began on August 7, 1985 (a few
commenters sent more than one letter). The names and affiliations of those
providing comments are listed at the end of this appendix.

The comments were identified by subject and grouped into technical, regulatory,
and opinion categories, including a category with specific recommendations for
changes in the draft version of this report. The NRC staff and its contractors
then addressed each comment category. For each category, a summary of the fre-
quently occurring comments and the general replies have been provided.

In this appendix, the 48 technical and regulatory categories are presented.
The categories are listed in alphabetical order in Table C.1. Comments expres-
sing a personal opinion beyond the scope of this report are not discussed.
Comments about the report itself are reflected in changes in the report if
changes were warranted.

The technical content of several of the categories is overlapping, and some of
the replies are in one of the categories but not in all of them. Also, in many
cases, changes have been made in the text in response to the comments. Thus,
the replies, along with revisions in the text, should be viewed in totality for
an overall assessment of the NRC's response.

C.1 Accident Sequence

Comment

Too few sequences have been analyzed to provide an adequate characterization of
risk. Specific suggestions are given for additional sequences. Accident pheno-
mena are not analyzed realistically. Real accidents behave differently from
analyzed scenarios.

Reply

The NRC staff agrees that too few sequences were analyzed in BMI-2104 to provide an
adequate characterization of risk, and the report has been modified to clarify this
point. The final version of NUREG-0956 describes additional sequences from
NUREG/CR-4624 which, with the sequences from BMI-2104, will be used to provide
a basis for the forthcoming risk appraisal. Nevertheless, it should be recog-
nized that it is not the purpose of this report, NUREG-0956, to justify the spec-
trum of sequence analyses for risk appraisal. The purpose of this report is to
present an improved methodology for source term analysis and its technical basis,
with examples. The examples were selected to cover a variety of plant designs
and severe accident conditions, not to provide a basis for a risk assessment of
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Table C.1 Categories of comments on draft NUREG-0956

Topic of comment

Accident Sequence
Advisory Groups
Aerosols
Applications Must Be Known
Bias
Changes in Source Terms
Chemistry--Iodine
Chemistry--Radionuclides
Consider Other Studies
Containment Performance
Control Rod Materials
Core-Concrete Interaction
Core Melt Progression and Modeling
Debris Coolability
Decay of Isotopes
Decisionmaking
Definition of Terms
Equipment Survivability
External Events
Fuel Burnup
Generalizations
High-Pressure Melt Ejection
Hydrogen Combustion
Hydrogen Production
Inadequate Research
Industry Effort
Natural Circulation
NUREG-1150
Operating Experience
Operator Actions
Outdated Technology
Peer Review
Probabilistic Risk Assessment
Regulations--Recommendations
Regulations--Relax
Report--Recommendations
Revaporization and Resuspension
Risk
Secondary Structures
Skill Needed To Use Codes
Steam Explosions
Technical Content Of NUREG-0956
Thermal Hydraulics
TMI-2 Data
Uncertainties--General
Uncertainties--Quantified
Validation
Verification
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a particular plant. The NRC staff believes that the methodology will be adequate
to study other sequences that may need to be considered. A follow-on report,
NUREG-1150, which is scheduled for publication in 1986, will use this methodology
to provide revised risk profiles for a sample of operating plants. Since this
type of comment is directly relevant to. probabilistic risk assessment (PRA),
these comments have been provided to the authors of NUREG-1150 for their
consideration.

With regard to the lack of treatment of some severe accident phenomena and con-
tainment failure modes, it would not be appropriate to attempt to identify or
analyze all containment failure modes or scenario pathways. It is the intent
of the latest sequence selection, reported in NUREG/CR-4624, to analyze at least
the most risk significant of these pathways. To the extent that different
scenario pathways produce different severe accident processes, however, it has
been the intent of NUREG-0956 to provide examples for the analysis of these
processes. In some areas, the capability of the Source Term Code Package meth-
odology to treat phenomena is recognized to be limited or nonexistent. These
areas have typically been identified as key issues, and research is being direc-
ted toward their resolution. The NUREG-1150 uncertainty analyses should provide
insights as to whether modeling improvements are necessary for these processes.

Some of the accident scenarios were analyzed even though they involved low-
probability containment failure modes. For example, in the Surry TMLB' sequence,
although the predicted early pressure spike reached a peak pressure less than
90 psia, a very low pressure at which to expect the containment to fail, the
early failure scenario was analyzed. It is appropriate to analyze this type of
scenario as long as the results are adequately qualified as being of very low
likelihood. In past PRAs, some low-probability containment failure modes have
been found to be important contributors to plant risk. In the specific case of
TMLB', the scenario that was analyzed is a surrogate for a similar scenario
involving direct heating of the containment atmosphere by dispersed core debris.
The direct-heating phenomenon is a high-priority issue currently under
investigation.

Real accidents do tend to be more complex than analyzed accidents. Real acci-
dents involve partial failures of systems and operator interventions (both good
and bad), which in effect shift sequences from one pathway to another pathway.
PRA sequences should be considered as surrogates for classes of sequences. It
is clearly Impractical to attempt to analyze each possible variation of a
sequence. As long as the principal features of the sequences can be captured
in the analysis, the NRC staff believes that meaningful insights about the risk
of a plant can be obtained using PRA methods. The question of how many varia-
tions of sequences must be included in a PRA is a PRA issue.

C.2 Advisory Groups

Comment

The commenters in this group quoted (or referred to), in part or in whole, one
or more of the following quotations from reviews by the American Physical
Society (APS), the Advisory Committee on Reactor Safeguards (ACRS) and its
members, or Commissioner Asselstine. The statements by the two groups, which
the commenters believe to be contradictory to NRC staff positions, are believed
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by the commenters to be particularly damaging because the APS was called in to
review the work by the agency and the ACRS is the agency's own advisory group.
The quotations are:

1. The study group believes that the source term research cannot yet be
regarded as adequate (Ref. C.1, p. S129).

2. Probably not all the complex, coupled, nonlinear physical processes that
determine the outcome of accidents have been identified (Ref. C.1,
p. S111).

3. The study group recommends that the theoretical and experimental studies
be published in archival, peer-reviewed journals, and that the computer
codes, together with a clear and complete technical description of the
models and the assumptions, be made available to interested parties
(Ref. C.1, p. S130).

4. The NRC should continue to ensure a strong, integrated program of experi-
mental and analytical studies in order to provide a sound data base for
calculations of the source term (Ref. C.1,.p. S129).

5. On the basis of our examination of the report, and of our extensive discus-
sions with the staff, we conclude that the report can best be characterized
as a status report for a task well begun but far from conclusion (Ref. C.2,
p. 3).

6. Even in its present form, the [MARCH] code provides only a crude repre-
sentation of the physical processes it is meant to predict (Ref. C.2, p. 6).

7. However, no guidance is given to the prospective user on how to account
for or how to deal with uncertainties (Ref. C.2, p. 4).

8. Judged in this context, we believe the report is a useful addition to the
earlier information on fission product release and transport, and to the
methods that have been used in the past to model the behavior and the con-
sequences of severe accidents. However, we conclude that the codes, in
their present form, should not be given much weight in making decisions
(Ref. C.2, p. 4).

9. In addition, we believe that detailed containment performance evaluation
should be given particular emphasis at sites like Indian Point (Ref. C.3,
p. 2).

10. For source terms, it is not what gets into the containment but what gets
out. If the report does not have a good treatment of containment
behavior, what difference does (the report) make? (Ref. C.4, p. 6).

11. Unfortunately, the necessary calculations cannot be made based on data
and scientifically accepted principles and methodologies. Because of
major inadequacies in the data base, because of the vast complexity of
nuclear plants, because a tremendous number of assumptions must be made,
because all contributors to risk cannot be quantified, and because core
meltdown phenomena are poorly understood, no one calculation of risk
yields a remotely meaningful value of risk (Ref. C.5, p. 38109).
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12. .. .PRA studies as currently performed will remain inscrutable and will,
at least for the next decade, be little more than a display of logical
thought based on essentially arbitrary reliability assumptions
(Ref. C.6, p. 3145).

The references to these quotations occurred in the comment letters as reasons
for disagreeing with the present status of several different areas of source
term technology or the agency's position on them. These include containment
behavior; TMI-2 core data; inherent unreliability of PRA; correction of omis-
sions and simplifications in the Reactor Safety Study methods, uncertainties
that remain in present technology, and the peer review process for the present
technology (Conclusions 2, 3, and 4 of the draft of this report); and, most
often, the recommendation to use the analytical method to reevaluate regulatory
practices.

Reply

The NRC staff takes seriously any comments made about the source term research
by these groups and individuals. However, far from being contradictory to staff
positions, the statements quoted, taken together with other statements from
the groups, reinforce those positions. The research is not complete and
Chapter 7 of the draft laid out a schedule for additional research in those
areas of major uncertainty with cross-reference to show how each addressed the
APS concerns.

Not all the complex phenomena are understood, but the APS noted that with all
the groups working internationally on the problems, it is "unlikely that impor-
tant phenomena will be left unconsidered" (Ref. C.1, p. S128). In the meantime,
it is necessary to account for uncertainty resulting from lack of knowledge, as
stated in Recommendation 3 in the draft report and expanded upon in the recom-
mendation in this document.

The ACRS believes that the fission product release and transport information
discussed in this report is only a part of the information necessary to make
regulatory decisions and by itself should not be given much weight. The NRC
staff agrees but potes that a few areas, such as credit for suppression pool
scrubbing, do not depend on other information and may be ready now for recom-
mendations. Accident frequencies, containment behavior, and uncertainty esti-
mation are the other necessary ingredients for sound decisions in many areas.
These all are being addressed in NUREG-1150 and the capabilities of the methods
of addressing these areas must be considered in that arena. While all aspects
of risk assessment are complex and require good judgment, the assessment of
uncertainties is particularly difficult. Methods for quantitative assessment
are only now being developed, and peer review of the methods will be conducted
in the future. In the meantime, as much guidance on uncertainty estimation as
it is now possible to give has been added to this document.

The technical aspects of the quotations are discussed in the replies to the
technical comments. That is, quotation 3 is discussed under Peer Review (see
C.32); quotation 5 under Inadequate Research (see C.25); quotation 6 under
several headings, such as Core Melt Progression and Modeling (see C.13),
Hydrogen Combustion (see C.23), and Secondary Structures (see C.39); quota-
tions 9 and 10 under Containment Performance (see C.10); and quotations 11 and
12 under Probabilistic Risk Assessment (see C.33).
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C.3 Aerosols

Comment

The comments related to aerosols can be divided into those related to (1) basic
transport and behavior mechanisms for airborne particles, (2) the roles that
various engineered safety features play in reducing the source terms, and
(3) the rate at which aerosols are generated during an accident.

Regarding basic aerosol transport and behavior mechanisms, many important ques-
tions have been raised by the comments, including the effects of nonspherical
particle shapes, the effects of soluble species, and the validity of the
deposition mechanisms that exist in the models. The need for validation of
the SPARC and ICEOF models was discussed, and uncertainties involved in scrubb-
ing efficiency of engineered safety features were commented upon. Questions were
also raised on the source rate and the size distribution for the particles pro-
duced by high-pressure melt ejection.

Reply

While solubility and nonsphericlty of particles can readily be accounted for
by the proper selection of input variables, the data base for solubility of the
individual species is sparse. A validation effort is in progress for the Source
Term Code Package in which the aerosol transport and deposition models for the
NAUA and TRAP-MELT codes are being compared with experimental data. Although
some aspects of aerosol behavior under severe accident conditions require fur-
ther development and validation, in general aerosol processes have been well
characterized and validated in comparison with other severe accident phenomena.

While considerable progress has been made during the past 2 or 3 years in
quantifying the particle capture mechanisms applicable to the suppression pool,
large uncertainties still exist in the current state of technology in predict-
ing the performance of engineered safety features under different accident con-
ditions. One of the most important sources of uncertainty is the particle
size distribution, which is calculated by other codes and input to SPARC and
ICEDF. Moreover, the current models, including the SPARC and ICEDF codes, that
calculate the effectiveness of engineered safety features have not been validated
completely because experimental data pertinent to code validation did not become
available. As a systematic validation of the models is pursued, uncertainties
in the ability to predict the capture of aerosols in suppression pools and ice
condensers will be reduced.

As suggested by some of the comments, uncertainties in core melt progression,
fission product release rates, and natural circulation can significantly affect
aerosol transport, and they need to be studied further.

C.4 Applications Must Be Known

Comment

The draft document referred to large uncertainties in the results and identi-
fied major areas where these uncertainties arise, but gave no guidance on how
to evaluate those uncertainties and no discussion of either the regulations
impacted or how they might be impacted. Without this information, neither the
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importance of the uncertainties in the regulatory framework nor the adequacy of
the research can be assessed. As uses are developed, more questions might arise.

Reply

The NRC staff envisions the use of source term information (and later risk
Information) as an iterative process between science and regulation. As of
today, a consistent methodology has been developed in the Source Term Code
Package. Uncertainties and the emerging methods of estimating them are
discussed as fully as possible in Chapters 3 and 6. These efforts to date make
it possible to review some present regulatory practices, and the risk informa-
tion, which uses results of source term methodology, will make it possible to
review others. The staff believes that all applications should use information
that is based on sound science with appropriate consideration of the uncertain-
ties for each application. The actual regulatory applications are beyond the
scope of this report.

C.5 Bias

Comment

Too much emphasis has been placed on improbable sequences. Overly conservative
assumptions have overestimated the source terms. Unmodeled or poorly modeled
phenomena lead to overestimates. The analyst cin introduce bias.

NRC and its contractors have the same "mindset" as the nuclear industry. Some
phenomena have not been modeled that would lead to higher source terms. The
peer review process was industry dominated and excluded "dissenting" opinions.
Source terms were biased to the low side with the intent of subsequently reduc-
ing regulatory requirements and safety margins.

