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1.0 Introduction

This report summarizes the work carried out by Future Resources Associates,
Inc. (FRA) under contract to Suffolk County, New York on the project
entitled "Consequence Assessment for Suffolk County Radiological Emergency
Response Plan." The overall goal of the project is to provide Suffolk
County with technical support in its development of an emergency response
plan for the Shoreham Nuclear Power Station, in particular by providing
technical input as to the probabilities, severities, and radiological
dispersion characteristics of potential large accidents at Shoreham.
Shoreham is a boiling water reactor (BWR 4-Mark II) in final stages of
construction on the north shore of Long Island, New York, with an
electrical gross power rating of 846 megawatts. The reactor was
manufactured by the General Electric Company and the architect-engineering
work has been done by Stone & Webster. The location of the reactor on Long
Island and the site plan for the Shoreham facility itself are shown on the
next two pages: these are reproduced directly from Figures 2-1 and 2-3 of

the WRC's "Safety Evaluation Report" for Shoreham (Ref. 6).

This project is a joint one involving a single unified scope of work under
two contracts, one with FRA and the other one with Finlayson & Associates

of Cerritos, California; under the arrangement with Suffolk County, Fred C.

Finlayson of Finlayson & Associates has assumed overall responsibility to
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coordinate the two contract efforts. The unified scope of work of the two
contracts is reproduced in Appendix A of this report, and covers four
tasks. FRA, under the technical direction of Robert J. Budnitz, has been
principally responsible for the work under Task 1, while Finlayson &
Associates is principally responsible for Tasks 2 and 3; in each task the
other party has played a supporting role. Task 4, involving project

documentation, and technology transfer, has been a

late June 1982, and work under it has taken

June, July, and August, 1982 with this

the Shoreham plant in late
sions of findings have taken place on an almost
informally and verbally, between Dr. Budnitz and Dr.
assure that both parts of the overall project are

effectively. Both parties agree that the integration has bee

+

in the study has been predominantly to carry out

1, "Review and Critique of Previous Probabilistic Risk Analysis," and

report covers the work that FRA has accomplished in carrying out Task

1. Task 1 has consisted largely of a review of the preliminary draft report

coordinate the two contract efforts. The unified scope of work of the two




entitled "Probabilistic Risk Assessment, Shoreham Nuclear Power Station,"
that was carried out by the San Jose, California office of Science
Applications, Inc. (SAI) for Long Island Lighting Company (LILCO), the
owner of the Shoreham facility. To carry out this review task, FRA has
utilized a team of four individuals who possess expertise in various
ects of water reactor safety and in particular of probabilistic risk
The FRA work has been led by Robert J. Budnitz, President

luded Howard E. Lambert and Peter R. Davis, FRA

Fabic of Dynatrek, Inc. (Rockville, MD), an FRA

FRA work in Task 1 has been that of an independent
ich must be understood as quite different from an independent
f the potential accidents at the Shoreham plant. The purpose
review has been to ascertain whether the PRA results obtained by SAI
eir large and voluminous s*udy are sufficiently reliable to form an
acceptable basis fcr the County's emergency planning work. Because the
scope of work has not included significant independent analysis, it is
important to realize that its conclusion cannot be considered as a
"stand-alone" conclusion. That is, it depends heavily upon the quality of
the detailed work by SAI. This point was made in the original proposal to
it was pointed out that "if major flaws are indentified
it may be necessary to devote a higher level

of effort to th i Thus the basis for the project has been an

assumption that the work under review is a credible effort, up to the
assump

standards of the state-of-the-art, and requiring no major upgrading. The




FRA team has attempted to challenge this assumption by carrying out a
critical review with the intent to uncover facets of the SAI analysis that
might contain inadequate methodology, inappropriate assumptions, errors of

omission/ commission, biases.

1.1 Overall Conclusior
iAad JVE 311 LoncCiusio

SAI work is basically sound has turned out to be
the opinion of Future Resources Associates, and we believe that

ing conclusion i 1itially the most important overall summary

the results of our study: FRA concludes that the overall results of

the Shoreham PRA, contained in the preliminary draft report by Science

_represent reasonable conclusions as to the likelihood and

magnitude of releases from large accidents at the Shoreham reactor.

discussed in the text below, we believe that the likelihood of core melt
accidents is somewhat higher, and the magnitude of radiation releases
somewhat smaller than found by SAI. However, we believe that the
differences should not cause olk Cou to modify their emergency

jvities significantly compared to what they would do by
results directly as published. Subsidiary to this

important conclusion are our conclusions that the methodology used in the
SAI study is at the level of the state-of-the-art of reactor risk
assessment at the present time, and that SAl's application of this

methodology to Shoreham has gememlly been a competent one.




Limitations
There are limitations to our acceptance of the SAl stuay, and these are
based on limitations within the study itself. The most important of these
study limitations, from the point of view of its applicability to

~

“ounty's emergency planning needs, is the absence of any analysis
accidents arising from the set of “external initiating events” that
1itiate accidents from outside the plant. Most important of these
external initiators is earthquakes, with high winds (hurricanes, tornadoes)
possible concern. In addition, internally-initiated
Because these types of accidents could be important

contributors, their omission means that neither LILCO nor the County

fully satisfactory set of important accidents to use as a basis for

There are other limitations

to the SAI 1 including the appro ‘mations,

conservutive in nature, as to the fission product source term; the way the
very numerous accidents were grouped into classes for ease of treatment in
%

the within-plant and containment phenomeno ogical analysis; the absence of

a plant-specific failure data base (since Shoreham has not yet operated);

and other issues involving methodological approximations made by the study
team. Fortunately, it is our view that none of these limitations, with the
exception of the conservative approximations as to the

source term, is sufficiently important that it might significantly alter

the substance of the County's emergency planning effort. In any event,




‘ew places where the SAI report could be improved, we also
the report's limitations are not SAI's limitations

limitations of the present state-cf-the-art of

Future Resources Associates, unfortunately, has had
n. The most important of these has been the relatively
ths) and relatively sma level of effort
Although the contr-=ct has been
ective, the total level of professional
['s draft PRA report has been only a fer
SAl spent on carrying out the PRA itself and, of
effort cannot reasonably be expected to

is, however, balanced

review team has had considerable experience

enabled the effort to be focused on what are thought

yat hampered our group's work during the first month,
a restriction on us that effectively
PRA study team. After 1t
11 and open technical
questions and issues, at the leve f professional mutual resp

found refreshingly matter-of-fact. We wi o acknowledge SAI

cooperation, for which we are grateful.




There are substantial uncertainties associated with the numericail

conclusions that SAI quotes in its report. The uncertainties arise from
several sources, including the validity of the data base, approximations in
the accident sequence fault-tree/event-tree modeling, uncertainties and
gaps in our understanding of within-plant accident phenomena, and
incomplete understanding of the role of human error and human ingenuity in
reactor accidents. Our general view is that the treatment of uncertainty
within SAI's study is a reasonable one, including as it does advanced
methods for estimating contributions from various sources. We have
concentrated on those uncertainties that could particularly affect what
Suffolk County might do or decide in the context of its emergency response
plan. The discussion in the main body of this report will be in that

context.

1.3 Objective of the Report

It is important to state clearly the objective of FRA's review work,

which has been to provide Suffolk County with an_independent technical

opinion as to the probabilities and magnitudes of largg:potential accidents

at Shoreham. FRA's work under Task 1 of its contract has concentrated on
ascertaining, through independent technical review, whether the preliminary
draft version of the LILCO- supported probabilistic risk assessment carried
out by SAI provides a technically sound basis for emergency response

planning.




-

1.4 Organizatioc. of the Report

The body of the report to follow will be organized generally along the

lines of the scope of work (see Appendix A) for Task 1 of the overall
project.

.

ical issues that we have covered within the SAI report can be

y separated into the following:

all important potential accident sequences considered?
calculations of the accident probabilities correct?
accident phenomena within the plant treated correctly?

os of the calculated potential radiation releases

treatment of environmental transport of radioactive materials after
and their impact on populations, is the subject of Tasks 2 and 3

in this report.

Before continuing with the results of FRA's review, it is useful to
reproduce here the main results of the SAI study, in tabular and figure

torm. These, on the following pages, are reproduced directly from the SAl
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draft report. The first page reproduces SAl's Table 4.1 and Figure 4.1, in
which the frequencies of core vulnerable conditions are shown. Of
particular interest are the uncertainty ranges of the SAl results. The
second page reproduces SAI's Table 4.2, which contains the detailed
numerical results for SAI's five accident classes. Core vulnerable
frequencies are shown along with contingent probability of core .elt, and
the characteristics of the releases are also shown. The details of Table

4.2 will be discussed below in the nody of our review.
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(reproduced directly from SAI's report on Shoreham)

woees  DRAFT-PRENPMADY

SUMMARY OF THE FREQUENCIES OF CORE VULNERABLE
CONDITIONS BY ACCIDENT CLASS

Frequency of Core Vulnerable Conditions

GENERALIZED CLASS CLASS FREQUENCY OF CORE YULNERABLE
CLASS (PER REACTOR YEAR)

Loss ef Coolant Makeup 1 2.7€-5

Loss of Containment Meat 1 1.1€-5

Removal )

LOCA 11 3.68-7

ATWS W/0 Pofson Injection o 6.1E-6

LOCA Outside Containment ¥ 2.0£-8

Yotal Core Yulnerable Frequency 4.40-5

(Per Rx Yr)

0} A "o estimete

T S35 and 952

configence bounds

(Per Rx Yr)

A

CLASS | QLASS 11 CLASS 111 CLASS 1¥ CLASS ¥

Figure 4.1 Summary of Core Vulnerabte Frequencie< Tncluding
the Uncertainty Characterization
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2.0 Are A1l Important Accident Sequences Considered?

The answer to this question, as mentioned above in the introduction to this
report, is negative. In particuiar, there has been no treatment of

internally-initiated fires, nor of any externally-initiated events, the

most important of which are earthquakes, floods, and high winds

(hurricanes, tornadoes). These omiscions are discussed in the SAI report
), and were beyond the scope of that study. The impl“cations of
b |

i11 be discussed velow, but first we will consider whether

internal ly-initiated accidents (besides fires) seem to have

we have concluded that the SAI draft report has
apparently considered all of what the reactor safety community considers
the important internally-initiated accidents. Specifically, we have not
found any internally-initiated sequences likely to contribute significantly

the overa'l risks that have been omitted.

unconscious omission of important sequences known to others
safety community would be quite unlikely in a study of this
safety community maintains close enough and open enough
that any new or unusual accident sequences would almost

the attention of the study team or its outside

conclusion comes as nO Surprise.

This observation of the apparent completeness within SAl's draft report

does not mean trat there are no important sequences omitted. It only
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means that we are unaware of any, nor do we believe that anyone else in the
reactor safety community has thoughi of any. The strength of our
convictions about completeness is based on the general observations that,
over nearly a decade of time since the initial probabilistic accident
delineation work of WASH-1400 (Ref. 1), there has been hardly any adJition
to the list of important internally-initiated accidents that WASH-1400
considered. But, on the other hand, who knows whether or when a new

sequence will arise, either from operating experience or from analysis?

The grouping into sequences that the SAl team used is discussed in detail
in Section 4.1 later in this report. The five classes are described in

621's Table 3.3.1, which is reproduced on the next page.

It is important to recognize in this connection, however, that the
approximately 1600 reactor years of commercial nuclear power operating
experience worldwide without a serious accident leading to off-site
consequences is a statistically significant data base providing evidence
that the result for Shoreham is unlikely to underestimate the probability
of serious accidents by a large factor, unless Shoreham is somehow very
untypical in its risk profile of the entire group of reactors; of course.
it is just this question that is being addressed by the Shoreham-specific

risk assessment.

Returning to the known “external” omissions (fires, earthquakes, high

winds, floods), the SAI team acknowledged in their report (P. 1-13) that



(reproduced directly from the Shoreham PRA by SAI)
Table 3.3.1
GENERIC ACCIDENT SEQUENCE CLASSES

GENERIC ACCIDENT
SEQUENCE DESIGNATOR

PHYSICAL BASIS
FOR CLASSIFICATION

SYSTO LOVEL
CONTRIBUTING EVENT SEQUENCE

REPRESENTATIVE
SEQUENCE FOR CLASS

Class 1 (Q1)

Relativaly fast core selt;
containment intact at core
me!t and at Tow presiure

Transients {mvolving loss of
{nventory makeup: mall-
small LOCA avents favelving
Toss of {nventory Sakeud;
transients invelving loss of
serem function and Taaptlity
to provice sufficient coolant
mekevp

nigh and low pressure -
coclant makevp

Transient with loss of |

Class 11 (QQ)

Relatively slow core melt
due to Tower decay haat
power; contaimment fatled
prior ta cors meit

Trarsiants or LOCAs involving
loss of contaimment heat re-
moval ; inadvertant SRY opering
sccidents with inadequate heat
rewova! capability

Transient with loss of
residua’l heat removi!

Class 111 (Q)

Relatively fast core malt;
onsaimamnt Intact at core
a't, but at Aigh internal
presiure

Large LOCAs with fnsufficient
co0lant makeui transients with
1oss of heat removal and long -
tarm loss of inventory makeud ;
APy failures with fnsufficient
coolant sakeup

urr LOCA with loss
of low pressure ECO

Class Iy (C4)

Relatively fast core meit;
contairment fails prior to
core malt due to ovarpressure

Transienty involvi loss of
scram function and loss of
conta{mment heat removal or a1l
resctivity control; transients
with loss of scras function
followed by actuated dapressuri-
ation

Trarsiant with fatlure
of RPS and fallyre @
of SLCS

Class v (CS)

Relatively fast core malt;
contatirment fatled from inie
ation of accicdent due t8
squipment fatlures

LOCAs outside contsinment with
fasufficient coolant makevp to
core, APY failyres which result
in ismediate contairmant fatlure

LOCA in matin steem
1ines with fatlure
of W31V closure and
Toss of ECCS

16
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these were consciously and specifically excluded. The reasons for the
omission are probably a combination of two things: first is the fact that
treating external events and fires in a PRA is considerably different than
treating internal initiators, requiring a different methodology, large
additional manpower resources different in character from the rest of the
study, and yielding results of even greater uncertainty than the
uncertainty in the rest of the PRA analysis. These large uncertainties are
because the methodologies are immature and the data base weak. Second, the
SA] study team believed when the project began in 1980 that these external
events and fires were not as important contributors to risk as
internally-initiated accidents, nor as amenable to cost-beneficial risk

reduction (Ref. 2).

In the intervening two years, our ability to analyze the risk contribution
from fires and externally-initiated events has advanced considerably.
Benchmarks of this advance include the recent publication by Pickard, Lowe,
& Garrick of seismic and fire PRAs at both the Zion and Indian Forat
reactor stations (each a two-unit station with Westinghouse PWR's); the
completion of an important NRC-sponsored seismic methodology development
effort, the Seismic Safety Margin Research Program at Lawrence Livermore
National Laboratory; and the inclusion by consensus within the draft PRA

P~ocedures Guide (Ref. 3) of an "acceptable" methodology for PRA analysis

of earthquake- and fire-initiated accidents. With these methodological
advances have come the first probability-based insights into the

quantitative contribution to risk from these sources, albeit with very
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large uncertainties and important conservatisms in the analyses. To the
surprise of some in the reactor community, the Zion and Indian Point
studies have told us that neither earthquakes nor fires can be neglectea as
contributors at those power stations to overall public risk. Their
apparent preeminence at Zion and Indian Point is partially because
internally-initiated accidents were found to be much less important than

was found in WASH-1400.

Fortunately for the purposes of this report, one member of the PRA review
team (Budnitz) has recently been reviewing the Indian Point PRA
specifically rrom the perspective of tne risk posed by earthquakes and high
winds (but not fires). His basic conclusion vis-a-vis earthqguake-
initiated and wind-initiated accidents at Indian Point is that the
methodology is clearly adequat: fc¢ tell us what types of accident sequences
are likely to be of most concern, and whether these initiators pose
important safety problems (at Indian Point, they do). But the
methodoiogies 40 not szem tc be mature encugh to provide reliable

quantitative calculations of the probability of core melt . . . thus any

numerical comparison of internally-initiated core melt frequencies or

public risks with those from earthquakes and winds is of lit:le value.

An important observation from the Indian Point study is that accidents
initiated by earthquakes and winds seem to involve phenomena quite similar
to those involved in the ensemble of internally-initiated accidents: that

is, the accident phenomena themseives do not seem to form a different set



of phenomena that must be considered separately in the sense of comprising
different types of releases. If this observation is generally valid, then

the main impact on overall PRA results would be to increase the

probability of releases already treated in the analysis, with less impact

on the spectrum of releases and consequences.

What insights about Shoreham can be obtained by transfer to Shoreham of our
b recent increased understanding of externally-initiated accidents at other
plants? Unfortunately, not much. This is in part because there is not yet
available any external-events PRA analysis for any BWR reactor (the PWR's
i analyzed to date are in detail not remotely similar to the Shoreham
design), and in part because the accident-initiating events found to be

important at Zion and Indian Point are quite site- and design-specific in

g detail, involving features that are unlikely to be reflected at another
plant.
g Much thought has been given by the PRA review team as to why useful

insights applicable to Shoreham cannot be reliably gained from studying
external-events PRA analyses at other reactors. Our negative conclusion

® arises basically from our belief that if 2arthquakes, high winds, or fires
giva rise to important accident sequences at Shoreham, the sequences
themselves are likely to be idiosyncratic to Shoreham, or in some cases

* possibly generic to BWR's (or BWR Mark II reactors) as a class. Absent any
specific analysis, we conclude that the contribution of these sources to
residual public risk from Shoreham is simply not quantitatively known, in

terms of either probability or chiracter of consequences.




The insight (at the PWR's studied elsewhere) that the accident phenomena

are not qualitatively different in kind from those arising from internal
sources is, of course, a reasonable one consistent with the intuition of
most students of the problem. If this insight were to hold at Shoreham,
then emergency response plans based on accident scenarios from internal
initiators would likely afford reasonable protection from these other types
of accidents as well, provided that the special external circumstances

surrounding a large earthquake or hurricane are adequately included in any

response plans, but the "if" in this proposition could be a weak reed.
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3.0 Are the SAI Calculations of the Accident Probabilities Correct?

To answer this gquestion, the FRA team reviewed the methodology used by the
SAl analysts, considered the validity of the numerical data base, and
repeated selected calculations to ascertain how sensitive some of the
results were. Because the numerical quantification of literally hundreds
of sequences, within many different event trees, was beyond our capability,
we are not able to affirm the specific validity of each SAl accident
sequence. However, we believe that such a detailed review has not beer

necessary to satisfy Suffolk County's objective.

3.1 Methodology Considerations

The methodology of the SAl analysis includes numerous advances over the
WASH-1400 analysis of Peach Bottom in 1973-1974. We concur in the
judgments of the SAIl team that the use of these advances improves the
analysis. An example of the different approach taken at Shoreham is the
incorporation of certain important support systems (such as inscrument air,
AC power, DC battery power) consistently within the fault trees rather than
having some of these in the event trees, as in WASH- 1400. This approach
allows for easier analysis, but carries with it an increased risk that
common dependencies might be missed through oversight if the analyst gets
sloppy or forgetful. We believe that SAl's approach is a valid one, which

can produce valid results if executed with care.
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nother advance is the differentiation in the Shoreham study between
accidents leading to a “core-vulnerable" condition and those that proceed
further to "core melting." In the WASH- 1400 approach, any accident
proceeding as rar as what SAI here calls a “core-vulnerable" condition was
assumed to proceed all the way to "core melt"; that is, there was no
differentiation in WASH-1400 between the two conditions and the more
conservative approach was taken. Tre reason for this was that in 1973-74
there was no existing methodology for consistently calculating the
cifferentiation between these two conditions, and the WASH-1400 study team
was not able to develop one within the resources and technical knowledge of
the time. Now, eight years later, this differentiation is feasible, and
the SAl analysts have developed it further and applied it in the Shoreham

analysis.

In our opinicn, this differentiation is an advance: it was understood in
the WASH-1400 period that the conservative core melt assumption was not
correct, and the Three Mile Island accident told us this as well. (The TMI
accident, if treated with the WASH-1400 methodology, is called a full "core
melt," although it was certainly not.) For purposes of comparison, the
probability of "core-vulnerable" conditions at Shoreham is what should be
compared to "core melt" in WASH-1400. The numerical results of the Shoreham
analysis show that the fraction of “core-vulnerable" seguences that proceed
to "core melt" ra ges from several percent (for what are called Class 1 and
11 events) to 100% (for the Class V category). In Section 4.4 below, we
will discuss in detail the question of whether SAI's guantitative

conclusions in this area »re valid.
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5till another methodological advance is in the way uncertainties are
estimated. Since the WASH-1400 team pioneered with their analysis, a
variety of different methods have arisen for getting a numerical handle on
these uncertainties. The approach taken by SAI in the Shoreham study is to
use Monte Carlo methods to model how much difference in the final results
would arise from various changes at the front end, or in the data base.
This seems to be a reasonable approach, and its conclusions are also quite
reasonable (see Table 3.8.1 on Page 3-172 of the SAI main report), but we
did not review it in detai because of our judgment that the conclusions

were reasonable.

Of course, there are still methodological problems that temper the
confidence we might have as to the vaiidity of PRA results for frequency
of, say, core-vulnerable or core melt states. Among these are a variety of
issues in the arena of human factors, and these methodological issues stand
apart from issues of human error quantification, about which we will say

more below as part of our discussion of the error data base.

A key example of methodological inadequacies is the failure of PRA methods
generally to consider adequately the ability of reactor operators to cope,
through improvisation and ingenuity outside of standard procedures, with
accident sequences as they develop in real time. The coping must surely
allow operators to terminate some sequences successfully that otherwise
would develop further into high-risk - cidents. Yet we do not know how

much difference this inadequacy makes to the final results. On the other
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side of the same coin is the possibility that even well-trained operators,
being fallible humans like the rest of us, might significantly aggravate a
sequence that in the standard PRA analysis is terminated successfully

without damage.

Another methodological limitation in a related arena is the present
inability to model control system failures well enough. [he
event-tree/fault-tree approach intrinsically views accidents through the
concept of system functional failures caused by underlying component and
support system failures or unavailabilities. In its present state of
maturity, the methodology can only incorporate control system failures
through ad hoc analysis of when, and how, multiple component system
failures might arise from control system failures. While this ad hoc
analysis is probably adequate for most sequences, we do not know whether it
does acceptably well when "time is of the essence," that is when rapidly
developing events, especially in the early stages of some accident classes,
could severely tax the operators' capabilities or the resilience of some

components.

Time sesuonring issues also underlie uncertainties in event trec
delineation (and, to a lesser degree, fault-tree delireation). The event
trees are written down in a time-ordered fashion, but issues can rise of
“which failure occurs first" and of whether recovery might occur later in a
sequence. Again, whether this set of issues makes a significant difference
to the final results is not known, although our experience leads us to

expect that differences are unlikely to be large.
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As described in the NRC's PRA Procedures Guide, quality assurance is very

important in the generation and analysis of fault trees. “or example, if
the same event appearing in two or more piaces in a fault tree were
mis-typed when entered into a computer, cne can make an error as large as a
factor of 100 (usually non-conservatively) in computing accident
probabilities. (Such numerical errors would probably show up, of course, in
the final analysis.) It is important to note that we did not check

SAl's fault trees, nor did we run an independent computer analysis of their

fault trees.

None of these methodological limitations is special to the Shoreham PRA
analysis by SAl: all are generally shared by other PRA studies on other
reactors. Indeed, progress is gradually improving our confidence that
these limitations are not important enough to invalidate our confidence
in the conclusions of PRA . . . but they do temper our confidence, in an

unquantifiable way.

The tenor of the above discussion reveals our overall conclusion about the
methodology used by SAI in the Shoreham analysis. That conclusion is that

the SAl methodology, though it suffers from some generic limitations

common to all reactor safety PRA's to date, nevertheless represents the

present state-of-the-art; it includes important methodological advances in

some a~eas. We believe *hat it is an acceptable basis for estimating the

probabilities of the important internally-initiated accident sequences at

Shoreham.



3.2 Data Base Considerations

The validity of the failure data base is vital to the validity of any PRA

analysis. A couple of issues in our present case represent limitations
that might be importast. First and foremost, the Shoreham reactor is still
in fina) stages nf construction, so we have no data on failures at
Shoreham: the failure data must generally come from industry-wide sources.
But operating experience has told us that some failure and unavailability
rates can vary widely from plant to plant, and we don't know whether

Shoreham will be above or below average.

The other side of this coin is that significant advances have been made
recently in identifying below-average design, maintenance, and test
practices, by study of LERs and plant-specific attention to determining
root causes of system and component failures. To the extent that these
activities represent improvements, a new plant such as Shoreham can take
advantage of this experience to improve its performance over the average

performance of plants already running.

Human error quantification is the other arena where data base issues seem
to represent a limitation. The SAI study team has used the accepted
industry-wide reference for most of its human factors failure data (Ref.
4), but these are widely understood to contain large uncertainties. In
particular, the failure data are lumped into broad categories whose
applicability to specific sequence situations at Shoreham must surely be
only approximate. Also, how Shoreham's operators will behave, compared to

industry averages, is of course not known.




Despite the limitations just discussed, it is our conclusion that the

Shoreham PRA analysis under review has used state-oi-the art data bases
generally. We have found some specific cases (see below) where we do not
agree with certain specific numerical values, butl we conclude that the data
used are a generally acceptable basis for estima.ing accident probabilities

at Shoreham.

3.3 Specific Accident Sequences -- An Eclectic Critique

To review quantitatively all of the important accident seguences that SAI
quantified in its Shoreham analysis was not possible (and in our opinion
not necessary) within the scope of this report. We took the approach of
studying what SAl wrote down in their event-tree delineation, and using our
experience and judgment to ascertain whether the approach and results were
roughly congruent with our expectations. This is what characterized our

accident-sequence review.

This activity consumed a reasonable fraction of all the effort spent on
this project. In the course of it we found that most of what we studied
was unarguably consistent with our experience and understanding, while
there were only a few cases to the contrary (albeit important cases).

For example, we have already mentioned above that we examined the list of
internal accident initiators to ascertain whether SAl had left out any from

th. 1ist that we would have used, and we indicated that they had not



28

(except fires). We also attempted to look at some of the numerical values
that SAl used in order to see whether they agreed with our collective
experience. In the course of ttis review, we found ourselves comfortable

with almost all of the numbers we examined, the exceptions being noted

below.

Perhaps the most important part of the PRA analysis where we find that our
review does not agree with the SAl draft report concerns their an2lysis of

internal flooding (their section 3.4.4.1 and Appendix G). In particular,

consider the situation in which portions of crucial safety systems are
disassembled for routine maintenance during plant operation. If during
this disassembly the valved-off component is accidentally reconnected to
its pipe (such as accidentally opening a motor-operated valve that has been
closed to allow the maintenance), then release of water through the opened
valve will occur. If the mistake is not promptly corrected by re-closing
the opened valve, an internal flood can result; such a flood at “Level 8"
inside the reactor building can quickly inundate several pieces of critical
safety equipment, and its analysis as a special issue was deemed soO

important that an entire Appendix G is devoted to it by SAI.

A detailed numerical analysis of this issue, by H. E. Lambert of our review
team, is presented in Appendix D to this report. We will briefly discuss
here the main issues and conclusion. We believe that SAI's analysis
contains some errors that underestimate the internal flood fregquency, the

correction of which would raise the core-vulnerable freguencies for Classes

] and II.
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The events leading up to a disabling flood are as follows:

Fvent A: On-line maintenance of some critical system

Event B: During maintenance, the system is disassembled

Event C: Inadvertent opening of isolation valve, causing the flood

Event D: Failure to reclose vaive within specified time period

Event E: Operator erroneously isolates the power conversion system
dur:ng flooding causing the accident because the heat sink
is lost

We believe that the initiating event is Event C: the occurrence together
of Events A and B defines a vulnerable system state that permits C to

initiate the f1 .d. Because Event C is an initiating event, we must

compute its frequency, and also the failure on demand of Event D.

Event C's frequency (in units of events per year, or the like) must include
the pre-existing presence of the vulnerability-inducing states A and B.

The units of the events, in the calculation, should be maintenance acts per
year (Event A); probability of system disassembly given maintenance (Event
B); conditional probability of inadvertent isolation valve opening given
maintenance with disassembly (Event C); conditional probability of failure
on demand to reclose the opened valve (Event D); and conditional
probability of erroneous operator isolation of the power conversion system
(Event E), which then would initiate the accident. We believe that SAI has

incorrectly used system unavailability for Event A, and that their

calculated result is about a factor of 100 lower than the value we obtain,

all of which is explained in more detail in Appendix D to this report.
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In addition, we believe that the SAI team has used an incorrect value for
the Event D failure (probability to reclose the accidentally open valve):
SAIl uses 0.05 for this probability whereas their primary reference source
(Ref. 4) uses 0.25, if one accepts that there will be highly stressful
conditions during the period when the operator action will be required (see

Appendix D for details).

An important assumption made by SAI is that flooding to the six-foot level
will not rec< 't in automatic closure of the MSIV's. (SAl does assume,
however, that reactor trip will occur.) It is important to verify that the
assumption regarding automatic MSIV closure is true. Otherwise the powcr
conversion system is lost and the only normally available coolant makeup
system is the condensate system. In this case the accident frequency
caused by flooding would increase by an additional factor of about 10, and

a design change might be necessary to overcome the problem just discussed.

If our flooding analysis is correct, then the internal flooding accident

5

frequencies are at least of the order of a few times 1077 per reactor

year, and as described in our Appendix D could be much higher, depending
upon how human error rates are quantified. These accident sequences then

become dominant for both Class I and Class Il type accidents.

There is another part of the SAl analysis where our review team disagrees
with the SAl work. Our difference of opinion enters critically into a key

class of accident sequences, the so-called ATWS group (Anticipated
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Transients Without SCRAM), which comprise Class IV of the five ciasses into
which SAI grouped the Shoreham accidents. These sequences arise when cne
of several anticipated transients cannot be properly controlled because the
"SCRAM" system (which inserts the control rods) fails to -lut down the
chain reaction. If this event were to occur, back-up engineered functions
are brougnt into action to bring the reactor to safe shutdown: these are
discussed on panes 3-94 ff. of the SA! report and include the alternate rod
insertion system; the standby liquid control system to inject boron poison
into the core; trip of the recirculation pumps; and operator proceduies.

Of course, e critical failure that drives this sequence is the failure

to SCRAM on demand, for which there are essentially no empirical data upon

which to base an analysis.