Reply

The claims by the commenters of bias in the NRC-sponsored work were divided
into two clearly divided camps, those who felt the study was strongly biased
toward unrealistically low source term values and those who felt the study was
strongly biased toward unrealistically high source term values. No commenters
appeared to believe that the study achieved its objective of being unbiased.

It is worth restating the definition of "best-estimate" that was used in the
study--not intentionally biased to either high or low values. Whether assump-
tions of the analysts who developed the models have affected the results to a
significant degree is difficult to assess. The intent of the NRC staff has
been to be unbiased. It is now recognized that source term information is and
will be used in a wide variety of applications and for different purposes, as
discussed in Chapter 1 of this document. Because of this diversity, it is
not possible to adjust the models in the codes in order to build In margins
that will be the kind needed for analyses of safety (called conservative margins)
for all purposes and all plants. (For specific applications, conservative mar-
gins can be added and used in the regulatory arena, as has been done in the
past, starting from realistic analyses).
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In selecting peers to review the technical content of the study, the NRC staff
chose competent individuals from a variety of organizations. The NRC staff
believes that a balanced review was achieved. The section on Peer Review (see
C.32) discusses this further.

C.6 Changes in Source Terms

Comment

The report should emphasize that the majority of sequences have lower source
terms than would be calculated using the Reactor Safety Study methods. Sequences
with high source terms have very low probability. High source terms are usually
the result of ultraconservative modeling and sequence definition assumptions.

NUREG-0956 should state more clearly whether or not there are significant differ-
ences between the results obtained with the new methodology and those in the
Reactor Safety Study. Differences with the results of other studies, in parti-
cular IDCOR, should be explained. How current uncertainties compare with
earlier uncertainties should be shown.

Reply

The NRC staff takes the position that general statements about the conservatism
or nonconservatism of source terms are inappropriate. It is true that, for some
sequences for which a comparison could be made with the Reactor Safety Study,
the source terms were found to be smaller with the improved methods. This was
not always found to be the case, however. Conditions can be hypothesized that
would lead to large source terms for any of the selection of operating plants
analyzed. Although NUREG-0956 has examined a number of scenarios that involve
low-probability failure modes rather than the most likely failure mode, the staff
believes that the selection process has remained within bounds of reason as mea-
sured by the potential for these scenarios to be important risk contributors.

The estimated risk in the Reactor Safety Study was influenced by a variety of
factors in addition to source terms, such as sequence frequencies, containment
failure mode probabilities, and the approach to grouping source terms into bins.
In the draft of this document, a chapter was provided that attempted to illustrate
the contribution of changes in source terms to changes in calculated risk. Since
there have been changes in the understanding of the other factors that influence
risk as well as in the source term methodology, the isolated treatment of the
source term contribution was not very successful. The staff has therefore
decided to leave the discussion of risk insights to NUREG-1150. NUREG-1150
will not only provide risk profiles for the operating plants but will also show
the sensitivity of the risk to the principal sources of uncertainty.

At the time of issuance of the Reactor Safety Study, no significant attempt was
made to estimate uncertainties in source terms. The QUEST program that was
undertaken as part of the source term methodology development effort indicated
that the uncertainties in source term estimations with the improved methods are
large. By comparison, the uncertainties in the the Reactor Safety Study methods,
although not well quantified, were certainly larger.
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Some limited comparisons were possible between results from the MARCH code and
results from the MAAP code, and they provided some insights as to the reasons
for the differences in those results. The principal phenomenological modeling
differences are the basis for the NRC-IDCOR issues described in this document
(Chapter 5 and Appendix B). Differences are also found to arise, however, in
the definition of sequences. Subtle differences in the treatment of the acci-
dent scenario can have a major impact on the environmental source terms.

C.7 Chemistry--Iodine

Comment

Most of the technical comments about this issue centered on the justification
for assuming that the predominant chemical form of iodine was cesium iodide,
the recent experimental findings that are considered by the commenters to have
contradicted this assumption, and the underestimation of the iodine source term
in NUREG-0956 because of volatile iodine generation.

Many comments in this area noted the recent, conflicting findings as an example
of unexpected results that undermine the bases for source term calculations.

Reply

A new section (Section 6.2.7). has been added to address this subject.

The assumption in draft NUREG-0956 that iodine exists as cesium iodide was
based on a theoretical analysis and the state of technology at the time
NUREG-0772 was prepared and the BMI-2104 study was made. The analysis was
actually conducted for NUREG-0772 to predict the chemical forms of cesium and
iodine in a cesium-iodine-oxygen-hydrogen system. The study, conducted over a
range of severe accident conditions, concluded that conditions for cesium
iodide formation are met in the reactor coolant system and containment, depend-
ing on the accident sequence analyzed. The conclusion was that iodine exists
primarily as cesium iodide, but only for the purpose of conducting transport
calculations in the reactor coolant system and containment.

Some recent experiments provide some evidence of volatile iodine formation for
certain conditions. Other experiments indicate results that are not in conflict
with the assumption of CsI. Therefore, the experiments sponsored by the NRC
and other organizations provide conflicting information on the chemical form of
iodine. The experimental results indicate that the chemistry involved is com-
plex and is sensitive to the actual experimental conditions.

Since there is large uncertainty concerning the chemical forms of iodine and
experimental confirmation will take some time, the subject will be treated as
an uncertainty in this document and in NUREG-1150. A sensitivity study, as
promised in draft NUREG-0956, is being conducted at the Oak Ridge National
Laboratory to assess the impact of volatile iodine formation on the environ-
mental release of iodine. By assuming the iodine release from the core to be
either 100 percent cesium iodide (as assumed in BMI-2104) or 100 percent hydro-
gen iodide, it is possible to estimate the bounding values on iodine release
from the containment for the specific sequences and plants studied. At present,
transient sequences from a PWR and a BWR nuclear power plant are being considered.
Results to date from this study are discussed in Section 4.13 of this document.
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This issue as an example of unexpected results is discussed in the section on
Inadequate Research (see C.25).

C.8 Chemistry--Radionuclides

Comment

Many questions relating to fission product and actinide chemistry remain
unanswered. Release from the fuel at moderate temperatures appears understood,
but high-temperature behavior, resuspension, and revaporization are less well
known and need systematic investigation. The knowledge of chemical species is
incomplete and omission of a few species can negate conclusions of fission
product transport. Some processes, i.e., tellurium release, are very complex
and difficult to model. Overall release is a strong function of the accident
sequence and the transport will depend on oxidation state, time-temperature
history, and ambient atmosphere. Knowledge needs to be gained concerning all
of the above.

Reply

With the advent of the JANAF (Joint Army, Navy, Air Force) program in the early
1960s, there was a considerable effort to establish thermochemical values. At
the same time, there was considerable effort at the Atomic Energy Commission
in conjunction with the Space Nuclear Auxiliary Power (SNAP) programs and the
breeder reactor program to develop a data base for nuclear materials. By the
mid-1970s, these efforts were reduced to a low level and have remained at that
level ever since. The thermochemical data base available when the Reactor
Safety Study was performed is about the same data base available today.

Similarly, for the Reactor Safety Study, a matrix with 17 elemental fission
products plus oxygen and 58 different chemical species was used. Computers
today might be able to handle twice as large a matrix; however, no computer
will be able to handle in one program the complexities of the total chemistry.

The main difference between today's technology in this area and the Reactor
Safety Study technology is a greater appreciation for the importance of release
kinetics and how they can affect calculations of chemical species during trans-
port out of the core, where the Reactor Safety Study had relied on equilibrium
calculations. The understanding of chemical reactions is improving. It must
be shown how fission products react with each other, with aerosols, and with
their gaseous environment on their way out of the reactor coolant system. A
better understanding of corrosive reactions, deposition, and revaporization in
the reactor coolant system will follow.

The NRC has an experimental and analytical plan to obtain this information. An
integrated program exists to answer the questions dealing with the chemistry and
fate of fission products and actinides.
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C.9 Consider Other Studies

Comment

More than 60 individual publications were cited in support of technical or
policy comments, that is, a citation of where justification or support could
be found. In several cases, the commenters requested specific consideration of
the reference and, in other cases, the reference was simply a documentation of the
supporting evidence. These citations covered the following areas:

1. Health effects models, including cancer rates following the TMI-2 accident,

2. Containment behavior, especially mentioning the Containment Performance
Working Group and the Containment Loads Working Group,

3. Offsite protective actions,

4. Sequence frequencies, including studies of equipment failure,

5. Licensing practices,

6. Two reviews of draft NUREG-0956, and

7. Fission product release and transport.

Reply

The first five of the areas are beyond the scope of this document. In response
to many comments, the comparative risk appraisal found in the draft of this
document has been removed (items 1, 2, 3, and 4). The document did not and
does not now propose regulatory changes or discuss licensing practices (item 5).
Therefore, all the comments not appropriate for this document have been for-
warded to the authors of NUREG-1150 for their consideration if the comments
dealt with risk calculations or to the licensing staff if they dealt with regu-
latory policy.

The text of this document has been changed in numerous places to clarify the
relationship of the source terms reported here to the evaluations of contain-
ment behavior (item 2). All source term methods, including those developed for
the NRC, rely on failure criteria (for instance, pressure, temperature, or time)
determined outside the fission product release and transport codes and input to
them. A complete picture of risk usually requires source term evaluations for
branches of the containment event tree that have low conditional probabilities,
but for which consequences are severe.

Concerning item 6, the two reviews of draftNUREG-0956, one of them was received
as a comment directly and the comments contained in the other had been quoted
by several other commenters. Therefore, both of the reviews are represented.

All the references in item 7, concerning fission product release and trans-
port, have been considered in support of technical comments in each of the tech-
nical areas and replies to those areas also consider the references.

C-13



C.10 Containment Performance

Comment

The comments strongly support the conclusion that containment performance is a
dominant factor in the outcome of accidents beyond design bases. Only one
demurs and suggests that fission product behavior is at least as significant.
The commenters agreed that state of knowledge about containment performance
presented in draft NUREG-0956 requires significant improvement before definitive
conclusions can be drawn. There are, however, two distinct schools of thought
on how best to proceed in the face of uncertainty--motivated by feelings that
the estimates cited in NUREG-0956 are, in one school, perceived as leading to
larger source terms and, in the other, as leading to smaller source terms. Most
industry comments suggest that further investigation will lead to estimates of
longer times to failure and more benign failure modes. Many comments from other
sources suggest that reconsideration of some loads (hydrogen, steam explosions,
direct heating), the possibility of bypass scenarios, and deficiencies in con-
struction quality control will suggest higher probabilities of early containment
failure. A recurring technical comment is that containment failure is not cal-
culated in BMI-2104, but rather is an input variable, thus suggesting that the
computational package is incomplete.

Reply

The current source term assessment is concerned with the technology of fission
product release and transport and has not included assessment of the structural
behavior of the containment. Therefore, comments about containment failure
criteria are beyond the scope of NUREG-0956; changes have been made in the text
to clarify this point. Briefly, the failure criteria are determined outside
the framework of the fission product release and transport codes discussed here,
and these failure criteria are used as input to the codes. However, the codes
determine when a criterion has been satisfied. The text about containment per-
formance in draft NUREG-0956 has been deleted.

C.11 Control Rod Materials

Comment

The use of SASCHA experimental results for predicting rates of release of PWR
control rod materials will lead to overestimates of the amount of silver and
indium released since these experiments maintained the material in the heated
zone after it melted. In an accident scenario, the molten control rod alloy
would be expected to flow out of the hot regions of the core after the control
rod cladding fails. The silver may interact with the zirconium of the control
rod guide tubes to form a eutectic, which also may flow to cooler regions
where it is not subject to release.

Whatever amount of control rod materials is released should be characterized
since it is available for reaction with fission products of interest in risk
analyses.
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Reply

The NRC staff agrees with this comment. The Source Term Code Package and the final
version of the report have been changed to reflect the lower releases of silver.
It should be noted that the comments address only PWR control rods but the NRC
staff believes that, in addition, release from BWR control rods and the resultant

chemistry is not a negligible issue. There is considerable uncertainty in the
rates of release of the silver-indium-cadmium alloy from the rods. It is likely
that SASCHA experimental results would lead to overpredictions of silver release
since these experiments held the alloy in place artificially. Currently, based
on data from in-pile and out-of-pile experiments, it is believed that silver and

indium, being liquid at the time of control rod cladding rupture, will flow
downward in the core to cooler regions. This has been observed in experiments
employing 4-cm-long simulated control rods heated isothermally at 1 atm. total

pressure. Extrapolation of these results to full-scale rods under conditions
found in a melting core appears to be reasonable, but defensible predictions of
the extent and timing of the release of control rod materials require that the
mode and location of control rod failures and the detailed geometry of the melt-
ing core be carefully considered.

C.12 Core-Concrete Interaction

Comment

Core-concrete interactions are not well understood; the models for core-concrete

interactions are inadequate and the data base is limited.

A new section (Section 6.2.5) has been added to address this subject.

In general, there is a tendency to underestimate the level to which the CORCON
and VANESA codes are mechanistically based, i.e., the mathematical models are,
for the most part, predicated on fundamental physical laws and state-of-the-art
knowledge of chemical and thermodynamic interactions. A deficiency at the present
time (not generally recognized) is the paucity of data on material properties
at the high tempiratures involved. The identified necessity for validation of
the codes with experimental data obtained, using prototypic reactor materials
and temperatures, has been fully recognized by the NRC, and research programs
are already in place to remedy this deficiency, as described in Chapter 6 of
this document.

Overall, however, the CORCON and VANESA codes show very promising agreement
with data now emerging from NRC programs and from the program in the BETA faci-

lity in the Federal Republic of Germany. The final version of NUREG-0956 has
been significantly augmented to show the status of validity of these codes.
The results obtained from the CORCON and the VANESA models are dramatically
dependent on input of such quantities as the type of concrete, the amount of
unoxidized zirconium, or the time-dependent release of materials from the reac-
tor coolant system. Uncertainties in these quantities as well as uncertainties
in the models must be considered for each purpose.
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C.13 Core Melt Progression and Modeling

Comment

There are too many uncertainties and too few data in the area of core melt
progression. The MARCH code representation is nonphysical and is inadequate
to represent core melt progression. MARCH assumes an arbitrary core melt
temperature (usually 2,2771C) as a user input and does not consider noncoherent
melting. The most important accident consequences are highly dependent on the
nature of the core debris at vessel failure, and this is essentially a user
input in MARCH. MARCH provides an inadequate treatment of BWRs in general,
which have unique problems.
Reply

A new section (Section 6.2.2) has been added to address this subject.

It is true that MARCH uses a simplified nonmechanistic treatment of the
complex in-vessel core melt progression process, and that available data,
particularly in the later stages of this process are limited. At the time when
the analysis for the NUREG-0956 source term reassessment was begun, MARCH was
the most advanced tool available. Meanwhile, several groups have developed and
are developing more advanced semimechanistic and truly mechanistic codes for
core melt progression analysis that use some or most of the newer research
results. MARCH continues to have the advantage, however, of extensive user
experience, and new results can guide the choice of user options.

The most comprehensive treatment of in-vessel core melt progression is provided
by the newly developed NRC mechanistic MELPROG code. MELPROG also includes a
two-dimensional treatment of in-vessel natural convection, using the existing
TRAC thermal-hydraulic formalism, and a first-principle mechanistic treatment
of fission product and aerosol release and transport with the VICTORIA code
module. Natural convection heat transfer can have substantial effects on core
melt progression. MELPROG provides the state of the core during melt progres-
sion, hydrogen generation, fission product and aerosol release and transport,
the debris attack on the reactor structure and the vessel (including penetra-
tions), the mode of vessel failure, and the distributions of temperature and
material composition in the core debris at the time of vessel failure. The NRC
mechanistic SCDAP fuel damage code also provides a detailed mechanistic treat-
ment of the earlier stages of in-vessel core melt progression, including hydro-
gen generation and fission product behavior. SCOAP also includes a simplified
treatment of in-vessel natural convection. The EPRI CORMLT code pioneered in
the analysis of in-vessel natural circulation and its effects with a simplified
treatment using assumed flow tubes (flow patterns). The core melt element of
the MAAP code set developed by industry in the IOCOR program is semimechanistic,
but MAAP does incorporate some MARCH-like arbitrary model options that In one
case can reduce BWR hydrogen generation significantly. MAAP also incorporates
simplified in-vessel convection somewhat similar to that in CORMLT, with assumed
flow paths. MELPROG, SCDAP, CORMLT, and MAAP are or soon will be available in
BWR versions, and BWR analyses are currently being done with MARCH.
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NELPROG and other mechanistic codes are also being used to quantify, and, where
the results so indicate, to reduce the currently large uncertainties in the
source term resulting from the core melt progression process. MELPROG is now
being compared with the Source Term Code Package and is undergoing validation
assessment against the available database, which is mostly new. A new pro-
gram of MELPROG validation experiments is providing new data for assessment of
the MELPROG models during the latter stages of in-vessel core melt progression.

A new advanced integrated code, MELCOR, is under development for the even-
tual replacement of the Source Term Code Package. MELCOR is more mechanistic
in this area than the Source Term Code Package and incorporates simplified
models parallel in result to the detailed mechanistic models in MELPROG.

C.14 Debris Coolability

Comment

The degree to which core debris can be cooled in water pools is a matter of
some dispute in the technical community. The phenomenon is an important one,
especially for BWR plants in the ex-vessel phase of an accident. The NRC's
source term reassessment did not consider this. Some argue that the debris
will quench in water pools, and others that a crust will form to insulate the
debris from the water coolant. Reflooding might accelerate the core damage as
the additional steam oxidizes uncovered portions of the core, as hypothesized
in NUREG/CR-3440. The ex-vessel debris characteristics and disposition are
uncertain and affect the debris coolability.

Reply

This report does not consider accident recovery by core reflooding where debris
coolability in-vessel would be particularly important. Even though it treats
one accident where accumulator water is dumped, temporarily reflooding the core,
in general the report treats unrecovered accidents that proceed to core melt-
down. These are the sequences that best serve the purposes of the analyses,
discussed in Chapter 4, to investigate a wide range of severe accidents and to
provide information for the risk rebaselining report, NUREG-1150. Because
there is disagreement within the technical community about debris coolability,
the Source Term Code Package treatment is user-controlled for both the in-
vessel and ex-vessel phases of an accident. This allows various options or
alternatives to be evaluated, guided by the emerging experimental information.
The framework of the code package could accommodate models for debris coolabil-
ity in the future.

As demonstrated in the TMI-2 accident, actions can be taken that exacerbate or
that terminate accidents. There are detailed models for the coolability limits
of beds of particulate core debris in water (Ref. C.7), with and without inlet
flow, that are well validated by experiments for LWR accident conditions.
Generally, LWR-accident particulate debris beds several feet thick are coolable
in water pools, even without inlet flow. These beds are cooled by an internal
countercurrent steam-water convection process treated in the coolability models.
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This coolability applies to both in-vessel and ex-vessel beds of particulate
debris in water (until the water boils dry). According to current understanding,
it is possible for surface crusts to insulate the interior of previously dried-
out debris beds from reactor vessel water so further temperature increases and
melt progression can occur within the interior of the dried-out debris bed.
This behavior is modeled in the mechanistic melt progression code MELPROG. It
is noted, however, that in both the PBF scoping test and in the TMI-2 accident,
reflooding successfully cooled the core debris and terminated the temperature
transient.

The ex-vessel characteristics and disposition of the debris certainly do affect
the debris coolability, as stated, and uncertainty about these aspects do remain.
The in-vessel characteristics and configuration of the debris (from the core
melt progression process) are also significant for coolability. However, the
characteristic of the greatest importance for coolability is the presence of
water.

The temperature effect of the increased steaming rate from core-melt slumping
and from core reflooding comes from the difference between the oxidation heating,
which is severely rate limited by oxygen diffusion through the preexisting oxide
layer on the Zircaloy cladding, and cooling by the relatively cool steam. There
is strong experimental evidence that the hypothesized accelerated meltdown does
not occur. In the Severe Fuel Damage (SFD) Scoping Test in the PBF test reactor,
the extensively damaged test fuel bundle at about 2,2000 C was water quenched by
reflooding, and the temperatures all fell rapidly, showing quenching, not
accelerated meltdown. Finally, the extensively damaged TMI-2 core was success-
fully quenched and cooled by reflooding and pumped flow.

C.15 Decay of Isotopes

Comment

The effect of fission product transmutation on the calculation of transport and
retention is not accounted for in the analyses. In particular, the conversion
of tellurium into iodine can affect transport because the properties of the two
elements are substantially different.

The NRC takes credit for radioactive decay by assuming that containments remain
intact or by assuming very small hole sizes upon failure.

Reply

The direct effect of radioactive decay is accounted for in the CRAC analysis of
accident consequences. What is not accounted for in the Source Term Code Pack-
age analysis is the transmutation among species that could affect their trans-
port and deposition behavior. However, this effect is under review in the NRC
research program, and a discussion of the type of parent-daughter half-life
relationship that is necessary to make this an important effect has been added
in Chapter 4.

The decay of tellurium into iodine was examined as part of the QUEST study. It
was found that in early failure accidents leading to large releases the effect
would be small. In late failure cases where the primary system release of
iodine has significant time for removal in the containment, the contribution to
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the total activity of iodine by this pathway could be significant. This effect
is being studied in the NRC research program. Although worthy of consideration,
it should be recognized that iodine is primarily a consideration for early
effects. A change in the contribution from iodine in an early failure or
containment bypass case would be more significant than a change in a case with
a small delayed release.

The NRC staff maintains that the importance of containment integrity to source
terms should be emphasized. A number of cases are presented in this document
in which containment failure was assumed to occur with high associated leak
rates. The effect of early failure or bypass has been clearly demonstrated in
these analyses.

C.16 Decisionmaking

Comment

The codes or the results of applying the codes should not be used to change the
regulations, should not be used in the decisionmaking process, or should be
given little weight. The new information should only be used when it provides
more conservatism. The NRC should wait until all research is completed and
peer-reviewed before using the information from the source term research. The
bases for these statements were one or more of the technical issues in this
appendix that make the codes inadequate. Nevertheless, even with all its inade-
quacies and errors, the source term technology would be a major step forward.

Reply

The NRC staff recognizes that the Source Term Code Package has shortcomings and
may contain errors and unrecognized uncertainties but believes it is a signifi-
cant advance over the source term methods of the Reactor Safety Study and that
information derived from it is better than previous information. The NRC staff
believes that the framework for source term calculation developed thus far and
the uncertainty estimation process being developed have reached a stage where
their results can be used to review regulations. If any changes, either relaxa-
tion or tightening of the regulations, are found to be warranted, the agency's
procedures, including the opportunity for public comment on the technical
bases for the change, will be followed.

The recommendations in the draft of this document included one recommending use
of the analytical procedure and another recommending that uncertainties and
margins be considered for each purpose because margins (for any purpose) have
not knowingly been included in the models in the codes. The concept that the
two recommendations, along with the third recommending use of the Source Term
Code Package for complete core melt accidents, were intended to be taken to-
gether was misunderstood. That is, commenters believed that the recommendation
to use the methods to reevaluate regulations could stand without consideration
of the uncertainty in the results. This is not the case; the NRC staff
believes that appropriate consideration of the uncertainties for particular
purposes are required. The text has been revised to clarify this point.

C-19



C.17 Definition of Terms

Comment

Some terms such as containment failure, code validation, the end of an emergency,
reference version of code, and the units for source terms have not been clearly
defined.

Reply

The NRC staff has addressed each of these comments and reconciled them with the
text as appropriate.

C.18 Equipment Survivability

Comment

Exposure of equipment to severe accident conditions could influence the possi-
bility or timing of containment failure. The effect of a standing hydrogen
flame on equipment degradation should be addressed.

Reply

The severe accident environment can affect the performance of equipment that
has an influence on the magnitude of the source term. The source term analyses
in both the draft and final versions of this document include a number of
scenarios where the accident environment affects the performance of equipment;
e.g., the failure criteria for the injection systems in station blackout sequen-
ces, pump seal LOCAs, an induced failure of a hot leg, and an induced failure
of a steam generator tube. In those cases where the failure level for the
equipment is known, equipment survivability imposes boundary conditions for the
analysis. When the accident conditions go beyond those for which the equipment
has been qualified or to which it has been exposed in normal operation, it is
often unclear as to how the equipment would actually perform. In this instance,
it becomes a matter of the probability of the scenario pathway or a choice of
pathways along which the accident could proceed. Since this document is only
concerned with the analysis of specific deterministic scenarios, it does not
address the probabilities of branching points on containment event trees.
Branching probabilities, including those associated with the survivability of
equipment, are evaluated in NUREG-1150, and comments in this area have been
forwarded to the authors of that document for their consideration.

C.19 External Events

Comment

The effects of poor quality assurance and construction defects should be
accounted for in the analysis of containment failure. Sometimes plants are
operated outside their technical specifications. Maintenance is poor. Fires,
airplane crashes, biofouling, and earthquakes are important contributors to
risk. The effect of insider sabotage and external attack should be considered.
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This category of comments is somewhat broader than what are typically referred
to as external events in risk assessments. In addition to seismic events, fires,
airplane crashes, and floods, this category includes comments regarding sabot-
age (Internal and external initiators), inadequate quality control in the con-
struction of the plant, and poor maintenance. In general, the comments that
have been made are inappropriate for NUREG-0956. In most cases where the com-
menters state that the codes are not capable of analyzing a specific type of
external event, the accident processes would not be substantially different from
those in internally initiated accidents. The containment may have already been
damaged at the start of the accident but, as long as the initial conditions can
be specified, the severe accident codes can be applied. Many of the comments
are applicable to NUREG-1150, however, and they have been forwarded to the
authors of that report.

C.20 Fuel Burnup

Comment

The CORSOR code provides predictions of fission product release from fuel based
on an overly simplistic treatment. The CORSOR model does not Include any effects
of changes in fuel morphology or extent of buynup on the release rate of the
fission products.

The level of fuel burnup used in the calculations presented in draft NUREG-0956
may not be appropriate, and there is no discussion of the range of releases
possible assuming different fuel burnups.

Reply

Section 3.1.5, which has been revised in the final. version of this report,
addresses the CORSOR limitations related to fuel morphology and extent of burnup.
In general terms, low burnup fuel would tend to release smaller amounts of
fission products early in the transient and larger amounts of fission products
later in the transient upon fuel liquefaction. - Because of fuel morphology
differences (i.e., the presence of interlinked porosity channels), high burnup
fuel releases fission products earlier. CORSOR is based largely on data from
high-burnup fuel specimens and would be expected to provide better predictions
for high-burnup fuel than for low-burnup fuel. From the limited in-pile data
available to date (see Section 3.1.5), CORSOR appears to predict total releases
reasonably well even for low-burnup fuel, although the timing of the releases
is not accurate. For core-melt sequences, which lead to most of the overall
plant risk, the small timing inaccuracies are not believed to be of major im-
portance. The data base for in-vessel release from fuel is not complete, and
fast-running models suitable for source term analysis are not yet available as
replacements for the CORSOR code. Additional work is being done in this area
(see Section 6.3.2).