The SAI report selects as its value for failure to SCRAM on demand the
likelihood 3 x 10'5 (about one failure in 33,000 demands). In its
discussion (see p. B-1l1 ff), the report points out that "The calculation
of Scram system reliability has been an issue which has taken on both
technical and philosophical aspects over the last seven years." This is
because within the regulatory arena the issue of whether reactors are
adequately safe against ATWS events has been one of the most
hotly-contested issues in recent years, whose regulatory resolution is
still not complete. Unfortunately, there is also no consensus in the
safety community about how to go about calculating the value for this
failure nor about which value should be used in analyses such as the

Shoreham case.
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while admitting that the situation requires a good deal of judgment, we
believe that the value chosen by SAI is too high, by a factor in the range

5 to 3 x

of 3to 10 . . . that is, we would have chosen a value of 1 x 10~
10'6 1nste$d of their 3 x 10'5. This judgment, based upon nearly a
decade of study of the issue, cannot be defended analytically; but we do
believe that the 3 x 10'5 value, which SAI seems to state (p. B-115) is
chosen with a conservative bias, is too high. (Of course, we are aware
6, 0

that certain industry calculations fall in the range of 107", or

sometimes much smaller.)

The impact of this judgment on SCRAM failure probability is practically
linear in the results of core-vulnerable and core-melt frequency for Class
IV. However, even though our best judgment would lower the likelihood of
Class IV accidents, we believe that it is prudent for Suffolk County to
base its emergency planning on the Class IV core melt values as quoted in
the SAl draft report . . . this approach takes cognizance of the
observation that our difference of opinion with SAI is a purely judgmental

one.

There were other areas that we reviewed which are important to the SAI
analysis. For example, as part of our review we studied the discussion on

success criteria found on pp. 1-22 to 1-27 of the SAI draft report. It

is clear that in any analysis of accident seguences, whether the outcome is
wsuccessful® (that is, leads to an adequately cooled core without

vulnerability to core melt) depends crucially on whethor the design
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requires, say, all 4 low-pressure pumps or, say, only 1 out of 4 to cope
with a large LOCA. The success criteria chosen by the SAI analysis team
have been taken, according to their report, from manufacturer's (GE's)
reports and analyses, and the report comments (page 1-22) that "it is
believ: . that the success criteria so defined tend to be conservative." We
were not able to assess this claim independently, although it makes some
sense to us because the postulated conditions in the GE analysis are
limited in a conservatively biased direction. We wish to call attention to
this observation as a possible source of uncertainty in the SAIl results,

which if corrected would lower their calculated core melt valies.

We also looked at the way human errors are incorporated into the component
and system failures. Here our understanding is that the SAI team has
basically relied on the standard data source, the work by Swain and
Guttmann (Ref.4), for the human failure data. Since this is the standard
work and there is no better source at the present time, we have no quarrel
with the SAI team's decision here, but we feel it important to point out
that there are very large uncertainties in the values for human failures
that Swain and Guttmann quote. Even in the situations in which these
values are applicable, there are large variations in the error rates from
one human to another, but the stickier problem is that the actual
environments in which the human errors will occuriqeactor accidents are not
those in which the error rates used are necessarily directly applicable.
0f course, this is a problem that is generic to reactor PRAs as a class,

and not special to the Shoreham effort under review here. But again we
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3.4 Implications of the Review of Specific Accident Segquences

Our review of specific accident sequences described in the SAI draft PRA
report has resulted in several specific comments that have been discussed
in sections 3.1 - 3.3 just above. Here we will consider the implications

of these findings for Suffolk County's emergency planning activities.

Our most important quantitative finding is an apparent error in the SAI

calculation of the probability of severe internal flooding: we have
discussed this in section 3.3 and in Appendix D of this report. If our
interpretation of the frequency of flooding at elevation 8 of the reactor
building is correct, then the frequency of core-vulnerable conditions in
accident Classes 1 and Il is raised considerably: mostly in Class I in our
opinion, with some effect on Class I1 as well. The SAI report gives as its
best-estimate for core-vulnerable frequency in Classes I and II the

following:

Class 1 2.7 x 10°° per year
Class 11 i3 8 1072 per year

The conditional probabilities of core melt are given as 7% and 8% for these

two classes, respectively.

If our analysis is correct, these core-vulnerable frequencies would be
considerably higher. Because we have not been able to carry out a complete

systems analysis, we believe that our choosing a number and sticking to it



as "our value" is inappropriate: we believe it is more appropriate that

LILCO and SAIl carry out a proper analysis. We not only believe that the
core-vulnerable numbers will rise, but also tnat the conditional

nrobability of core melt might increase: to be precise, if flooding

dominates Classes I and I, then the flooding sequences should be used as
the basis for computing the conditional probabilities, with the possibility
that core-melt might be more probable than 7-8% given the amount of

equipment taken out of service by a flood at elevation 8.

With these provisos, we believe that it is prudent for Suffolk County to

use a number in the range of lo'fgper year as the likelihood of core

melt from both Class 1 and Class II: use of this value as input to the
planning basis for the County emergency planning activities will prudently
allow the County to protect against accidents at Shoreham within Classes I
II. Also, because no core-vulnerable/zore-melt analysis has been done for
these internal flooding sequences, we believe it is prudent to ignore this
factor for the time being in these classes. (As it turns out, using these
higher values probably makes almost no diffecence to the Suffolk County
emergency planning activities, because Classes ] and 11 dominate the

accident planning basis one way or the other.)

For the other accident Classes, the only one where we believe the SAI
results are probably not correctly representative of the real accident
frequency is Class IV (the ATWS accident group). However, as discussed

earlier, even though our best estimate would lower the SAI values for
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core-vulnerable frequency by a factor of about 3 to 10, we recommend that

Suffolk C ty use the SAI values as a prudent planning basis.

»
Qur review revealed some important qualitative conclusions that
should be me ned. Most importan . of these is that we tave found the SAI

L3
analysis of a. dJe t senu< s any their probabilities to be on the whole a
fully competent, state-of-the-art analysis. Also, we believe that there

° are major uncertainties in the results of these analyses today, not only
the analyses by SAI but analyses by all teams that carry out reactor PRAs:
we have touched on some of the underlying reasons for these in earlier

° discussion. Nevertheless, we believe that the SAIl group has taken some
care to understand and quote the ranges of their uncertainties, and we find
their uncertainty analysis for the accident sequences acceptable.

-
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®
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4.0 Are the Accident Phenomena Within the Plant Treated Correctly?

The approach taken by our review team in reviewing the accident phenomena
parts of the SAIl draft PRA was to ascertain whether the analytical metrods
employed are reasonably consistent with the present state-of -the-art
methods now used for these calculations. Members of the FRA team are quite
familiar with the level of understanding within the broader reactor safety
community about these phenomena, including a recognition of the significant

limitations to our present understanding.

The basic conceptual problem being addressed here is as follows: we
postulate the unlikely situation that the Shoreham reactor has reached a
physical state in which a core-degradation accident is underway. The
accident sequence that has led to this physical state is assumed to be
understood, in the sense that the event-tree/fault-tree analysis has
revealed to us a specific sequence of equipment failures and human errors
leading up to the onset of core degradation. (It is not necessary for the
purposes of this part of the analysis to know the probability of the
sequence.) The problem is to attain acceptable understanding of the
physical sequence of events following the equipment failures modeled in the
event-tree/fault-tree analysis, beginning with the onset of core
degradation and continuing through until the reactor core is either
securely cooled, or has melted (wholly or partially), releasing a fraction
of its fission products to the reactor vessel, the containment structures,

and possibly the environment,
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In order to carry out quantitative calculations of the phenomena, one

requires a variety of data, some conceptual understanding of the
physical and chemical events, and a calculational model embodying this
understanding. The calculational model should incorporate not only the
physical reality of the reactor plant itself, but also the functioning

(correct or degraded) of various engineered systems within the plant.

In an idea) analysis, it would be desirable to calculate the sequence of
phenomena for every important accident segquence that follows core
degradation. Unfortunately, though every accident sequence is different
from every cther one, such a massive effort would be beyond the
calculationa) ability of any team of analysts today. Also, because our
understanding of thse phenomena is limited it would not make much sense to
mode] each specific sequence separately: differences among similar

sequences are far less significant than uncertainties in our understanding.

For these reasons, PRA analysts generally have grouped the numerous
accident sequences beyond core degradation into categories, each category
being treated separately in the calculation of core degradation/melt
phenomena. This grouping allows the analysts to treat a tractable set of
jssues, with the limitation that errors and uncertainties are introduced

because of the approximate nature of the categorization process.

Each group of accidents is characterized by a set of conditions: examples

include high or low pressure within the reactor vessel; containment



integrity intact or already failed before the onset of core degradation;

time elapsed since SCRAM; various engineered safety systems either

available or failed; and so on.

The challenge is to develop an acceptably accurate gquantitative analysis of
what happens to the core and its fission products, and how, and in what
sequence, and under what phyhsical-chemical conditions. The result of the
analysis should be a quantification of fission product releases from the
plant in terms of species, quantities, times of release, physical-chemical
conditions of the release (energy of the release, physical form, etc.), and

come measure of the confidence of one's conclusions.

FRA's purpose in this review has been to develop an understanding of what
the SAl analysis team has done in the course of their work, so as to
ascertain whether their results form an acceptable basis for the
calculation of offsite consequences: if the SAI calculations do form such
an acceptable basis, then Suffolk County's emergency response plan can

utilize them.

The approach taken by the SAI analysis team was to utilize a well-known,
widely used, and well-documented set of computer-based models known as the
MPRCH-CORRAL code package. These codes, originally developed under AEC/NRC
sponsorship for the 1973-74 WASH-1400 analysis, have been the main method
of analysis of these phenomena ever since. However, it is widely known

that these codes contain important approximations, omissions, and other
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limitations that make their modeling of physical reality less than
precisely correct, and indeed the limitations of MARCH and CORRAL have been
a continuing subject of research, analysis, and discussion in the reactor
safety community for much of the last decade. In addition to the
MARCH-CORRAL codes, the calculatiuns of the accident phenomena require
various types of input data, the most important of which are the
fission-product release fractions or partition fractions in various stages
of the postulated accidents. Examples include information about fission
product releases from the fuel pins during fuel melting; fission product
partitioning in a water/steam environment as a function of pressure,
temperature, and other conditions; and fission product plateout, transport,
and the like in the airborne state. The MARCH-CORRAL code requires data

such as these essentially as parametric input to its modeled calculations.

The SAl analysis team made modifications to parts of MARCH and CORRAL in
order to tailor the code to the Shoreham reactor, and to incorporate some
recent insights about various phenomena. These modifications do not
substantially modify the basic operating philosophy of the codes, nor their

major limitations.

4.1 Grouping of Accidents into Classes

One important question that we have looked at is whether the grouping of
accidents into five classes by the SAI team is reasonable. The five

Classes can be hriefly characterized as:



Class 1 Loss of Coolant Makeup Accidents

Class Il Loss of Containment Heat Removal
Accidents

Class 111 Large LOCAs

Class IV ATWS (Anticipated Transients Without
Scram) without Poison Injection

Class V LOCAs Qutside Containment (including
Interfacing Systems Accidents)

A1l accidents leading to and beyond core-vulnerable conditions are placed
in one of these five Classes, and the five Classes are dealt with
separately in the subsequent (MARCH-CORRAL type) analysis. We have studied
the validity of this approximation, and find the grouping by SAI to be
fully acceptable. We believe that some differences exist among accidents
that are grouped by SAI into a common Class, an example being the variety
of accidents grouped under Class II in which containment residual heat
removal fails: the very long time that it takes for the Class II accidents
to evolve is characteristic of the Class as a whole, but differences in
detail emerge depending on which safety systems fail in which order.
However, in this case (as generally), we believe that the grouping is a
reasonable approach. Our reasoning is that the uncertainties in the
phenomena are sufficiently great as to overwhelm any additional
“information" that might have been gained by a grouping into more numerous
Classes; and that the choice of specific sequences within each Class to

serve as the model for each Class is also reasonable.

An important issue is the time duration between initiation of the accidents
and the eventual release of fission products to the environment: this will

differ from Class to Class substantially. We have studied the general
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grouping from this perspective, because of a concern that perhaps there
could be mis-classification from the perspective of time evolution. we
tend to affirm that the time evolution of the Classes is reasonably
consistent with our experience: for examp e, the Class Il accidents evolve
very slowly compared to the other Classes, and we believe that a1l of the
accidents grouped into Class Il behave in this way. This conclusion allows
us to dea) with all of these accidents together in discussing their

emergency-planning implications in the context of Suffolk County's needs.

4.2 Review of Phenomena After Meltdown

The approa~h we have taken for ascertaining whether the SAI meltdown
analysis of each accident Class seemed reasonable was in part the use of
subjective judgment based on the experience and knowledge of the reviewers,
and in part some independent caiculations of a few of the phenomena
involved. These independent calculations, carried out by Dr. Fabic, tend
to support the validity of the SAI conclusions for many of the important

post-meltdown phenomena, with some exceptions that will be discussed next.

A general elevation-view drawing of the Shoreham reactor and containment
building is shown on the next page, reproduced directly from the NRC Safety

Evaluation Report for Shoreham (Ref. 6). The main important features to
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concentrate on for our discussion below are the location of the suppression

pool at the bottom of the building, and the downcomers penetrating the

drywell floor below the reactor itself.

That the MARCH code (which models the highly complex processes involved in
a meltdown) has deficiencies is, as mentioned above, well known. In
Appendix B, some of these are discussed by Dr. Fabic, and his discussion

will be excerpted hera, as follows:

“In the course of the SASA (Severe Accident Sequence Analysis) calculations
being performed by the Oak Ridge National Laboratory (ORNL) for the USNRC
as applied to BWRs, the ORNL engineers have also come to the conclusion

that MARCH has many deficiencies. Out of 21 listed inadequacies, we

shall extract only a few:

* Modeling of heat transfer to upper and lower BWR vesse! internals

* Modeling of core collapse

* Failure of bottom head via control rod drive tube penetration not
considered

* Suppression pool and wetwell/drywell interaction

* Rod-to-rod radiation heat transfer not included

. Vessel water level calculation does not include variable flow
areas

* Fuel pin melt/slump/freeze phenomena are not mechanistically

modeled."



Dr. Fabic (Appendix B) also discussed the reasons why the MARCH code

contains extensive simplifications:

"The extensive simplifications in the code were introduced for two

reascns: (1) to produce a tool useful for probabilistic risk

assessment which requires many computer runs for exploration of

consequences of various bounding assumptions. Hence, computational
economy must have been one of the principal goals; (2) to produce a
too]l amenable to accepting some of the major uncertainties as input
assumptions that could be changed from run to run. These stem from

the relatively poor knowledge of various thermohydraulic processes

that involve melt propagation and the attendant heat and mass

transfer in complex geometries. The pertinent empirical base lags

far behind the existing empirical base collected in the course of

reactor safety research for situations that do not involve a

degraded core. However, the word ‘uncertainty' is also used here to

imply simplifications one needs to make to intentionally bypass the

detailed calculations that would cause the code to become Tong

running.”

Despite these limitations within MARCH, the conclusion of the FRA review
team is that the code has been applied by the SA] team in a competent andg
conscientious manner. Our analysis of their gescription of their MARCH

runs, the way they have thought about issues involved in MARCH, and their
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conclusions has left us with both a confident feeling about what the SAI
analysts have done and a heightened appreciation of the approximations

inherent in the MARCH modeling.

One of the important areas of disagreement concerns the mechanism of
melt-through of the molten core as it penetrates the bottom head of the
reactor pressure vessel (RPV). Again we quote from Appendix B, Dr. Fabic's

report (the abbreviation "CRD" means “control rod drives"):

“we do not believe that the RPV bottom head would fail in either of
the two ways described in the Shoreham PRA: structural failure of
the vessel wall due to elevated pressure and temperature or the wall

melt-through when the RPV pressure is low.

" ad, we agree with the scenario described by R. Henry of Fauske
Associates, Inc. (see item 8 in Section 1.1) wherein the relatively
thin metal that seals the CRD tube, or the CRD tube itself, is much

more likely to fail first upon contact with the melt.

"The melt is very unlikely to reach the bottom head in a coherent
fashion (gross slumping). It is more plausible to consider downward
streaming of melt around the vessel axis. That melt will not attack
the CRD tube as long as there is some water left in the lower
plenum. If the amount of steam generation caused by quenching of

meit is insufficient to stop further melting (a likely case),
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increased amount of debris will accumulate on the bottom portion of
the RPV and it would eventually remelt the fraction of debris that
was frozen by the ligquid--which by now has evaporated. This whole
process could be delayed significantly if the CRD cooling water were

continuously supplied.

“Eventually, one or more CRD tubes would fail and the debris

discharge into the CRD room would commence."

Following the failure of the CRD tubes, another key question is how fast
the melt will pour or stream through these CRD channels. Dr. Fabic
calculates (Appendix B) that under the conditions likely to be present,
only a very few seconds (perhaps less than 5 seconds) would elapse before
as much as 50% of the melted metal would flow out of the lower vesse!l
openings. In this scenario, there is no outright structural failure of the
vessel wall, nor wall melt-through per se. However, as the melt

penetrates the CRD tubes, significant enlargement of these penetrations
will occur by ablation. If this is true, then only a small fraction of the
melted core will remain in the bottom head, and that fraction will be the
core material ihat has not melted, or has re-frozen at the bottom. Whether
the flow threugh the CRD openings is pressure-driven or gravity-driven will
make a difference, but should not make a very large difference to the

phenomena in this process, which will be quite fast.
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The next issue involves where the core debris streaming through the CRD
openings will go. With a large amount of CRD hardware in the way
(essentiall hanging down in large massive metallic drive channels below
the lower head), and with such a fast outflow, it seems unlikely that the
CRD hardware will melt before the core material has passed through, which
in turn indicates that the core material will reach the drywell floor only
after being significantly broken up and "sprayed about" by the CRD
hardware. However, an important insight (see Appendix B) is the conclusion
that most of the core will go down into the drywell area just below the
reactor pressure vessel (RPV) head, with rather little of it going into the
annular outside region of the drywell floor. Once the level of core melt
debris on the drywell floor exceeds the height above the floor (about 3.5
inches) of the downcomer top flanges, the molten debris will start pouring
down the four downcomers that are located within the area of drywell floor
just below the RPV: we find that it is unlikely that much of the melt will
go down the numerous downcomer channels in the outer annular region, since
the melt will go down these four inner downcomers promptly. Our analysis
indicates that this will occur rather quickly, most likely within about 5

minutes after RPY breach.

Once the debris begins pouring down the downcomers into the deep wetwell,
we studied whether steam produced by the molten material would produce
enough countercurrent flow upward to impede further melt from penetrating
downward. Our calculations (see Appendix B) seem to indicate that this

phenomenon will not occur.
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In the scenario described above, almost all of the melt will end up in the
wetwell almost all of tie time. Appendix B discusses why we are reasonably
confident of this conclusion. It appears that there is only a limited
range of conditions where melt will not mostly be quenched in the wetwell.
The implications of this quenching are, of course, that significant removal
of fission products in the wetwell water would occur, lowering by large
factors the amount of fission products other than noble gases available in
the gaseous phase for atmospheric release through an ultimate containment

breach.

Perhaps the most important conclusions from Dr. Fabic's analysis in
Appendix B are that vessel failure will probably take place through the CRD
channels; that discharge from the vessel to the drywell will be very rapid
(less than 1/2 minute), and discharge from the drywell to the suppression
poo)l will also be fast (less than, say, 10 minutes); that core melt
material will nearly always end up in the wetwell, where significant
removal of fission products will occur; and that there is little time for
debris-concrete interaction on the drywell floor, and too low a temperature

for that interaction to occur on the wetwell floor.

A1l in all, the picture painted by our analysis is that the SAI resuits on
core-melt behavior and fission-product release are likely to te

conservative (that is, too high valucs for release, too much

core-concrete interaction) compared to what we believe to be the real

phenomena.



In particular, we expect that for two of the classes of accidents (Class I*

and Class 111**), there will be significant delay in the containment
rupture time, and perhaps no containment rupture at all, depending on
specific containment heat-leakage properties that we have not specifically
addressed and that are both complicated and scenario-specific. Also, there
will be quite large decontamination factors for fission products released
in the wetwell pool, leaving the gaseous fission products released directly
from the melted fuel pins as the principal airborne species available for

release from the containment after breach.

Unfortunately, we are not able to quantify the extent of this conservatism.
The phenomena that we believe will occur differ from those modeled in the
SAl draft report in several areas, but aimost always in the “conservative
direction," meaning that if our analysis is a bztter representation, then
the accidents will be less severe. We believe that much remains to be done
before a reliable calculation of these phenomena can be carried out: some
research on specific phenomena must be performed; some improved modeling of
the sequence and character of the events must be accomplished; and some
better data on specific coefficients must be obtained, for a variety of

physical and chemical interactions.

* Class 1 involves accidents where failure of core cooling
with the RPV at high pressure after a transient or
small-break LOCA results in core degradation, with an intact
containment until after core melt.

#* (Class II1 involves accidents such as a large-break LOCA
inside containment where RPV depressurization occurs prior
to cor2 degradation, with an intact containment until after
core melt.
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4.3 Some Specific Issues Involvine Meltdown and Related

Phenomena

In the course of our reviizw . the meltdown part of the draft PRA on
Shoreham, a number of specific issues arose that we believe are worth
discussing within this report. These are technical issues that could
affect the overall “"bottom line" conclusions of the SAI study. For each we
will indicate what our own conclusions are as to the impact of the issue
vis-a-vis Suffolk County's application of the PRA resuits for emergency

response planning.

The first issue is the magnitude of fissicn product releases from the fuel.
In Table D-3 (page D-9) of the SAI draft report, a list is given of release
fractions from the fuel to the primary reactor system during core meltdown.
The table is reproduced on the next page. Shown in the table are two
values for the release fraction for each isotope: one is the value used in
the 1973-74 WASH-1400 analysis (Ref. 1), and the other is the more recent
value found in NRC report NUREG-0772 (Ref. 5), which contains a discussion
of recent understanding of fission product behavior in core-melt accidents.
The SAI report states (p. D-7) that they have used an average of the two
mode] estimates (WACH-1400 vs. NUREG-0772), in view of uncertainties in our
knowledge. While this averaging does not make very much difference to most
of the release values, the value for tellurium is quite different in the
two models: WASH-1400 assumed that only 15% of the tellurium escapes from

the fuel, while NUREG-0772 believes the correct value is 100%. While we do
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not know which is correct (that awaits further experiments that have not
yet been done), we believe after study of the NUREG-0772 arguments that the
lower figure is more likely to be correct for tellurium, which would
slightly decrease the offsite releases and doses. The effect is a small

one generally, but not so small as to be negligible.

SAl's draft analysis also states (page D-7) that 90% of the iodine is
released from the primary system as Csl (cesium iodide), which is a major
departure from the WASH-1400 assumption that iodine was released 100% in
elemental form. This makes a significant difference because the Csl is
soluble while the elemental iodine, in gaseous form, was a key contributor
to offsite doses in WASH-1400. We tend to agree with the recent arguments
that elemental iodine is not a likely form for that element in these
accidents. and believe that SAI's assumption is a reasonable one. However,
there are still important uncertainties in our knowledge of what precisely
happens to the iodine during the accidents under consideration. The
reactor safety community will require some experiments, some modeling, and
considerable discussion (all of which is underway) before this important

issue is resolved and a consensus reached on it.

Another issue involves whether there would be zirconium-water reactions
within the reactor vessel after the fuel has melted but before the melt
pen:trates the bottom head: SAl assumed (page C-23) that in a melted state
the Zr-water reaction would not occur, and has explained their assumption

(Ref. 2) as being due to the presence of a molten pool at the bottom of the
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lower vessel head, covered by a crust at the interface between molten and
solid fuel. This crust would inhibit Zr-water interactions, according to
the SAI opinion. While this scenario seems reasonable, the generation of
zero Ir-water reaction seems too extreme, because surely some of the
zirconium will be in contact with water or steam during parts of the
meltdown process. This issue needs more analysis, in our view. We have no
way of quantifying whether the Zr-water reaction is miniscule or only
"small,” but we do concur that it is unlikely to be “large® in the sense of
comprising any reasonable fraction of the total zirconium in the fuel
¢ladding. Thus we do not think this issue should have any important impact

on the overall results of SAI's analysis.

Another issue that we have studied is whether there will be rapid
degradation of the concrete walls of the drywell during core-melt
accidents, which might lead to carbon-dioxide evolution, high pressures
building up inside, and ul.’mate pressure failures of containment. First,
we should point out that in our own analysis, almost all of the melt goes
directly from the bottom vessel head to the CRD room floor to the
suppression pool; almost none goes to the annular drywell floor (see
Appendix B). However, for this discussion we will assume that we are
considering melted core on the drywell floor. When our concern with the
issue of drywell concrete degredation was raised with the SAI analysis
team, their response (Ref. 2) was that only for the Class 11l secuences
would a sufficiently high temperature occur in the drywell, and these

sequences produced very short thermal transients. If this is true, the



56

decomposition temperature would be reached only for a very thin layer near
the surface of the concrete. We have not been able ourselves to calculate
any sufficiently detailed numerical values for the temperature transients,
nor can we find them in the draft SAl report. However, based on our
experience with this issue, and our understanding of the phenomena that
will occur during melting and core transport from vessel to drywell to
wetwell, we believe that this concern is not likely to be a major ane:
specifically, we believe that even if significant core melt were to reach
the drywell annulus, it is quite unlikely that this concrete-degradation
effect will produce enough non-condensible gas to challenge containment
earlier than it is challenged in the scenarios set down by SAI in their

report.

We have also been concerned that containment integrity might be compromised
by pre-existing containment leaks, that might not have been considered
proverly in the SAl analysis. Also, we were concerned with failures of
penetrations at high temperatures. While SAI confirmed (Ref. 2) that this
latter problem was not explicitly considered in the PRA, they believe that
the former is adequately analyzed within the cuntainment event trees. We

1 e not convinced that the analysis incorporates either of these issues
quantitatively; however, we believe that containment leakage is not as
important an issue for the Shoreham BWR as it appears to be for many other
reactors (in particular, for many of the PWRs), because the effective
fission product removal action of the suppression pool provides such large
reductions for the most likely accident classes. Thus the issue probably
does not introduce major additional pathways to the environment ¢ven if it

has not been thoroughly considered in the SAl analysis.
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One of the key issues that has been an outstanding concern for many years
in consideration of core-melt accidents is "debris-bed coolability," which
is a shorthand phrase for the question of whether, if a bed of core rubble
were to form from molten-then-solidified core material, that bed can be
cooled adequately. Another question is whether steam, generated in and
around the debris bed as it is cooled, can provide enough additional
pressure to pose a challenge to containment. First, we must clarify that we
are concerned here with cooling a debris bed on the drywell floor; we have
no concern with cooling the later debris bed under many feet of suppression
pool water, although ultimately after many days the pocl water would boil
away and the issue would arise again. The SAI response to our inquiry on
this subject (see Appendix C) is reasonable, and is congruent with our own
judgment on the matter. However, it must be emphasized that while our
judgment and that of the SAI group agree, the entire subject of debris beds
is still one where everybody's conclusions are highly speculative; in our
view the safety community as a whole doesn't have enough experimental data,
nor modeling talent, to put this issue to rest at this time. Fortunately,
the issue is not believed by our group to pose significant additional risk
potential, for the following reasons which are guoted here from Mr. Davis'

discussion in Appendix C:

“Upon further consideration of this jssue, it is considered
not to be significant in terms of the potential for risk

increase for the following reasons:
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“1.1f containment failure has not occurred at the time debris bed
cocling occurs, most of the fission products (which are released
dur 1g the initial meltdown phase) will be securely trapped in
the suppression pool water. Thus, the possibility of containment
failur “rom a steam pressure surge upon debris bed cooling would

not -« = a large fission product release.

“2.1f containment failure occurs before debris bed cooling, the
major consequences of the accident would be underway, and the

added fission product release would likely not be significant.

“3, A steam pressure surge sufficient to challenge containment
integrity requires a large amount of water delivered to the bed
and intimate mixing. It is not likely that a high volume water
source would be available since most such sources within the
containment must previously have been asssumed failed or degraded

to cause the accident to progress through core meltdown."

4.4 Core Vulnerability vs. Core Melt: Containment Event Trees

In section 3.1 (above), we commentea favorably on the methodological
advance employed by SAl in the Shoreham study in which an accident that
proceeds to a “"core-vulnerable" state is differentiated from one that
proceeds further to a “"core melt" state. As discussed earlier, this

differentiation was not made in the WASH-1400 analysis, and yet it is
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clearly important to recognize that only a fraction of “core-vulnerable"
acciderts proceed to "core melt," an example of one that stopped short

being the Three Mile Island accident of 1979.

The SAI report finds, for the five Classes of accidents considered, the
following conditional probability that a core melt will follow:

Conditional Probability of Melt, Given

Class Core Vulnerable State
] 8%
11 7%
111 84%
v 43%
Vv 100%

The way these conditional probabilities were calculated in the Shoreham PRA
analysis represents an advance over earlier probabilistic reactor analyses.
The effort consisted of the development of very complex containment event
trees (CETs) that considered the large variety of engineered safety
features and phenomena that are brought into play during the time period
after a core-vulnerable condition is reached. O0f course, some assumptions
are necessary to simplify the problem, and the SAl analysis team made
several of them. We have studied them in the SAI draft report (see the
list on p. 1-19, pages H-11 to H-13, H-48 to H-56, and Table H.7), and find
them generally reasonable, although the analytical basis for the specific

numbers is weak.

We believe that there are major uncertainties in the CET analysis, but our
study of the SAI discussion leads us to believe that the SAI analysts were
aware of these and handled them acceptably. For example, a key limitation
is that there are essentially no data on the relative likelihoods of

containment failure modes of different sizes and types that would result
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overpressure (see page H-50). Another example is that, although the
analysis correctly differentiates between containment overprescure failures
near the to- as opposed to near the bottom of the containment (a failure
near the bottom, although very unlikely, could compromise the suppression

pool), their treatment is obviously an approximate one.

We believe that the point of departure of the SAIl treatment is proper.
Thevy start by differentiating among three situations: those in which the
core is vulnerable to melting in an intact containment; those in which
containment may be vulnerable first while the core is still adeguately
cooled; and those involving containment bypass. These three topologically

different states are then treated separately in the quantification process.

We also endorse the approech taken in the draft SAI report to consolidation
of the release end-states. This consolidation has the effect of grouping
numerous different accidents and treating each group singly, which
inevitably implies loss of detail in the interest of calculational
tractability. The SAI report acknowledges this issue (p. H-51), and states
that the approximations made are conservative in nature. We affirm that

this is probably correct but have not reviewed the details sufficiently to

have an independent view of whether this is always true (see Table H.8,

p. H-106 for details).