The code that has been used in the present work to calculate inventories of
fission products and actinides, ORIGEN, is capable of being used to calculate
inventories for other burnups. Chapter 2 of the draft document discussed the
types of nuclides for which burnup might be a significant effect. Comments of
this type are not appropriate for NUREG-0956, but have been forwarded to the
authors of NUREG-1150 for their consideration.
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C.21 Generalizations

Comment

The extent to which the source term technology or the results can be generalized
is questionable and the generalizations that are being made are too broad and
unsubstantiated. Examples of overgeneralization of the technology mentioned
were (1) use of models developed for PWR plants for BWR plants, where the dif-
ferences between plant types would be important and (2) generalization of chem-
ical form, where chemical form is sequence dependent. The results were believed
to be overgeneralized because (1) the selection of plants does not adequately
characterize other operating plants, (2) containment loads and performance were
treated in a limited fashion, (3) sequences were defined differently compared
with the Reactor Safety Study precluding direct comparing (noting that Reactor
Safety Study frequencies were outdated), and (4) not enough sequences were
analyzed to define risk. Further, conclusions should not be made about plant
risk before analyzing that plant.

While some commenters believe that source term reduction factors cannot yet be
defined or that development of generic source terms is not feasible, other
commenters noted that many PWR sequences are quite similar and that some gener-
alization can therefore be made.

Reply

This document attempts to show that source terms depend on plant design fea-
tures and sequence definition. Realistic estimates of source terms require the
use of detailed phenomenological codes. That does not mean that, for specific
applications, groupings of source terms cannot be made. Whether or not general-
ized source terms are appropriate will depend on the specific requirements of
the application and the acceptability to the application of the penalty intro-
duced by the generalization.

Some improvements have been made in the MARCH-3 version used in the code pack-
age to account better for BWR-specific geometries. In particular, a number of
improvements have been incorporated from the Oak Ridge Severe Accident.Sequence
Analysis (SASA) program and therefore the BWR treatment in this document has
been substantially modified compared with the draft. Whether or not a separate
BWR code should be written is clearly a question of programmer preference and
does not affect the models used in the analysis. A BWR version of MELPROG that
includes individual subassemblies, control-blade channels, and the complex BWR
core-support structure and vessel penetrations is under development but is not
yet available.

The similarity of a number of sequences in a large, dry PWR containment suggests
that it might be possible to generalize source terms to a limited extent. The
NRC staff believes that generalizations of this type can be used if treated with
care within specific limitations of the application and with clear qualifications.

The chemical form of the elements is not fixed as assumed in the analyses but
depends on the conditions in the reactor coolant system. At some time, the
methods will be improved to account for changes in the chemical form. A number
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of phenomena that can influence the chemistry of fission products in the reac-
tor coolant system are currently being studied in the research program. Until
there is better resolution of some outstanding issues, changes in the Source
Term Code Package are not warranted.

Some commenters believe that it is premature to state general reduction factors
for the Reactor Safety Study source terms. In draft NUREG-0956, the NRC staff
concluded that generalizations were inappropriate and that reductions might not
always be found. The commenters also believe that general statements should
not be made about changes in the risk of the plants analyzed. In draft NUREG-
0956, the NRC staff attempted to provide some insights into how changes in
source terms could affect calculated risk by using source term results for
Surry as an example. Since risk is influenced by a number of factors in addi-
tion to source terms, the commenters criticized the risk estimates as a mixture
of new source terms with outdated estimates for the other factors such as se-
quence frequencies and containment branching probabilities. In response to
the comment, statements about risk have been deleted and the risk significance
of changes in source term methodology will be analyzed and presented in
NUREG-1150.

The NRC staff believes that comments about the completeness of the variety of
accident sequences analyzed and the number of reference designs extend beyond
the objectives of draft NUREG-0956. It was not the intent of draft NUREG-0956
to provide risk profiles for these plants or to determine the extent to which
operating plant analyses can be applied to general categories of plants.

C.22 High-Pressure Melt Ejection

Comment

High-pressure melt ejection (HPME) and direct containment heating (DCH) pheno-
mena were omitted from the analyses. Inclusion of HPME and DCH in the source
term study is advocated.

Reply

A new section (Section 6.2.4) has been added to address this subject.

The implications associated with HPME and DCH for both containment loads and
fission product release and transport have been only recently recognized. Re-
search activities are ongoing at Sandia, Argonne, and Brookhaven laboratories
to evaluate consequences of such an event. Most of the experiments in these
laboratories simulate PWRs, especially the configuration of the Zion plant, but
the test results should be relevant to both BWR and PWR plants. The risk of
HPME and DCH is considered very much different for the BWR as compared with the
PWR. The automatic depressurization system (ADS) in the BWR can be used to
depressurize the reactor coolant system if it is available. The probability
for HPME and DCH, therefore, is believed to be lower for BWR plants. It has
also been speculated that certain BWR-specific features might mitigate DCH.
For instance, two suggestions were: (1) the presence of a large body of water
in the suppression pool might quench dispersing core debris and (2) early fail-
ure of a penetration in the bottom head while the debris in the vessel is still
solid might allow blowdown of the vessel before ejection of a large quantity of
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the debris. On the other hand, the containment volume in BWR plants is gener-
ally much smaller than that of large, dry PWR plants so that it takes a much
smaller fraction of core materials to challenge the integrity of the BWR con-
tainment should HPME and DCH occur. BWRs also contain a larger amount of zir-
conium that could oxidize in air or with steam and generate heat. The risk of
HPME and DCH for BWRs, therefore, merits further investigation. The impact of
HPME and DCH on risk will be discussed in more detail in the upcoming
NUREG-1150.

It is possible that natural circulation inside the reactor coolant system can
induce failure somewhere on the system boundary to depressurize the system be-
fore the molten core materials could melt through the bottom of the reactor
vessel. However, evidence is not conclusive at this time that this will defi-
nitely occur. In any event, it does not appear desirable to rely on a failure
of the safety system to alleviate an event having potentially serious
consequences.

C.23 Hydrogen Combustion

Comment

A major area of concern was with hydrogen transport and mixing as they influence
the combustion process. Results from code calculations (MARCH-HECTR, HSM-BURN)
show that recovery of sprays will result in condensation of steam and an increase
in hydrogen concentrations such that some mixtures could be detonable. The
inoperability of fans or igniters could also lead to detonable mixtures.
Ionizing radiation may provide an ignition source or may make the burn more
energetic. Modeling of burns with igniters operating does not account adequate-
ly for localized burns. The validity of the combustion models in the Source
Term Code Package was questioned. The production rate for hydrogen is important
in assessing the loads on containment. Even for inerted containments,
hydrogen burns could take place in secondary buildings.

There was great concern over the experiments that were designed to address the
effects of a hydrogen burn on cesium iodide chemistry. Some commenters believe
that this work should have been factored into the current source term codes,
but others perceived the work at Sandia to be for extreme conditions that are
highly unlikely to occur in any scenario.

Reply

A new section (Section 6.2.6) has been added to address this subject.

The combustion models in the Source Term Code Package are those that were devel-
oped at Sandia National Laboratories for the HECTR lumped-parameter code. Those
models have been assessed against existing experiments with good agreement hav-
ing been obtained. However, further research is nearing completion and some
modifications to the models may be needed in the future. The combustion models
are applied, in Source Term Code Package calculations, to secondary buildings
as well as containments, if so indicated by the sequence. Current NRC codes
assume the conditions in the entire containment (global conditions), instead of
in localized regions, to be the dominant factor needed to assess containment
loading. The validity of this "well mixed" representation is being assessed
in the ongoing research program and results will be able to guide future
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calculations. The codes further assume that for all hydrogen burns of 8 percent
or more the combustion will be complete, an assumption that appears to be well
supported by experiments. Transport calculations coupled with CSQ (finite dif-
ference code used to estimate detonation-caused loads) calculations for the
Bellefonte plant showed that even when local detonations are predicted the loads
on the containment are lower than the failure pressure determined by structural
evaluation. With respect to local effects versus global effects for deflagra-
tion, burning at the igniter location (local effect) is not modeled by the Source
Term Code Package because of the large uncertainties associated with the insta-
bilities of localized burning. Recent studies performed by Sandia National
Laboratories to investigate igniter performance show large changes associated
with the degree of turbulence due to air-driven currents such that the degree
of cooling of an igniter could vary greatly as a result of the location and
amount of hardware near the igniter.

Current efforts at Sandia are aimed at addressing conditions that could occur
during an accident. Because large uncertainties (e.g., hydrogen release rates,
break location) exist in predicting accident conditions, it is necessary to
assess the wide range of conditions that might occur to fully understand the
potential threat to the public.

The hydrogen behavior and control research program addressed a full range of
modes of combustion -- ordinary deflagration,, diffusion flames, accelerated
flames, transition from deflagration to detonation, and detonations. Even
assuming one combustion mode to be more likely than another, this was necessary
because, if other modes could not be ruled out, the potential threat posed to
the public from that combustion mode needed to be assessed.

Experimental data on the effect of hydrogen burns on cesium iodide chemistry
for a hydrogen air mixture showed that up to 75 percent of the iodide could be
converted to molecular iodine. These data were used for developing mechanistic
models for the CONTAIN code to evaluate the importance of this effect for dif-
ferent sequences. To make these studies more prototypic, the effects of hydro-
gen combustion on cesium iodide chemistry in the presence of steam and other
substances are currently being investigated as part of a joint effort with the
LWR Aerosol Containment Experiment (LACE) international program. Scoping studies
were performed to investigate resuspension of aerosols as a function of various
combustion modes (i.e., accelerated flames, ordinary deflagration) and showed
that a significant amount of aerosol could be resuspended. Detailed resuspen-
sion studies are not currently planned. Today, these additional sources of
iodine in the containment are included in the uncertainty analysis.

C.24 Hydrogen Production

Comment

The modeling of hydrogen production in MARCH is nonmechanistic and needs to be
improved. MARCH ignores the formation of blockages from the relocation of
metallic Zircaloy that diverts or cuts off steam flow and strongly reduces or
terminates hydrogen generation. MARCH does' not agree with available data,
including TMI data. The IDCOR MAAP code developed by the industry is unrealistic
in using a cutoff temperature (set at 2,1670C) beyond which Zircaloy oxidation
and hydrogen generation are irreversibly terminated, contrary to PBF and ACRR
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data. New data have shown that the hypothesized hydrogen-blanketing effect to
reduce the rate of Zircaloy oxidation and hydrogen generation does not occur
under reactor accident conditions and therefore should be removed from MARCH.
In-vessel natural circulation can significantly affect core melt progression as
well as hydrogen generation, and this effect is not included in MARCH. Hydrogen
can be generated by steam-iron reactions and from core-melt/concrete interac-
tions in the reactor cavity as well as from steam-cladding interactions.
Because of possible radiation effects on the steam-Zircaloy reaction, out-of-
pile tests on hydrogen generation may not be sufficient.

Reply

The MARCH code used in the analysis for NUREG-0956 does use a simplified treat-
ment for the in-vessel core melt progression processes, which influence hydrogen
generation. A more detailed treatment that includes new research results not
available when the MARCH analysis for NUREG-0956 was performed can now be made
with the detailed mechanistic MELPROG and SCDAP codes. Results of these calcu-
lations can be used to check the results and to narrow the parameter range for
the simplified analysis with the Source Term Code Package. The MARCH analysis
for NUREG-0956 does not use a temperature cutoff to permanently terminate hydro-
gen generation as the IDCOR MAAP code does. It is assumed that this cutoff is
the result of the formation of blockages to the steam flow in MAAP. Data from
the SFD tests in the PBF test reactor do not support this IDCOR hypothesis.
Most of the hydrogen generated (about 70 percent in the scoping test and about
90 percent in the SF0 1-1 test) occurred after this temperature threshold had
been passed. The hydrogen generation in the TMI-2 accident is also not consis-
tent with such an assumed temperature cutoff for hydrogen generation.

An early version of MARCH was used to calculate the TMI-2 accident using the
then-available initial and boundary conditions. The code underpredicted the
hydrogen generation, mainly because of a lack of debris bed models in that
version. Debris bed models are now included, although they are largely user-
controlled. The latest version, in the Source Term Code Package, will be used
in the coming year to reevaluate the TMI-2 accident using upgraded initial and
boundary conditions being developed for the Department of Energy for an
international code comparison exercise.

We would agree with the comment that the hypothesized hydrogen-blanketing effect
that reduces hydrogen generation has been shown not to occur under reactor acci-
dent conditions. This effect is not to be confused with steam starvation, which
is a real and often dominant effect. Hydrogen blanketing has been removed from
the new mechanistic SCDAP and MELPROG fuel damage and melt progression codes
and from the new MELCOR advanced integrated code that is under development.
Hydrogen blanketing does not have a large impact on the calculated hydrogen
generation in MARCH, but it is still used in the PWR modeling in the MARCH code
in the Source Term Code Package. It is not used in the MARCH BWR channel box
model.

In-vessel natural convection and its effects on core melt progression are included
in the new mechanistic MELPROG melt progression code and to a limited degree in
the mechanistic SCDAP fuel damage code, but not in the older simplified MARCH
code. The EPRI CORMLT code emphasizes in-vessel natural convection. In-vessel
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natural convection and heat transfer can have a major effect on in-vessel core
melt progression and potentially, therefore, on hydrogen generation. In initial
calculations for the Surry TMLB' sequence with one- and two-dimensional forms
of an early version of MELPROG that contains a preliminary, simplified core
model, natural convection significantly delayed the onset of hydrogen genera-
tion but did not produce large changes in the total hydrogen generated.

With regard to hydrogen generation from the steam-iron interaction, steel melts
at only about 100 0C above the onset of a significant rate of oxidation. There-
fore, oxidation of solid steel is of limited importance, but oxidation of the
steel component of the corium pool, particularly ex-vessel, may be significant.
This ex-vessel steel behavior is treated by the CORCON code in the Source Term
Code Package. MELPROG treats the in-vessel effects of steel in a two-dimensional
treatment that includes natural convection.

With regard to hypothesized radiation effects on Zircaloy oxidation by steam
and their absence in out-of-pile experiments, we note that most of the integral
data on hydrogen generation under reactor accident conditions comes from in-
pile tests in the PBF, the NRU, and the ACRR test reactors. Important valida-
tion data on hydrogen generation is coming from current coolant boildown tests
in-pile in NRU with prototypic 12-foot-long test fuel.