To mention other technical issues, we believe that the treatment of the

steam explosion issue is a reasonable one. Also, the discussion on
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quantification of the CETs recognizes explicitly some concerns that clearly
affect the quality of the results (see Table H.6, p. H-57 to H-60). The
SAl analysts have explicitly differentiated among various qualities of
their supporting data, have given not only their best point estimates but
10%-90% bounds for their results, and have documented their main
assumptions. Again, however, as elsewhere in this review there was no

that our review effort could examine the (literally, hundreds of) detailed

numbers in the CET quantification.

Qur failure to review these conditional probabilities quantitativeiy is not
very troublesome to us, because we are of the opinion (a gualitative
opinion, however) that the vilues quoted are reasonably within the range
that we would expect. Furthermore, we believe that the inclusion or
exclusion of the SAI conditioral probability factors does not make any
important difference to what Suffolk County will do in its emergency
planning activities. Therefore, and because we are uncertain as tc the
quantitative validity of the results, we believe that it is prudent for the
County to ignore these factors in its planning, and to take the core-
vulnerable figures, as modified by our recommendations for Classes I and

II, as the planning basis for emergency preparedness.

Our rationale for recommending the exclusion of these factors is as

follows: for Classes I and 11, we have already recommended that the °

County assume that the core-melt values lie in the range of about
10'4/year. taking into account our improved analysis of internal

flooding; for the internal-flooding sequences there does not exist a valid
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core-yulnerable/core-melt analysis, and we believe that our recommended

rumbers are in any event only 2 rough estimate. For Classes 111 and V,

the SAl factors are so close to unity (84% and 100%, respectively) that
there is no difference. For Class IV, the SAI factor is 43%, within

about a factor of 2 of unity, but for this class we believe that the
core-vulnerable number could be too high by a factor of 3 to 10 because of
SAl's use of too high a value for failure of SCRAM on demand: so for Class
IV the inclusion or exclusion of a 43% factor is practically like splitting

hairs.

For all these reasons, we believe that omitting the core-vulnerable/
core-melt factors from Suffolk County's planning basis is the prudent
choice: the factors have no reasonable basis for the internal-flooding

sequences and make essentially no difference in the other (lasses.

4.5 Implications of the Review of In-Plant Phenomena

Qur review of in-plant accident phenomena described in the SAI draft PRA
report has resulted in a collection of specific comments and remarks that
are covered in the earlier sections (4.1 - 4.4) of this chapter. It is
important to describe the context in which these comments are to be
understood. We believe that the present state-of -the-art of probabilistic

analysis of in-plant phenomena is not very well advanced. In particular,

our underlying understanding is inadequate for some phenomena (for
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example, core melting itself, core penetration of the vessel, debris bed
formation and coolability, aerosol plateout, core-concrete interactions);

for the performance of some key systems (for example, containment

failure mechanisms, effectiveness of suppression pool heat removal
mechanisms, efficacy of active aerosol removal systems); and for the time
sequence and duration of some events during the accident (for example,

duration of meltdown itself, pressure buildup).

Given the paucity of experimental information, only limited applicability
of the data that do exist, and calculational intractability of models
complex enough to contain detailed differential effects, it is no surprise
that differences of opinion exist within the professional community. Some
of these differences are reflected in our comments above. What is
important to leave with the reader of th.s report is that we do not believe
that there are important differences between what SAI has accomplished

and documented and our own view about release magnitudes: differences of
interpretation, differences in level of detail, differences in selecting
experimental data or model 'ng approximations seem in every case to produce
effects on the final PRA resulis that are within the quoted uncertainties

of the SAI analysis.

1f there is one overriding impression that our review team is left with in
the aftermath of this in-plant phenomena review effort, it is that the

magnitudes of the radioactive releases are likely, in actual accidents, to
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be smaller than are calculated in the SAl draft report. This is due to

the inherent introduction of numerous conservatisms in the analysis.
Paramount among these are conservatisms in the description of removal
mechanisms that will keep important fission products within the reactor
building, for which incomplete credit has been taken in the analysis.
Examples include the likelihood that bottom-head penetration may not even
occur at all for some scenarios, either because melting will be incomplete,
or heat transfer larger, or CRD cooling water available (see our Appendix
B); the analysis of suppression pool decontamination factors (see our
Appendix C); and the various assumptions that SAI has made on containment

failure mechanisms themselves.

We are unable to quantify the extent of these corservatisms in the in-plant
phenomena analysis; indeed, we believe that it will be several years from
now before enough research has been carried out to enmable a consensus to be
reached on these issues. For thi. reason, we believe it imprudent to take
account of them for the purposes of advising Suffolk County's emergency
preparedness effort. However, it is important that the reader understand

our view that the SAl radiation release results, taken at face value and

considering their large quoted uncertainties, are more likely to be too

high (that is. to represent accidents more severe than actual) than too

low.
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5.0 Summary and Conclusions: Are the Probabilities and

Magnitudes of the Calculated Radiation Releases Correct?

In earlier sections we have already given our summary conclusions as to the
correctness of the probabilities of the accident sequences (Section 3.4)
and the magnitudes of the calculated releases (Section 4.5). Here we will
summarize our findings, and discuss their implications when applied to

Suffolk County's emergency planning activities.

Concerning the SAI ca’culation of accident probabilities, we have found
two important differences between our analysis and the SAI analysis. They
were noted in Section 3.4, as follows: First, we believe that due to an
error in the SAl treatment of internal flooding, the contribution of
internal flooding to Class I and Il accidents has been underestimated.
While we are unable to provide our own analysis of the internal flooding
accidents, we recommend that Suffolk County use, as a basis for their
emergency planning effort, values of about 13-4 per reactor year for the
frequency of core melt for both Classes I and II. 3Second, we believe that
Class IV accidents will occur less frequently than the SAI report claims,
because we believe the SAI report has used too high a value for the failure
on demand of the SCRAM system. However, we recommend that the County
should use the SAI results for Class IV as their planning basis. We
recommend that the County use 211 other values for core-vulnerable and

core-melt frequencies directly as found in the SAI draft report.
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Concerning the SAI calculation of magnitudes of radiation releases from
Shoreham, our review has 12ft us with the strong impression, which is
supported by the discussion in our Chapter 4, that the releases calculated
in SAl's study are more likely to be too high than too low (that is, we
believe that their calculation has conservatisms within it). We have been
unable to quantify the magnitude of these conservatisms, and in fact we do
not believe that it is possible to do so at the present time, because of
insufficient information about the phenomena that characterize accidents of
the type under discussion. However, we believe that the conservatisms
could amount to large factors of reduction for some accident types,
particularly those important accidents {albeit, in an absolu' cense quite
rare accidents) where the melted core would pass into the Shoreham pressure
suppression pool. In our opinion the suppression pool, and the way the
Shoreham design provides for prompt passage of melted core material to it
in these unlikely accidents, will be very effective in fission-product
removal. The substance of our remarks here is our opinion that the removal
effectiveness of the pool may be even greater than the SAI analysts have

used in their calculations.

Thus we arrive at the following overview of our conclusions as to the
probabilities and magnitudes of SAl's calculated radiation releases from
accidents at Shoreham. We believe that the Class 1 and Il accident groups
have higher probabilities than are found in the SAI report, because of
internal flooding accidents; and we believe that the magnitudes of the

releases are likely to be lower than SAI has calculated.
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The implications for Su“folk County's emergen:y planning effort will depend
® upon what the County planners decic> to do with our findings. We believe
that the implications for the County of higher core-melt probabilities in
Classes | and Il would be minor because these classes already dominate the
® composite offsite doses from Shoreham, cven if SAI's lower numbers are
used. If the County planners use the composite dose-distance curves as
their planning basis, increasing the absolute probabilities of these curves
. changes nothing that the County will do or decide. Concerning the
magnitudes of the releases, use of substantially smaller releases would
have a major effect on the County's planning effort; however, we recommend
that the County utilize the SAI draft results as their planning basis

because we cannot quantify the degree of conservatism in them.
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APPENDIX A

EXCERPTS FROM CONTRACT BETWEEEN
SUFFOLK COUNTY
and

FUTURE RE :
3.  SCOPE OF WORK SOURCES ASSOCIATES, INC.

A meaningful assessment of consequences of potential accidents at the
Shoreham nuclear power plant requires: (1) assessment of the probability of
severe accidests for the facility; (2) determination of potential scenarios,
time sequences, and magnitudes of releases for the associated accident
categories of the plant; (3) analysis of the characteristics of accident
generated radioactive clouds and the local meteorological impacts resulting
from their transport beyond the facility boundaries; (4) assessment of
public health consequences resulting from the accident-generated cloud
transport depending upon the level of protective actions taken by the
affected population. The program outlined below identifies a proposed
approach to assessing the potential consequences in accordance with the
above outlined requirements. A detailed outline of the Tasks to be

performed, as described below, is presented in Appendix A to this proposed

scope of work.

3.1 Task 1. Review and Critique of Previous Studies of Probabilistic

Accident Assessments for the Shoreham Facility

The review will include a critical assessment of accident sequences
defined in the earlier, LILCO-supported SAI study of the probability of
accidents at Shoreham. The projected probabilities for accident segquences
defined above will be reassessed. The phenomena associated with fission
groduct releases vithin the reactor containment structure will be reviewed.
The factors used by SAI to estimate potential reductions of fission product
quantities released from the molten core as a result of the effects of

engineered safety features and other physical phenomena taking place within

the containment structure will be assessed. Realistic estimates (from an

emergency planrers point of view) will be made of fission product behavior

within the containment structure prior to releases to the environment.

Containment failure mechanism modeling will be examined and reevaluated and

quantitative descriptions of fission product release charscteristics to the
environment will be established as part of the requisite inout parameters

for Task 2.
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3.2 Task 2. Review and Critique of Previous Radioactive Plume Transport

Modeling and Radiological Consequence Assessments

This review will include an analysis of earlier LILCO-supported PL&C
studies within this topical area and a rezvaluation of the critical
parameters associated vith the transport of radioactivity and consequent
public health effects. An assessment will be made of the results of plume
transport modeling and resultant radioactivity concentration studies.
Critical factors used in the studies for the evaluation of health effects
from the radioactive transport will be assessed. Estimates of population
distribution for both current demographic features and projections of future
distributions will be evaluated. The meteorological models used in the PL&G
analysis will be reassessed and the potential applicability of the models to
provide insight into peak public consequence conditions that influence the
shape of probabilistic consequence curves will be analyzed. Protective
action procedures and models will be analyzed and Long Island's unique

terrain related influence on public health effects assesserd.

3.3 Task 3. Performance of Site Specific Consequence Analyses and

Assessment of Protective Action Effectiveness

Independent calculations of public health consequences will be made
with the CRAC-Z code to assess the validity of LILCO-supported analyses.
Preliminary calculations vill be made with input parameters similar to those
used in the utility-supported studies in order to develop an understanding
of differences in results induced by differences in numerical methods used
in the proposed studies and those used in the earlier analyses. Following
the preliminary review of utility-supplied results, site and emergency
response plan-specific analyses will be made to determine the consegquences
of reactor accidents if only minimal protective actions are taken. Other
calculations will be made to estimate the plan-specific effectiveness and
support the development of potential protective actions proposed for
utilization by pla: ers developing the County's Radiological Emergency

Response Plan. An assessment vill be made of the ranges of uncertainty
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associated with the results based upon the uncertainties of selected
critical variables that may strongly influence public health impacts of

nuclear power plant accidents.
3.4 Task 4. Project Integration, Documentation, and Technology Transfer

Support will be provided to assure integration of the consequence
analyses with the activities of PRC-Vorhees, the County's contractors
responsible for developing its radiological emergency response plan. Local
issues and concerns will be assessed and integrated into the consequence
analysis through support provided to the Radiological Emergency Executive
Steering Committee and Suffolk County officials. Support will also be
provided to the Steering Committee and County officials in presentations
explaining the methodology and results of the Consequence Analysis studies.
Internal integration of the program will be provided to assure that portions
of the study conducted under the direction of Dr. R.J. Budnitz and those
conducted specifically under Dr. F.C. Finlayson's direction are properly
coordinated. Overall supervision of the project will be provided by
Dr. F.C. Finlayson. Documentation for the Consequence Analyses will be
provided in a final report. The report will contain a presentation of the
significant data derived in the study in a format useful for planners. A
review and analysis of the data will be presented in the report. Critical
issues associated with the results will be identified and assessed in terms
of the results that have significant impact on the County's emergency
response planning for public risk reduction from potential accidents at the

Shoreham nuclear power plant.
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Task 1.

1.1

1'2

APPENDIX A. DETAILED OUTLINE OF PROPOSED SCOPE OF WORK

Review and Critique of SAI's PRA Treatment of Accident Sequences,
Fission Product In-Plant Release and Interaction, Containment
Challenge Analysis, and Analysis of Fission Product Releases from

the Plant.

Critical Review of Accident Sequence Definition

1:1.2 Selection of Accident Initiators

o justification for those omitted
o criteria fe. inclusion
o effect of these judgments on the final results

1.1.2 Event-Tre: Defimition

system description

justification for level of detail
treatment of common-cause issues

human factors issues in event-tree logic

o000

1.1.3 Fault-Tree Development

selection of which faults requires fault-tree analysis

level of detail

human factors issues, including operating procedures
special attention to control systems issues and
support systems issues

oo0O0¢GC

Quantification of Accident Sequences

1.2.1 System Failure Probabilities

o component failure analysis and data
o human factors issues
o dependent failure analysis

1.2.2 Event-Tree Quantification

1.2.3 Fault-Tree Quantification

1.2.4 Uncertainty Analysis

o wsystems interactions
o dependencies across systems

1.2.5 Critical Review of Conclusions

o special treatment of possible major issues
o wuncertainty of emergency planning development to
these results
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1.3 Within-Containment Phenomena

1.4

1.5

For each "important" accident sequence,

1.3.1

1.3.2

1.3.3

1.3.4

Description of Phenomena Leading to Core Do.rndntion

o quantitative description, including time-sequence
issues
o quantitative analysis

Meltdown and Release of Fission Products

In-Vesse]l and In-Containment Fission Product Behavior

o effect of engineered safety features
o time progression
o uncertainty analysis

Containment Challenge Ilssues

Containment Challenge Analysis

1.4.1

1.4.2

Time-Sequence Analysis of Containment Challenge

overpressure

bottom containment penetration
steam explosions

etc.

oo0o¢COo

Containment Failure Modeling

o categorization of accident sequences into Eroups
o failure analysis
o uncertainty analysis

Quantification of Releases

1.5.‘

1.5.2

Quantitative Description of Releases

time sequences

duration of release

thermal character of release
elevation or site of release
fission product characterization

oo0oo000

Quantification

o Eaphasis on fission product release fractions

o time sequences
o phyrical properties of the release

o Uncertainty analysis
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Task 2.

2.1

2.2

2.3

2.4

2.5

2.6

Task 3.

3.1

3.2

Review and Critique of Previous Radioactive Plume Transport
Modeling and Radiological Consequence Assessment s

Plume Transport Modeling and Radioactivity Concentration

o plume modeling parameters
o dose-radioisotope concentration relationships

Health Effects Analysis

o dose conversion relationships
o early deaths and injuries
o latent effects
o long-term exposure mechaniers (out of scope??)
(ingestion pathway EPZ to te defined??)

Population Distribution

o current census (1980)
o projected populstion distribution (2000(?))

Meteorological Models

long-term historical data from site

single year hourly data source wodel from site

regional meteorological models (CRACIT satellite stations)
data preprocessing routine impacts (CRAC-2 & CRACIT)
sampling frequency requirements and
probability/confidence results

oo0oo0o0O0

Protective Action Procedures

o nominal exposure relationships without protective actions

o evacuation models and site characteristics

o sheltering models for local residential/commercial
structures

Modeling of Island-Specific Terrain Influences on Consequences

Performance of Site Specific Consequence Analyses and Assessment
of Protective Action Effectiveress

Asse ssment of Utility-Supported Analyses

o CRAC-2 simulation of PL&G input parameters
o comparision of CRAC~2 and CRACIT results

Site Specific Analyces

o assessment of nowinal resulis without protective actions
o specialized protective action effectiveness assessments
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3.3 Uncertainty Assessment for Critical Variables

o assessment of variations in results associated with
uncertainties in critical variables identified in Tasks 1
& 2

Task 4. Project Integration, Documentation, and Technology Transfer

4.1 PRC Voorhees/Consequence Analysis Interface

4.2 Suffolk County and Radiological Emergency Executive Steering
Committee Support

© Presentations to Steering Committee/County of Methodology
and Results of Consequence Assessments

o review of technological features of consequence
analysis and implications to planners
o reviews of final results of consequence assessment
study
o Additional Support as Required

4.3 Internal Integration of Parts 1, 2, & 3

4.4 Preparation of Reports

o data presentation, review & analysis
o issue identification and assessment
o presentation of critical results of consequence
analysis affecting emergency planning potential
for public risk reduction
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1.0 INTRODUCTION

Future Resources Associates, Inc., of Berkeley, California,
was contracted by Suffolk County, New York, to carry out Task 1 of
the "Consequence Assessment for Suffolk County Radiological
Emergency Respoase Plan" related to the Shoreham Nuclear Power
Station.

The Dynatrek, Inc., was, in turn, subcontracted by Future
Resources Associates, Inc., to review and study Sections 1.3 and
1.4 of Task 1, titled "Within-Containment Phenomena" and "Con-
tainment Challenge Analysis," respectively. Ten man-days (80 man-
hours) were allocated for this study, plus the additional 5 man-
days for preparation of the report.

This report represents the Dynatrek, Inc., contribution to

the above-mentioned Counsequence Assessment.



1.1 Listing of Documents Reviewed for This Study

Probabilistic Risk Assessment, Shoreham Nuclear Power Station,
Long Island Lighting Company, by Science Applications, Inc., San
Jose, California.

X+ Volume I: pp. 1-1 through 3-12 and 3-138 through 4-6.

o Appendix C: Containment Response Analysis for Degraded
Core Accidents, pp. C-1 through C-90.

k. 18 Appendix H: Containment Event Trees, pp. H-1 through H-
112.

4. "MARCH (Meltdown Accident Response Characteristics) Code
Description and User's Manual," NUREG/CR-1711, October
1980.

5. "Interim Technical Assessment of the MARCH Code,"

J. B. Rivard, Project lLeader, Sandia Report, NUREG/CR-
2285, November 1981.

6. "Core-Meltdown Experimental Review," prepared for USNRC
by Sandia National Laboratories, Nuclear Fuel Cycle
Programs, NUREG-0205, SAND 74-0382, March 1977.

r " Reactor Safety Study: Section I1I, Appendix A, NUREG-
75/014 (WASH-1400).

8. "Phenomenological Assessment of Hypothetical Severe
Accident Conditions of the Limerick Generating Station,"
by R. E. Henry of Fauske Associates, Inc., in Volume 1I
of Probabilistic Risk Assessment, Limerick Generating
Station, Philadelphia Electric Company, Docket Nos. 50-

352, 353, March 1981.




Memorandum: L. S. Tong, Chief Scientist, USNRC/RES, to
R. B. Minogue, Director, USNRC/RES, "Technical Review

Meeting on Steam Explosions,"” with enclosures, May 24, 1982,

USNRC Public Document Room.



1.2 Brief Summary of SAI (Science Applications, Inc.) Computed

Accident Scenarios Considered in This Review

For the Shoreham PRA (Probabilistic Risk Assessment), five
representative accident sequences have been developed for detailed
deterministic containment response analysis. SAI has determined
that these sequences represent the range of core melt events
described in the probabilistic event trees. It was outside the
Dynatfek, Inc., scope of work to either examine or challenge thc
choice of these limiting scenarios. Instead, our main emphasis
is on thelreview of the methodology and of the results of SAI
studies pertaining to (a) in-vessel (core/damage and meltdown
progression), (b) transport of core debris from the reactor
pressure vessel (RPV) to the control rod drive (CRD) room, (c)
transport of core debris to containme.it drywell and wetwell, and
(d) the resulting challenge to the containment integrity for the
five =~enarios selected by SAI.

It should be noted that the Fission Products transport
within the RPV, within containment, and to the outside environ-
ment was also outside the scope of Dynatrek's work assignment.

In this Section, the salient results of the SAI determinis-
tic analyses, performed with the MARCH computer code (Reference
4) are summarized to allow for more orderly, subseguent descrip-

tion of the impact of Dynatrek's assessment.



1.2.1

a)

b)

Class I Scenario: Loss-of-Coolant Makeup to Reactor

Main Assumptions:

- Some transient causes a reactor scram from 100%
pcwer

- Feedwater to RPV is unavailable

- Emergency Core Coolant is unavailable

- Main Steam Isolation Valves (MS1V) are closed

- The specified operator action to depressurize the
RPV is not taken. Hence, the reactor pressure
reaches the pressure relief valves set point and
the steam passing through these valves (S5RVs) is
dumped to the containment drywell.

SAI Computed Events:

Time Events

0-0.68 hrs. Core heatup at constant pressure,
core gradually uncovered, with
attendant clad oxidation.

0.68-1.0 hrs. Partial core meltdown. Core slump-
ing into the RPV bottom head, at
t=56 min. when more than 70% of core
is melted and 22% of cladding has
undergone chemical reaction (oxi-
dized).

Increased steam generation due to
boiloff of lower plenum (LP) water;
core debris guenched (may have
become partially or totally solid).

115 min. Reheat of core debris and some
heatup of RPV bottom head. The
latter fails due to high fluid
pressure, combined with the elevated
metal temperature, rather than due
to melt-through.
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Time

Events

25.9 hrs.

27.8 hrs.

28.5 hrs.

30.0 hrs.

36.5 hrs.

36.7 hrs.

Water in the RPV flashes and the
core is totally uncovered for less
than 10 minutes because the Low
Pressure Core Spray System (LPCS) is
activated upon the drop of the RPV
pressure.

Adequate core cooling by LPCS.

Water level increases and covers the
core. The RPV is maintained at low
pressure (~150 psia) by relieving
steam through SRVs to wetwell pool.
Containment pressure increases.

Containment failure pressure (120
psia) reached.

ECCS assumed lost due to loss
suction head caused by containment
pressure drop to 1 atm.

Water level in RPV begins to decrease
due to loss of ECCS, and the core
uncovers. Low level of decay heat.

Core meltdown initiated.

75% of core molten when core slumps
into RPV becttom head. 21% of zr
oxidized.

Dryout of water in RPV bottom head.

RPV head attack initiated when
debris reaches 1840°F.

The RPV bottom head fails when 27-
53% of the bottom head is molten.
Core debris reaches 3600°F.

Debris-coolant interaction on
drywell floor and in wetwell pro-
duces a 30 psi pressure spike,
despite failed containment.

Core debris totally gquenched to
saturation temperature.



Time Events

43.75 hrs. Concrete-debris interaction starts
when debris reaches 2500°F.

46.17 hrs. Vertical penetration rate into
concrete increases significantly
when oxide and metal layers exchange
position.

Decomposition gases blow through
melt and react with metal. Heat of
reaction increases metal layer heat

source by a factor of 60 over the
decay heat.

47.75 hrs. Metal layer frozen, vertical pene-
tration of concrete terminated.

CONTAINMENT FPESSURE
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1.2.3

a)

k)

Class 111 Scenario:

10

Large Break LOCA

Assumptions:

- Double-ended (guillotine) break of the main coolant

recirculation pipe, upstream of pump

- All ECCS lost

- Pressure suppression pool cooling is unavailable

- Containment sprays not operational

SAI Computed Consequences:

Time

Events

1 minute

18 minutes

0.35 hrs.

RPV pressure decreased to the con-
tainment pressure. Core is uncovered
before the fuel rods can heat up
significantly.

The lowest core layer does not
remain solid due to lack of cooling.
Core starts to slump into RPV
bottom head when 51% molten.

Bottom head water rapidly evaporates
(containment pressure reaches 80
psia) and RPV bottom head attack is
initiated.

High energy gases produced during
core slump cause very high drywell
temperature (3000°F).

Very high metal-water reaction rates
computed for the intact core region

after slumping due to assumption of

no flow blockage

Steam starvation could increase the
meltdown time period of the (ini-
tially) intact core region by about
a factor of 10.

Rapid heatup rate of RPV bottom
head. Debris/wall interface climbs
from 370°F to 2600°F in 2 minutes.



Time

11

Events

48 minutes

53 minutes

274

324

354

474

minutes

minutes

minutes

minutes

RPV bottom head fails when 52.5% of
wall thickness penetrated by the
melt.

Vessel inventory plus 32,800 lbs of
water (from recore piping) dis-
charged into drywell.

Hot core materials interact with
126,100 1lbs of water on drywell
floor and containment pressure
increases to 95 psia.

Fragmented core debris gquenches to
1175°F on drywell floor. Water
limited interaction.

Drywell water evaporated. Total
metal-water reaction of 37% proauces
2050 1lbs of H,. However, less than
2% produced diring core-water inter-
action outside RPV.

Subsequent steam generation rate
very low (10-150 1lb/min), causing
containment pressure to drop.

Core debris on drywell flocr heats
up to 25°F, starting interaction
with concrete.

Strong interaction with concrete,
due to metal vs. oxide layer re-
versal, causing large evolution of
noncondensible gas.

Containment pressure fails (120
psia).

Melt propagated 11 inches into
conicrete then stopped. Event
terminated.
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a) Assumptions:
Some transient, at 100% reactor power
- MSIVs assumed to close
- Feedwater to RPV is not available
- One recirculation pump trips. Due to 50% reduc-

tion in core flow, neutronics feedback reduces
power to 30%, as computed by the manufacturer.
- Failure of control rods to insert

- Failure of the liguid poison injection system



b)

SAI Computed Consequences:

Time

Events

32.4 minutes

46 minutes

68 minutes

HPCI turns on at low RPV water
level. Throttles back when high
level regained. RPV at high pres-
sure relieving steam to wetwell pool
via SRVs.

Capacity of the Pesidual Heat
Removal (RHR) system is insufficient
to remove the additional heat load.

Containment fails upon reaching 120
psia.

HPCI pumps cavitate due to low

pcont'

Core starts to uncover; power
starts to decrease due to void
feedback.

Core uncovers fast, hence, rods do
not heat up significantly, causing
low amount of clad oxidation.

Water level drops by 14 ft/min.
after ECCS terminated.

Water level is at 2 ft above bottom
support plate when core heatup
occurs.

Core meltdown starts. Steam genera-
tion low since core nearly totally
uncovered (water level less than 0.5
ft) -

7% of clad oxidized and 55% of core
melted when core starts to slump
into bottom head. Noncoherent
slumping since no water present.

Total ~ore collapse. Prior to that,
rapid asvergy transfer due to partial
slump.ng, vaporizes all water in the
RPV lower plenum. 47% of Z_ oxi-

dizer. since no flow blockagg assumed.




Time

14

Events

73 minutes

105 minutes

110 minutes

118 minutes

534 minutes

Quenched core debris and support
structure in lower plenum come to
thermal equilibrium at about 3100°F.

Core debris starts to react with
RPV bottom head.

Bottom head failure without melt-
through caused by 1075 psi pressure
differential and elevated wall
temperature.

Following RPV failure, containment
pressure increases in spite of
ruptured containment.

Energy s urces: 51,300 lbs of
saturated water in recirculation
piping plus 34,000 lbs of steam at
elevated pressure in RPV vapor
space.

Further debris-coolant interaction
outside vessel creates additional
energy source causing second pres-
sure spike of about 120 psia.

Drywell floor dryout. Core debris
guenched during dryout from 2600°F
to 434°F.

Total period of about 400 minutes
during which no significant mass
and energy generation from debris-
coolant or debris-concrete inter-
action, except foi vaporization of
wetwell water due to fallen debris.

Concrete penetration starts when
oxide layer becomes molten, followed
by rapid degassing. The latter
becomes the main driving force for
fission product leakage to atmosphere.
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Containment: Containment Bypass

a) Assumptions:
- Main steam line pipe break (0.678 ft° break flow
area due to flow restrictor) outside primary con-

tainment when reactor at full power.

- Isolation valves (MSIVs) fail to close
- Coolant makeup system failure
- Extended exposure to high temperature steam within

secondary containment causes ECCS equipment failure
- Secondary containment blowout panels open when 3

psia reached.



b) SAI Computed Consegquences:

Events

5 minutes

12 minutes

16 minutes

50 minutes

209 minutes

300 minutes

Amount of clad oxidation as per
Class I.

Primary system boiloff bypasses
containment from beginning of
transient.

RPV pressure dropped from 1026 psig
to 273 psig.

Core starts to melt 10 minutes after
uncovery.

Core slump init’ated when 60% of
core is molten.

Core debris is held up in the core
support structures and no vaporiza-
tion predicted after initial energy
exchange until after the second
support grid reaches its failure
temperature. Hence, metal/water
reaction in the core region 1is
limited.

Bottom head attack begins.

Bottom head fails. Core debris is
at about 378B0°F (2082°C). Debris
drops onto dry drywell floor.

Hence, no debris=-coolant interaction
in drywell.

Core debris interacts with structure
in the reactor pedestal area before
interaction with concrete.

Debris-concrete interaction.
Degassing releases energy into
containment which is initially
absorbed by wall and other internal
structures since these were cold.
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2.0 ISSUES CONSIDERED BY DYNATREK, INC.

2.1 Meltdown Process Within RPV

It is our impression that 5AI engineers have used competently
and conscientiously, the only tool available at the time; i.e.,
the MARCH ccde, designed to address, in a h*hly simplified
manner, the extremely complex physical processes involved in the
meltdown scenario.

The extensive simplifications in the code were introduced for
two reasons: (1) to produce a tool useful for probabilistic risk
assossment which requires many computer runs for exploration
consequences of various bounding assumptions. Hence, computa-
tional economy must have been one of the principal goals; (2) to
produce a tool amenable to accepting some of the major uncer-
tainties as input assumptions that could be changed from run to
run. These stem from the relatively poor knowledge of various
thermohydraulic processes that involve melt propagation and the
attendant heat and mass transfer in complex geometries. The
pertinent empirical base lags far behind the existing empirical
base collected in the course of reactor safety research for
situations that do not involve a degraded core. However, the word
"uncertainty" is also used here to imply simplifications one needs
to make to intentionally bypass the detailed calculations that
would cause the code to become long running.

Sandia engineers have performed a thorough review of the
MARCH code (see item 5 in Section 1.1) and found many items that
could be improved upon, most of which were known to the Battelle

Columbus Laboratories staff that developed MARCH for USNRC. As
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a result of these and other reviews, the USNRC has sponsored the
development of a significantly improved and extended code, now
named MELCOR, the development of yet ancther code at the Idaho
National Engineering Laboratory (INEL) named SCDAP, and procure=-
ment of more pertinent empirical base at INEL (in the PBF test
facility) and elsewhere.

When reviewing the major assumptions in the MARCH code, one
gets the impression that the code was primarily oriented towards
pressurized water reactors (PWRs) and their containments that do
not employ pressure suppression systems, such as in Shoreham.

The RPV structure, its flow patterns and cooling modes, and,
especially, the structural components within the RPV bottom head,
are quite dissimilar from PWRs., None of these have entered in any
significant way to the MARCH code application used for the Shore-
ham PRA.

In the course of the SASA (Severe Accident Sequence Analysis)
calculations being performed by the Oak Ridge National Laboratory
(ORNL) for the USNRC as applied to BWRs, the ORNL engineers have

also come to the conclusion that MARCH has many deficiencies. Out

of 21 listed inadequacies, we shall extract only a few:
* Modeling of core reat transfer to upper and lower BWR

vessel internals

" Modeling of core collapse
. Failure of bottom head via CRD tube penetration not
considered .

* Suppression pool and wetwell/drywell interaction



® Rod-to-rod radiation heat transfer not included

. Vessel water level calculation does not include vari-

able flow areas

» Fuel pin melt/slump/freeze phenomena are not mechan-

istically modeled.

The work on removal of the last item mentioned above was
subcontracted to the Renssalaer Polytechnic Institute (Professor
R. T. Lahey, Jr., as Principal Investigator).

Some of the listed inal2quacies have already been removed by
ORNL and/or Battelle engineers. Others may take years to replace.

Dynatrek, Inc., staff could not undertake any serious
effort in the 10 day-assignment to address consequences of these
code weaknesses and have, therefore, decided to accept the SAI
computed in-vessel events at their face values. We would have
felt more at ease, however, if SAI had also considered the inflow
of the CRD (control rod drive) cooling water at 185 gpm, since it
could significantly delay the in-vessel meltdown and debris

collapse onto the RPV bottom head.
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2.2 Vessel Melt-Through and Discharge of Molten Debris into

CRD Room

- 30 % | Properties of the Molten Debris, Pertinent to

Shoreham
UOZ: 456.7 lbs/assembly x 560 assemblies = 255,752 1lbs
zr: 224.3 lbs/assembly x 560 assemblies = 125,608 lbs
Steel: If all internals were to melt: <~500,000 1lbs

Total weight of "corium" ®*400,000 kg

Weight % vo, = 29
z, = 14
§SS = 57

Corium properties:

-

{Muofah’” /"fﬂﬂl‘()
;{‘“‘ /9'1719'035- "0'7/-”‘3)‘.0'22“//““2 = 22 %,(

)fhl/"
2
f; = /o /0'27-/@7{ r O/SrES Yt 0, 7'15') & O érid kf/‘_:
Jpte Keat
L = /ﬂzy.lz/ * O35 f ourPvére) x /19 ‘7/17‘(

s
Heat of fusion, 2,_ = 2.742 »70 7/&,
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2.2.2 Melt-Through Mechanism

We do not believe that the RPV bottom head would fail in
either of the two ways described in the Shoreham PRA: structural
failure of the vessel wall due to elevated pressure and temperature
or the wall melt-through when the RPV pressure is low.

Instead, we agree with the scenario described by R. Henry of
Fauske Associates, Inc. (see item 8 in Section 1.1) wherein the
relatively thin metal that seals the CRD tube, or the CRD tube
itself, is much more likely to fail first upon contact with the
melt.

The melt is very unlikely to reach the bottom head in a
coherent fashion (gross slumping). It is more plausible to con-
sider downward streaming of melt around the vessel axis. That
melt will not attack the CRD tube as long as there is some water
left in the lower plenum. If the amount of steam generation
caused by guenching of melt is insufficient to stop further melt-
ing (a likely case), increased amount of debris will accumulate on
the bottom portion of the RPV and it would eventually remelt the
fraction of debris that was frozen by the liquid--which by now has
evaporated. This whole process could be delayed significantly if
the CRD cooling water were continuously supplied.

Eventually, one or more CRD tubes would fail and the debris

discharge into the CRD room would commence.
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2.2.3 Melt Discharge Rate at High RPV Pressure

Since it is anticipated that the total discharge of the melt
would last a short time and the melt volume is small compared to
the total system volume under pressure, it is reasonable to assume
that the fluid pressure inside the vessel will not change until all
melt has discharged.

As the hot debris flows through the initial opening (of
assumed equivalent radius ro), the RPV wall would ablate, thus,
enlarging the break size.

Let: h = heat transfer coefficient between the

melt stream and the vessel wall

T, = debris temperature (~2000°C)

Ts,m = molten steel temperature (~1500°C)

Pg = vessel wall density

T8 = vessel steel (initial) temperature (~300°C)
Prev = 7.0 MPa

PCON = 0.2 MPa

The rate of ablation/melting of the vessel wall could be

found, approximately, from

LL4 /7,'..-75):*3,]27/5%1
ar = ol (%~ 7:-:)
A Ll Fon-T )]

2,



R. Henry utilized the Reynolds analogy to determine the heat

transfer coefficient

4=l Gt
4

S e e

where f = friction factor ~0.005

A, 3/1/4;“-4")4 = 4o %‘ 2)

2
4( = S v ;éf

s 3

7, = 27.«.,."%7

An _ 5zt (2000 - /5v0)

# 796 ’”x/; 7e //m -%20 ) 2 7[,/.' ]

and

= 0po% >

%)

A () =2y # OwIE? £ (1)

Let nCRD define the number of CRD tubes that have failed, more or
less simultaneously.

Then, the total break area

4‘,‘//) =T, < rp'un.c’)" A /s



Let B = 0.0307 (using Henry's nomenclature), then, since
N - 40 m/sec (from equation 2), volumetric flow of melt- through

the total break beccues

&G K =tom, 7 rrett). ¢

Arv

where CD = discharge coefficient -~0.6.

Mass of metal/debris discharged

¢
MA)~L )8,

é
= /o¢n g o T /4_,':‘ r 287" 5 }ité') ; )

Let Nerp = . CD= 0.6
B = 0.0307
| -
Ty -5 0.1 =0.05m

¥ .3 -
M) 320:0°E (26,08 4 /556,754 42 1476 518 % ‘)

2

t (secs) M., (kg) Agpg (Mm™)
1 1.41 x 104 0.1023
2 4.4 x 10° 0.1949
3 9.65 x 10 0.317
4 1.77 x 10° 0.469
5

5 2.92 x 10 0.65
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Not all of the available metal within the RPV will melt a-.d
flow out. Assuming that about 50% will flow out (i.e., ~200,000

kg), it could discharge in less than 5 seconds.

2e8:8 Gravity Driven Discharge of Melt

To simplify the matter, we will assume that all of the debris
that could flow out has been accumulated in the RPV bottom head
. . i
just prior to failure of NerD tubes.

The height of the molten debris within the hemispherical

bottom head, as shown by Henry, can be found from J24,. ¢ voCuwe

~

K= fzv/?f/z"d‘ /J’)

where R sin 6 = 4

Rcos 8 = R - h

2 2Rh - h?

N
]

where R radius of the RPV

k: = 27(66//:./52/) > /Q/

The rate of change of that volume will equal the volumetric

outflow

vy ol ol i) L~ :
K 4= g = ea-b) gy ARE oo
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Velocity of discharge through the break
.‘gl 2,# ...///)

Therefore,

As before,

ff? = 4( /65-'.Z;~ )
# '4[2/, /74'- —Z) *»l 7

where now

L= L5 Gn Vig4 (73)

2

and the Reynolds analogy was again utilized, together with

equation (11), for the jet velocity.

ze? A{ s i’i‘i'f&h /2;-75;'>’4§;. /74)
24[2 /)f..‘ ‘Z)"zxj
ar
;Z?’ iy A?’cg— . . /244}

£
hlb) =, t K SV & . )

e
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Equating (10) and (11) and utilizing (15)

A//zz-#)j_?’_ﬂ-c;mm/:;;//’. *K//;#j‘ e )

¢ &
Vi (28-4 ‘1"’__44“/,;//:, ,‘k/ﬁf.wf

This equation can be solved numerically for H(t), utilizing

forward finite differencing and small At

7 . :
'%‘/%'ﬁ:;)%“/’“f//’_’:"‘/ S

where, using trapezoidal (simplest) numerical integration, o=l

t = mAt

17kt = G SO 415) 5 OF VR O, #1i2. )

and VH, = initial height of melt in RPV.



Another way would be to solve for r using (l4a) by forward

finite differences
A=A, rAE Kk TH, e 118)

Substitute on the RHS of (l6a)

Vy (2 4,) Boths oo m,, )/, w86 £, )

A=k - 2;/[’“')"[2)//2 M(f’(/_—)t /)

With r and H known from (18) and (19), respectively, ORPV is

found from (12); providing fine enough time increments are used.
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2.3 Debris Transport Within CRD Room

2.3:3 Debris Outflow from CRD Room

The floor of the CRD room (pedestal room?) is provided with
four downcomers that connect it to the wetwell pool below. The
remaining 84 downcomers (six of them capped) are located on the
drywell floor area outside the pedestal.

Wit>in the CRD room, the upper edge (entrance) of the down-
comers is less than 3% inches above the floor. 1In additicn, the
CRD room is provided with a 2-ft wide x 6~-ft high manway that
provides a passage to the drywell region outside the pedestal.

That manway is blocked over its lower 2 ft by a 2%-inch-thick steel
"sill" that, presumably, would hinder transport of any fluid across
the manway, unless airborne.

The CRD room contains drive housings for 137 control rods,
various pipes, and massive support beams, all fairly tight.’
clustered below the reactor bottom. Any jet (be it pressure or
gravity fed) of molten metal would be first intercepted by this
structure. It is unlikely that the structure would melt before all
the melt within the RPV bottom head has been discharged. While
some dispersal of the melt onto the drywell floor outside the
pedestal area may take place (through upper support structure), it
is judged that this will be a very small fraction of the amount
diescharged from the RPV, in the case gravity discharge, and a
somewhat larger fraction (still less than 5-10%) in the case of

pressurized discharge.



As the melt discharged from the RPV accumulates on the CRD

room floor, once its level exceeds the height of the downcomer top
flange (about 3% inches = 0.0889 m), the molten debris will start
pouring into the four downcomers.

A simple “"weir" type relationship could be used to evaluate

the volumetric flow rate per unit length of downcomer circumference

a#4%)

" %
40 Var 4 = #7447 @)

where AH(t) = HCRD(t) - HTD(t)
HCRD(t) = Molten debris level height in the CRD room
HTD(t) = Height of top edge of downcomer above

floor in CRD room. It is shown as a
function of time because it could
eventually be removed by melting.

That relationship is valid only if the flow of melt through
the downcomer does not encounter unusual resistance as formed, for
example, by the countercurrent flow limitation (CCFL) which will
be examined in Section 2.3.3.

Consequently, barring any further obstacles to downflow of
melt, the total volumetric flux of melt leaving the CRD room

through four downcomers becomes

4/‘)= 3‘.?,,:;'4' 4'2"@.(‘4/7/%

avd, w, X Z,, =/ fV = O 3048 o

& 4= 2242 [ 0- 4] it



In a similar f2shion, ovtflow of melt from CRD room through

the manway becomes

ﬁ//)-.—./’ﬁ; /'.{“//"/7//‘/7% - le1)

(P S .

where HSILL is the manway sill height which can also disappear
if the sill plate should melt when in contact with

hot debris.
With b= 2 ft = 0.6096 m

e / X
‘g,“/,t/- /{/;/“‘(// ~4,4] e

Finally, the height of molten debris in the CRD room is

obtained from the following mass balance:

A #ay
’inl - il 43 4 - A?‘Q/—' t~¢ g (24)
where ACRD = net floor area in the downcomer room.

From Shoreham PRA specifications, the gross CRD room (cavity)

floor area = 261.1 ftz.

2
The area of four downcomers = 4 x 211 = 12.57 ft2

A = 249 £t 2

CRD

= 23.13 m
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Equation (24) will be solved numerically for HCRD(t) for the cases
of pressurized discharge and the gravity discharge.
To summarize, the source and sink terms:

Pressurized Discharqge:

2
Qppy = 75-4 nopp(0.05 + 0.0307-4)

as long as M_(t) < 200,000 kg

where, by equation (7)

5
"Nerp

+ 3.1416x10"t2)

3 3

M () = 6.484x 10 t(2.5%x10°° + 1.535x10 “t

Thereaft = 0.

Gravity Discharge:
4Z,V(g)-.J‘Sf‘ﬂﬁx‘,dt/fJ’
L=0o5 + K ’OZZJW

J

K= &v:v7/:"%. = 3‘411/'.3

and H is found from numerical integration of

o (5sa-4) A = - 2bct 4, 2

where 5.54 = 2R = 18'-2" RPV diameter and the initial melt height

in RPV, Hos is found by trial and error from equation (9):

227 AZS- :2&5- /ﬁLg'
- zﬁﬁi

= 74

PR SN o

‘zﬁv =0 o &a, A =0
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/¥
2( - Z?-J;[o‘;“//)' "/ro /")]

'y
pnu =re /':lt #) ~ /.‘/”“ ”/]

Before proceeding with examination of downcomer countercurrent
flow limitations, it is necessary tc determine the time behavior

of HTD(t) and H § 2 3

SILL

> G [ Melting of Steel Barriers

Two cases will be addressed: The first involving an analytic
solution for melt propagation into a semi-infinite region of
steel; the second based on Hesson's model (see NUREG-0205, p. 5-

30).

a) Analytic Solution for Semi-Infinite Steel Region

o - - —e X
[aof 77
. *ifns 7

Consider a very thick steel slab with one face being kept in

intimate contact with the liquid debris. Let
Ts(x,t) denote the local temperature of steel
Tm(x,t) = local temperature of molten debris

T = melting point of steel



Governing equations:

2% 2%

¢ T 0x
oy Iz
?;?- o sx™

Z:"Z-':C%‘ ald 1'=,)97)

X(t) = position of the steel melt boundary

i‘,z _{~%_7._../ -;Zd*

¢ T

X

o e

b3
"

where thermal conductivity

>
L}

heat of fusion

steel density

©
L}

s
0

thermal diffusi;f,

7 (vt =T, *AM/"’E.T

satisfies (26) and (28)

Z./-’:l‘)t L#!M/ctzﬁ—-

s

satisfies (25) and (27)

(25)

(24)

’22)

/2¢)

/2¢)

/:a]

727)

(22)
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Upon substitution into (30)

L2 - i

i
N
\
.,

L A X
£ = ,?‘ ﬂ /3‘)

This will be satisfied, for all t, if

W)= 2o ¢ L

where B is a constant that needs to be determined, (34) into (33):

_/g‘ﬁﬁs A
AN
e o dude o o2y 0k . )

Ir« ¢ Vi ¢+ 2V

From (29) and (31)

Lp- 7;',‘

A 7;,— e (26)

From (29) and (32)

8=

7;,‘- 71—0
o (A=) .

s
Then, since &&¢

h='ii—€;~ » substituting (36) and (37) into (33)
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.(‘t z;‘ : “/‘12%,
a‘fz/?,: )1 }/—.a/,&tf_) % (T %)

This equation is solved for B by trial and error. Then, equation
(34) can be used to approximate a time when a thickness S;(=x)
will be melted. Hence, time to melt

/ % )‘

a1, £ 5 -%;; /19)

"

Let o 8000 (kg/m>)

0
n

500(J/kg °C)

A = 2.76 x 10°(J/kg)

t
0
x
n

46 (W/m °C)

-5

1.164 x 10 (mz/sec)

0

X
3
0"

#g

-3
0

2200°C

-3
u

1500°C

-3
n

100°¢

-/$L -/1L
t - 20 € = /‘ﬂ . /40)

a— —

49775 erte /3

By trial and error, g = 0.275
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f; (inch) _ bg (m) At (sec) At (min)
3/8 0.009525 25.8 0.43
1.0 0.0254 183.0 3.0
2.0 0.0508 733.0 12.2
3.0 0.0762 1649.0 27:9

b) The Second Model, Lumped Parameter Concept

According to Hesson's experiments (see NUREG-0205, p. 5-30),
the horizontal heat flua from molten UOZ' to steel is about
30.0 calfém™ sec)= 1.26 x 10° W/m?. Then the lumped parameter

heat balance yields

J’f& ‘E-/Z;‘ ‘ﬂz:‘)';J:‘Zh oy = /“Zlubééif' <

With c 500(3/kg °C)

0"

-3
0

1500°C

-3
t

100°C
5

>
n

2.76 x 10° (J/kg)

8000 (kg/m>)

©
"

>
ad
w

6188 - 5; (sec)



39

;; (inch) dy (M t (sec) t (ming
3/8 | 58.9 1
1 157.18 2.6
2 314.3 5.24
3 471.5 7.9

This model gives, as expected, significantly shorter melt
times for steel thicknesses greater than 1 inch.

While the above melt times may be appropriate for addressing
the manway sill melt, the downcomer top flanges would require
consideration of the downward-directed heat flux which Hesson
found to be smaller by about a factor of 2.5.

Consequently, a lk-inch-thick flange, if covered by molten
debris, would melt in approximately 4 x 2.5 = 10 minutes. The 3
inch stub of 3/8-inch-thick downcomer pipe protruding above the
flange would be removed in less than 1 minute by ablation, as soon
as the melt starts to pour into the downcomers.

During our visit to the Shoreham plant, we have noticed that
each downcomer top carries a (missile shield?) steel cover plate
about 1% inch thick, supported by three or four columns (about 1
inch in diameter).

While these steel columns would melt quickly, the cover
plates could either fall down and temporarily block the downcomer,
or because the molten debris is heavier than steel, the covers
could be pushed away by the jet or by debris before they are also

melted.
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2.4 Study of Countercurrent Flow “imitations Within Downcomers

2.4.1 Scenario

As the molten debris pours over the downcomer entrance, it is

likely to break up into chunks or globules. 1Initially, these
globules encounter only the negligible resistance offered by

more/less stagnant steam. They would reach a velocity

U, =) e’;?-

by the time they hit

water within the downcomer.

1f El + h = downcomer length and h is the submerged depth of

the downcomer (= 8 ft per Shoreham PRA), then, for the total

downcomer length cf about 56 ft,

//,B 4(#-’/4",&‘

A, ::/7'Aﬁ/4a

As soon as the melt hits the water, it will break up into much

smaller particles.

The final size of these particles, if they had many feet

(>>8) of water to fall through, could be obtained from the force

balance on particles and the Weber criterion:
sy N P L3
Qrﬁu;_ﬁ‘—: /f,.."/,j’rt-

z
- . Y2 A
a-d w, 4r4kf e

—

where = radius of the representative particle)

(4t)

(4s)
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= drag coefficient for spherical particles

P, = density of water

V_ = relative velocity between particles and water
= particle density

o, = particle surface tension

W_ = Vieber number

Combining (42) and (43)

/"’"") £ gm-2]" . lae)

back substitution into (43) gives

o 6
33U, ¢
% T / — ‘ (45)
j g (f-k)
®
With ™ 441 dynes/cm = 0.441 N/m
b = 8.6 x 10°
® py = 950
we = (We) s 12
CRIT
CD -4 PR -

= 1.22 m/sec, r = 3.714 x 10" °m
r m
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Due to the fact that the length of travel through water is
much shorter than needed to obtain the terminal size, we assume

that the effective Py is about 50% larger; i.e.,

r.e 0.005571 m

(particle diameter of 11.5 mm)

As these particles traverse the water space, the heat trans-
fer between particles and water will produce steam that would flow
upwards against the descenting particles in the steam space above
the water surface. That steam flow, under certain circumstances,
may be large enough to generate th~ drag on particles that equals
or exceeds the particle weight, thus Jreventing the particles from
proceeding downwards or expelling them out through the downcomer
entrance. That situation is called "flooding."

Presence of metal droplets within the downcomer ligquid
region and their deceleration to terminal velocity, if attaine”.
will cause derression of that liquid regicn. The extent of that
liquid region needs to be calculated since it affects the amount

of vapor produced. :
L ] = SWPERFICIRL VELOCY)Y FF MELT /ANELow
2

—r —

/ Fréure |,
/

L °
4 L] ® “‘ k3 P“n(‘e
v VoLoory
_L w ¢ TRw WATER
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Static force balance on column "h"
le? /brce due to deceleration of particles, per unit area, = f
Fi = 3,0,(U0,-U,)
F2 = gravity force of metal/water mixture
= phg
Fy=pLg
Force balance: Fl + F2 = F

Metal volume in h is jz-Ap - {}-
2

e . - : h
Liquid volume in h is Aph - ]ZAP.U;

Hence fef -g_:— tp -

=Lrl-L) L

where we have ignored the fact that some vapor will also be

present in h. Uz i the mean particle velocity in h. Therefore,
Ll lb-t)s ok )Ly d s phy=ply
L

L..J:-//-l(t J‘
4= - J }./’ . [4¢)
F R 4 L%g

Time to traverse h, At = %r v v LINTY
2
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Particle velocity, U2, could be found from the force balance

4,3 A« . | A o 3
L ”‘ -4 T2 é_{# 4_-344/&.(’.’.‘/1’)7

AU __ 3. U g A~&
s-=0 L L 4 e I 45
- S e o /f.. j/ .
where ro will be fixed to 0.00557 m
CD = 0.5
p_ = B600 kg/m3
m
. 3
P = 950 kg/m
dis o _ 292 4ru v (/- o 48 u*>
< =54 78 =P (/-04s 4,")
o Au,
= -7y 49)
043U~/ (49)

Let v0.45 = a = 0.6526

Integration of (46) results in

/ ol Uy=/
—_ ——— 2 #~

‘47/14 é%g%%’ —17.4é ¢t

d“‘ ~y 7/

"

when t

-—.I
LUy~) _ A l-1 g gﬂ/‘/
< M



AlUy~)= (Kty #1)3H

o Hﬂ@})
w4 100

£e)

: AS ﬁ/lh'uﬂl

When t = 0, /8 oL, ~/
{h/*/ (“,f/ ‘(""_/ 2(“
e R, .. 18
d“, »~/ i“' ‘/
o 4
/-/? Y
/478
A" et ey
When t » « , g8 + 0
yz, é = /;s “‘/" 2 ;’f f‘f ’““-(JA“'F,{/’ (c”
With Ul = 17 m/sec, a = 0.6526, aUl = 10.64
B(t) = 0.83 e 1139
-3 F
VXD ITA
u,lt)= /53 / A

/- O €
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t (secs) B(t) U, (m/sec) z(m)
0.01 0.741 10.27 0.14
0.02 0.66 7.48 0.33
0.04 0.53 4.98 0.45
0.06 0.42 3.74 0.54
0.08 0.33 3.03 0.61
0.10 0.27 2.65 0.67
0.20 0.09 1.83 0.89
0.40 0.0087 1.55 1.23
0.60 8.9x1074 1.53 1.54
0.80 0 1.53 1.85
1.00 0 1.53 2.15

where 2z = distance travelled through water (by numerical inte-
yration).

As can bLe seen, the particle would reach its terminal velocity
of abcut 1.53 m/sec in about half a second, at which time it would
have travelled a distance of about 1.35 meters. If none of the
liquid were expelled from the downcomer (through bottom exit), it
would take the particle about 1 second to traverse the initial
liquid region within the downcomer.

To simplify the matter, let 52 = U, = terminal velocity of
particles = 1.53 m/sec.

Since L = 8 ft = 2,44 m, equation (46) becomes

F o 2318 - /3562 7, =z”//-f-w’];) )

755+ se00 ), JvFa

and At = 0.65h ii% (K]
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Equation (52) also implies that if jz > 5%55 (m/sec), the
liquid region h would disappear; i.e., metal droplets would not
create steam within, but outside the downcomer. That steam would
vent into the wetwell vapor space rather than through the down-

comers because of lower resistance, thus eliminating flooding.

2.4.2 Flooding Criterion

Let j1 denote the superficial velocity of upward flowing

steam

W,

—_———

¥ £ A,

wv_= snass rate of steam flow
AD = downcomer flow area
Pt steam density

Let i, = superficial velocity of particles

2,

P bl o
2z 4 Ay
where Qd was given by equation (22) for all four downcomers.

At the flooding point, the following relation applies

zg'Kr.—/Z/zlf/Z/{' .. [/54)

where, according to Wallis (p. 383)



and v_ is the same as Vr given by equation (44) except that ey

replaces Pr?

/

Y z~(4'£[¢.7a-ﬁ}]‘ v 00D

» e
oy = IV ' c¢)

Koy = /C;;.")éz— o (57)

Next, we turn our attention to the evaluation of jl from con-

Hence, from (44), setting K

sideration of heat transfer.

2:4.3 Particle/Water Heat Transfer

Ignoring chemical reaction heat and decay heat generation due
to very short times of interest, the transient heat conduction

equation for the metal sphere, transferring heat by convection to

the ambient at Tsat' becomes
2
O g (G5 27=) | sz ‘
ST%=( 7 "2 Za/, #6244 o'
where a = radius of the sphere

Initial condition

T I, 0) = Tome
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Boundary condition

& Taae -7, )=0 . S
al pA=a 1£L - #‘df//.. .nt)" /
where r = a
h = (constant) convective heat transfer coefficient
Let V= Tm - Tsat
VE Too ~ Taat ; /80 )
h* = h/AR_
v, 2 J#) . M
s o= A (55 A (6ta)
wlae)=V
IV 4 Lyv=0 sde p=a - (Foa)

Analytic solution for this problem can be found in Carslaw and

Jaeger, p. 238:

:’_{'V 2— atlte (adls)"
ia o a/[a ‘kal'ad-))]

é.‘« a/.:}au.'a Al
é/)
where

a s n=1,2,..., are the roots of aancot(aan) + (ah'~1l) = 0

/z)

The droplet surface superheat, v(a,t), can be found from (51)

by setting r = a, and the instantaneous heat flux to water is

9/)=- & /5;—7‘ . (¢3)
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Let
& i &(/V/ex.é f/;‘,‘( f/n{'/)],ﬂ.‘-wé;() &)
2 4‘[&1%‘#4(’/«(’./)7

hen -
i V'/a,:‘)-—"—z/—.zzl&.%/““) o LaE)
and, since

DV __ ./_2 B. A, p LS o B cosrd,

P A“', R =

from (53), we obtain

f/é’-'-'%—/Z‘(ngn""“‘(‘;"/Z &"‘;““4/ SN

-~y -z

4t

In order to evaluate the heat transfer coefficient, h, we
consider the fact that, at least initially, the particle surface
superheat will be very high and, therefore, the heat transfer
coefficient is a combination of the film boiling and radiation

components. According to Collier, p. 218,
“u
I > 20
‘/l’jd.

h = hFB'C + 0.75 h_ - B /5{/)
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where - y
A P
"‘ ‘ 'Aﬁ Az;t

il 1/",/= t/" [/ # a-lr/ﬁ}fay]

e )
o Yt
¥ & 3 -2
4 =G € - o)
With i * 0.00557 m, and U = 1.53 m/sec (assumed mean velocity
4 :
—_— D2 and the relations do apply.
Vi3
: - © - o
With Tm = 1500°C, Tsat = 120°C
v = 1380°C = ATsat (Vapor at 0.2MPa)
kv = 0.6 W/m°C
o = 1.15 kg/m°
* .
i = 2.1842x10° J/kg
fg :

- o
va 2000 J/kg°C

- 5.727x107° %
R TR 23

m-k

£ = 0.7

4 = /2732 AR

r8, ¢

/ﬁ = J/02

‘(: /3434 / e ' /71/\
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This is a very large heat transfer coefficient. For compari-
son, the prequench h in fuel reflood tests is only about 50 W/m2°C.
If with this large h the particle surface superheat remains high
encugh to preclude nucleate boiling, the constant h assumption
made in this analysis remains valid. The eigenval.es a the
terms Bn, the sums, the surface superheat V(a,t), the instantaneous
heat flux g(t), and At+g have been numerically evaluated on a
computer (see Appendix I for listing). Results are tabulated

below as functions of time.



53

Surface W

Superheat q(—f) J* g dt

Time (sec) (°C) m 3
0.1000000 1312.314 1815455, 181545.5
0.2000000 1281.450 1772758. 35R8R21.3
0.3000000 1256.513 1738259. $532647.2
0.4000000 1234,59%96 1707940, 703441.2
0.5000000 1214.577 1680245, B71465.7
0.6000000 1195.879 1654378, 1034%904.
0.7000000 1178.163 1429869, 1199891.
0.8000001 1161.208 16046415, 13460532,
0.9000001 1144 ,B64 15R3R05., 1518913.
1.000000 1129.022 1561889, 1675101.
1.100000 1113.402 1540557. 1829157.
1.200000 1098.546 151972¢9. 1981130.
1.300000 1083.808 1499340, 2131064,
1.400000 1069.355 1479344, 2278997,
1.500000 1055.160 1457708, 2424947,
1.600000 1041.203 1440399, 2546900%.
1.700000 1027 .447 1421397, 2711149,
1.800000 1013.941 140268464, 2851418,
1.900000 1000.615 1384250, 2989843,
2.,000000 987.478%9 1364078, 31246450,
2.100000 974.5281 1348162, 3261266,
2.200000 961.7563 1330493. 3394316,
2.300000 949.1588 1313064, 3525622,
2.,400000 9346.7314 1295874, 3655210,
2.500000 924.4709 1278913, 3783101,
2.600000 ?12.3738 1262178, 3909319.
2.700000 900.4371 12456464, 4033885,
2.799999 B888B.6584 1229370. 4154822,
2.89999¢9 877.0350 1213290, 4278151.
2.99999¢9 B65.5648 1197422, 4397893.
J.099999 654.2451 1181742, A516069.
3.199999 843.0742 1166309, 4432700,
3.299999 832.0494 1151057, 4747806,
3.399999 B21.16%96 1136006, 48461406,
J.499999 810.4319 1121151, 4973521.
3.599999 799.8634%9 1106491, S0R4170.
T+699999 789.3767 1092024, 5193373,
3.79999¢9 779.0555 1077745. 5301147,
3.899998 76B.868B9 1063453, 5407513.
3.999998 758.B815R 1049745, 5512487,
4,099998 748.8943 10346020, 5616089,
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Other results, shown in Appendix I, pertain to (a) larger
size (1 inch diameter) particles, same heat transfer coefficient;
(b) same (small) particles, and smaller heat transfer coefficient;
h = 150 W/m?°C.

The larger particles result in larger integrated heat flux.
However, jl would now be smaller since the particle size appears
in the denominator. Effects of smaller heat transfer coefficient
(which is still 3 times larger than that observed in reflood

experiments ahead of the quench front) are as expected .