C.25 Inadequate Research

Comment

The NRC's understanding and predictive capability for severe accident source
terms and the related supporting research are incomplete. All the physical
phenomena and complex processes that determine the course of a severe accident
have probably not been properly identified or modeled.

The Source Term Code Package does not incorporate known important phenomena,
and some phenomena are not adequately modeled. Furthermore, unexpected
results can undermine the bases of the codes and, therefore, conclusions drawn
from them (as witness the recent results on the formation of volatile forms of
iodine). Much more research is needed before current source term codes can be
used in the regulatory process. Source term research is not complete until it
is used.

This comment is closely related to the comment on code validation and much of
the response there is equally applicable here. The NRC staff agrees with the
general thrust of the comments.

Source term phenomena are complex; hence their research is also complex and
technically challenging. Thus, like most areas of research, source term research
is evolutionary to the extent that progress is measured in years, not months.
In this regard, progress in source term research, in terms of our understanding
of phenomena and the emergence of an expanding, supporting data base, has been
considerable and noteworthy. Nevertheless, important gaps remain and many tech-
nical issues are unresolved, leading to uncertainties in source term analyses.
The NRC staff agrees that further research is needed, and this is described in
Chapter 6 of this document and in Revision 1 to NUREG-0900.
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The NRC staff also recognizes that there are important phenomena not modeled in
the Source Term Code Package and that these give rise to many of the large
uncertainties in source term analyses. These phenomena are discussed in Chap-
ters 3 and 6 of this document. Chapter 6 also describes NRC research and the
work of other organizations that are addressing these phenomena. Selected
experiments and analyses with detailed mechanistic codes are expected to pro-
vide the technical basis for modeling of most of these phenomena in the Source
Term Code Package and its successor, MELCOR. Hence, the staff expects the
predictive capability to be improved and large uncertainties to be reduced.
However, achievement of these goals will depend to a large extent on the
continuing commitment in the budgetary process to provide the resources needed
to complete the research.

Regarding important phenomena that may not yet have been properly identified,
the NRC staff agrees with the APS finding stated on p. S128, Section VIII B.9
of their report (Ref. C.I): "The diversity of the various government, indust-
rial, and foreign groups engaged in source term research makes it unlikely that
important phenomena will be left unconsidered." With regard to the example
most often quoted, the chemical form of iodine, the NRC recognized the possi-
bility in draft NUREG-0956 and has included the results of a parametric evalua-
tion of its importance in two sequences in this final version. Further, there
are plans to continue experimental investigations.

The Source Term Code Package is a framework into which future research results
can be incorporated without changing the basic approach for determining source
terms. As the source term research progresses, new insights will be obtained,
old notions may be modified, and current codes used to calculate source terms
will be modified or replaced by more advanced codes. Nevertheless, the mechan-
istic approach will remain the same.

The adequacy of source term research for regulatory applications can only be
judged in light of specific applications. The staff believes that appropriate
consideration of the uncertainties for the particular application is required.

C.26 Industry Effort

Comment

The nuclear industry has sponsored experimental work and code development work
that has not been taken into account in either the NRC codes or in NUREG-0956.
Neither are the results of many foreign research programs reflected in the NRC
source term reassessment.

The industry has analytical methods for calculating source terms that are as
valid, realistic, and accurate as the NRC code package. These codes do not
have some of the deficiencies found in the BMI-2104 code suite. It was sug-
gested that the code suite could be used for the risk rebaselining study and
could provide the basis for review, modification if necessary, and approval of
the industry methods. The industry methods should be recognized by the NRC as
an alternative method. The review of licensee submittals should be based on
the industry methods when they are approved.
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Reply

The bases for the codes are discussed in Chapter 3. The results of many non-NRC
programs have been used in the development and the validation of the NRC
source term codes. Among the programs are the following:

1. Fission product release experiments from the SASCHA facility in the
Federal Republic of Germany.

2. Aerosol experiments at the Battelle-Frankfurt DEMONA facility in the
Federal Republic of Germany.

3. Aerosol experiments at the Marviken facility in Sweden.

4. Aerosol experiments sponsored by the U.S. Department of Energy at the
Hanford Engineering and Development Laboratory.

5. Steam condensation tests done by'Westinghouse Electric Corporation.

6. Pool scrubbing experiments sponsored by EPRI at the Battelle Columbus
Laboratories.

7. NAUA, an aerosol code originally developued in the Federal Republic of
Germany, used in the Source Term Code Package,

The results from other such programs are just becoming available, such as from
the EPRI-sponsored LACE tests and STEP tests.

Industry-sponsored and foreign-sponsored research findings are available to
the NRC via three major routes, namely the peer review processes, the NRC/IDCOR
technical exchanges, and the NRC participation in the international research
programs. These interactions ensure that information from other programs, in
addition to NRC research, is used as the bases for calculating source terms.
Scientific results, regardless of the source, can be incorporated into the frame-
work for calculating source terms that is provided by the NRC methodology.

The NRC staff believes that the models in the Source Term Code Package are based
on information from a diversity of sources and have had a diversity of reviews
such that it appears to have a firm basis. As the codes of other organizations
are developed and reviewed, the NRC's approach to calculating source terms can
accommodate new insights from such models. Through peer reviews, technical
exchanges, and international programs, the NRC staff believes that its source
term estimation methods are both scientifically based and reviewed in an open
forum that facilitates updating the source term science. How the industry
methods could or should be used in the regulatory arena is beyond the scope of
this document. The comments in this area, however, have been provided to the
regulatory staff for their consideration.

Using the Source Term Code Package, the NRC maintains an independent capability
to calculate source terms as part of its effort to carry out its mission. The
NRC staff believes that the scientific bases and the peer review of the Source
Term Code Package make it the method of choice for staff analyses.
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C.27 Natural Circulation

Comment

Natural circulation is an important phenomenon that is inadequately taken into
account in source term studies. Analytical studies of natural circulation are
no substitute for experiments. Computer codes used to study natural circulation
should be validated by the experiments, including TMI-2 data. The effects on
natural circulation in a PWR high-pressure scenario include the delay of the
onset of core melting and the possible failure of the reactor coolant system
piping or steam generator tubes. If such a failure of the reactor coolant
system were to occur, high-pressure melt discharge to the containment may be
precluded.

Reply

A new section (Section 6.2.1) has been added to address this subject.

Although the buoyancy-driven natural circulation in the reactor coolant system
of a PWR is not accounted for in NUREG-0956 studies, it is being investigated
as an important issue in NUREG-1150. Additional studies--both analytical and
experimental--will continue after NUREG-1150 is completed. NRC-sponsored
analytical studies are being performed using the detailed mechanistic codes,
including MELPROG/TRAC, SCDAP/RELAP5, and COMMIX. These codes will be vali-
dated against data, including those from EPRI-sponsored 1/7-scale natural cir-
culation experiments at Westinghouse, the ThI-2 accident, and severe fuel damage
experiments, as noted in Chapter 6 of this document. NRC will examine the EPRI
data and will determine if more experiments on natural circulation are needed.
In addition, the reactor coolant system structure response to the high tempera-
ture and pressure conditions is being investigated; results will be coupled
with the calculated thermal-hydraulic loading. Analytical studies performed by
EPRI, IDCOR, and others will be considered in the NRC-sponsored studies.

Reactor coolant system structural failure due to the presence of reactor cool-
ant system natural circulation, if it occurs, can probably either prevent the
occurrence of the high-pressure melt discharge to the containment or reduce its
adverse effects during the PWR high-pressure severe accidents. However, it is
still too early to rule out the high-pressure melt discharge to the containment
at this time. Work will continue to assess the effects of reactor coolant system
natural circulation.

C.28 NUREG-1150

Comment

Commenters in this area had recommendations for what NUREG-1150 should contain.
(NUREG-1150, which is briefly described in Chapter 2, is the forthcoming staff
assessment of risk and uncertainties for a selection of operating plants.)
These recommendations include the following:

1. Limit the document to an endorsement of the industry's methodology.

2. Avoid promising to deliver in NUREG-1150 more than that document could
reasonably be expected to contain.
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3. Generally characterize risk.

4. Provide impetus for plant-specific analysis to identify outliers and demon-
strate that maximum risk is bounded.

5. Provide impetus for changes in regulations where those regulations are
presently based on source terms well beyond the high side of generous
error bands.

6. Continue to establish the importance of exercising care in operations and
maintenance.

7. Base NUREG-1150 on the state of the art (in this context, this means to
include the work of others) and have it peer-reviewed as early as possible.

8. Ask members of the technical community to participate in the preparation
of NUREG-1150 in order to gain wide acceptance of the report.

9. The binning discussion in the draft of NUREG-0956 was obscure and this

raises concern about the binning process for NUREG-1150.

Reply

Comments on NUREG-1150 are beyond the scope of this document and have been for-
warded to the authors of NUREG-1150 for their consideration. The discussion
in Chapter 2 of this document provides a brief outline of what the staff expects
will be in NUREG-1150. It will not contain an endorsement of industry's meth-
odology. Since it is a staff document, it will be written by members of the
staff and selected contractors; other members of the technical community will
have the opportunity to comment on its content during the public comment period.
The staff believes that, with the emphasis on ranges of risk values to account
for uncertainties, they will be able to accomplish what is promised in this
document for NUREG-1150.

C.29 Operating Experience

Comment

Most of the comments in this category contend that the history of actual acci-
dents and operating experience show that actual accidents would be more severe
than the hypothetical accidents analyzed. The operating experience of the
nuclear power industry has not been taken into account in the source term anal-
yses. The following are examples:

1. Containment isolation failures have frequently occurred. Precursors have

occurred for interfacing LOCAs.

2. Strange combinations of events happen in real accidents.

3. Operators can make mistakes that make accidents worse. Operators can inter-
vene to mitigate accidents.
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Quality assurance practices have failed. Potentially significant problems have
been identified by the Office of Inspection and Enforcement. Because of poor
history, regulatory changes should be only in the direction of increasing safety
margins. Two types of accidents that are suggested for analysis are containment
isolation failures and interfacing LOCAs in BWRs.

Reply

The comments in this area address either event frequencies or sequence defini-
tions, but both topics are beyond the scope of this document. Since they are a
part of the scope of NUREG-1150, they have been forwarded to the authors of
that document for their consideration.

Isolation failures were analyzed in BMI-2104 for draft NUREG-0956. A BWR inter-
facing LOCA sequence has also been evaluated with the Source Term Code Package
for NUREG-1150. The staff agrees that operating experience should be used as
an aid to the identification of scenarios for probabilistic risk assessments.
This is being done for the NUREG-1150 analyses. The performance of operators
is also being included in the NUREG-1150 analyses.

Any regulatory changes that may be contemplated in the future will take appro-
priate account of safety margins.

C.30 Operator Actions

Comment

Comments regarding operator actions fall into two categories. On the one hand,
it is recognized that action by the operators can mitigate the consequences of
an accident. Beneficial actions of the operator should be included in the anal-
yses. On the other hand, if the operators are poorly trained or confused, they
can defeat automatic systems, as occurred during the TMI-2 accident, resulting
in more severe consequences. Human errors must be considered in the analysis
of accidents. Models for predicting human behavior are inadequate. Operators
are poorly trained. Quality control standards have not been followed. Adverse
operator actions of commission have been ignored in the analyses.

Reply

This comment is beyond the scope of NUREG-0956 but is within the province of
NUREG-1150. For NUREG-0956, the action of the operators are a part of the
sequence definition. In some cases, operators alter the course of an accident
by following established procedures. In other cases, operators are able to
identify alternative solutions to a problem because of their understanding of
a plant.

Although predicting human behavior is recognized to be a weakness in the perfor-
mance of probabilistic risk assessment, the effort is worthwhile. By exploring
what the operators are likely to do under different severe accident conditions,
better procedures can be developed and operators can be trained to perform more
effectively. The sequences that have been analyzed with the Source Term Code
Package for NUREG-1150 have not been restricted to scenarios without operator
intervention.
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C.31 Outdated Technoloqy

Comment.

The computer codes used in draft NUREG-0956 should be modified to include recent
models and newly observed phenomena. NUREG-0956 represents methodology at least
2 years old. It does not fully represent state-of-the-art computer codes and
models (e.g., core slump, vessel failure, hydrogen generation, and hydrogen burn).
The NRC should describe the status of more recent codes (Source Term Code Pack-
age) that were developed after the publication of BMI-2104. NUREG-0956 does not
describe adequately industry effort (IDCOR) and industry results, which are us-
ing more recent models, particularly results that were obtained for Sequoyah and
Peach Bottom. Several versions of the BMI-2104 suite of codes exist, and they
were not properly reviewed in the latest form. The peer review was completed
about 2 years ago and only for the BMI-2104 suite of codes.

Reply

This report has been modified to reflect the Source Term Code Package, which
contains a number of newly corrected models compared with the BMI-2104 code
suite. The Source Term Code Package is being Validated as discussed in Sec-
tion 3.2.2 and Section 6.4, and there is a limited comparison with BMI-2104
code suite results in Chapter 4. This version of the Source Term Code Package
will be used as the reference version.

The industry (IDCOR) contribution is now included in a separate section in
Chapter 2, increasing its visibility in the document.

The Source Term Code Package is recommended as the NRC's independent capability
to predict accident source terms. Improvement of the computer models is ongoing
as described in Chapter 6. A fully integrated code, MELCOR, is also being devel-
oped. After MELCOR is tested and validated, it will replace the Source Term
Code Package.

The peer review of the BMI-2104 suite of codes was completed 2 years ago, but
verification and validation of the revised modeling in the Source Term Code
Package is ongoing. Further, most of the changes that have been made are as a
result of that peer review process. The reference version of the Source Term
Code Package was used for those analyses in this report that are labeled "Source
Term Code Package Calculations" and for those analyses to be used in NUREG-1150.
It has been documented in NUREG/CR-4587. As more individuals and groups use
the codes and as further results are published in NUREG-1150, more review of
the codes and models will be achieved.

C.32 Peer Review

Comment

The review of the source term research is inadequate and incomplete. Major
portions of the research, including changes made as a result of the technical
expert peer review meetings have not been reviewed. Many questions raised dur-
ing these meetings were not acknowledged in Volume VII of BMI-2104. People
representing public interest groups who might have expressed dissenting opinions
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were only observers at the peer review meetings. The meetings were of more use
to consultants in providing guidance than as a peer review of a final version of
source term research. The peer review group was inappropriately staffed. Por-
tions of the NRC research program have not been reviewed, such as the reports
by the Containment Loads Working Group and the Containment Performance Working
Group.

The study group of the American Physical Society recommended that the source
term research be published in archival peer-reviewed journals. More peer review
in the forms of both an ongoing peer review and an overall peer review is needed.

Reply

Overall, the review of the analytical procedure was comprehensive. The major
differences between the suite of codes that was used in the BMI-2104 analyses
and the Source Term Code Package came as a result of the peer review or as
corrections to and linking of individual codes.

The technical expert peer review consisted of five meetings held between January
1983 and January 1984 to review the BMI-2104 calculations as they were completed.
The advantage of this review instead of a review of the final product was that
corrections could be made before the set of lengthy codes was completed. The
review group itself was staffed by 14 scientists from academia and industry who
were thought to have the expertise necessary to make significant contributions
from different points of view. The size of the review group was necessarily
small to facilitate discussion.

Even though the peer reviewers did not have time to review a given BMI-2104
report prior to its review meeting, important aspects of the methodology for
calculating source terms were adequately reviewed. During the peer review meet-
ings, the results of the BMI-2104 analyses were presented and discussed. Since
the same models were used for more than one plant (for instance, there were two
BWR plants evaluated), questions that might be thought of later could be addressed
at another meeting. Also, the source term calculations are based on traditional
disciplines such as thermal hydraulics, aerosol mechanics, and chemistry and
some aspects of those disciplines as they relate to source terms were discussed,
especially during the review of the Code Validation Study. The peer reviewers
had the opportunity to question the NRC contractors about the calculations from
the point of view of their respective disciplines.

The peer review meetings for the BMI-2104 calculations were open to the general
public. Public interest groups, industry experts, representatives of foreign
programs, and NRC consultants attended. The designation "observer" was not
limited to public interest groups. Those who attended the meetings as observers
were not excluded from the discussion but were given time to make statements
and ask questions. They were also encouraged to submit written comments that
were addressed in the same way as those submitted by the review group. Volume
VII of BMI-2104 is a summary of the comments and their resolution, not a detailed
account of the comments. The Battelle Columbus staff members who did the cal-
culations were an integral part of the process, and they responded to all the
comments during these meetings.
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Three other types of reviews are pertinent. First is the broad-based review
of the source term science by the study group of the American Physical Society.
Second, the NRC/IDCOR technical exchange can be thought of as a type of review
by way of comparing and contrasting. Third is a very different type of review
that was done at the Brookhaven National Laboratory. It takes the form of a
quality assurance study of the suite of codes, that is, an in-depth review of
the Source Term Code Package linkages, inputs, model options, and a limited
programming trace as needs developed.

In their recommendations, the APS called for a broad review of the NRC research,
that is, through publication in journals. In response to this recommendation,
the NRC has urged its contractors to publish their studies and will continue
to urge them to do so. Some studies are particularly suited for publication
in journals because of the subject and the scope. Other studies are not well
suited for such publications, and alternative publication avenues are being
sought. The NRC has made available most of its research findings on which this
source term assessment depends, and additional research findings are being pub-
lished as they become available.

The NRC has benefited greatly from ten international agreements that provided
continuous multiyear forums for review and evaluation of the newly performed
NRC source term research by international teams of experts. The forum format
provided the NRC with prompt, constructive, and critical comments and perspec-
tives, which included comparisons with both released and unreleased foreign
research and analyses. The nature of these international agreements has given
these extensive and detailed reviews of the source term research a very low
visibility but high levels of participation by the program partners because of
the closed format. These reviews have contributed significantly to the quality
and the validity of the ongoing research, and we expect this contribution to
continue in the future.

Because the relationship of the behavior of the containment to the results in
this report has been clarified, the information from the Containment Loads
Working Group and the Containment Performance Working Group has been deleted.
Comments on those two reports have been forwarded to their authors for
consideration.

All major parts of the Source Term Code Package have been reviewed. More review
of the research will be needed, and the NRC intends to pursue this route in
specific areas of its research program.

C.33 Probabilistic Risk Assessment

Comment

The report has not shown that the NRC has overcome the inherent unreliability
of PRA. The state of development of PRA methodology is not adequate to support
regulatory changes.

PRA coupled with uncertainty analysis should be used by the NRC to set prior-
ities for research.
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Reply

The NUREG-0956 report is not intended for use as a risk assessment. This report
only presents an improved methodology for estimating severe accident source
terms. It is recognized, however, that the NUREG-0956 methods will be used in
performing risk assessments such as those for NUREG-1150, a rebaselining of risk
for a selection of operating plants. The NRC staff does recognize the limita-
tions as well as the potential uses of PRA and does not plan to change regula-
tions, either to make them more stringent or more relaxed, without accounting
for these limitations.

A recommendation was made to use PRA coupled with uncertainty analysis to set
priorities for source term research needs. The staff believes that the uncer-
tainty analysis that is being performed for NUREG-1150 will be particularly
valuable for this purpose and intends to make use of NUREG-1150 results in
setting priorities for research.

C.34 Regulations--Recommendations

Comment

There were several variations in this comment area:

1. Since research is incomplete because computer codes are not well validated
and since uncertainties are large, it is premature to use the new source
term analytical methods to reexamine current regulatory practices.

2. When new source terms are larger than those from the Reactor Safety Study,
newer values should be used for regulatory purposes since research would
indicate that previous estimates lie outside the margin of safety; uncer-
tainties are too large to permit use of newer values that are lower than
previous estimates.

Reply

The staff agrees that current knowledge of severe accident phenomena is incom-
plete, but there is little disagreement that this knowledge is much more advanced
than it was 10 or 20 years ago, largely because of the increased level of severe
accident research since the TMI-2 accident. Since current regulatory practices
related to severe accident source terms are based on the Reactor Safety Study
(1975) and TID-14844 (1962), the NRC staff believes it is clearly in the public's
interest to use any new and significantly improved information with due consi-
deration of the uncertainties involved.

C.35 Regulations--Relax

Comment

The majority of commenters in this area believe that the NRC has already decided
/to change regulations so as to reduce safety margins, to the detriment of public
health and safety. Some believe that the reason for this decision is to reduce
industry costs; they noted a request to the NRC from Baltimore Gas and Electric
Company for an exemption to the 10-mile Emergency Planning Zone as evidence of
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the relaxed regulatory climate. The haste with which the NRC is pursuing this
goal is not justified by the status of the technology and the large uncertain-
ties. Further, it is being undertaken before comments on the technology are
resolved. These commenters believe that publication of NUREG-0956 is a large
first step toward reducing safety margins, some believing that NUREG-0956 has
proposed such changes and publication of the document is tantamount to adoption
of those reduced margins. The areas of regulation mentioned most often as those
the NRC will relax are Emergency Planning Zone radius, graded response, backfit
criteria, and equipment qualification. Also mentioned are containment leak
rate, the short-term and intermediate-term changes given in SECY-86-76 (Ref.
C.8), filter design, and insurance. In advancing reasons for caution in chang-
ing regulations, one commenter cited a statement by a former employee of General
Electric that often the initial design of plants is not overly conservative in
anticipation of NRC staff review and comments. Most commenters stated that
they believed the Reactor Safety Study and TID-14844 to be "conservative," even
though they might be wrong, and that retaining them in regulations provided an
assured margin. One reviewer recognized that uncertainties were to be consid-
ered but did not want margins determined on a case-by-case basis.

A few commenters from the industry recommended a balanced approach to changes
in regulation (relaxing where risk is less and tightening where risk is greater)
and care to avoid iterative changes as has been done in the past. One commenter
was pleased that the draft document basically supported the commenter's own view
that source terms for regulation in the past'have been significantly overesti-
mated.

Reply

The NRC is evaluating the use of new source term information in the regulatory
arena, but no changes will be proposed unless they are based on sound science.
The revised text has clarified the staff position that uncertainties must be
evaluated and used for any regulatory application. Draft NUREG-0956 did not
propose any changes to regulations, and no such changes will be based solely on
publication of the final version. Public comments will be solicited when source-
term-related changes are proposed, in accordance with NRC policies.

With regard to a commenter's belief that the draft document supports the com-
menter's view that source terms for regulation in the past have been signifi-
cantly overestimated, the staff finds no justification in the draft (or the final
version) of this document for that statement. The document was and is silent
on the subject of the magnitudes of the source terms used in regulation. How-
ever, it was concluded that generalization was inappropriate and that reductions
compared with the Reactor Safety Study might not be found in all cases.

C.36 Report--Recommendations

Comment

Numerous recommendations were made for particular wording changes or modifica-
tions on specific pages of draft NUREG-0956. The recommendations apply to all
sections of the report from the Executive Summary to the appendices.
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Reply

All recommendations have been considered by the authors of the appropriate sec-
tions. Where practical, revisions have been made to accommodate the recommenda-
tions. Recommendations related to major topics like accident sequences, advisory
groups, aerosols, etc., were also considered in those comment categories.

C.37 Revaporization and Resuspension

Comment

Resuspension from the reactor coolant system is unimportant but the NRC's
position on that subject is not definitive. Fission product revaporization is
neglected in the Source Term Code Package.

Reply

As noted in draft NUREG-0956, the materials resuspended from the reactor cool-
ant system at the time of vessel failure could be mostly large particles, formed
as deposited material is torn from surfaces, that would redeposit rapidly.
If this were the case, the contribution of reactor coolant system resuspension
to the severe accident source term consequently would be minimal. However,
this is not assured and the Oak Ridge National Laboratory is investigating
resuspension in NRC-sponsored studies. A more definitive position is expected
from that work in the future. On the other hand, resuspension during contain-
ment depressurization and hydrogen combustion may be important. In the case of
containment depressurization, the process is believed to be important enough by
industry that two large-scale experiments are planned in the EPRI-sponsored LWR
Aerosol Containment Experiment (LACE) program in which the NRC is a participant.
In the case of hydrogen combustion, preliminary experimental data from Sandia
indicated that a hydrogen burn can resuspend deposited cesium iodide aerosols
by thermal decomposition and flow uplifting. Combustion-induced thermal decom-
position of cesium iodide would result in the generation of volatile iodine in
the containment. The NRC staff is currently evaluating the need for further
experimentation in this area.

A new section (Section 6.2.8) has been added to address fission product
revaporization.

On the issue of fission product revaporization, the TRAP-MELT code was coupled
to the MERGE code for the Source Term Code Package to allow feedback between
fission product decay heating of surfaces and fission product revaporization
for the time period before vessel meltthrough.

Today, the revaporization of fission products after vessel meltthrough is treated
as an uncertainty. A more rigorous treatment of this effect is being modeled by
the coupled RELAP/SCDAP/TRAP-MELT codes for conditions before and after vessel
melththrough. The development of a thermodynamic data base on revaporization
chemistry is in progress. These will guide the uncertainty estimates in the future.
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C.38 Risk

Comment

All the commenters in this area agreed that the comparative risk appraisal pre-
sented in the draft of this report was flawed. The reasons mentioned concerned
all phases of the analysis: It used outdated event frequencies, included incom-
plete and unreviewed containment failure frequencies, and binned source terms
using inappropriate characteristics.

Reply

The NRC staff agrees, and the comparative risk appraisal and the supporting
appendices of the draft document (Chapter 6 and Appendices B, C, and D) have
been withdrawn. The risk assessment of a selection of operating plants, includ-
ing Surry, will be published later as NUREG-1150. The comments in this area
have been transmitted to the authors of that study for their consideration
during the preparation of the assessments.

C.39 Secondary Structures

Comment

Before assuming that retention will occur in secondary structures or the standby
gas treatment system, the environmental conditions should be assessed to ensure
that such structures and systems will not be disabled.

Inadequate credit has been given to retention by secondary buildings. Models
are not available to analyze secondary buildings. Credit was not taken for sub-
mergence in the V sequence.

Reply

The potential for retention in water pools and in secondary buildings has been
analyzed with the Source Term Code Package. For example, retention in the safe-
guards building has been analyzed for the Surry V sequence. In this sequence,
two scenarios have been considered, one in which the break location is below
water and one in which the break location is above water. Accounting for
secondary building performance is particularly important for containment isola-
tion and containment bypass sequences because of the potential for large source
terms for which relatively small retention factors can have a significant impact.

Secondary containment has also been considered in BWR analyses. Retention in
the reactor building, which encloses the Mark I primary containment, has been
included in the analyses performed for Peach Bottom for NUREG-1150 and discus-
sed in this report. In this case, the standby gas treatment system is assumed
to be inoperable because of fire dampers that automatically close off the
system. Predicted hydrogen burns in the reactor building were found to limit
the calculated amount of fission product retention. No credit is taken in the
analyses for retention in the refueling bay above the reactor building because
of the likelihood of severe damage to this structure.
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The NAUA code is used to predict the transport and deposition of aerosols in
secondary buildings. There are no significant differences between aerosol
transport in secondary buildings versus primary containments, which would ques-
tion the use of this code for this purpose. The thermal hydraulics are provided
to NAUA by MARCH. Although the NRC staff believes that MARCH provides an ade-
quate characterization considering the large uncertainties associated with pri-
mary containment failure mode and location, the MARCH containment model has
some evident limitations such as the inability to treat natural convection among
different volumes. Supplementary calculations are being performed as part of
the NRC's Severe Accident Sequence Analysis (SASA) program with more mechanis-
tic containment models to provide benchmarks for secondary containment
performance.