2.4.4 Steam Generation Rate

Let n, - number of particles contained within the submerged
portion of the downcomer. If At is the time spent by the debris
in the ligquid region, see equations (52) and (53), then AdjzAt is
the volume of debris at any time in contact with water. That
volume would contain a maximum of
Ad 7. 87
1§r/t§’ particles ot /on)
-~

and the total heat transfer surface AHT becomes

AdJo &8¢ 344 &%

A /e

/3” = 47 A (') : (73)

Rate of total heat transferred to liquid

34 £ 4t
A

/4,"4,'; - /‘ (W) 3 [74)



Heat balance for steam production

Therefore, mass rate of steam produced

and, since

With

A

Ar

55

= Azi/;& /?z,-ﬂ:/f sz-7

3 Ay § &Y

% /9 Cine™7) “y ] Z

e
J = Kur Js

wheme wFLiping 2. /67)

£, -

]

"

w,

————

L
4. A

at
3 {/q?‘“

2 L. L% e~ )14y 7
0.00557 m
1.15 kg/m>
4185 (J/kg°C)

= 40°C

2.1842x10% J/kg

1.99x10”% f
O

At

q

dt

(7¢)

(7¢)

/;2}

’7¢)

/51)
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Substituting equation (52) into (53)

.41‘-/.571/""'”7} ) o)
/#52
hence, Atmax = 1.586 sec.
At :

3, e df g dt x10~ Ky i
(m/sec) (sec) (h=1383 ;%;E) (eq. 78) (eq. 77)
0 0
0.02 1.27 2.08608 415.13 8.3026
0.04 1.0062 1.6755 333.4 13.337
0.06 0.7844 1.310 260.7 15.64
0.08 0.5954 1.0293 204.8 16.386
0.10 0.4324 0.7579 150.8 15.08
0.12 0.2905 0.5161 102.7 12.325
0.14 0.1657 0.2980 59. 3 8.303
0.15 0.1089 0.1973 39.3 5.889
0.1709 0 0 G 0

This heat transfer determined relationship is plotted in
Figure 2. Note that the assumption cof no subcooling would increase
j1 by only 7.7%.

We shall next plot the hydrodynamically determined relation-

ship between jl and j2 coming from the flooding correlation

VL= Vg V5 G

where from equation (55), v, = 36.26, vv_ = 6.02. Hence,

' 2
Jl - (6.06-/3-;) s 8 s ® /f/)

That relationship is plotted in Figure 3.
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Inspection of Figures 2 and 3 indicates that the heat trans-
fer induced vapor flow lies below the vapor flow that would cause
countercurrent flow limitation, even with the high heat transfer
coefficient assumed in this analysis. This indicates that no
flooding restriction will take place.

1f, for whatever reasons, one would postulate some limitation
to the magnitude of metal downflow--note that complete absence of
j2 is not possible since, in that case, there would be no vapor
generation to inhibit downflow--one could easily visualize that
heat transfer between the downflowing hot debris and the rela-
tively thin downcomer pipe wall (3/8 inches) would quickly impair
the pipe wall strength and the downcomer would collapse into the
wetwell pool. Any vapor generation within the pool, due to the

falling debris, would then vent into the wetwell's vapor space,

thus, again precluding flooding conduction from occurring.



2.5 Numerical Evaluation of Debris Transport in CRD Room

The following ten cases were numerically evaluated.

Melt

Number of Downcomer Cover

Case Mass in Pressurized Gravity Ruptured Blocking Entry
No. RPV (kg) Discharge Discharge CRD Tubes Until Melted
1 200,000 Yes —— 5 No
2 200,000 -—— Yes 5 No
3 200,000 Yes -—— 5 Yes (390 sec delay)
4 200,000 Yes -— 5 Yes (300 sec delay)
% 250,000 Yes —— S No
6 250,000 - Yes 5 No
7 250,000 Yes ——- 10 No
8 250,000 - Yes 10 No
9 250,000 Yes —— 1 No
10 250,000 - Yes 1 No

Detailed listing of results and of the computer program,

CMELT, that incorporated the eguations developed in this report

are given in Appendix II.

The most interesting result shared by all of these cases is

that nearly all of the discharged debris ends up in the wetwell.

The only cases showing minute fractions of the discharged debris

entering the drywell, through the manway, are Case Nos. 4, 5, and

7, with the computed fractions equal to 0.007, 0.005, and 0.001,

respectively.

through the entrainment process discussed by Henry.

These fractions are much smaller than those expected

that in the case of the plant that does not feature downcomers

\
|
|
He concluded
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in the reactor cavity region, sufficient depth of molten debris
could accumulate on the cavity room floor so that a significant
fraction, up to 15%, could be entrained by hot gases discharged
through the RPV ruptures following the melt discharge.

Due to the four downcomers in Shoreham, the depth of debris
in the CRD room is never very high. Therefore, we expect less
than 10% melt entrainment, reaching the drywell floor, and only
for the pressurized discharge cases.

All cases were terminated when less than %-inch-thickness of
molten layer remained on the CRD room floor. That accounts for
the remainder of the discharged material.

Other results of interest:

a) Time to dischargye the melt from RPV vessel

Assumed
Number of
CRD Tube Assumed Final
Time to Ruptured Initial (Total)
Complete (each 10 em Mass of Break
Discharge Pressurized Gravity diameter Melt Floszrea
(sec) Discharge Discharge vertically) (kg) (m™)
5 X - 5 2 x10°  0.556
28 - X 5 2 x10°  0.44¢
5 X o 5 2.5x10°  0.651
29 . X 5 2.5x10°  0.526
4 X - 10 2.5x10°  0.779
21 - X 10 2.5x10°  0.681
10 X . 1 2.5x10°  0.367
60 " X 1 2.5x10°  0.302
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b) Maximum depth of debris on CRD room floor

Approximate
Case Maximum Depth Time of Maximum
No. (cm) Depth (sec)
1 59 b
2 16 22
3 59 | 4
N 59 B
5 59 4
6 18 23
7 71 3
8 21 17
9 -3 | 9
10 13 30

It will be noticed that only in Case Nos. 3, 4, and 5 does
the maximum depth approach the height of the manway sill (60.95
cm). Actually, the maximum debris depth must have briefly exceeded
the sill height because minute amount of discharge over the sill
was computed for these cases.

That fraction clearly depends on the assumptionrs regarding
(a) when would the sill plate melt and/or (b) whether the sill
plate could become dislodged prior to its melting. We have no

information from which to judge the probability of the latter.
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2.6 Brief Review of the In-Vessel and Ex-Vessel Explosion

Probabilities

Those interested in an indepth analysis of this topic should
refer to Henry's report cited earlier. We have noticed that SAI
also dismissed consideration of such so-called "steam explosions"
in their PRA report. Our reasons for agreeing with their position
are as follows:

(a) In-vessel explosion®

Not likely because the RPV bottom head/lower plenum
region is crowded with 'he control rods, their guide tubes, and
other supporting structure. Coherent slump of core onto the
bottom head does not appear possible and noncoherent immersions of
molten chunks could not produce any serious explosions. Further-
more, there appears to be no clear path for producing accelerating
water slugs that could impact the RPV upper heaa wall and create
missiles.

(b) Explosion in the CRD room:

The four downcomers located in that room guarantee that
if any water were to collect on the CRD room floor prior to the
vessel wall failure, its depth could not exceed more than 3%
inches. This depth is tco shallow to create steam explosions that
may endanger containment integrity.

(c) Explosion in wetwell pool:

The ratio: water volume to volume of melt reaching the
wetwell floor, far exceeds those ratios which could not sustain

steam explosions under laboratory conditions. In addition, the
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noncoherent "dump," as calculated for the downcomer flow, is also
not conducive to energetic explosions that may breach the con-

tainment, either due to missiles or shock waves.
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2.7 Overall Conclusions and Recommendations

(1) It is our impression that the CRD cooling water iNjec-
tion was not accounted for in the SAI analysis. 1Its impact would
be to delay the time of the RPV breach.

(2) Our analysis indicates that most of the molten debris
discharged from the reactor vessel will end up, within about 5
minutes after the RPV rupture, in the wetwell pool.

(3) Consequently, the amount of the debris reaching the
drywell floor, outside the pedestal area, would be so small that,
when spread over the floor, it would be coolable by counvective and
radiative heat transfer to the containment atmosphere, and by
conduction tu concrete (neglecting presence of water). In other
words, it appears likely that the temperature of that melt fraction
will quickly fall below that required for initiation of concrete
attack. 1f that is true, the amount of noncondensible gases
generated by the concrete interacticn on the drywell may be very
small.

(4) During the 5 minutes, or less, that it takes for the
discharged melt to drain into the CRD room downcomers, the melt/
concrete interaction can indeed take place, however, over the much
smaller floor area. The CRD room wetwell floor area is nearly 20
times smaller than the drywell floor area outside the pedestal
room.

(5) During its transport to the wetwell floor, the molten
debris surface temperature should be cooled to below that required

for significant metal/water reaction and for the concrete
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interaction. We could not address the subsequent heat balance for
the wetwell water, steam production and the containment pressure
rise because the conclusions are strongly influenced by the mag-
nitude of heat leakage to and through the containment walls.

We recommend that SAI be asked to repeat the MARCH cal-
culation, except, this time, to assume that about 90% of the
released melt be transported directly to the wetwell pool, within
5 minutes after vessel rupture, to examine the effect on contain-
ment pressure.

We believe, however, that there will be no debris/
concrete interaction on the wetwell floor due tc low debris
temperature.

(6) In our opinion, the RPV failure would not come about by
the failure of the vessel wall but, rather, through rupture/melt-
through of one or more control rod guide tubes. That, however,
plays a minor role in the overall scenario since all of the debris

would be discharged in less than % minute.
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3.0 IMPACT OF RESULTS OF THIS STUDY ON SAI RESULTS CONCERNING
ACCIDENT CONSEQUENCES

Class I Scenario

Expect very significan: delay in the containment rupture
time. If heat leakage to containment walls is significant, the
containment may not rupture. It will certainly not rupture if
containment sprays are operational. Need containment code analy-
ses for gquantification. Large decontamination factor is appro-

priate for fission products (FP) released within the wetwell pool.

Class 11 Scenario

No significant impact, except for scrubbing action of FP

within the pool.

Class 111 Scenario

Same impact as for the Class T scenario.

Class IV Scenario

No impact on containment failure (which occurs before vessel
melt-through). However, the subseguent high pressure peak,
around 120 minutes, may not occur because of very much smaller
production of noncondensilile gases. This would significantly
affect the transport of fission products through the ruptured
containment. Containment code calculations are needed to quantify

the pressure history. Wetwell pool scrubbing of FP.
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Class V Scenario

Some details would change after the vessel melt-through,
However, no significant impact since the containment pressure
remains low. FP decontamination within the wetwell pool and much
smaller production of noncondensible gases, would cause lower
venting rates from containment through ruptured vessel (if flow

passages not blocked) to the secondary containment.
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APPENDIX I

Listing of Computer Program HTRANS Developed for this Study, and Results

(a) HTRANS Listing

300

100
102

PROGFAM HTRANS

DIMENSTION ALFN(&)sRRB(9)4C0(9)

DATA CL/=1.0y =0.95y =0.%9y =0.5y 0,0y 0.5 1.0, 10.y 100,/
NATA BB/0.» 00,3854, 0.5423, 1.1656» 1.5708y 1.8344, 2.20788,
Xk 2.8628y 3.1105/

CONTINUE

aT07T=0,0

NITER=9Q

TYFPE 300

FORMAT(IHYI/ /" ENTER H(W/MXX2:TIFG €) ANTt PARTICIF KRANTUS A(M) /)
ACCEPTXsH,A

IF(H.EQ.0)STOFP

DIF=4,1467E-6

COND=22,

HF=H/COND

AHF=AXHF

C=AHF-1,

DO 100 T=1,9 !

IF(CC(YI).GE.C)GO TO 102

CONTINUE

CONTINUE
EO=RR(T-1)4(BR(I)=BR(I-1))IX(C~CO(T=-1 ) /(CC(T)=CC(T=1))
J=1

CONTINUE

NITFR=NITER+1

COTE=COS(RD)/SINC(RND)
EN=RO-(BOXCOTR+C)I/(COTRR() ,~-ROXCOTR) -RO)
IFCARSC(EN-BN)/B0) . LE.1.,0F=-5)G0 TO 110
"TF(NITER.GE.20)G0 TD 400

BO=EBN

G0 TN 105



0035
0036
0037
0038
0039
0040
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052

0053
0054
0055
0056

0057
0058
00ne
0060
0041
0062
0063
0064
0066
0067
0068
0069
0070
0071

0072
0073
0074
0075
0076
0078
0079

400
410

110

120

200

o

TYFE 410

FORMAT(’ NUMEFER OF ITFRATIONS MORE THAN 207)

STOF

ALFNCJ)=BN/A

NITER=0

IF(J.ER.6)60 TD 120
J=041

BO=RN+3.1416

60 TO 105

CONTINUE

TYPE 200, (ALFNCT) 9 T=144)
FORMAT(’ ETGENVALUES AiFN=’,4F10.4/)
THO=1773,

TSAT=393,

V=THO-TSAT

7=0.0

0T=0.10

T=T+N7

SUNVS=0.
SUMQ1L=0,
SUMG?2=0.

DO 2 J=1y6

ALF=ALFN(D)

ALFS=ALFXALF

AN=ALF XA

ANS=ANXAN

F=-ULTIFRALFSXT

EX=0,
IF(-FJE.SO0EX=EXP(E)
DEN=ALFSX(ANS+AHFPX(D)

XK=2 . 8HPXVERFXX(ANS+CEXC)OXSINCAN) 7DEN
SUMVS=SUMUS+XKEXSIN(AN)
SUMQ1=SIIMVS

SUMA2=SUMAQ2+Al FXXKXCDS(AN)
CONTINUE

VUS=8IIMVS /A

Q=-CONDN/AY SUMQG2-SUMOL1/A)
QTOT=QTOT+axNT

TYFE %»T»VS,Q,0Q70T7
IF(T.GE.4.0)60 TO 10

60 70 1

END

4



(b) Additional Results

Case 2: Heat transfer coefficient, h= 1383.4(W/sq.m <C)

Particle radius = 0.0127 m (1 inch diam.)

Second column: Spherical particle surfacc temperature, deg C

, respectively

ENTFR MH(W/MXXR2,0iIFG C) AND FARTICLE RANTUS A(M)

e First column: Elapsed time (secs)
3rd and 4th col.: g (W/m?), and jg df
®
1383,y 0.0127
FIGENVALUES ALFN= 112.4410
¥ (eae) V()
0.1000000 1312.514
0.2000000 1788,523
® 0.3000000 1248.529
0.4000000 1251.,203
0.5000000 1235.,757
0.6000000 1221.,499
0.7000000 1208,712
0.8000001 1196.579
® 0.9000001 1185.144
1.000000 1174,295
1.100000 1143.944
1.200000 1154.030
1.300000 1144.493
1.400000 1135.794
® 1.500000 1124.395
1.600000 1117.768
1.700000 1109.387
1.800000 1101.231
1.900000 1093, 281
2.000000 1085,521
® 2.100000 1077.937
2,200000 1070.517
2.300000 1063.249
2.400000 1056.,123
2.500000 1049,132
2.600000 1042 ,244
® 2.700000 1075.518
2.79999% 1028 .887
2.899999 1022,353
2.999999 1015.924
3,099999 1009.590
3.199999 1003.347
® 3,299999 997.1914
3,399999 $91.11R83
3,499999 9RS. 1743
3.599999 $79.2057
3.699999 973.3400
3.799999 947.5840
] 3.R99998 9461.87464
3.99999R 954,230
4.099998 950.6473

347465641

z
1R15209.,
1782027,
1754375,
1730414,
1709051 .
14894610,
167164649,
1654848,
1439054,
1424049,
1609737,
1594023,
1582834,
1570111,
1557804,
1545873,
1534782,
1523002,
1512007,
1501274,
1450787,
1480525,
1470473,
14460419,
1450949,
1441453,
1432121,
1477944,
1413914,
1405022,
1394263,
13R7430.
1379114,
1370716,
1342427,
1354742,
1344157,
1338149,
1330273,
1327446,
1314745,

A14,3941

RA4.3471

Sz
181%520.9
3I5¢7°3.4A
5351411
JO0R202.4
R79107.6
104R04A9,
1215234,
13R0720.,
1544426,
1707031,
1RARODA,
2007607,
218B5R90.,
2347901,
DAGRABD .,
2453769,
PROAAS 7.
PeERES T,
I11019R.
TPA0324.,
T409404.,
3557457,
3704504,
IRS0566.
21995461,
4139R0A.
47°R3I018.
4405313,
A5 AA704 .,
47072064,
4R4ARTT,
A9R5594.,
5123%07.
E24A0579.,
5394R21.
E5I2245,
RALARAL .,
SROOATR,
5933705,
ADASSSD.
419742646,

1112.03RA



Case 3: Heat transfer coefficient, h=150 W/mz-deg (o
Particle radius = 0.00557 m

7 lares)

0.1000000
0.2000000
0.3000000
0.4000000
0.5000000
0.6000000
0.7000000
0.8000001
0.9000001
1.000000
1.100000
1.200000
1.300000
1.400000
1.500000
1.600000
1.700000
1.800000
1.900000
2.000000
2.,100000
2.200000
2.300000
2.400000
2.500000
2.600000
2.700000
2.7999%9
2.8999%%
2.99999¢9
3.09999%
3.19999%
3.29999%
3.399999
3.499999
3.59999¢%
3.69999°9
3.7999%9
3.8999¢98
3.9999¢98
4,0999¢98

;7/?()

1372.410
1368.777
1365.7643
1363.0546
1360.534
1358.138
1355.829
1353.586
1351.3%2
1349,235
1347.107
1345.001
1342.914
1340.840
1338.779
1336.727
1334,683
1332.6446
1330.4614
1328.589
1326.548
1324.551
1322.538
1320.529
1318.524
1316.522
1314.524
1312.528
1310.536
1308.547
1306.562
1304.579
1302.600
1300.623
1298.64°%
1296.679
1294.712
1292.747
1290.786
1288.828
1286.872

/S
2 (%)

205841 .1
205315.9
204R44.7
204457.3
20407%9.9
203720.3
203374.46
203037.7
202708.9
2023B84.5
202045.8
201750.6
201437.2
201125.8
2008146 .8
200508.8
200201.7
199896.1
199591.4
199287.7
198985.0
198682.3
198380.5
198078.7
197778.9
197477.6
197177.8
196879.4
196580.5
196281.6
195983.7
19568B6.3
1953%0.3
195093.3
174797 .4
194501.4
194206.4
193912.3
193617.3
193324.2
193030.6

\

14
(o d#
/ ~

205R4.11
41117.70
61604,17
8204%9.90
102457.9
122829.9
143167.4
163471.2
1R3742.0
203980.5
224187.1
244362.1
26A505.9
?2844618.5
304700.2
324751.0
344771..
344760.8
3R4720.,0
4044648.8
424547.3
444415.5
464253.6
484061.4
S03839.3
523587.1
543304.8
5429%92.8
S5R2650.8
602279.0
621877 .4
641445.0
660985.0
680494.3
699774.1
719424.2
73RB44.8
758236.1
7775%97.8
796%930.3
816233.3

73
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APPENDIX II

Listing and Results, of Camputer Program CMELT, to Campute Transport of

0001

0002
0003
0004
0006
0007
0008
0009
0010

0011
0012

0013
0014
001 &
0017
0018
0019
0021
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0023
0034
0015
0036
0037

0038
0039
0041
0043
0045
0044
0047
0048
0049

Molten T2*Cis

FROGRAM CHFL!.

1 CONTTHUE
11=0
IF(T.ER,0.) GO TO 304
SUMSTIL=SUNSIL %8400, /FEMM0
SUMWW=SIIMUWXBAOO, /EMMD
TYPE 305,SUMSTL»SUNNY
304 CONTINUE
305 FORMAT(/’ ACCUMULATED FRACTION OF DNERRIS IN!‘/
¥ DRYWELL(OUTSINE CRD ROOM)I=',F15.5/
%7 WETWELL FOOL=',E15.%)
TYFE 1000
1000 FORMAT(IHL1//+’ ENTER JIFPRESSsTITyTHSUMF s THOOUR» THSTIL o NRRKS
¥ RERKD’)
ACCEFTRy IFPRESS DTy THSUP» THCOVR» THSTLL o NERKSyRERKD
IF(IPRESS.LT.0)STOF
TYFE 1100
1100 FORMAT(’ ENTER TNITIAL MOLTEN MASS IN RPV(KG) ‘)
ACCEPTX,»FMNND
IF(IPRESS.EQ.1)TYFE 100
IF(IFRESS.EQ.0)TYPE 110
TYFE 200
T7=0.0
DTFRNT=1,0
TPRINT=1.0
HERFVU=1 ,B55%EMNN/2.E45S
EMM=EMMO
HCRD=0,0
SUMSIL=0,
SUMWW=0,
JITER=0
2000 CONTINUE
JITER=JITER+1
HRPVUS=HRFUVKHRFV
F=2.278HRPVS -0, 33IXHRPUSEKRRPV~T,7013F -5XF MM
DF =5 ,54XHRPV-HRFVS

HRPUN=HRPV-F/DF
IF (ABS( (HRFPUN-HRFV) /HRFV) .LE.1.E~-5)G0O TO 2100
IF(JITER.LT.S0)G0 TO 2050
IF(IPRESS.EQ.0)STOF
GO TO 20
20%0 CONTINUE
HRPU=HRPUN
GO TO 2000
2100 CONTINUE



0050 IFC(IFRESS.ER.1)GO TO 20
0052 SUMD=KART (HRPV)
0053 THLTHN=THCOVE
0054 IFCTHSILL LY. THCOVR) THL THN=THSTLL
00%6 10 CONTINUE
C
0057 T=T+D7Y
0058 IFCIFRESS.FQ.0)60 TD 12
C-===PRESSURIZED NISCHARGF
C
0060 GERK=0.,
0061 TF(HRPV.LT.1.0FE-2)60 TO 20
0063 KERK=RERKD40.0307%T
0064 R?2=RRERKSRRRK
0065 ARRK=NERKS%3,14168R2
0066 GRRK=7%5.48NBRKGRR2
0067 EMM=4 . ARAF 45 ENBRKSETR (2, 5FE-341 . 535F-38T4X . 141AF-4%THT)
0068 IF(EMM.GE .EMMD)QRRK=0,
0070 IF(EMM.GE.EMMD)EMM=ENMND
0072 JITER=0
0073 EMM=EMMD-EMN
0074 60 TD 2000
007% 12 CONTINUE
C
C====GRAVITY NISCHAKGE
C
0076 GERK=0.
0077 IF(HRFV.LE.O0.)GD TOD 14
0079 Y=SQRT (HRFV)
0080 SUMN=SUNO40.58DTR(Y+YOD)
00R1 RERK=RERKD+3,443F-325UMM
0082 R2=RBRKSRRRK
0083 ABRK=NERKS®3,1414%R2
0084 TERM=4, 43XNRRKSENT/(YR(5.54-HRPV))
00BS HRFV=HRFVU-TERMER2
0086 TF(HRFV.LT.0,)HRPV=0,0
00BR YO=Y
0089 SUMD=S1IMN
00%0 QBRK=8,358NKRKSER2%Y

0091 14 CONTINUE

0092 20 CONTINUE

c
C===nFLY FLOW THROUGH NDWNCOMERS
C
0092 QINWNC=0.
0094 IF(HCRDLLE.O.114,AND.TLLE.S.)G0 TO 30
00vé6 IF(IT.EQ.1)G0 TO 23
0098 THSUP=T
0099 Il=2
0100 213 CONTINUE
0101 IF(T.GT.THSUF)IHTN=0,03R%(1.~T/300.)
0103 IF(HTD.LT.0.)HTD=0,
010% IF(THCOVR.GT.0.)G0 TO 21

0107 GO TD 22



o108
0109
0111
0113
0114
0116
0117

0118
011%
0121
0123
0125
0126
0127

0128
0129
0131
0132
0134
0136
0137
0138

0139
0140
0141
0142

0143

0144

7

21 CONTINUE
IF(T.GT.THSUF410, .AND.T.LT.THSUP+THCOVRIGO TO 30
IF(T.GE.THSUFP+THCOVRIHTD=0.

22 CONTINUE
IF(HCRD-HTD.LE.O0.)GD TD 30
QDWNC=22, 628 (HCRD-HTN) %%1,5

30 CONTINUE

C

C=~==MFLT FLOW PAST MANWAY SILL

C
QSILL=0.
IF(HCRD LT 0. 6096 . AND.T.LT.THSILL)IGO TO 40
IF(T LT TNSTILL)ASILL =1 .82 (HCRN-0,6096)%%1.5
IF(T.GE.THSILL)IASTLL =1 .BXHCRDNXXL 5

40 CONTINUE
SUMSTL =SUMSIL+4ASTILLENT
SUNWW=SUMWN+QTUNCEDT

c
C~==NOW FIND THFE MFLT POOL LEVEL IN THE CRT ROOM
c
HERT=HCRTI4NT /23, 1 38 (QARRK-ATMWNC-ASTILL)
IF(T.LT.TPRINT)GOD TD 42
TYPE 300, TyRERKsARRKyHRPUSHORD s ARRK» QNWNCASTLL
IF(T.GE.30.)DTPRNT=10.
IF(HORTLLE.OLO0127 . ANDL.T.GT.20.)60 T0
TPRINT=T4#DTFRNT
42 CONTINUE
60 TG 10
C
100 FORMAT (/' PRFESSURIZED DNISCHARGE CASE’/)
110 FORMAT(/” GRAVITY DISCHARGE CASE’/)

105 . FORMATC’ DT='2FS5.3»" THSUF» THCOVRy THSTLE =’ +3F10.3,
2’ NRRKS=’,15:s° REBRKD=’,F10.5/)

200 FORMAT (* T(SEC) RERK(M) ABRK(MXM) HRFU (M) HORTI(H)
X ORRK(MEXS/SEC) QDWNC asILL’/n

300 FORMAT(F10.1+,4F10.3,3F12.5)

END



77

Namenclature for CMELT Input

IPRESS= Indicator; =1 for pressurized discharge, =0 for gravity discharge
Integration time increments (secs)

TMSUP = Time to melt cover support columns. Not utilized fram input.
TMOOVR= Time to melt/remove downcamer cover plates in CRD roam

TMSILL= Time to melt the marway sill

NBRKS = Assumed number of ruptured CRD tubes

RBRKO = Initial radius of each break (m)

3
i

Namenclature for QELT Output

T = Elapsed time, secs, fram start of RPV rupture

RBRY. = Instantaneous radius (m) of each "hole" in RPV bottam head
ABRY. = Instantaneous, total break flow area (sg.m)

HRPV = Height of molten debris pool within reactor vessel (m)
HCRD = Height of molten debris pool on CRD room floor (“‘§

QBRK = Volumetric flow of melt through vessel rupture (m~/sec)

QDWNC = Volumetric flow of melt through 4 downcamers in CRD roam
QSILL = Volumecric flow of melt through CRD roam marway




See page 60 1n

ENTER TPRESSyNTyTHSUMPy THCOVURs THMSTLL +NBRKSy RERKD
1e 0.59y 509 049 390+ S5» 0,05

ENTER INITIAL MOLTEN MASS TN RFV(KG)

2.0E+S

FRESSURIZEND DISCHARGE CASE

T(SEC) RRRK (M) ARRK (MXM) HRFPVU (M) HERNOM) ARRK(MXXx3/SEC) QDENC ASTIL

0.081 0,102 2.091 0.08B8 0,24552FE401 0.0000CFE400 0,00000E400
0.111 0.195 1.871% 0.232 0.,467R46F 401 0,14R%94F+01 0.00000F 400
0.142 0.317 1.445 0.412 0,74125F401 0.34131FE401 0,00000E400
0.173 0.449 0.640 0.590 0.11257F+402 0,71587F 401 0,.00000E+400
0.188 0.55 0,000 0,287 0.,CO0000F+00 0.47241F401 0.00000E+00
0.188 0.5%55 0,000 0.184 0,00000F400 0.,18573F+01 0,.30000E400
0,188 0.55 0.000 0.137 0,00000F400 0.2498B92F 400 0,00000E+00
0.18R 0.556 0.000 0.110 0,00000F400 O0.55922F400 0,.00000E400
0.188 0.556 0.000 0.092 0,00000F400 0.34016F400 O0,00000E400
0.188 0.55 0,000 0,081 0,00000F400 0.24705F400 0,00000F+400
0.188 0,556 0.000 0,072 0,00000F400 0, 17763F400 0.00000E400
0.188 0.556 0.000 0.066 0,00000F400 0.132A8BFE+00 0,.00000F 400
0.188 0.554 0.000 0.061 O0,00000F400 0O, 10177E400 O0,00000F400
0.188 0.556 0,000 0,058 0,00000F400 0.80105F~01 0,.00000FE+400
0.i88 0.55 0,000 0.055 0,00000F400 0.4643A2F-01 0,00000E400
0.188 e 0,000 0,052 0,00000F400 0.52434F~-01 O0,00000F 400
0.188 0.556 0.000 0.050 0,00000F400 0.43708F~-01 0,00000FE 400
0.188 0.556 0,000 0.049 0,00000F400 0.3A7R9F-01 0,00000E400
0.18R8 0,554 0,000 0,047 O0,00000F400 0.31341F~-01 0,00000F+00

CQOVOVODO0OO0ODVDODODVOOO

~

. o .

J= O OB NOPUDWUNM

—
.