C.40 Skill Needed To Use Codes

Comment

The codes are complex and considerable skill is needed to use them. Because of
the complexity, a large potential exists for errors and misrepresentation. Much
of the input data is specified by the user and is both changing and unknown dur-
ing a sequence. The manipulative opportunities are enormous.

The codes are unreliable and the results are unreproducible indicating that the
codes are of poor quality. The study group of the American Physical Society
noted that different laboratories using ostensibly the same input data obtained
different results using the same code.

Reply

The draft document recognized that the source term technology is complex and
that the chances of making mistakes is large if care and attention to details
are not used. Conclusion 5 in the draft covered this point and this conclusion
has been retained as Conclusion 8, in the final report. To safeguard against
errors and misrepresentations, the NRC has peer reviews, quality control pro-
grams, and technical exchanges. These procedures augment careful use of the
codes, and they give assurance that a given analysis was thoroughly done.

Different laboratories using a given code will produce the same results when
the same input is used, as shown in the audit calculations performed at the
Brookhaven National Laboratory. Variations in results arise from differing ver-
sions of a code, interfacing codes, and differing input assumptions. One or
more of these factors is likely to be responsible for the apparent discrepancies
cited by the American Physical Society. The NRC participates as much as possible
in code comparisiqn exercises, including international programs, to understand
such differences.

The variability that arises from differing input assumptions reflects the uncer-
tainty inherent today in source term technology. It does not mean that the
codes are of poor quality. The developing methods of accounting for uncertain-
ties, including uncertainties of this type, are discussed under Uncertainties--
Quantified (see C.46). Because of the possible variations, the documentation
of source term calculations should include: (1) the particular versions of the
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codes being used and the methods of configuration control, (2) the code options
chosen, and (3) the input used to describe the plant and the sequence. The NRC
staff has taken steps to see that these concerns are addressed in its
documentation.

The codes are maintained by the Battelle Columbus Laboratories. A conscious
and concerted effort is made to minimize the number of versions. A minimum
number of changes to the code are made and documented so that the content of
each version is known and a reference version is maintained.

The NRC recognizes that "neutral" codes can be manipulated but this was not
the intent of the BMI-2104 analyses or the analyses for NUREG-1150--the intent
of those analyses was to produce reasonable source terms consistent with the
sequence definitions. However, the actual values used in the source term calcu-
lations should be reviewed in the context of their use in the NUREG-1150 risk
rebaselining study.

C.41 Steam Explosions

Comment

In-vessel steam explosions should be considered as a possible failure mode for
the containment. Ex-vessel steam explosions are a possible failure mode for
Mark uIs. Sandia has shown that the uncertainties are too great to quantify the
probability of alpha-mode failure.

Some commenters believe that the NRC has tried to use the Steam Explosion
Review Group assessment to dismiss steam explosions but that assessment was
subjective. On the other hand, other commenters believe that the probability
of alpha-mode failure is so low that it should be ignored.

The probability of a steam spike leading to failure of a large, dry containment
should be zero. Small steam explosions, which are likely to occur, have been
ignored as a source of radionuclide release and material dispersal.

Reply

A new section (Section 6.2.3) has been added to address this subject.

Steam explosions are being considered in NUREG-1150 as a potential failure mode
for the containment, and the probability given to that failure mode is properly
addressed in that arena.

Relative to the influence of steam explosions on fission product release and
transport, a model to predict the enhanced release of fission products from
fuel participating in a steam explosion has not been developed, merely as a
matter of priorities. Based on a preliminary assessment by the Sandia labora-
tories of the potential for a steam explosion release term, it was concluded
that the Reactor Safety Study "oxidation release" model, which predicted large
releases of ruthenium from the fuel, was incorrect and that the additional
release would be small. However, the potential for debris dispersal is real.
More mechanistic models for cavity phenomena are being developed by the NRC and
at some point it may be appropriate to include a debris dispersal model in the
Source Term Code Package.
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C.42 Technical Content of NUREG-0956

Comment

The draft report is unbalanced with respect to the very limited attention given
to NRC and non-NRC experimental research programs as opposed to its coverage of
computer codes. The draft does not provide the level of detail needed to demon-
strate the technical basis for source term analysis. More information (parti-
cularly new information) on the chemistry of iodine is needed.

Reply

This comment is well taken and the current version has been upgraded to incor-
porate additional material. To keep draft NUREG-0956 as brief and readable as
possible, the NRC staff had deliberately avoided including such details and made
numerous references to code manuals and other review documents instead. That
approach was clearly not successful. Major revisions have thus been made in
Chapters 3 and 6 (Chapter 7 of the draft document) in the final version of NUREG-
0956 to include such material. Particular emphasis was given to experimental
results (NRC and non-NRC) in Section 6.2, to code validation within each sub-
section of Section 3.1, and to iodine chemistry and its current uncertainties
in Section 6.2.7. The amount of technical material added to the report is
large, and some of the added material is quite recent, giving further value to
this modification. The NRC staff believes that these extensive changes have
been responsive to most of the comments received.

C.43 Thermal Hydraulics

Comment

MARCH models are inadequate for core-concrete interaction (use of INTER) and
PWR cavity phenomena. The BWR models are not as good as the PWR models. The
prediction of core meltdown is not done mechanistically. Properties of the
actual gases in the reactor coolant system should be used in the analysis of
fission product transport.

The codes are not truly integrated since some manipulations are required to
interface code output from one code for input to another. Many coupled pheno-
mena are not treated in a coupled fashion. Interaction between containment
thermal hydraulics and reactor coolant system transport of fission product is
not considered. Interaction between thermal hydraulics and aerosols in the
containment is not taken into account.

Revaporization of fission products from the reactor coolant system after vessel
failure is not analyzed.

Natural convection is not included in the analysis of thermal-hydraulic behavior
of the reactor coolant system or containment. Predicted conditions in the reac-
tor coolant system are not representative.

MERGE does not calculate the pressure drop in a pipe properly.

C-42



Reply

The comments in this category involve perceived limitations of the BMI-2104
computer codes particularly as they relate to the interaction between thermal
hydraulics and fission product transport. A number of the comments have been
addressed by code improvements in the Source Term Code Package. These include
improved properties in TRAP, coupling of TRAP and MERGE, incorporation of CORCON
in place of INTER, incorporation of CORSOR into MARCH, and incorporation of a
number of the BWR improvements developed by Oak Ridge; all of these improvements
are discussed in Chapter 3. Most of the interfaces between the codes have now
been mechanized. Some of the perceived deficiencies have not yet been improved
in the code package, in most cases because the staff does not yet believe that
the associated modeling issues have been adequately resolved to warrant code
changes. Some important areas of this type are coupling of containment thermal
hydraulics with aerosol growth and transport, natural convection in the reactor
coolant system, natural convection in the containment, and revaporization in the
reactor coolant system after vessel failure. Research on these issues is
discussed in Chapter 6. If, in the future, the decision is made that changes
are justified, the framework that has been developed can accommodate those
changes.

C.44 TMI-2 Data

Comment

Release of fission products from TMI-2 were poorly and incompletely measured,
but it is suspected that large and unreported releases occurred. The draft
NUREG-0956 relies heavily on data from TMI-2 even though the TMI data are largely
unreliable. It is expected and judged to be confirmed by most commenters that
molecular iodine would not be present in the core and regions of the reactor
coolant system but that cesium iodide would be predominant. The contrary opinion
exists for the containment building in that it is believed that the evidence
supports a conclusion that volatile iodine forms predominate. Low release of
iodine from TMI has led to the incorrect assumption being made in draft NUREG-
0956 that cesium iodide will be the iodine form transported in the containment
for all accident sequences. The major value of the TMI-2 data is believed to
be in checking computer codes that predict melt progression and hydrogen
production.

Reply

It is agreed that, in general, the data available from the TMI-2 accident for
use in detailed clarification of chemistry and physics issues are sketchy and
incomplete. The use of TMI-2 data in code validation, particularly for fission
product transport codes, is limited by lack of detailed knowledge of conditions
present during the accident and therefore the models in the BMI-2104 code suite
have not been heavily based on TMI-2 data.

It is expected that the transport of iodine through the reactor coolant system
during the accident was controlled by water in and along the transport pathways
regardless of the chemical form of the iodine. Containment behavior of iodine
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is believed to have been controlled by volatile iodine forms existing in chem-
ical equilibrium with water present there. Other than general checks on inte-
gral code systems, melt progression and hydrogen production calculations are
probably the most instructive for comparisons possible with the data available.
Such analyses are currently under way under NRC sponsorship using detailed
mechanistic codes. It is hoped that further careful examination and sampling
of the TMI-2 reactor system and building will provide additional information
for use in code validation. An international standard problem (that is, a
defined set of initial and boundary conditions and uncertainties) is being
developed for the TMI-2 accident by the Department of Energy. The NRC will
participate in the standard problem exercise with the Source Term Code Package
and other codes that are being developed for the NRC. The exercise is expected
to start in the fall of 1986 and take about a year to complete.

The quality and reporting of data about the transport of fission products in
the environment following the TMI-2 accident are beyond the scope of this
document. However, a bibliography of summaries of the data is available in
Reference C.9.

C.45 Uncertainties--General

Comment

Uncertainties are large and must be accounted for in the source term estimation.
Any decisionmaking related to regulation must take uncertainties into account.

Reply

The NRC staff agrees that source term uncertainties are large and must be
accounted for, and the staff recommended this in draft NUREG-0956. Major areas
of uncertainty have been identified, and various research programs are sponsored
and planned by the NRC in order to reduce the uncertainties.

A quantitative method (QUASAR) that will take into account the research of pre-
vious related programs (QUEST and others) will be used to provide quantitative
uncertainty estimates for various sequences. Furthermore, a program for esti-
mating uncertainty in the NUREG-1150 risk assessment is also in place. There-
fore, the staff expects to improve continually its understanding of uncertainty
and intends to consider uncertainty in any regulatory application.

The Source Term Code Package represents the current state-of-the-art source term
technology. As knowledge of the various physical phenomena increases, the models
will be updated, and new models will be incorporated in order to reduce the
uncertainties.

C.46 Uncertainties--Quantified

Comment

The new computer codes introduce uncertainty that is large and unquantified.
Uncertainty is not factored into the analyses, and the calculation of uncer-
tainty is loosely coupled with the calculation of the source terms. Results
from the QUEST study suggest a range of plausible source terms; this makes the
point estimates, such as reported in BMI-2104, useless. Without an adequate
accounting of uncertainty, the point estimates are meaningless.
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Most commenters stated that the QUEST study was a sensitivity study, not an
uncertainty study. Two commenters defined a sensitivity study as one that shows
the effects on source terms of variations in parameters beyond realistic ranges
and an uncertainty study as one that shows the effects on source terms of
variations within plausible ranges of parameters. The results are of limited
value because probabilities are lacking.

Uncertainty must be quantified and must adequately take into account the uncer-
tainty due to source term phenomena, including containment behavior.

Reply

The staff agrees that there are ranges of source terms, but notes that all of
them are not equally likely. The point estimate of a source term, for instance
as shown in the BMI-2104 reports, is a credible estimate but it is not
the only possible estimate. The source term estimates are based on the cur-
rently available technology; this technology is a systematic and consistent
methodology for computing source terms. Because of remaining uncertainties,
many values of a given source term having differing likelihoods are possible
and could be represented by a distribution. The distribution is unknown at
this time but several studies are in progress to quantify different aspects of
the uncertainty.

The first study was called QUEST (Quantitative Uncertainty Estimation for the
Source Term). In this study, methods were developed to scan the BMI-2104 code
suite to determine the inputs to the various codes that controlled the final
output and plausible ranges of those inputs were developed. This study was a
study in depth of a few sequences and-is more fully described in Section 3.3.1.

The second study is an uncertainty study being done as part of NUREG-1150.
The study consists of defining ranges to express uncertainty in the parameters
and phenomena that significantly influence the calculations. Values, chosen
from these ranges by a stratified random sampling method called Latin Hypercube
Sampling, are used in a highly simplified factorization of intermediate cal-
culational results of Source Term Code Package runs to calculate other possible
source terms. These source terms will be combined with containment failure
probabilities to estimate uncertainty in risk. In contrast to the QUEST results,
this study is extensive in that it is applied to all plants and all sequences in
the NUREG-1150 study, but, because of the simplifications, it is not a study in
depth.

The third study of uncertainty is called QUASAR (Quantification and Uncertainty
Analysis of Source Terms for Severe Accidents in Light Water Reactors). As in
the QUEST study, its scope is three sequences, but since source term calculations
are made with the Source Term Code Package, it is not based on a factorization.
It is intended to sample distributions of parameters, and statistical methods
will be used.

The complexity of the calculations for the source terms necessitates a multi-
faceted approach. At the time of the BMI-2104 calculations, little was known
about the magnitude of the uncertainty. The QUEST study was an appropriate
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place to begin, NUREG-1150 will provide a broad analysis, and the QUASAR study
will add information on distributions. Taken together, these three studies will
provide the guidance for future studies of uncertainty that will be needed for
future applications.

C.47 Validation

Comment

The computer codes used to predict source terms have not been well validated
against experimental data. The degree of validation of the various codes was
overstated in draft NUREG-0956 and ORNL/TM-8842. Both experimental data and
theoretical analyses are needed to see that the codes adequately model the
governing phenomena. The use of existing data for code validation is not
apparent, and only very limited attention is given to non-NRC experimental
research.

Reply

The NRC staff agrees with the scope of the comments, which also represents a
major concern of the American Physical Society study. All the codes in the
Source Term Code Package and the BMI-2104 suite had some degree of validation
based on physical principles and experimental data. Over the period between
1983 and 1985 when the BMI-2104 code suite was being used, the Source Term Code
Package was completed, draft NUREG-0956 was prepared, the NRC Severe Accident
Research Program (SARP) was maturing, and significant additional data were
becoming available. Analysis and interpretation of some of these data were
just beginning and hence were incomplete for code validation. Draft NUREG-0956
also relied on the Oak Ridge reference document to discuss validation. Since
incorporation of this material by reference was clearly unsatisfactory, Chapter
3 has been modified extensively to display some of the validation discussed in
the Oak Ridge document and to present some recent validation results. In addi-
tion, a coordinated validation plan for all codes in the NRC's Severe Accident
Research Program is described in Chapter 6. Chapter 6 describes experimental
research programs sponsored by NRC, EPRI, and organizations in other countries
that are addressing major technical issues corresponding to areas of large un-
certainty in source term estimation.