-
w~




Z

20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150,0
160.0
170.,0
180.0
190.0
200.0
210.0
220.0

ACCUMULATED FRACTION OF

A

0.188
0.1RR8
0.188
0.188
0.1RR
0.18R
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.1RR
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.188
0.18R8
0.188

0.188

Apes

0.556
0.556
0.55%56
0.554
0.554
0.5564
0.556
0.554
0.5%4
0,554
0.556
0.55%56
0.556
0.556
0.556
0.556
0.554
0.556
0.556
0.554
0.556
0.5%56
0.556
0.5564
0.556
0.556
0.556
0.556
0.556
0.556

NERRIS 1INS

DRYWELL (OUTSTNRFE CRD RNOM) =
0.9R704F 400

WETWFLL FONL=

0.,00000F+00

Heas
0.046
0,045
0.044
0.043
0.043
0.042
0.041
0.041
0.040
0.040
0.040
0.037
0.035
0.033
0.032
0.030
0.029
0.078
0.027
0.025
0.024
0.023
0.021
0.020
0.019
0.018
0.016
0.015
0.014
0.013

&}ﬂk

0.00000FE+00
0.00000F+400
0.00000F4+00
0.00000F+00
0,00000F+00
0.00000F 400
0.00000F+00
0.v0000F 400
0.00000F+00
0.00000E4+00
0,00000F 400
0.00000F+00
0.,00000F+00
0.,00000F+00
0.00000F+00
0.00000FE400
0.00000F+00
0.,00000F+00
0,00000F400
0.,00000F 400
0.,00000F400
0.00000F+00
0,00000F+400
0.00000FE400
0.00000F 400
0.00000F 400
0.00000F+00
0.0C000FE+00
0.,00000F400
0.00000F+00

57 L2 14

0.24990E-01
0.23471FE-01
0.20595E-01
0.18220FE-01
0,146241F-01
0.14579E-01
0.13173E-01
0.11975F-01
0.10949E-01
0.10044FE-01
0.92973FE-02
0.52524E-02
0.39004FE-02
0.33615E-02
0.31274FE-02
0.30214F-02
0.29726FE-02
0.7294%9RFE-02
0.29392F-02
0.29342E-02
0.29319FE-02
0.29308F~-02
0.29303E~-02
0.29299FE-02
0.29299F-02
0.29298FE-02
0.29298FE-02
0.2929RFE-02
0.29298FE-02

aawz

0.00000F+00
0.00000E400
0.00000E400
0.00000FE+00
0.00000E400
0.00000E4+00
0.0G000E400
0.00000E400
0.00000E400
0.00000F 400
0.00000E400
0.00000E400
0.00000F+00
0.00000E400
0.,00000E400
0.,00000F+00
0.00000E400
0.00000F+00
0,00000F400
0.,00000E4+00
0.,00000E400
0.00000F400
0.,000CG0F400
0,00000E400
0.,00000F400
0.00000E400
0.00000E400
0,00000E400
0.00000F+400
0.00000F+400




Case 2

ENTER TPRFSSsNT» THSUMP» TMCOVUR» TMSTLL y NRRKS

Ovrsvvrvry

rrYrYYTYTDY

ENTER TNITIAL MOLTFN MASS IN RPV(KR)

L

GRAVITY NTISCHARGF CASF

T(SEL)

L T I )

200D 92O0VOO0O0OO

—
= O VI NIGUD N -

l".
13.0
14,0
15.0

»
>

RERK(M) ARRK(MXM)
0.05%9 0,055
0.064 0.044
0.04%9 0,075
0.074 0.086
0.079 0.098
0.084 0.111
0.089 0.124
0.094 0.139
0.099 0.153
0.104 0.148
0.108 0.1R4
0,113 0.201
0.118 0.217
0.122 0.234
0.127 0.2%52

HRFU (M)

2.178
21460
2.140
2.114
2.089
2.059
2.074
1.986
1.944
1.R9R
1.847
1.792
1.732
1.667
1.598

RRRKO

HORTI(M)

0.009
0.019
0.032
0.044
0,041
0,071
0.0R4
., 0.095
0.105
0.113
0.120
0,124
0.132
0.137
0.142

QRRK(MXX3/SFC) QNUNT

0.21424F 400
0.25187FE400
0.2919BF+00
0.33439F 400
0:.378R5F+00
0.42509FE+00
0.47277F 400
0.52157F+00
0.57104F 400
0.62083F400
0.67037F+00
0.,719217F 400
0.74642F 400
0.,8B1209F 400
0.B54R4F 400

0.00000E400
0. 00000F+00
0.00000E4+00
0.00000F400
0.,00000F 400
0.10141E400
0.18720F+00
0.27563E400
0.346037F400
0.43902F+00
0.51132F400
0.57792E400
0.63944F 400
0.69714F 400
0.75075F400

ASTILL

0.00000F+00
0.00000E+00
0.00000F+00
0.00000E400
0.00000E400
0.,00000E400
0.00000E400
0.00000F400
0.,00000E400
0.00000E400
0.00000E400
0,00000E+00
0.,00000E400
0.00000E+4+00
0.00000E400



¢

16.0
17.0
18,0
1900
20,0
21.0
22.0
23.0
24,0
25.0
26.0
27.0
28.0
29.0
30.0
40.0
50,0
60.0
70.0
B0O.0
?0.0
100.,0
110.0
120.0
130.0
120.0
150.0
160.0
170,0
180.0
190.0
200.0
210,0
220.,0

ACCUMUILATED FRACTION OF

WETWELL

FOOL=

“rec

0.131
0,135
0.13%9
0.143
0.147
0.151
0.154
0.158
0.161
0.144
0.166
0.1468
0.149
0.169
0.149
0.149
0.149
0.169
0.14%
0.169
0.169
0.169
0.16%

0.169

0.16%
0.149
0.149
0.169
0.169
0.149
0.149
0.16%
0.14%9
0.169

A

0.269
0.287
0.305
0,323
0,340
0,358
0.375
0.391
0.407
0.421
0.434
0,445
0.,44%
0.449
0.449
0.449
0.449
0.449
0.44%
0.449
0.449
0.449
0,449
0,449
0.449
0.449
0.44°%
0,449
0.44%
0.449
0.449
0,449
0.44%
0.449

A

RAv

1.523
1.442
1.356
1.763
1.164
1.058
0.544
0.821
0.686
0.536
0,365
0.150
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0,000
0.000
0.000
~.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000

HFRRTIS IN:
PRYWFEI L (OUTSTINF CRD ROOM) =
0.R03R3FE400

0.,00000F4+00

Henn

0.144
0.149
0,153
0.155
0.157
0.15%9
0.159
0,159
0.158
0,155
0,149
0.141
0.118
0.097
0.083
0,044
0.037
0,034
0.032
0.031
0.029
0.027
0.025
0.024
0.023
0.021
0,020
0.019
0.018
0.016
0.015
0.014
0.013

ean

0.89414F 400
0.92906F 400
0.95B42F+00
0.9814BFE+400
0.994691F 400
0.,10027F 401
0.,99701F 400
0.97714F 400
0.93917E400
0.B74746F 400
0.77771F400
0,60950FE+00
0,00000FE400
0.,00000F400
0.00000F400
0,00000F+00
0,.00000F400
0.00000F+400
0,00000FE+00
0,00000F+00
0,00000E4+00
0.077 YOE400

JOOOOF 400
0, 00000E400
0.00000FE4+00
0,00000F+00
0.00000E400
0.00000FE+00
0,00000F400
0,00000FE+N0
0,00000FE400
0,00000F400
0.,00000F400
0.00000F+00

Rrune

0.BOOS1FE 400
0.B44614FE400
0.BR721F 400
0.972294AFE400
0.95250FE400
0.97473FE400
0.98878F +00
0.99148F 400
0.98211E400
0.95713E400
0.91177E400
0.83715FE+400
0.70817F+00
0.43909FE400
0.29311£400
0.268922F-01
0.26451F~-02
0.53561F-02
0,39395F-02
0,33779F~-02
0.31347E-02
0.3024RF-02
0.29741FE~-02
0.295046FE~-02
0,29395F 02
0.293A44E-07
0.29319E-02
0.29308F-02
0.,29303E~-02
0.29300FE-02
C.29299F-02
0.797298F-07?
0,29298E-02
0,29298F-02

Lene

0.00000E400
0.00000E400
0.00000E+00
0.,00000E400
0,00000E400
0,00000E400
0.,00000E4+00
0.00000E400
0.00000E400
0,00000E400
0.00000E400
0.,00000E400
0,00000E400
0.00000E400
0.00000E400
0,00000E4+00
0,00000FE+400
0,00000E400
0,00000E400
0.,00000E400
0.00000F+00
0.00000E4+00
0,00000F400
0.,00000F 400
0.00000E400
0.,00000E400
0.00000E400
0,00000E400
0,00000E400
0.,00000FE400
0.00000F+400
0.0000NE4+00
0.00000E400
0.000005400



ENTER TPRESS DTy TMSUMP s THMCOUR» TMSTLL +NRRKS,
3000'

l' 005'

500.

3900'

S

0.

05

ENTER INTITTAL MOLTFN MASS TN RFV(KR)

2.0E+5

PRESSURIZEN NTSCHARGFE CASF

T(SEC)  RRRK(M) ARRK(MEM)
1.0 0.081 0.102
2.0 0.111 0.19%
3.0 0.142 0.317
4.0 0.173 0.449
5.0 0.188 0.556
6.0 0.188 0.556
7.0 0.188 0.556
8.0 0.188 0.%564
9.0 0.188 0.556

10.0 0.188 0.556
11,0 0.:88 0.556
12.0 0.1RA 0.5%6
13.0 0.188 0.5%6
14,0 0.188 0.556
15.0 0.188 0.5564
16.0 0.18R 0.556
17.0 0.188 0.556
18.0 0.188 0.556
19.0 0.188 0.5%6
20.0 0.188 0.556
21.0 0.18R 0.556
22.0 0.188 0.556
23,0 0.188 0.556
24.0 0.188 0.556
25.0 0.188 0.556
26.0 0.188 0.556
27.0 0.188 0.554
28.0 0.188 0.556
29.0 0.188 0.556
30.0 0.188 0.5564
40.0 0.188 0.556
50.0 0.188 0.556
60.0 0.188 0.556
70.0 0.188 0.556
8O .0 0.148 0.556
Q0. N N1 N . _E54A

HRFV (M)

2.091%
1.871
1.465
0.640
0,000
0,000
0,000
0.000
0,000
0.000
0.000

0,000
0.000
0.000
0.000
0.000
0.000
0,000
0,000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
N.onn

RRERKO

HCRD(M)

0.C88
0.235
0.413
0.591
0.7287
0.186
0.137
0.110
0.092
0,081
0.072

0.066
0.046
0.046
0.046
0.066
0.066
0.066
0.046
0.066
0.0466
0.046
0.066
0.0466
0.066
0,066
0.066
0.066
0.0664
0.0466
0,044
0.066
0.0464
0.064

0.066
N.0AA

0.24552FE401
0.447R46F 401
0.76125FE401
0.11257FE402
0.00000F+00
0,00000F +00
0.00000F400
0.,00000F+00
0.00000F 400
0,00000F+00
0.00000FE400

0,00000E400
G, 00000F+00
0. 00000F400
0.uP000E4+00
0.00000F 400
0. 00000F 400
0.00000F+00
0,00000F4+00
0.00000E400
0.00000F+00
0.,00000F 400
0.,00000F400
0.00000F +00
0.00000F+00
0,00000F+00
0,00000F+00
0., 00000F+00
0.00000F+00
0.00000FE400
0. 00000F400
0,00000F400
0.00000F+00
0.,00000F 400

0.,00000F400
0. O00ODO(ELNN

Case 3

ARRK(MEXX3/SFEC) QNUNC

0.00000FE400
D, 1352RF+01
0.34452F 401
0.71742F 401
0.47272F 401
0.18581F+01
0.95020F400
0.55937E+400
0.34024FE 400
0.24710E400
G.17766F400

0.,13250E400
0.00000E400
0,00000F400
0.,00000FE400
0.00000E400
0., 00000F400
0.00000CF4+00
0.,00000FE400
0.00000FE400
0.00000FE400
0.,00000FE400
0.,00000E400
0.00000FE4+00
0,00000E4+00
0.,00000F+00
0.06G000F 400
0.00000F+00
0,00000E4+00
0.,00000F+00
Q. 00000F 400
0.,00000FE400
0,00000F+00
0.00000F4006

0.,00000F400
N AANAAEAAN

AsTILL

0.00000E400
0. 00000F400
0.00000E400
0.00000E4+00
0.CC000E4+00
0,00000E400
0.,00000E400
0.00000E400
0.00000E400
0.00000E400
0.00000F400

0,00000E400
0.,00000E400
0.00000E4+00
0.00000E400
0.00000E4+00
0.00000F+00
0.00000E4+00
0.00000E400
0,00000E400
0.CO000E4+00
0.00000E400
C.00000F400
0.00000E400
0.00000E400
0.,00000F400
0,00000E400
0,00000E400
0,00000E+400
0.00000E400
0.00000E400
0.00000F400
C.00000F 400
0.00000F 400

0,00000F+00
L LLLLE L



004300000°0
00+300000%0
00+4300000°0
00+300000°0
00+300000%0
00+300000%0
00+300000'0
00+300000°0
00+300QUO*0
00+300000%0
00+300000°0
00+300000'0
0043000000
00+300000°0
00+300000'0
00+300000%0
0043000000
00+300000'0
00+300000°0
00+300000°%0
00+300040'0
00+304U000°0
00+300000%0

dv\k.r\“

CO-3C6Vv66°0
10-3516<v°0
QO+400000%0
Q0+300000°0
00+400000'0
00+4000000
00+300000%0
00+ 3000000
00+ 3000000
00+400000°0
00+400000°%0
00+300000°%0
Q0+300000'0
Q0+300000°0
00+ 3000000
00+3000000
Q0+300000%0
00+300000°0
00+300000°0
00+300000°'0
00+300000°0
00+3000000
00+300000°0

USQA*

0043000000
00+ 400000°0
00+3400000°%0
00+300000°0
00+400000°0
00+300000%0
00+300000°0
00+ 3000000
00+300000°0
00+300000°0
00+300000%0
00+300000°0
Q0+300000°0
00+300000'0
00+300000°0
00+300000°0
00+300000°%0
00+300000°0
00+300000°0
00+300000°0
00+300000°%0
00+400000°0
00+300000°%0

Nnﬁw

Y00°0
rPi0'0
Y90°0
Y900
990°'0
9900
Y900
Y900
9900
9900
y90°'0
9900
990'0
9900
y90'0
9900
990°'0
9900
¥90°'0
990°0
9900
9900
9900

v 00\\

00+360V466°'0
=(WO0Y Q¥I 3J1SLN0) 113MANT

004300000°0
IND SINd3y
000°0 9585°0
000*0 955°0
000*0 955°0
000*0 955°0
000°'0 96540
000°0Q 955°0
000*0 9580
000°0 955°0
000*0 955°0
000°90 9550
000°0 955°0
000°0 95540
000°0 955°0
0000 955°0
000*0 965°0
000*0 9850
000°0 9550
000'0 955°0
000'0 9550
000°0 955°0
000°'0 9550
000*0 9550
000°0 9650
\«w :y&x

& "

30 NOILILDVY

881°0
8810
8u1'0
g81°'0
8810
8810
g81°0
BE1'0
881'0
8810
8810
8810
8810
8810
8810
881°'0
8810
8810
881°0
8810
8810
881°0
8810

HN\Q\

=1004 173ML3N
¥4 J3LVINWHNIIY

0°0ct
0*'01E
0*00%
0°*06C
0*'o08¢
0047
0*'09<¢
0°*05¢
0*0ve
0*0£l
0*02c
0*012
0°'002
0*'061
0*'081
0*0Ll
0*091
0*0ST
0*ovl
0*ogl
0*0clt
0*'011
0*001

7



Case 4

ENTER TPRESSsNT» THSUMFP s THCOUR» TMSTLL 9 NRREKS
0.
MOLTEN MASS IN RFV(KG)

1» 0.5 S
ENTER INT
2.0E45

FRESSURIZEN NISCHARGFE CASE

T(SEC)

N -
.- . .
2909

209090929099

00!
TTAL

300,

3000'

S

RRRK(M) ARRK(MXM)
0.081 0.102
0.111 0.195
0.14?2 0.317
0.173 0.449
0.188 0.556
0.188 0.556
0.18R8 0.556
0.18R 0.556
0.188 0.554
0.1R9 0.556
0.188 0.556
0.188 0.556
0.1R88 0.556
0.188 0.556
0.188 0.556
0.188 0.556
0.188 0.5%6
0.188 0.554
0.18A8 0.556
0.188 0.554
0.188 0.554
0.18R 0.556
0.1RR 0.55%6
0.188 0.554
0.1R8F 0.5564

05

HRFU (M)

2.091
1.871
1,445

0.640
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0,000
0.000
0.000
0,000
0,000
0.000
0,000
0.000
0,000

RERKO

HERD(OM)

0,088
0,232
G.412

0.5%0
0.287
0.184
0.137
0.110
0,092
0.0R1
0.0722
0.046
0.044
0.046
0.066
0.066
0.064
0.0466
0.066
0.044
0.046
0.064
0,044
0.Nk4
0.044

0.24552F+01
0.4478BAF+01
0.76125E401

0.11257F+402
0.00000F+00
0.,00000FE400
0,00000FE4+00
0.00000FE+00
0.00000F400
0.00000F400
0.00000F 400
0.,00000F400
0.00000FE400
0.00000F4+00
0.00000F4+00
0.00000F 400
0.00000F 400
0.00000F 400
0.00000FE+00
0,00000FE400
0.,00000FE400
0.,00000F400
0,00000F 400
0.00000F 400
0. 00000F 400

ARRK(MXRI/SEC) QNUWNEC

0.00000F+00
0.14R94F 401
0.34131F+01

0.715R7E401
0.47241FE401
0.18573F+01
0.9498%9FE 400
0.55922E400
0.340146F+00
0.24705F+00
0.,1774A3F+00
0.13248F+00
0.00000F4+00
0. 00000E400
0.00000F400
0.00000E400
0,00000FE400
0.00000F 400
0.00000F400
0.00000F+00
0.00000F+00
0,00000F 400
0,00000F+00
0. 00000F400
0.00000F 400

asTiL

0.00000E400
0.00000E400
0.00000F400

0,00000E400
0.00000E400
0.00000F+00
0.00000E400
0.00000F+00
0.00000F4+00
0.00000E400
0.00000F400
0.00000E400
0., 00000E400
0.,00000F400
0.00000F400
0.00000E400
0.0000FE400
0.,00000FE400
0.00000E400
0.00000F400
0.00000F+00
0.00000E+00
0.00000F+00
0.00000F400
0.00000E400

S£



e

£0-30888Y°0 €0-3Z54<8°0 004300000°0 50070

C0~-308cC4C0
10-35650'0
00+300000'0
00+3400000°%0Q
00+300000%0
Q0+300000%0
00+ 3000000
00+3000000
0043000000
00+ 3000060
00+300000°'0
0043000000
00+300000%0
00+300000"'0
00+300000%0
0043000000
00+300000%0
00+300000%0
0043000000
0043000000
00+300000'0
00+300000'0
00+300000%0
00+400000'90
00+300000°0
0043000000
00+400000°0
00+300000'0
00+300000°0
00+300000'0
0043000000
0044000000
00+400000°0

1!&““

10-35649%°0
Q0+3400000°0
00+3400000°0
Q0+300000°0
QO+ 400000°0
00+300000°%0
Q0+300000°%0
00+300000%0
00+300000°0
Q0 +300000°%0
00+300000°0
00+300000%0
Q0+300000°%0
2043000000
0044000000
Q0+300000°0
00+300000'0
Q0+300000°0
QU+300000°'0
00+ 34000000
00+300000'0
00+400000'0
00+300000°%0
QU+3400000°0
00+300000%0
00+300000'0
00+300000°0Q
00+ 400000'0
00+300000°0
QU+400000°0
00+300000%0
00+300000°0
00+300000°0

ulﬂ%

Q0+400000'0 £iI0'0
00+ 4000000 S9Y0°0
00+300000%0 9900
00+3400000%'0 990°0
00+3400000'0 990'0
0043000000 990°0
0043000000 990°0
QU+400000°0 9900
00+400000%0 9900
Q0+400000°0 9Y0*'0
00+ 400000°0 9900
00+300000'0 9900
00+300000°0 9900
00+300000°0 990°'0
Q0+300000'0 9900
00+ 34000000 9900
00434000000 990°0
00+300000%'0 9900
00+300C000°0 9900
00+300000°0 990°0
V043000000 9900
Q0+300000'0 9900
00+3400000°0 9900
00+400000'0 9900
00+3400000°0 990'0
00+300000'0 9900
Q0+300000'0 990°0
0043000000 990'0
QU+300000°'0 9900
Q0+400000'0 990°0
00+300000'0 9900
00+3400000°'0 99Y0°0
Q0+300000'0 990%0
Y (="
° .

00+498L86"C =10U4d 113ML3NM
C0-38898Y 0 =(WOOY 08D IULISLINU)Y 113mANd
INID SIMgIY 40 NULLOVHE J3LVYTNIWNIDY

000*0 9550 881°0 0'oct
Q00*0 9550 g81°0 0'01g
0000 9650 8810 0*'00¢
0000 9550 881°'0 0*06C
000*0 .50 8810 0*082
0000 9550 881°0 0048
0000 9550 8810 0*092
000*0 945°0 8810 0*'08¢2
000*'0 9650 881'0 0*0ove
0000 9550 8810 00l
000*0 9650 981°0 0*02¢2
000*0 9550 881°0 0*012
000*'0Q 9650 881°0 0*'00¢
0000 9550 4810 0*'061
0000 9550 881'0 081
000'0 9550 gyi1°*cC 0*0LT
0000 9550 8810 0'091
000*0 9550 881°'0 0*'0S1
0000 9650 881°0 o*ovt
IVIV R 9550 881°0 0*'0LT
0000 9550 881°0 n*021
000*0 95580 8810 0*'011Y
000*90 2650 8810 0*'001
0000 955°0 8810 0'06
0000 9550 8#81°0 0'08
0000 9550 881°0 0*'0L
000'0 955°'0 4981°0 009
000'0 9550 881°0 2°08
0000 9520 8810 0*Oov
0000 9550 881°'¢ 0*'0f
000*'0 9550 8810 0*éC
0000 YL’ 8810 0*'8e
000*'0 9550 881°'0 042
000'0 9550 881°'0 0'92
i '

/® ¥ Yap ACN&»
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1v 0.5 S
ENTER INT
2.5E+5

T(SEL)

DOV NO>GPUANDUWUN =
e e s e e s e .
D020V00200902909

O.o
TIAL

00'

S+ 0.05

PRESSURIZEN NDISCHARGF CASE

RERK(M) ARRK(MXM)
0.081 0.102
0.111 0.195
0.142 0.317
0.173 0.449
0.204 0.651
0.204 0.651
0.204 0.651
0.204 0.651
0.204 0.4651
0.204 0.451
0.204 0.651
0.204 0.651
0.204 0.651
0.204 0.&51
0.204 0.651
0.204 0.451
0.204 0.451
0.204 0.651
0.204 0.451
0.7204 0,651
0.204 0.651
0.204 0.651

0.204

0.451

HRFPU (M)

2.451
2.234
1.853
1.200
0,000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0,000
0,000
0.000
0.000
0.000

ENTER TPRESS»DT» THSUMP» THCOVR» THSTLL s NRRKSy» RRRKO
3000'
MOLTEN MASS IN RPVU(KB)

HERD(M)

0,088
0.232
0.412
0.5%90
0.427
0.239
0.1464
0.125
0.102
0.087
0.077
0.070
0.064
0.0460
0.054
0.054
0.052
0,050
0.048
0.047
0,044
0,045
0.044

0.24552F+01
0.44784F 401
0.76125F401
0.11257E+402
0.00000F400
0.00000F+00
0.00000F +00
0.00000F+400
0.00000FE400
0.00000F+00
0.00000F+00
0.00000F 400
0.00000E400
0.,00000F 400
0.00000FE400
0.00000F+00
0.00000F 4060
0.,00000F 400
0.00020F 400
0.00000F+00
0.00000F400
0.00000FE400
0,00000F+00

ARRK(MRXX3/SFr) ANUNE

0.00000FE400
0.148%4FE 401
0.34131E401
0.71587E401
0.11595F+02
0.31832F 401
0.14144F 401
0.76909E400
0.47023E400
0.31081F+00
0.21731F 400
0.15854F 400
0.11944F+00
0.9780RF-01
0.73645FE~-01
0.59582F-01
0.490146F-01
0.,40918F-01
0.34402F-01
0.29ANF-01
0.25588F-01
0.22329E-01
0. 194A54F -0

AsTiL

0.00000F+00
0.00000E400
0.00000E400
0.00000E400
0.32112E-01
0.00000F+400
D.00000E400
0.00000E+00
0.,00000F+00
0.00000E400
0.,00000E400
0.00000F+00
0.00000E400
0,00000E4+00
0.00000F400
0.00000F4+00
0.00000E4+00
0,00000F4+00
0.00000E400
0.00000E+00
0.,00000F+400
0.00000F 400
0.00000E400




¢

24,0
25.0
26.0
27.0
28.0
29.0
30.0
40.0
50.0
60.0
70.0
80.0
0.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.0

ACCUMULATED FRACTION OF

WETWELL FOOL=

&ll

0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204a
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204

/ﬂlk

0.651
0.651
0.651
0.6%)
0.451
0.651
0.651
0.651
0.451%
0.651
C.651
0.651
0.651
0.651
0.451
0.4651
0.451
0.651
0.651
0,851
0.651
0.651
0.651
0.651
0,651
0.651

Hﬂ s

0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0,000
0,000
0,000
0.000
0,000
0,000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

NERRIS IN:
DRYWEI L(OUTSINE CRD RONM) =
0.10184FE401

0.55232E-03

/420

0.043
0.042
0.042
0.041
0.041
0.040
0.040
0.037
0.035
0.033
0.032
0.030
0,029
0.028
0.027
0.025
0.024
0.023
0.021
0.020
0.019
0.018
0.014
0.015
0.014
0,013

& Rex

0.00000FE+400
0.00000F+00
0.00000F 400
0.00000FE+00
0.00000FE+00
0,00000FE400
0,00000F400
0.00000E400
0.00000F400
0.00000F+00
0.00000FE4+00
0.00000F 400
0.,00000F 400
0.00000FE+00
0.00000F+00
0.00000F 400
0.00000FE400
0. 00000F+00
0.00000F 400
0.00000FE+00
0.00000FE400
0,00000F4+00
0.00000F 400
0.00: YOE400
0.,00000FE4+00
0.00000FE+00

abhﬂu

0.1743RF~-01
0.155846F-01
0.14024E-01
0.12703E-01
0.11573FE~-01
0.,10403FE-01
0.97644FE-02
0.53913F-02
0.39527F~02
0.33834FE-0?
0.31371F-02
0.30259E-02
0.29747FE-02
0.2950RE-~02
0.29394AFE~-02
0.29344F-02
0.29320FE-02
0.729308F-02
0.29303F-02
0.29300FE-02
0.29299FE-02
0.29299F-02
0.29298FE-02
0.29298F~-02
0.29298E~-02
0.?29298FE~-02

0{ s

0.00000F+00
0.00000E+00
0.00000E+00
0.00000F+00
0.C0000F4+00
0.00000E+00
0.00000F 400
0.00000E+400
0.00000E400
0.00000F +00
0.00000F 400
0.00000E+00
0.00000F+00
0.00000E400
0.00000E+00
0.00000E+00
0.00000F 400
0.00000E400
0.00000E+00
0.00000F +00
0.00000E400
0.00000F+00
0.00000E400
0.00000F 400
0.00000E400
0.00000F 400

'y



Case 6.

ENTER TPRESSsNT,TMSUMP: TMCOVR, THSILL sNRRKS» RRRKD
Orvvvrrsrrvevry

ENTER INITIAL MDLTEN MASS TN RFU(KG)

T(SE

GRAVITY NISCHARGE CASF

)

- - - - - . - - -

-

-
N=OVDNIPAD N -
PO000V00OVOOODDODOD

13.0
14,0
15.0
16.0
17.0
18.0
19.0
20.0
21.0

RERK(M) ARRK(MXM)
0.0460 0.054
0.065 0.0467
0.071 0.07%9
0.076 0.092
0.082 0.105
0.087 0.119
0.092 0.134
0.098 0.150
0.103 0.1467
0.108 0.184
0.113 0.202
0.118 0.220
0.123 0.239
0.128 0.259
0.133 0.279
0.138 0.29%
0.143 0.319
0.147 0,340
0.151 0.360
0.156 0.381
0.1460 0.401

HRFPV (M)

2.537
2.518
2.495
2.470
2.440
2.406
2.348
2.326
2.7280
2.228
2.172
2.111
2.044
1.973
1.896
1.813
1.725
1.631
1.530
1.423
1,309

HERD(M)

0.010
0.022
0.036
0.052
0.070
0.080
0.094
0.105
0.115
0.124
0,132
0,138
0,145
0.151
0.156
0.1461
0.145
0.1469
0.173
0.176
0.178

0.23945F+400
0.28427F 400
0.33235E+400
0.38343F 400
0.43724F 400
0.49345F+00
0.55148F 400
0.461153FE400
0.47253E400
0.73417F 400
0.7958RF+00
0.R5705FE+400
0.91702E400
0.97503FE+400
0.10303FE401
0.10819F 401
0., 11290E+401
0.11703FE 401
0.12048FE401
0,12310F401
0.12473F 401

ARRK(MXX3/SEC) ANWUNE

0.00000F 400
0.00000E4+00
0,00000F+00
0.00000E400
0.00000F+00
0.15154F 400
0.25282E+400
0.35409F+00
0.45014F 400
0,53950FE 400
0.462253E400
0.70020F 400
0.77342E400
0.BA279FE 400
0.908B54F 400
0.970546F+00
0.102R4F 401
0.10815E401
0.11290F +01
0.114A9RF 401
0.12028E401

AsSTLL

0.00009E409
0.00000F40.
0.00000E400
0.00000E+00
0.00000F400
0.00000E+00
0.00000F+00
0.00000E 400
0.00000E +00
0,00000E400
0.C0000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.10000E+00
0.00000F 400
0.00000F+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000F +00




¢

22.0
23.0
24,0
25.0
26.0
27.0
28.0
29.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.0

ACCUMULATEDR FRACTION OF

R

0.144
0.148
0.171
0.174
0.177
0.180
0.182
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.183
0.1R3
0.183
0.1R3
0.1R3
0.183
0.1R83
0.183

Aoen

0.421
0.441
0.440
0.478
0.4%94
0.509
0.521
0.526
0,526
0.526
0.526
0,526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.526
0.5%26
0.526
0.526
0.526
0.526

s s

1.1R87
1.057
0.916
0.763
0,594
0,401
0.159
0.000
0,000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0,000
0.000
0,000
0,000
0.000
0.000
0.000
0.000
0.000
0.000

NERRIS IN:

DRYWFLL(OUTSTINE CRD ROOM) =
0.B2747FE+00

WETWELL FOOL=

0.00000F+00

Heas

0.179
0.179
0.179
0.177
0.173
0.146
0.156
0.128
0.103
0.046
0.038
0.034
0.032
0.031
0.029
0.028
0.027
0.025
0.024
0.023
0.021
0.020
0.019
0.018
0.016
0.015
0.014
0.013

&, 8K

0.12517F 401
0.12\19FE+401
0.12143FE 401
0.11643FE401
0.108B4E+01
0.958047400
0,74502E400
0.,00000E400
0.00000FE+00
0,00000E400
0.00000FE400
0.,00000FE400
0.,00000F 400
0.00000FE+00
0.00000F+00
0.00000FE400
0.00000FE+00
0.00000E400
0.00000F+00
0.,00000E400
0,00000F 400
0,00000F+400
0.00000F400
0,00000FE400
0.00000F 400
0,00000F+00
0,00000F+00
0.00000F+00

ﬁM:

0.12245F 401
0.12392F 401
0.123R7F 401
0.12224F 401
0.118B43FE+401
0.11245E401
0.,10252E401
0.85493FE 400
0.5130BE400
0.35696F-01
0.107277E-01
0.54827FE~-02
0,.40405E-02
0.34284FE~02
0,31572F-02
0.30351E-02
0.29789FE-02
0.29528E-02
0.29404F~-02
0.29349F~-02
0,29322E-02
0.29309FE-02
0.,29303FE~-02
0.29301F-02
0,.29299E-0?
0,29299FE-02
0.,29298F-02
0,29298F-02

@ine

0.,00000E400
0.,00000E400
0.00000E400
0,00000F+00
0.00000E+00
0.00000E400
0,00000E400
0.00000E400
0.,00000E+00
0.00000F+00
0,00000E400
0.00000E400
0.,00000F400
0.00000E400
0.00000E400
0.00000E 400
0.00000E 400
0.00000E400
0.00000E+400
0,00000E400
0.00000E400
0.,00000E400
0.,00000F 400
0.00000E400
¢, 00000E400
0.,00000F 400
0.00000E400
0.00000F 400




Case 7

ENTER IPRESSDT» TMSUMP, THCOVR, TMSILL yNRRKS, RRRKO

1» 0.5 S5

Do 00'

3000'

10y

0.05

ENTER INITTAL MNDLTEN MASS IN RPV(KG)

2.5E+5

FRESSURIZEN NISCHARGF CASF

T(SEL)

- - - - - - . - -

-
COUDMNOPUD WN ™

-

-
—

.

= -~ - - - - - - - - ]

.
N

13.0
14,0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0

RRRK(M) ARRK(MXM)
0.0R1 0.205
0.111 0.3%0
0.142 0.634
0.157 0.779
0.157 0.779
0.157 0.77%9
0.157 0.779
0.157 0.77%9
0.157 0.77¢9
0.157 0.77%9
0.157 0.779
0.157 0.779
0.157 0.77%9
0.157 0.779
0.157 0.779
0.157 0.779
0.157 0.779
0.157 0.77%9
0.157 0.77%9
0.157 0.779
0.157 0.779
0.157 0.779

HRFU (M)

2.34%
1.913
1.044
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0,000
0,000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000

HCRTI(M)

0.176
0.432
0.711
0.315
0.198
0.144
0.114
0,095
0.0R82
0.074
0.067
0.0462
0.058
0.055
0.053
0,051
0,049
0.048
0.044
0.045
0.044
0,044

0,49104F+01
0.93571F+01
0.15225F+02

ARRK (MX23/SFC) ANYNE

0.00000F 400
0.29200F401
0.BRS599FE+01

asTILL

0.,00000E400
0.000C0F4+00
0.00000E400

0.00000F+00 0.576215401L 0.00000E+400

0.00000E400
0.00000E400
0.00000F 400
0.00000FE+00
0,00000F400
0.00000F 400
0.C0000FE+00
0.00000FE400
0.00000F+00
0.00000F+00
0,.00000F 400
0.00000F+00
0.00000F 400
0,00000F+00
G.00000F+00
0.00000F400
0.00000F 400
0.00000F+00

0.21148FE+01
0.10481F 401
0.A0570FE+400
0.3R525F+00
0.241R85400
0.1B499FE400
0.13R71E400
0.10A0RF4+00
N0.8318B9F-01
0.565630F-01
0.54340FE-01
0.45%017F~01
0G.37812F-01
0.32151F-0.
8.27640FE-01
0.24000F-01
0.21029F~-01
0.1R5A0F-01

0.00000F400
0-00000F+00
0.00000E+400
0.00000E4+00
0,0C000E4+00
0.00000E400
0.00000E400
0. 00000E4+00
0, 00000E400
7. 00000F 400
0.00000ELGD
0.00000E400
0.00000E400
0.00000F 400
0.00000E400
0.00000E400
0,00000E+00
0O 00000F+00



23.0
24,0
25.0
26.0
27.0
28.0
29.0
30.0
20.0
50.0
60.0
79.0
80.0
90.0
109.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.0

ACCUMULATED FRACTION OF

0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157
0.157

0.77%9
0.779
0.77%
0.77%9
0.779
0.779
0.77%
0.779
0.779
0.77%9
0.77%
0.77%9
0.779
0.779
0.77%9
0.779
0.77%9
0.77%9
0.779
0.779
N.77%9
0.779
0.77%9
0.779
0.779
0.779
0.779

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

- 0.000
0.000
0.000
0.000
0.000

NERRIS IN:

DRYMELL(DUTSINE CRD ROUM) =
0.B7941E400

WETWFLL POOL=

0.99300E-03

Hero

0.043
0.042
0.042
0.041
0.041
0.040
0.040
0.03%9
0.037
0.035
0.033
0.032
0.030
0.029
0.028
0.027
0.02%
0.024
0.023
0.021
0.020
0,019
0.018
0.016
0.015
0.014
0.013

Reew

0,00000FE400
0,00000F4+00
0.00000F+00
0,00000FE400
0.00000F+00
0,00000F 400
0.00000FE400
0,00000F+00
0.00000F+00
0.00000FE+00
0.00000E4+00
0.00000F+00
0.00000E400
0.00000F+00
0.00000F+00
0.00000F+00
0.00000FE400
0,00000E400
0.00000E4+00
0.00000FE400
0,00000FE+00
0. 00000F 400
0.,00000E400
0.00000FE400
0.,00000F+00
0.00000F400
0.00000F+00

&%kw:

0,14542F-01
C.14R33FE-01
0,.133RRF-01
0.12i59E-01
0.,11107E-0)
0.10200E-01
0.94158F-02
0.,87333F~-02
0.50811FE-~07
0,.3R354F-02
0.3333RFE~-02
0.311508-02
0.30157F-02
0.729499FE-02
0.294R4AE-02
0.2938B4F~-02
0.29339F~02
0.29317E-02
0.29307F-02
0.29302F-02
0,29300F-02
0,29299F-02
0.29299FE-G2
0.29298E-02
0.2929RE-02
0.2929RF-02
0.,29298F-02

ﬂll(l.

0,0N000E+4+00
0.,00000E400
0.00000E400
0,00000F+00
0.00000E400
0.00000E400
0,.00000E+4+00
0.00000E400
0.00000E400
0.00000F+00
0.00000E£400
0., 00000F+00
0.00000E+20
0.00000E400
0.00000E400
0,000006F+09
0,00000E400
0.00C00E400
0.,00000E4+00
0.060000E400
0,00600E400
0.,00000E400
0,00000F400
0,000C0E4+00
0.00000E400
0.00000F400
0.00000F 400

76



ENTER IPRESSDT» THSUMP» THCOVR» TMSILL +NRRKS,

Orrevvrrry

LA

ENTER INITIAL MOLTEN MASS IN RFU(KR)

LA

GRAVITY NISCHARGF CASE

T(SEC)

- - - - - - - - -

DOVOOOOOOODODO0ODDOD

.

WN=OODMNGUND N~

14.0
15.0
16.0
17.0
18.0
1900
20.0
21.0
22.0
23.0
24,0

RERK(M) ARRK(MXM)
0.060 0.113
0.065 0.135
0.071 0.15R8
0.076 0.183
0.082 0.209
0.087 0.237
0.092 0.246
0.097 0.296
0.102 0,327
0.107 0,359
0.112 0.3%92
0.116 0.425

*0.121 0.459
0.125 0.492
0.129 0.525
0.133 0.557
0.137 0.5%88
0.140 0.617
0.143 0.643
0.1446 0.466
0.147 0.4R1
0.147 0.4681
0.147 0.6R1
0.147 0.4R)

HRFPUV (M)

2.521
2.4R3
2,439
2.387
2:.329
2.263
2.18%
2.107
2.017
1.918
1.810
1.693
1.566
1.428
1.279
1.117
0.941
0.745
0.521
0.74%9
0.000
0.000
0,000
0.000

RRRKO

HERD(M)

0.020
0.043
0.071
0,102
0.120
0.135
0.148
0.15%9
0.146%
0.178
0.186
0.192
0.198
0.202
0,206
0.207
0.207
0.204
0.198
0.1R7
0.161
0,123
0,100
0.085

0.47R30E400
0.54555F+00
0.6%5775FE+400
0.75393F+00
0.R5294AF +00
0.95357E400
0.10543F 401
0.11534F 401
0.12494F 401
0.13404F+01
0.14234F+01
0.,14948FE+01
0.15549FE 401
0.14008F+01
0.14241F 401
0.1A218F+01
0.158B45F 401
0.15074F 401
0.13547F 401
0.11103F+01
0.472646F 400
0.00000F 400
0.00000F 400
0.00000F400

ARRK (MXXI/SEC) ANUNE

0.00000F 400
0.00000FE400
0,00000FE400
0.00000E400
0.81938F+00
0.62014F 400
0.74B4RFE+00
0.904R7E4+00
0.10300F+01
0. 11453E401
0. 12512E4+01
0.13472FE401
0.14320FE+401
0.15034E+01
0.15588BF+01
0.15945F+01
0.,140461E401
0.15875F 401
0.15294F+01
0.141465E401
0.12077FE401
0.74048FE400
0.44A5R4F 400
0,.30R3AS5F+00

RSTIL

0.00000F+400
0,00000E+4+00
0.00000F+400
0.00000E400
0.00000E4+00
0.00000F+00
0., 00000E400
0.00000E400
0.00000E400
0.00000E400
0.00000E400
0.00000FE400
0.00000E400
0.00000E400
0.00000F+00
0.00000F+00
0.00000E400
0.00000F400
0. 00000E4+00
0.00000E400
0,00000E4+00
0.00000E400
0.00000E400
0.,00000F400

s



¢

25.0
26.0
27.0
28.0
29.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0

190.0
200.0
210.0
220.0

ACCUMULATED FRACTION OF

WETWELL FOOL=

Ree

0.147
0.147
0.147
0,147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147

0.147
0.147
0.147
0.147

0.83220FE4+00

A
I';‘l

0.681
0.681
0.681
0.481
0.681
0.681
0.681
0.481
00(.‘9‘
0.481
0.681
0.681
0.481
0.681
0.681
0.481
0.681
0.681
0.681
0.631
0.681

0.4681
0.481
0.681
0.681

Hem

0,000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0,000
0.000
0.000

0.000
0.000
0.000
0.000

NERRIS IN:
DRYMELIL(OUTSINE CRD ROOM) =

0.00000F+00

Foos

0.075%
0.048
0.062
0.058
0.055
0.052
0.040
0.036
0.034
0.032
0.031
0.029
0.028
0.027
0.02%
0.024
0.023
0.021
0.020
0.01%9
0.018

0,014
0,015
0.014
0.013

Reew

0.00000FE400
0.00000F 400
0.00000FE400
0.00000E400
0.00000F+00
0.00000E4+00
0.00000F+00
¢.C0000FE+00
0.00000F 400
0.00000E400
0.00000E400
0.00000F+400
0.00000FE +00
0.00000k+00
0.00000F+400
0.00000E400
C.ON000F 400
0.00000FE400
0.00000F+00
0.00000E400
0.00000F 400

0.00000F+00
0.,00000FE4+00
0.00000FE+00
0,00000F+00

Lo wne

0.21580F+00
0.15758FE400
0.118B99E+400
0.92342FE-01
0.73307FE~-01
0.59330F -01
0.139946F-01
0.65376F-02
0.43450FE~-02
0.35536FE-02
0.32123E-02
0.30602E-02
0.,29905F-02
0.295825-02
0.29431F~-02
0.29340FE~02
0.29327E-02
0.29312F~-02
0.29304FE-02
0.29301E-02
0.29299E-02

0.29299F-02
0.29298FE~-02
0,29298E~-02
0.29298F-02

l?ﬁﬂ(

0.00000E400
0.00000E+400
0.00000F4+00
0,00000E400
0.00000E400
0.00000F+00
0.00000F+400
0.00000E400
0.00000E400
0.00000E400
0,00000E400
0.00000F+00
0.,00000E400
0.00000E+00
0.00000E400
0.00000F400
0.00000E400
0.00000E400
0.00000F+400
0.00000E400
0.00000E400

0.00000E400
0,00000F+00
0.00000E400
0.00000F400



Case 9.

ENTER TIPRESSsDT»THSUMP» THCOVRs THSTLL s NBRRKS
300,

1» 0.5y 5

00' 001

ll 0005

ENTER TINITIAL MOLTEN MASS IN RPVU(KG)

2.5E+5

FRESSURIZFEN DNISCHARGE CASE

T(RED)

L N I

-

P2O90VV0VO00VDVDOO0ODDOD

- - -
N OV NGTULWMN=-

.

14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0

RRRK(M) ARRK(MEM)
0.081 0.020
0.111 0.03%9
0.142 0.063
0.173 0.094
0.204 0.130
0.234 0.172
0.265 0.220
0.296 0.275
0.326 0.334
0.342 0.367
0.342 0.367
0,242 0.347
0,342 0,347
0.342 0.367
0.342 0.3467
0.342 0.347
0.342 0.367
0.342 0.347
0,342 0.367
0.342 0.367
0.342 0,367
0.342 0.347
0.342 0.367

HRFVU (M)

2.532
2.4R9
2.413
2.297
2.132
1.906
1.599
1.145
0,328
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0,000
0.000
0.000

RRRKO

HCRN(M)

0.018
0.053
0,112
0.17%
0.241
0.307
0.373
0.439
0.505
0.263
0,175
0.131
0.1064
0.090
0.078
0.071
0.065
0.060
0.057
0.054
0.051
0.050
0.048

0.49104F 400
0.23571E400
Ca15225E401
0.22514F 401
0.31225F+401
0.41357F+01
0.52910F 401
0.458R4F 401
0.ROPB0F+01
0.,00000F400
0.00000E400
0.00000F+00
0.00000F 400
C,00000F 400
0.00000F 400
0.00000F+00
0.00000F400
0.00000F+00
0.00000FE+00
0. 00000FE400
0,00000FE400
0.00000F+00
0.00000FE400

ARRK(MXX3I/SEC) QNWNC

0.,00000F 00
0.00000F+00
0.00000E400
0.12131E401
0.158R7FE401
0.24050FE401
0.37704F 401
0.5044RF 401
0.64872FE+01
0,.39353E+01
0.146410E4+01
0.84341FE400
0.51735F+400
0.33717E400
0.23329E+00
0.148R85E+400
0.124460F 400
0.97677F~01
0.77164F-01
0.62191F-01
0.50994F -0t
0.42445F-01
0.35R01F-01

AsSTIL

0.00000E400
0.00000E400
0.00000E400
0.00000F400
0.00000E400
0.00000E+00
0.00000F4+00
0.00000E400
0.00000E400
0,00000F400
0.00000E400
0.00000E400
0.00000E400
0. 00000E400
0.00000E400
0.,00000F400
0.,00000E400
0.00000E400
0,00000F400
0.00000E400
0,00000E400
0.0000:F+00
0.,00000E400

56



24,0
25.0
26.0
27.0
28.0
29.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0

150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.0

ACCUMULATED FRACTION OF

- * s s .

SO0 O0OO0OO0O0OOO

0.3242
0.342
0.342
0.342
0.347
0.342
0.342
0.342

0.342
0.342
0,342
0.342
0.342
0.342
0.342
0.342

0.347
0.3467
0.347
0.347
0.367
0.367
0.3467
0.367
0.367
0.347
0.3467
0.3467
0.347
0:347
0.367
0.367

0.3467
0.347
0.3467
0.347
0.3467
0.367
0,347
0.367

0,000
0.000
0,000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000

NERRIS TIN:

DRYWELL(ODUTSINE CRO ROOM) =
0.10332E+401

WETWELL FOOL=

0.00000F 400

Heas

0.047
0,045
0.044
0.043
0.043
0.042
0.041
0.037
0.035
0.033
0,032
0.030
0.029
0.028
0,027
0.025
0.024
0.023

0.021
0.020
0.01%9
0.018
0.016
0.015
0.014
0.013

Agar

0.00000FE400
0,00000E4+00
0.00000F+00
0.00000F 400
0.00000FE+00
0.00000FE+00
0.00000FE400
0.,00000E400
0.00000FE+00
0.00000E4+00
0,00000E400
0.00000E400
0. 00000F 400
0.00000E400
0.00000FE400
0.,00000F+00
0.00000E+00
0.00000FE+00

0.,00000FE400
0.00000FE400
0.00000E400
0.00000E+400
0,00000FE400
0.00000F 400
0.00000F 400
0.00000E+00

gawc

0.30554FE-01
0.24358F~-01
0.22957€-01
0,20172E-01
0.17B4%9E~-01
0.15947F-01
0.14331F~-01
0.66212E-02
0.43939E-02
0,35453FE-02
0.32174E-02
0.30425FE~-02
0.299146FE~-02
0.,29587E-02
0.29433F-02
0.293461F-02
0.29328BE-02
0.29312E-02

0.29305E-02
0.29301E~-02
0.29299FE~-02
0.29299FE-02
0.29298E-02
0.29298F-02
0.29298FE~-02
0.29298F-02

A?LML

0.00000E400
0.00000F400
0,00000E400
0.00000E400
0.00000F+00
0.00000E400
0.00000E400
0.00000F+00
0,00000E+00
0,00000E+4+00
C.00000F400
0.00000E400
0,00000E400
0.00000E400
0.00000E400
0,00000E400
0.00000E400
0.,00000E400.

0.00000E400
0,00000E4+00
0.00000F+00
0.00000E400
0,00000E400
0.00000E400
0, 00000E400
0.00000F+00



Case 10.

ENTER IPRESS,NTyTHSUMP» TMCOVR» THNSTLIL »NRRKS »

Ovsvrrrrvery

ENTER INITIAL MOLTEN MASS IN RFPV(KG)

'y

GRAVITY NISCHARGE CASE

T(SEL) RRRK(M) ARRK(MXM)
1.0 0.040 0.011
2.0 0.06% 0.013
3.0 0.071 0.016
4,0 0.076 0.018
5.0 0.082 0.021
6.0 0.0R7 0.024
7.0 0.093 0.027
8.0 0.098 0.030
9.0 0.104 0.034

10.0 0.109 0.037
11.0 0.115 0.041
12.0 0.120 0.045
13.0 0.125 0.04%9
14.0 0.131% 0.054
15.0 0,134 0,058
16.0 0.141 0.063
17.0 0.147 0.0648
18.0 0.152 0.073
19.0 0.157 0.078
20. 0 0.163 0.083
21.0 C.148 0.089
22.0 N0.173 0.094
23.0 0.178 0.100
24.0 0.1R3 0.106

RRRKO

HRFU(M) - HECRD(MW)

2.550
2.5446
2.541
2.536
2.530
2.523
2:.516
2.507
2.4%97
2.487
2.475
2.442
2.448
2.432
2.414
2.398
2.37%9
2.358
2.3346
2.312
2.287
2.261
2,233
2.203

0.002
0.004
0.007
0,010
0.014
0.018
0.023
0.028
0.034
0.041
0.048
0.054
0.040
0.0466
D71
0.07%
0.079
0.083
0.0R6
0.089
0,092
0.094
0.097
0.100

ARRK (MX23/SFEC?

0.477746F-01
0.56917E-01
0.64B34F-01
0.7751BF-01
0.BRYSEF-01
0.10114F400
0.11404F 400
0.12746F400
0.14194F+00
0.15693F 400
0.17255F 400
0.18878F£00
0.20560F +00
0.22298F 400
0.74088F 400
0.25924F +00
0.27809F 400
0.29732F +00
0.31691F+00
0.334B1F400
0.35696F +00
0.37731F 400
0.39781F+00
0.41838F 00

ANWNC

0.00000F+00
N.00000E400
0.00000FE4+00
0.00000E400
0,00G00FE4+00
0.,00000E400
0.,00000F+00
0.00000E400
0.00000F+00
0.53209FE-03
0.15438FE-01
0.39894FE~-01
0.A9009FE-01
0.99914FE-01
0.13085F+00
0.14085F+400
0.18950FE+00
0.21675F+00
0.24273E400
0.24766FE400
0.29175F+00
0.,31521E400
0.33821F+00
0.3A0R5F 400

ASTLL

0.00000E+00
0.00000F 400
0.00000E+00
0.00000F 400
0.00000E+00
0.00000E +00
0.00000E+400
0.,00000F 400
0.00000E $00
0.00000F 400
0.00000E 400
0.00000E400
0.00000E+00

0.00000E 400
0.00000E+00
0.06000E400
0.00720E400
0.00000E400
0.00000E 400
0.00000E+00
0.00000E+00
0.00000E+00
0.00000F 400
0.00000E400



25.0
26.0
2740

28.0 .

29.0
30.0
40.0
50.0
60.0
70.0
B0.0
90.0
100.0

110.0
120.0
130.0
140.,0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.0

ACCUMULATED FRACTION OF

WETWELL FOOL=

£ gex

0.18%9
0.194
0.19%
0.204
0,209
0.213
0.25%9
0.297
0.310
0.310
0.310
0.310
0.310

2.310
0.310
0,210
0.310
0.310
0.310
0.310
0.310
0.210
0.310
0.310
0.310

Agex

0.112
0.118
0.124
0.130
0.137
0.143
0.211
0.276
0.302
0.302
0.302
0.302
0.302

.

T I I R R I I I I R
DOV VDD209299D
NNNNNNNNNNN

OVDOVOOVDOO0OO0ODODO

~
2
~N

LI

2.172
2.13%
2.104
2.048
2.029
1.989
1.484
0.738
0.000
0.000
0.000
0.000
0.000

0.000
0,000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

NERRIS IN:
DRYWELL(OUTSINE CRN ROOM) =
0.,81493F+00

0.00000E4+00

A&lb

0.102
0.104
0.107
0.109
0.111
0.113
0.:29
0.128
0.05%9
0.038
0.033
0.030
0.028

0.027
0.025
0.024
0.023
0.022
0.020
0.019
0.018
0.016
0.015

‘0.014

0.013

L rex

0.43R94F 400
0.45949F +00
0.4798R8FE 400
0.5000RF +00
0.51998FE 400
0.53951F+00
0.69143F+00
C.65022E400
0.00000F 400
0.00000F+00
0.,00000F 400
0.00000E400
0.00000F+00

0.,00000F 400
0.00000FE400
0.00000E400
0.00000FE4+00
0.00000FE400
0.00000F 400
0.,00000E400
0. 00000E400
0.00000F+00
0.,00000E400
0.00000F400
0.00000E400

ﬂoww

0.38323F+400
0.40538F+00
0.42732E400
0.44%903E+400
0.4704%E400
0.49143E400
0.64790F+00
0.68578F 400
0.12278E400
0.19889F-01
0.78971FE-02
0.48182F-02
0.3733BE~-02

0.32904FE-02
0.30955F~-02
0,300468FE-02
0.29658E-02
0.29446F~-02
0.29377E-02
0.29335E-02
0.29315E-02
0.29304F-02
0.29302F-02
0.29300F~-02
0.29299E-02

o

0.00000E4+00
0.,00000E4+00
0.00000E+4+00
0.00000E400
0.00000E400
0,00000E+400
0,00000E400
0.00000E+00
0,00000E400
0.00000E400
0.00000E400
0.,00000E4+00
0.00000E400

0.,00000E+4+00
0.00000E400
0,00000E400
0.00000E400
0.00000E400
0.00000E400
0.00000F+400
0.00000E400
0.00000E400
0.00000E4+00
0.,00000E400
0.00000E400

4
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A SELZCT®D RVIP OF THE
*ROBABILISTIC ; IS. AS3-33 “NT
FRSPART) POR 142 SHOASHAT KUCTSAA FUWER STATION

I. I.T730DUCTION

This report presents the re=ults of an effort to perfrrm
a lizmited review of selected area= of the 3n1oreham Kuclear
Fower Station rrobabilistic Risk issessment (PRA). The effort
w2 undertaren in June 1982 based on a service~ =2rreement
betweon tne author and Puture Roeource:s 4-3ncinten (PRA) . 2
h=4 previnusly entered intc a contract with suffolv County,
New York (the site of th~ 3horeh==m statinn), 2nd thic effort
is part of » brosder task involvine other econtractors and
con~ultants to fulfill the 3uffoll "ounty Mrntract.

fae tn time liritations, only ten man-days were availsble
for the review and report preparation, This is in~ufficient
to provide a coumprehensive review of all important areas of

the TRA. However, bns2d on the authors experience,1 it was

concluded tnat a2 meaningful, thoush limited, review could be
& ' 3

1The author has performed some nine reviews of Frobabi-
listic Risk Assessments for various clients. JInelud-~? in this
nine have been four reviews of B4R FRAs similar to Shorehan,
In addition, the author has performed core melt provability
agssessnents of two BaRs.



2
accomplished. The review was limited primarily to a consider=-
ation of core melt probability and initial containment resvonse.

The review proceeded basically in three phases. The
first phase consisted of comparing the core damage probability
estimated by the 3horeham PRA with similar estimates from four
other PRA studies performed for boiling water reactors. The
purnose of this comparison was to determine if the Shoreham PRA
result was consistent with similar studies involving different
sponsoring organizations and contractors.

The second phase involved d=veloping a list of guestions,
based on a preliminary review, which was trznsauitted to tne
PRA performin. - contractor (Science Applications, Inc.) and a
response obtained.

The third and final phase consisted of identifying any
remaining issues anc considerations wnich were jucged to have
the potential for influencing either the probability or
consequences of core danage accidents as assessed in the
Snoreham FPRA.

The report is organized around these three phases, with
sections two throu;n four covering the phases. A final section,
Section five, provides the co:.clusions of the review.

It should be noted at the outset tnat performing probabie
listic risk assessments for nuclear power plants involves a
considerable amount of subjective judgement and interpretation.
wnile significant advanceuents have been made in both method-
ology and data processin,, the PRA field is of relatively recent

origin, and a substantial body of ongoing research is providing



new insights on various issues. As a result, there is a
considerable difference of opinion among PRA practitioners
regarding the validity and uncertainty of various FRA methods.
In many cases, these diffefences can be shown to have a
negligible effeét on risk. Ia any event, most scientists

angd engineers faxziliar with FRA can find areas of disagreeument
and criticism with any FRA study. This does not necessarily
mean the results are invalid, it merely reflects the subjective

nature of xany FRA wethods and procedures.



Table II-1 = PROBABILISTIC RISK ASSESSMENTS CURRENTLY AVAILABLE ¢
' Commercial | Power
Plant endor| Utility Type A-E Operation | Level | Publication |Sponsor Performer |Remarks
Browns Ferry 1 | GE TVA BWR4/Mark I| Utility 1973 1065 Aug. 1982 NRC EGAG IREP Plant
Grand Gulf ) GE :ississippi BWR6/Mark 3| Bechtel 1982 1250 Oct. 1981 NRC Sandia RSSMAP Plant
ower & |
Light |
Peach Bottom 2 | GE Philadel- - BWR4/Mark I| Bechte! 1973 1085 Oct. 1975 NRC NRC-var- [RSS plant
phia Elec. ious cont,
Limerick GE Philadel- |BWR4/Mark 2! Bechtel 1985 1065 1982 Utility | SAI/PLG
phia Elec.
Shoreham GE LILCO BWR4/Mark 2| S&W 1983 819 1982 Utility | SAI/PLG [Draft only
g available
GESSAR 11 GE (NA) BWR6/Mark 3| (NA) (NA) 122C March 1982 | GE . GE Contains
! proprietary
information
Sequoyah . TVA PWR-4 loop | Utility 1982 1148 Feb. 1981 NRC Sandia RSSMAP Plant
(Ice Cond.)
Indian Point 2 | W Consoli- PWR-4 Toop | UEAC 7/74 873 1982 Utility | PLG
dated Ed. ,
Indian Point 3 | K PASNY PWR-4 loop | UE&C 8/76 965 1982 Utility ! PLG
Zion 1 & 2 W Common- PWR-4 loop | S&L 1973 1040 1981 Utility | PLG
wealth Ed.
Surry - Va.Elect. |[PWR-3 loop | S&W 12/72 775 Oct. 1975 | NRC NRC-var- [RSS Plant
& Power jous cont.
Crystal River 3 BAW | Florida PWR Gilbert 3/77 825 Dec. 198] NRC SAI IREP Plant
Power
Oconee 3 B&W | Duke Power |PWR Utility4 12/74 886 Jan. 1981 NRC Sandia RSSMAP Plant
Bechte




Table II=-2 = COLFARISCOR OF CCRS DIAG
PROBASIZITIZS FOR BOILING WATZR R2ACH

Plant Type FRA Sponsor Princinal Danage
Crntractor

—

Erowus rferry |BWR 4/Mark Nuclear Regulatory |EGLG 2.0 X 10“
Comzission

Graond Gulf BWR 6/iark 120 sandia 3.7 X 10™°
1abs

—

Peach Zottom |B4R 4/iark NRC (1) X 1072

.
Limerick BaR 4/Kark tniladelphia 10~
2lectric Co.

1075

Snorehaom BiR 4/llark Lonz I~land
Lisntin: Co.

— = ———

1Various contractors involved, under direct NRC management

2Tnis value is actually a "core vulnerable" condition, as
descrived in the jnorenanm PRA. A small factor is applied to each
core vulnerable probability to estinate the core damn_e probability.
None of the otr -~ PRAs listed used this additional factor. Thus, tne
Shoreham "core ‘perable" probability is comparable to the other values
in the table for core damage. (5ee Section IV for furtner discussion
of tnis approach.) '




II. COMPARISON *VITH OTHER PRA RESULTS

This section presents the results of the first phase of the Shoreham PRA
review; a comparison of the Shoreham core damage probability estimate with
that computed by other studies. To date some 13 PRA studies have been com-
pleted and published. These studies are shown in Table II-1 along with per-
tinent information relative to the plant design. As shown in Table II-1, a
total of six BWR PRAs have been published. However, the GESSAR II PRA contains
preprietary information, and will not be considered further in this comparison.
The remaining five BWR PRAs are compared in Table 11-2. The second column
(Type) indicates firts the primary system design classification (BWR 4 or BWR 6)
and the containment design (Mark I, Mark II, or Mark III). For purposes of
core damage probability estimates, the primary system design, along with ass-
ociated safety systems, is more important than containment design.

The third column indicates the organization which sponsored (funded) tht
PRA effort, and the fourth column indicates the principal contractor who per-
formed the work. The last column is the overall result in terms of computed
probability of core damage accidents per reactor yeur for the plant being
considered. As indicated by the last column in Table 1I-2, the Shoreham re-
sult falls in the middle of the core damage probability distribution, being
about a factor of three above the lowest (Limerick) and about a factor of
three below the highest (Browns Ferry).