Chapter 6 also describes plans for further research that will improve the experi-
mental data base for code validation. Further details of the validation plan
and supporting experimental and- analytical programs are presented in Reference
C.10. The completeness and adequacy of code validation must finally be judged
against criteria for acceptable uncertainty for the regulatory applications of
the codes.

C.48 Verification

Comments

The number of codes should be reduced to one or a few to eliminate inconsisten-
cies, calculational duplication, and input and output errors. In addition,
quality assurance was questioned--computer codes are believed to be of poor
quality; they contain errors and they have not been verified or reviewed for

C-46



reliability. Programming errors that have been identified have not been cor-
rected. No checks have been made for errors in software packages. Reproducibility
of calculated results and computer machine dependency were questioned. The
codes should have been tested for limitations of applicability to extreme cases.
The VANESA code can only be used by the developers and not by anybody else.
The TRAP-MELT code is not reliable. The Mark I analysis should be repeated.
There is poor or no documentation of the code package.

The current version of the Source Term Code Package has combined the different
components into a few modules. The different modules are integrated with appro-
priate data transfer mechanisms.

Independent calculations both at Battelle Columbus Laboratories and Brookhaven
National Laboratory have helped to identify errors, which have been subsequently
corrected. The reproducibility of the calculated results from Battelle Columbus
has been checked by performing an audit calculation of the same sequence at
Brookhaven. The current version of the Source Term Code Package therefore
represents an improvement over the suite of codes used in the BMI-2104 study.

Every effort has been made to remove modeling inconsistencies and calculational
duplications from the combined version of TRAP-MELT and MERGE codes, TRAP-MELT3,
and this code is believed to be an improvement over the earlier versions of the
two codes.

The VANESA code can now be implemented by anyone who is interested in performing
the calculations. However, a working knowledge of the other components of the
Source Term Code Package is desirable.

All Peach Bottom sequence analyses for the risk rebaselining study have been
reanalyzed by Battelle Columbus with the Source Term Code Package. One of
those sequences was independently audited (i.e., completely recalculated) by
Brookhaven.

The machine dependency of the Source Term Code Package has not been rigorously
tested since it has been implemented only on CDC machines.

A wide variety of accident sequences has been analyzed to cover a broad range
of scenarios as discussed in Chapter 4.

A user's guide for the Source Term Code Package has been provided. Verification
of the code package is a continuing process.
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UNITED STATES
NUCLEAR REGULATORY COMMISSION

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
WASHINGTON, D. C. 20555

June 10, 1986

Honorable Nunzio J. Palladino
Chairman
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Dear Dr. Palladino:

SUBJECT: ACRS COMMENTS ON NUREG-0956, "REASSESSMENT OF THE TECHNICAL
BASES FOR ESTIMATING SOURCE TERMS" -- REVIEW COPY

During its 314th meeting, June 5-7, 1986, the Advisory Committee on
Reactor Safeguards discussed NUREG-0956 with representatives of the NRC
Staff. This report had previously been reviewed by a Subcommittee in a
meeting on June 3, 1986. A draft copy of this report issued for public
comment had been reviewed by the Committee during its 306th meeting,
October 10-12, 1985, and an ACRS report was issued on December 12, 1985.
We also had the benefit of the documents referenced.

In our letter of December 12, 1985, we made a number of comments on the
draft report. Our review of the revised version, on which we report in
this letter, indicates that a number of changes have been made. We
consider this version to be superior to the one we reviewed earlier. We
observe, however, that:

(1) Although a variety of uncertainties are associated with both the
physical phenomena and the calculational tools described in NUREG-
0956, the description of the uncertainties given in the report is
only qualitative. In order to use the material in this report, and
to draw conclusions from the results, information on uncertainties
must be available. We are told that proposed NUREG-1150, Nuclear
Power Plant Risk and Regulatory Applications," will contain what-
ever quantitative description of uncertainties can be developed
with existing information.

Whether this information will be presented in a way which will make
it possible to identify the uncertainties attributable to the
Source Term Code Package (STCP) is not clear. If the information
in NUREG-0956 is to be generally useful, this identification is
essential. We recommend that specific attention be given to this
identification, either in NUREG-0956 or in proposed NUREG-1150.

(2) In view of the variety of earlier comments indicating that source
term research would provide significant new information, surpris-
ingly little is said in the report about the implications of the
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new information that has been developed. The report claims signif-
icant improvements in calculational methods compared to earlier
work in WASH-1400, "Reactor Safety Study - An Assessment of
Accident Risks in U.S. Commercial Nuclear Power Plants." But about
all that is said concerning the results of the new methods is that
one cannot generalize from them. Section 4.13 of NUREG-0956 does
describe a comparison of iodine specieS. More of this kind of
information would make the report more useful. We note, however,
that a recent NRC Report, NUREG-1171, "Draft Environmental State-
ment Related to the Operation of South Texas Project, Units 1 and
2," does directly compare both early and delayed fatalities as
calculated by the "old" and the "new" source terms.

(3) So far as we can determine, the use of the STCP requires that many
decisions that have a significant influence on the calculated core
melt progression must be made by the user. User decisions thus
have a significant influence on sequence consequences. Experienced
users are aware of this, but the report should point this out for
the benefit of those less familiar with the package.

(4) It would be helpful to identify the methodology of source term
calculations independently of the particular codes that make up the
current STCP. For example, an appendix describing the hand calcu-
lations that form the basis for the information in Table 3.4 of
NUREG-0956 would be useful.

(5) We reiterate the importance of complete and accurate documentation.
This is especially critical in this report because of the many
documents on which the report depends. The version of the report
which we reviewed had a considerable number of errors and omis-
sions. We assume these will be corrected.

(6) There are still a number of obvious deficiencies in the physical
modeling of the codes. For example, in-vessel circulation and
ex-vessel time-dependent release of molten core material are not
treated.

(7) An early goal of the source term research program, and the subse-
quent recalculation of risks for several representative power
plants, was the formulation of a generic source term that would
permit an estimate of the risk produced by most of the reactors now
operating. This report hints that the development of a generic
source term may not be feasible. If a less ambiguous statement can
be made, it could be useful to those responsible for future re-
search and regulatory changes.

(8) An important consideration in risk-impact studies is the biological
significance of the nuclides that make up the source term. A table
giving this information would be helpful to those attempting to
understand the risk significance of the source term information
reported.
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(9) The report refers in several places to hydrogen burns. The report
does not make clear when a burn is assumed to happen. In many
situations there is probably enough steam to inert the atmosphere.
In addition, the core-concrete interaction produces more H 0 and
CO than H2 plus CO. While this would not create an inert •tmos-
phgre when injected into a large volume of clean air, It would
become inert after one or more burns of 8% (H + CO), with the
resultant H20 and CO2. Whatever assumptions are used should be
made clear.

(10) We find it remarkable that no serious effort has yet been made to
model the TMI-2 accident.

Sincerely,

David A. Ward
Chairman

References:
1. U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory

Research, "Reassessment of the Technical Bases for Estimating
Source Terms," Review Copy, USNRC Report NUREG-0956, dated May 23,
1986

2. U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory
Regulation, "Draft Environmental Statement Related to the Operation
of South Texas Project, Units 1 and 2," USNRC Report NUREG-1171,
dated March 1986

3. U.S. Nuclear Regulatory Commission, "Reactor Safety Study - An
Assessment of Accident Risks in U.S. Commercial Nuclear Power
Plants," USNRC Report WASH-1400 (NUREG-75/104), dated October 1975
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STAFF RESPONSES TO ACRS COMMENTS

D.1 Quantitative Uncertainties

The determination of source term uncertainties has been a high priority in the
NRC's reassessment program, and substantial progress on quantification of uncer-
tainties has been made. However, quantitative uncertainty estimation is diffi-
cult, and routine methods for such evaluations are not yet available. Further-
more, the importance of various sources of uncertainty will be different for
different applications, making general methods even more difficult to develop.

The QUEST uncertainty study, described in NUREG-0956, provided generic insights
into the quantification of uncertainties insofar as that was possible. QUEST
was fairly rigorous inasmuch as it employed full phenomenological modeling to
calculate the effects of parameter variations rather than using simplified
algorithms. The statistical treatment in QUEST was quite limited, however,
because performing multiple analyses was cumbersome. Only three accident
sequences could be analyzed in the QUEST study, and the results have to be
viewed as scoping in nature, although voluminous amounts of useful information
were produced.

The first quantification of source term uncert.ainties for a practical applica-
tion will be made in the NUREG-1150 risk study. A simplified algorithm will
be used thus limiting the scientific rigor of this evaluation, but uncertainties
will be estimated for all accident sequences so that a range of variation in
the risk assessment can be specified. These results will be presented in
NUREG-1150 as recommended by the ACRS.

An improved study called QUASAR is also under way and is described in the final
version of NUREG-0956. QUASAR will use the latest version of the Source Term
Code Package and will also use statistical techniques. Additional guidance on
how to deal with quantitative uncertainties has been added to NUREG-0956 in
response to this ACRS comment.

0.2 Implications of Reassessment

Direct comparisons of results from recent analyses with the source terms in the
Reactor Safety Study are described in Section 4.13 as mentioned in the ACRS
letter. Since the Reactor Safety Study analyzed only two plants (Surry and
Peach Bottom), only a few comparisons are possible, making it difficult to make
general statements. Based even on this limited comparison, it is possible to
conclude that across-the-board source term reductions (except for noble gases)
postulated by many individuals do not occur. Considering the widespread expec-
tation of such lower source terms, this is an important result.

With regard to risk comparisons, the evaluation of risk is not within the scope
of the final version of NUREG-0956 even though it was addressed in the draft.
NUREG-1150 will contain risk evaluations.

D-6



D.3 Code User Decisions

Conclusion 8 addresses the concern that those less familiar with the code pack-
age might not be aware that user decisions can have a significant influence on
calculated results. The discussion of Conclusion 8 has been strengthened in
response to the ACRS comment.

D.4 Methodology

The hand calculations that form the basis for the information in Table 3.4 are
described in detail in a recent report, NUREG/CR-4656. That report will provide
the information requested by the ACRS. It should be emphasized that it would
not be possible to calculate complete source terms with simple hand calculations
without performing all the iterative and coupled calculations that are now
generally recognized to be necessary and are now performed with the computer
codes. The hand calculations reported in NUREG/CR-4656 apply to limited time
periods and were of necessity Initialized by values from a code analysis. They
are important only in providing assurance of the quality of the coding.

D.5 Documentation

The review copy of NUREG-0956 provided to the ACRS did not contain any of the
references for the new material, and many of the existing reference citations
were out of order. Careful attention has been paid to accuracy and completeness
of all references in the published version of the report.

D.6 Modeling Deficiencies

There are many limitations in the understanding of severe accident phenomena,
and these limitations are not confined to in-vessel circulation and time-
dependent release of molten core material. Chapter 6 discusses the major areas
of uncertainty candidly and in detail. While it Is fairly apparent that source
term codes like the Source Term Code Package have deficiencies, the data base
and models that might correct these deficiencies have not been fully developed
or received the peer review that is required for source term evaluation. Im-
proved modeling is the subject of a continuing research program as described
in Chapter 6.

D.7 Generic Source Terms

An unambiguous statement about whether one can or cannot develop useful generic
source terms cannot be made at this time. From the analyses performed to date,
it appears that this might be difficult, but not impossible. The wording of
the conclusion that addresses this subject has been changed to suggest that
there may be efforts to develop simplified source terms and that variations due
to design and construction details need to be taken into account. This wording
change should resolve the ACRS concern.

D.8 Biological Significance of Nuclides

In response to this ACRS comment, information on the biological significance of
radionuclides has been added to the introductory text in Chapter 2. Reference
has also been made to a study of relative importance of various radionuclides
performed by Sandia National Laboratories where the expert reader can find the
details of those calculations.
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D.9 Hydrogen Burns

The models for hydrogen and carbon monoxide combustion in MARCH contain criteria
for allowing a burn to take place. These criteria account for the amount of
hydrogen and carbon monoxide necessary for a burn to be initiated, for inerting
by water vapor and carbon dioxide, and for oxygen depletion. Therefore, even
if hydrogen and carbon monoxide combustion were chosen as a code option (i.e.,
if an ignition source were assumed), no burns would take place if the conditions
were not satisfactory. The specific values used in the present analyses for
the combustion criteria, as well as for the source of ignition, have been added
to the text in response to this ACRS comment.

0.10 Calculations of TMI-2

Calculations with an early version of MARCH using an early version of the
initial and boundary conditions that specified the TMI-2 accident were completed
several years ago.* Many detailed calculations of T4I-2 have also been made
with the Severe Core Damage Analysis Package and other NRC codes. However, a
complete set of initial and boundary conditions, along with uncertainties in
each value, is still under development at EG&G Idaho for the Department of Energy.
These conditions will be based on measured plant data and on data that are now
being obtained from debris examinatioRs. An international standard problem
under the auspices of CSNI-OECD (Committee for the Safety of Nuclear Installa-
tions of the Organisation for Economic Co-operation and Development) is planned
to begin in the fall of 1986 with the issuance of this set of initial and bound-
ary conditions. Code developers for the NRC Source Term Code Package (and other
NRC codes as well) will participate in the international exercise, which is
expected to take about a year to complete.

*R. 0. Wooten, R. S. Denning, and P. Cybulskis, "Analysis of the Three Mile
Island Accident and Alternative Sequences," NUREG/CR-1219, January 1980.
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