It should be noted that the Shoreham PRA uses an additional factor
which reduces somewhat the Table 1I-2 computed probability. This factor
is applied to the "core vulnerable" condition, which is the value in the
result column of Table II-2. None of the other PRAs use this approach.

The use of and validity of this factor is explored further in Section IV.



I11. PRALILIGARY RIVIZW=QU-5TIONS AND ANlSWARS

1
-
—— e ———

Followin; a preliminary review, a list of seven ruestions
was formulated wnich were transmitted to the Shoreham PRA
contractor (Science Apylications, Inc.). It should be noted
that many more tnan seven guestions were derived from this
review, but all but seven were eliminated based on their
resolution as a result of other information found in the PRa,
or were found to not n='® & si,nificant potential influence
on either tne probability or consejuences of core danare,

(FPurtner potentially important issues were identified as the

review proceeded, fhese are discussed in tne followin: section.

Insufficient ti.e was available to discuss znd attenpt to
resolve these issues with the contractor. However, the
concl 1in.: section of tais report atte: t> evaluate the
potential jmpact of these issues.)

Tne seven cuestions forumulated in the preliuinary review
are considered separately. A brief exprlanation of the pnten-
tial si,nificence follows each question, followed by the SAI
response, anc concluding with a discussion of the adeguacy

of tne response.,

l,A.- uestion -Will the high drywell temperatures calcu-

lated to occur during decraced core cooling accidents czuse
ranid de -radation of the concrete wall and a pressure buildup
inside the drvwell?

l.B.-Explanation-Concrete is not a hich temperature

structural material. pe radation, in terms of hydr cing end




R

decomposition, can start as low as 200" P depending on aze and
conposition of the concrete. While drywell temper=tures are
not displayed in Appendix C (MARCH calculation reczults), a
drywell temperature of 3000° F is indicated on pase C-T73
(althougsh this value is said to be unrealistic).

1.C.-SAI Resnonse=No. Upon concrete der~radation due to

hizh temperature, HZO is released from the concrete between
200" P and 700°F, and CC, is released between 1200'F and 1700° F.
In oxder to increase the cortainment pressure by 1 psi, conser-
vatively uzsswiing no heat loss throucn the passive heat sinks
and no mi~ration in the concrete, approximately 105 cuvic feet
of corercte at an elevated teuiperature of 200-700°F would have
to release its free water. At more elevated termperatures
(;reater tuzn 1200°F) the decomposition of ap roxinztelr 60
cubic feet of concrete would increase contzinient pressure about
1l psi. In terms of the unlined concrete walls, the thermal
bondin- layer above 1200°F should be approximetely € inches
deep for pressures to exceced the containment ultimate dressure
capacity durin; periods of high cortainment temperatur<s. The
particular sequence for which high temperatures are simificant
before vescel heat fzailure is Class 3. The thermal transient
duration for this secquence, nowever, is very shori. Therefore,
the concrete wall is not expected to reach tne deccnpn=ition
tenperatures of the carbonates to a depth of 1/2 foot,

- m
Sew=y
—

Al resuorze secas

o
o 2
v

l,D.=-Zvaluation of Respo €

sderunte, However, since dr-well temperatures and the resulting

concrete therzzl res onse is not provided in tne revort, it as
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not possicvle to coniirm that the rotential for hirh teiperature
érywell derrzdation is insi/mificant. A further exa=iratinn
of this issue (see 3ection IV), tends to indicste th~t it may
not be of concern.

2.A.~)uestion-How nuch effect on suppression pool decon-

tziinatior actors does the normal WARCH code czleulatisn of
very litt: neat transler between tne hot noncondensitle Fases
have ?

2.B.=Discussion=-Generally, the IIARCH code calculates verv
litile heat trznsfer between tne hot nonecondensible Fases and
the supursssion pool throu. h wnich the g2ses would flow followine

& de-r:ded core cooling accident., This can produce unrealistically

L
o
m
=
2
@D
2

sicm pool teunvaraturez. The decontauinztion factor
(Df) for radionuclides in inhe supnression rool is taou -kt to

be de r=ded as tne suppression pool texperature apovrozches
saturction conditions., leglectinz gas to pool heat transfer
may therefore result in more optimistic DFs tn=n should rezlis-
tically be expected.

2.Ce=34]1 «-.3FP0L3E-"he sersible ener~: of the not noncon=-

densible gases flowin_: from the nricars system or drvwell irto

]

thne weiwell tarou n tne S/RV or vents, respectively, are
considered in the containuent resovonse analysis of Snorenan.,
These suses are conservatively assuuied to leave the suppression
pool at suporession pool temperature, effectively cocling th-
;ase3 down., The suprression pool temperaiure correspondingly
increases due to tais encr y addition, ~“he deconta:ination

factor that was used accounted for tnis aduition.l heat ur o:

tne wetwell pool due to the noncondensipble gas=s,



2.D.=-Zvaluation of Re: onse-The SAI resoponse appears

adequate and the issue is considered resolved. rurtuersore, the
ascured 541 DFs (Table 3. 7. 4, pp. 3-160) seem quite pesei-istic
(too low) based on recent information. 7This issue is discussed
furtaer in jection IV.

3.A.=-question=-Have hirh temperature penetration failuvres

and pree-existing contzainment leaks been considered?

-

3.B.=-Discussion-relatively recent eveluations have shown

& significant nuiber of instances when reactor co-tainment
building penetrations have been found leakin;:. RAurther,
penetration seals are not designsd to witnstand ihe severe
de sraded core accidents analvzed in the FRA.

3.Ce=341 Acsponse~Plent resyonse and potential containrent
failures due t5 hish temperature de rradation of penstration
seals were not specifically analyzed for rlant consecuences.
These were cornesidered implicitly in the assi.ned probability
of containinent leaxage wuich precluies overpressurization as

snown in the containment event trees.

J+D.=-2valuation of 3esnonse=-The SAI response is not

consiaered adegquate to resolve this question., However, it
appears that direci pool scrubbing of most radionuclides (by
release through safety and relief valves) will occur for the

most provable accident sequences (Table 1, pg. 3). 1In these
cases, containment leakaze is of lesser consequernce, rurthernore,
the Reactor 3uilding 5tandby Ventilation 3ystem can procens

and filter significant amounts of containnent learxase (see

following question), especially if pool scrubbing has previously
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occurred to rewove aerosols and fission products.

4.A.~uestion-Hith degradation of the Reactor building

Standby Ventilation Systea (RB3VS) from aerosol loading, hignh
fission product loadin;, and adverse environment, can the
system keep up with modest leak:zge?

4.B.~Jiscussion-The RB3VS is designed to control the

minor radionuclide releases whicn can result from normal oper-
ation, in addition to those releases predicted to occur from
design basis accidents. It is not designed, however, to orerate
under de;raded core cooling accidents when excessive Ddressures,
tenneratures, and aerosol/radionuc~lide filter loadings may
challenge the systeu far beyond its design erpabilities,

three parzllel 45000 cfm exnaust faus (e~ch havirs 200,
capacity wanen used for racirculation durin: abnornal condgitions)
and two 1585 efm 10C,: capacity varallel filter traizs.  ince
each fan is 100,; capacivyv for the R33Vs mode, only one filter
train fan is required to operate, and the redundant fi'ter
trains may be shut dowa. The potential [iltration of fission
products was considersc in the PRA t- the extent tuat i« ’'BSVL
cculd handle desi;n learage rat2s and partial cont=inzent
fajilure leaxa.e rates wnich do not overpressurize the reactor
building, At tnese flow rates, the dilution factors o. these
gases containin_ fission products and aerosols arc on the order
of 1500 to 1., idditionallys, Tor tnese acci<ent sce arios, it
is ¥nown that aerosol plu_ .ing of tne leakage p=ths can o~~ur,

wnich is expecte? to reduce the fission product andi aeroas]
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concertiration of the gases escanin- to the secondary enclosure,
lnerefore, failure of the RE3V3 w28 nsonsideres a low provabi ity
event (i.e, 0.01 for C, and 03 accident sequence clasres).
However, de rad=tion of the R35VS perforasncec was addres=ed in
tha analysis of reduced decontanirn-tion factors for filtep

eificiencies,

4.D.=ivalustion of zesponse-The S4I res.onse is considered

marsinally adecuate to resclve the issue., The PRA asses=ment
of RB3VS desien cayzhility and potenti=) failure moder is in-
suilicieant t» deternire if a rigorous evaluztion of R3I3V3
evailsr_1ity has been uade, However, considerirn- th=t the
most probable accident seouences aprear to be those which dis-

enar.e nost radionuclides directly to the su>rrerzicn nool,

o

and that the supsression pool DPs selected by 3.1 gppear to

be pessinmistic, this issue seems to have little vpotential
mpact on ris«,

S.A.=Question=Anpendix H of the 3horeha:a FRA ascu.es

—_——

that the hot debris bed which can be formed frow core materizls

is always coolable if sufficient water can be surnlied, What

is the basis for this assutption, and has the effect of enhznced
radionuclide release with attendant steam oressure excursisn

on contzinment integrity when tnie conlin: occurs been considered?

2.B.=Discussion=-Durin: the prosression of a core meltdown

accident, it is lively that followings penetration of the
reactor vessel, the core material mav form & debris b4 wrnieh

could dbe coolable providins water can be sup-lied,



a maximum height of six inches.
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The downcomer lip which extends about 6 inches above the floor

could melt due to the interaction with the high temperature

core debris. If this occurs, tne debris bed heint would be

deteriiined by tne height of the flange whaich is only about

2% incnes. Tnerefore, it was concluded that a verv snallow

bed would iorm, assu:ing long terw coolin; to the water over-
-~ burdern, given sufficient coolant injection,

S5eD.=zvaluation of «esponse~ihe SAI resovcnse to the debris

bed coolability issue is reasonable, and valic arguuents are
given supportiin; the potential for coolability. iowever,

since tne geoumetiry and particle siz:¢ of the debris bed is
unknows, assessaents of coolavility must be considered specu=-
lative. 3AI did not respond to the part of the question dealing
with stean pregsure sni<es and fission product release.

Upon furtner consiaerat.on of tuis issue, it is consicered
not to be signiiicant in teras ol the potential for risk
increase for the followin; reasons:

l. 1f containuent failure nas not occurred at tue time
debris bed coolin, occurs, most of the fission products (which
are released during the initial meltdown phase) will be
securely trapped in the suppression pool water. Thus, the
possibility of containuent failure from a steam pressure surge
upon debris ved coolin_ would not cause a large fission product
release,

2. If containment failure occurs before debris bed cooling,
the major conseque:.ces of the accident woulda be underway, and

the added fission product release would lixely not Le sijnificant,
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3. A stezm pressure surge sufficient to challenge con-
tainuent integrity recguires a large amount of water delivered
to the bed and intimate mixing. It is not lixely taat a2 high
volume water source would be available since most such sources
within the containment must previously have been assuied failed
or de_ raded to cause the accident to pro:_ress throu-h core
meltdown,

6.A.-Question-gave the rece.t Sandia experiments showing

the potentizl for energetic molten core-water reactions been
considered in the Shoreham PRA? Also, what is the basis for
the particle size assumption of 2" (diameter) in the vessel
and 2" in thne reactor cavity?

6.B.=Discussion=This question is related to the previnus

one, excevt that tue concern here is that ener etic molien core
water reactions may occur within the vessel or upon vessel failure
1f water already exists at tnese location. '"'hese events

could cause early containment failure if the steam pressure

surces were sufficient.

6.C.-3A] Response-The 3andia experiments on molten core-

water interaction were considered in the Shoreham PRA. For

very energetic molten cor~-water interaction, the mofe of melt
del ivery int» a pool of water and mixin - with the water can
affect thoe break up and interaction of the fuel ané w-ter., It
is also known that the initial conditions can suprress efficient
core-water fragmentation. In the 3norenam PRA, this in-vessel
interaction was considered »robabilistically. The source term

and release characteristics for the base c¢=se wrre extrzpolated
from WA3H=-1400 an2l'sis, However, the specific accicert
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sequence and tne conditions in the vessel at the tiue of
potential core-water interaction were considered in assiming

the condition=l probability. Tu=2t is, ‘or & ni~h preccsure
transient 2ccident sequcvice, tne probability of in-vessel stean
explogion was considered lower than that for a large LOC!
secuence in wnich the prinm:ry syetem pressure is a2t sppr-ximatelv
the containment pressure,

The containment response was analyzed for en ex-vesnel
core-water interaction in the drvwell, ©“veyesse) fuel-coolant
mixing was considered mrre likelv if water was availab’e in the
drywell, The analysis of the efficiency of the fra-nent~tion,
however, considered the geometric confi~uration of the floor.
ine snallow water pool could inhibit a very efficiernt mixing
of coo’ant with the mol<en core., It wns assessed th=t this
would retard the rapid and efficient fuel fra-entation that

i3 neecded to form nore heat transfer area for exylosion prop=

gaticn, An overazll mean particle size of 2 inches was judged

to approximate the particle size cistrivution for rapid steanm
formation during this period. Additionally, a sensitivity
analysis was per’ormed to assess the effect of small particle
size formation. Such formation resulted in containment failure
iniediately followin. vessel heat failure. 7Thnis sequence was
accounted for in the containment event tree and included in
release category AA.

6.D.-Evaluation of Response=The SAI response seens sone-

what confusin_, and is considered only partially adequate,
However, a further evaluation of this issue indicates that the

poiential for large energetic reactions is small, gsince
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extensive and complex structures exist in a BWR below the core,
it is unlikely that the molten core migration could proce=d in
a coherent manner. Large, energetic molten core-water reactions
require that rather large coherent masses of molten material

and water mix in a short time, Furthermore, these below core
structures contain a significant amount of stored heat and

also provide extensive neat conduction paths from the core
region to the lower plenum, It is therefore likely that most

or all of the lower plenun water would be boiled off before

the arrival of significant amounts of molten naterizal,

In the reactor cavity below thue vessel, vertical open
pipes exist, connected to tne suppression pool, Thus, it is
not likely that any significant enounts of water could exist
in tnis region to interact wita molten material upon vessel
failure (whicn in not lizely to be conerent due to the many
penetrations in the lower head).

T.A.-Question=-jinat is the basis for assuiing (pg. c=23)

no zircaloy-water reaction wnen tne zircaloy becoiues molien?

7.B.~)iscussion=-The reaction between zircalon and waier

can be iwportant because it increases the heat generation rate
in the core and proauces hydrogen, ‘he resultin: hydrogen can
burn, adding additional heat load to the containment, or it can
decrease the D.F. of the suppression pool if it mixes and flows
with radionuclides to the pool.

7.C.-SAI Response=The statement on p. C=23 is as follows:

n etal-water reaction in a melted node was not allowed,"

Durin; the postulated core degradation and ineltdown accident
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scenario, the core heat up and meltdown model assumnes a fornae-
tion of a conerent molven fuel pool sup.orted by a crust at
the solid fuel-melt interface. 7This crust and molten layer
causes the steam blocrage whicn prevents water or steam from
flowin: throu:h the channels with molten fuel, Therefore,
netal=-water reaction in a melted node (or ZR) was not allowed.

7.D.-Resnonse zvaluation=The 3AI resyonse is considered

adequate in resolvins this question.
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IV. ADDITIONAL IS3U2S CONSIDERSD IN THE REVIEW

Tnis section conciders adcitionzl issues wnich were
identified as potentially important durin- the review and
ascesses tneir potential significance., These issues have
not been discussed with the PRA contractor since tine was
not available. fTne issues are as follows:

1, L3IV Leaxace = Durin,- essentially all accidents

cormidered in the j.oreham FRA, the ~in 3tean Isolatisn
Vzives are assuued to close baszd on the L3IV closure logiec
incorporated into tae plant dezign., ..3IV closure isolrtes
the priiary srsten from the remaincder of the pover conversion
syste. (zurbine, condeusor, fesdwater purps, etc.). For
mzny of tne higaner provcbiit; accidants, the efiuent fron
tae prizary systen (wiiel contzins racionuc ides pele~gesd
from the overanzated eore) is relessad to tas sup-rezsion ronl
throu o tre safety and relief valve:, If tne ..3IV sezl iz
effective for tncse accidentz, 0st of the fission products
are scrubbec o.t by the »ool, iowever, prst exvericnce wita
L.3IVs has shown tnat lea<z e oceasionnlly occurs. If such
leakxage occurred durin: the accidents bein~ croncidered, a
mtential path tarou n the valves and to the at nsynere ¢ould
exist. T'is veth could be even nare 1lirxel - when it is
recomized that the [ SIVs are not desimed for the nigh
tei.pereture radiation environnent produced by the escciderts

cousidered. 7The shorchanm FRA does not apvear to :roviée en

adequatie consideration of this issue.



Two cuestions are involved in resolvin this issue: What
is tae likelihood of si;mificant L3IV leakaze during importznt
accidents, and what is the consenuence of such leaz:age in ternms
ol off-cite release.

Due to tiuze constraints, it was not »oszibvle to exclore
either ol these questions in depth. However, it has been
reco;mized that .SIV leaka -e does occassionally occur, and
desi m and neintenance i.provesents arc unéerway to provide
additional assurance of leak inte~rity. ZPresui=2bly., the
Snorehamn Plant will t=ke advantage of these improve.ients.

with resvect tc the second question, !'SIV leaiz-e dnes
not automnatically mean relesse to the at.iosrhere., In fact,
the systel: downstrean of the L3IV is bzsically a c¢losel s stenm
during oreration, :nd it is:desi:uei to preclude raciorctivity
r~iezse, 4nile v»otential patns to the atiosnhere mz2 exist

necer some conditions (such as condensor air ejectors) such
learzage is exnpected to be automatically isolated and eczn also
be manvally isolated.

The notential for lezka-e throu . h the .5IVe to the
atnos:nere depcnds on system desi m and overating proccdures,
fowever, based on tais ver, perfunctory considcesration of tne
nstier, it does not apprear to be a2 significant potential
contributor to risk.

2. Control svstenm P2ilure = All ZiRs have ratner

complex control syctens which monitor the flow of ener-v frox

the core to the turbine, the core nower, the feedwater Iiow,
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and various other parameters. ine sssten autonatically adjiusts
sone of these pararneters to compensate for changcing conditions
and to keep tue plant runuin: smoothly. It has been recognized
ratuaer receuily tnat this sa.e system can malfunction =nd cause
the plant ©o experience a serious transient wnich coulé lead

to a desraded core condition, Tnis potertizl event does not
apyrear to be adenuately considered in the Shorehan FR4i, or

any otner PRA. i/hile it has not been conclusively demonstrated
that such events have the potenti-1 for causin- severe core
damase wnich would significantly contribute to risk, some control

systen malfunctions have occurred which have c2used rather severe

L]

disturvznces to the norizl operation oi the plant, Until more
wor< ies comnpleted (currently underway within LRC and its
contractors), it is not » ssible to deternine tne simificaice
ol this poteutial for shorehau,

3. Denvendent Pailures - One particularly difficult issue

with all PRAs has been the treatment of devendent failure,
wherein the failure ol one system causes or in‘luenc~s the
failure of another, The shoreham FRA is considered deficient
with respect to the description of how dependent failures
were identified and guantified. It is not possible to tell,
based on the information provided, if an adequate assessment
has been given to dependent failures.,

4. Decontanination Factors - The shoreham FRA assumes

suppression pool decontanination factors ran_;ing froa 1 to
100 (pp. 3-160). Recent research in this area, including

experiments supoorted by analysis, shows that DFs two or more
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orders of maznitude hi.ner would likely be more realistic.
wnile such increases nave not been universally accepted, the
potential for significant increase appears strons. Tais would
markedly decrease the source terua for many accident secuences.

5. Derivation of "Conditional rrequency of Release" - Tne

Shorenam PRA assigns (Tavle 4.2) values rancsing from .07 to

1.0 to accident sequences. ~“hese values are multipliea by the
calculated probability of a core vulnerable condition to arrive
at the actuzl probability of a siven accident secuence. Tne
factor (pp. 3-142, 3-177) is apparently to account for the
possibility that the core may not melt uncer the conditions
assumed, or by sone undefined mechanism, sufficient coolant

is re-introduced into the systenx to teruinaie core heat-up,
waile tnis is a novel aprrozch which appears to have merit,

an adecuate description of how the "Conditional rFrequency of
Release" values were derived coulc not be found., The factors
do not apnear, however, to nave an overly significant influence
on computed risk since tney are not very small,

6. Conflict with Recent Jegraded (Core rrobabilistic

Assessment - Receutly, an KRC sponsored study (NUREG/CR-2497)

has su;zested that core damace probabilities may be sisnificantly
higner than assessed in the Shorencm (and other) PRA=. wnile
this report is under review (the author is involved in one

such review), preliminary indications are thnat the results are
bzsed on invalid extrapolations, include questionable statistical
procedures, and do not consider syste.s and procedures which

can be eifective in mitigatins the pro. ression of core meltdown

acciients.
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V. COLCLUSIONS

Based on tnis limited and selective review of the
Shoreham PRA, the following conclusions are derived:

* The study appears to be a coaprenensive and conpetent
assessment euployin_ state of the art metnodolory
and generally adeguate data sources.

* The results were found to be comparable, in terms of
degraded core condition probability, to other PRA
studies of similar pleants.

* gnile sone 2reas of the study were consifered to be
Geficient, in no case was a deficiency foun? which
arreared to have 2 si~nificant potentizl for incressin-
tie risz., (Tne onis=sion of externzl ~vent sccident

initiators couléd b2 an excepntion, but rrvicw of thin
issue wag beyond the sccre of the effort.)

* One are2 (suprressisn pool decontaminstion factors)
was found which appears to have a sirnificant jotentizl
for decreasin; the computed ris!:» from Shorehan.

4A7c=nt evidence stro

e |

~ly sugsests that nuch hirher
DPs may be appropriate for sup-rescion pools. This

could substantiall:r roduce tne 3horehan radionuclide

release,
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APPENDIX D
INTERNAL FLOODING ANALYSIS
(SAI's Section 3.4.4.1 and Appendix G)

D.1 Introduction

This appendix addresses the possibility that portions of emergency core cool-
ing systems could be disassembled during maintenance (e.g. a pump impeller re-
placement, valve stem replacement, valve seat adjustments). If during this dis-
assembly, human error or set of human errors occur which deisolate the component
undergoing maintenance, such as opening a MOV, then release of water through the
opened valve can occur. This has already occurred at Peachbottom.

As described below, we believe that SAI's computation of the accident frequency
caused by internal flooding is incorrect and non-conservative for the two reasons
described below.

i3 The approach used by SAI in quantification of these sequences
does not produce units with accident frequency. One key
event in the flooding sequence is the operator inadvertantly
opening a valve during maintenance. The probability est-
imate for this event is given on a per maintenance act basis.
SAI's calculations do not reflect this, which leads to a factor
of about 100 in underestimating the internal flood frequency.

B SAl used human error probability estimates from Swain and
Guttmann's work that do not reflect a highly stressful sit-
uation. We believe that a highly stressful situation does
exist when internal flooding occurs and that all calculations
should reflect this.



D.2 Description of the Internal Flooding Sequence

SAl identified 8 initiator types which would lead to flooding at level 8 in
the Reactor Building where several ECCS and residual heat removal components are
located. In particular, SAI identified 3 initiator types, 2, 3 and 4 as described
below which could quickly (within 30 to 40 Minutes) flood and disable the compon-
ents described in SAl's Table G.6 if the operatur fails to reclose the isolation
valve in time.

INITIATOR WATER SOURCE SYSTEMS INVOLVED *
2 Containment Storage Tank HPCI, RCIC and CS
384 Screenwel 1 RBCLCW & RHR

In this case, it should be noted that interrnal flooding does not result
in loss of the power conversion system, a high pressure injection system normally
on-line when the reactor is producing power. While flooding occurs, if the operator
erroneously isolates the power conversion system (contrary to normal operating
procedures), then an accident sequence is initiated as described by the bold
line on the event tree in figure 3.4.23.

* HPCI: High Pressure Coolant Injection RBCLCW: Reactor Bgilding Closed
RCIC: Reactor Core Isolation Cooling Loop Cooling Water
CS: Containment Spray RHR: Residual Heat Removal

D-2



Table G.6

SUMMARY OF VITAL EQUIPMENT ASSOCIATED WITH SAFETY SYSTEMS
LOCATED IN THE ELEVATION 8 COMPARTMENT AND THE POSTULATED
HEIGHT AT WHICH VITAL EQUIPMENT COULD DISABLE THE SAFETY SYSTEM

ASSOCIATED POSTULATED
SYSTEm VITAL EQUIPMENT DISABLED mEIGHTY

wee | WP PUMPS 6 -0
WPC1 TURBINE 8-0"
WPC] INST. RACK A8 3.0

RCIC Pump §'-0"
RCIC TURBINE 4'-0"
RCIC INST. RACK AR *6'-0"

RHR PUMPS 6'-0"
RMR INST. RACK A8 *6'-0"

CORE SPRAY PP §'-0"
CORE SFRAY INST. RACK A.B *6'-0"

Based on the assumption that & short will cause & shutdown of the system

The estimated figures indicate that the suppression pool inventory may or
may not be enough to effect vital equipment. Nowever, 1f this inventory
13 combined with other sources such 43 the reactor primary system
(during ADS sequence) 1t will without question disable the systes
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SAl developed fault trees which describe the fellowing sequence of events

involving operator error that lead to flooding at level 8 concurrent with loss

of the power conversion system.

Event A: On-line maintenance of any of the following systems
occurs

) HPCI

) RCIC

Core Spray
RBCLCW HX
RHR HX

PSS

w

System is disassembled for maintenance.

Operator inadvertantly opens an isolation valve durin
maintenance causing flooding to start.

Operator fails to reclose the isolation valve within
40 minutes which results in flooding to the six foot
level.

Operator errvec.sly isolates power conversion systen

o — - :
during floodir

'

fault tree development for the sequence cescribed above 1s shown

It must be noted that SAIl combined events 3 on the fault

of Frequency Issue

As described in the previous section, event C is the initiating event which

causes flooding. The occurrence of events A and B defines a vulnerable s

state that permits event C to initiate flooding when event C occurs. Further-
more, the occurrence of events A and B and C defines another vulnerable systen
state that permits event E to initiate the acciadent sequence when event E occurs.
Because event C is an initiating event, we must compute the frequ y of occurrence

enc
U - vl

0f this event.
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Events C and D describe operator error and SAIl used Swain and Guttmann's
estimates, reference 1, to assign probabilities to these events. Specifically
for event C, SAl on page G-38 of the draft Shoreham PRA said "The conditional
probability that the operator opens the isolation valve to the system while it is
undergoing maintenance is determined from Swain and Guttmann. The value is
determined to 5x10°3/valve operation. This error rate is higher than normal
plant operator error rates since it has been shown that operator error under
maintenance conditions may be higher than that found performing normal plant
function".

Using the above probability, we must compute the number of valve operations
per year to obtain accident frequency, i.e. the expected number of flooding events
per reactor year. The number of valve operations relates directly to tne rumber
of maintenances performed per year since the isola.ion valve mus: be closed and
reopened once during maintenance.

Hence the units on event A should be the expected number of on-line main-
tenances per year, not system unavailability as computed by SAI. Computation
with system unavailability results in an accident freguency about 100 times
smaller than with the expected number of maintenance acts per year. When this
point was raised at FRA's July 16 meeting with SAI personnel, SAI answered
with a response described in the attachment. This attachment uses HPCI zs an
example.
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The KPCl system unavailability is 107 (units without dimensions) and its

maintenance frequency 1is

.09 acts 12 months y 1.08 acts/reactor year
month year

We claim that the expression for accident flood frequency above the six

feet elevation concurrent with loss of the power conversion system is

-

expected no. probability that probability that (}robabilit; ] probability )

of on-11in¢ the system is dis-| | the operator operator that the

maintenances assembled given opens the iso- fails to operator

per year maintenance lation valve reclose erroneously

during mainten- the isolation| | isolates the

ance valve power con-

-~ JL J Lversion system

(B/A) (C/A) P(D/AMBNC) during flood-
ing

otes logical intersection and

t+ At

r r 1
L IL‘N' (‘lr" year )] /W,\(t/‘.i?
A ’ 4o A

maintenance frequencv, maintenance acts per unit time
one year

time

Again, th~ reason for the above functional form is that P(C/A) is given on a
probability per maintenance basis. (In section D.6, we develop a probabilistic

expression in which system unavailability is a valid term.)

o]

Swain and Guttmann give a best estimate of 5x107°, as mentioned above, but
estimate the 90% upper confidence level of P(C/A) as S-IC':/mairtendnce outage.
Becuase the long maintenance outage of 3.5 days (see attachment) results in
several shift changes, it is conceivable that the upper bound estimate may be

applicable, resulting in an estimate that would be a factor of 4 higher for the




D.4 Level of Stress Issue

In addition SAI's estimate of the probability of failing to recover,
P(D/ANBNC), is 0.05 which corresponds to the non-stressful situation in fig-

ure 17-2, Swain and Guttmann. However, if stressful conditions exist, then
the estimate is a factor of 5 higher, i.e. 0.25.

Also, one can see from the event tree in figure 3.4.23, that SAI as-
signed a probability of 0.12 to failing to restore the condensate system.
Considering the level of stress involved, a probability of 0.25 or higher
could be a more reasonable estimate.

D.5 Observations

Examining the event tree in figure 3.4.23, one can see that SAI calculated
a frequency of 4.8x10'7/reactor year for flooding to the six foot level (T2
initiator) and 5.8x10'8/reactor year for a class I core vulnerable accident.

However, following our arguments given above, the estimate vor the T2
initiator coula be as high as 1x10’3/reactor year for flooding to the six foot
level and 1x10'4/reactor year (or higher) or the class I core vulnerable
accident--factors of about 2000 difference. These class | accident figures
are for the core vulnerable states to be reached: the core melt frequency would
be somewhat smaller, depending on an analysis we have not done.

We recommend that SAI recompute the internal flooding frequency conside ng
that event A should be given in units of frequency. Furthermore, because the
internal flooding sequence is dominated by a chain of human error events, we
recommend that an organization expert in human factors carefully analyze and
compute these accident frequencies associated with internal flooding. This
recommendation applies to the entire flooding event-tree sequence involving
human action, i.e.

erroneously removing the power converison system during flooding
failing to provide coolant makeup with the condensate pumps

failing to provide containment heat removal by opening the
MSIV's within 10 hours.
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ESTIMATED HEP FOR AVERAGE OPERATOR

7-23 Figure 17-2

from reference 1

HEPs

1.0—=15t MIN

.9 AT 5 MIN

.1 AT 30 MIN

.01 AT 2 HR
BUT IF HIGH STRESS PERSISTS,
LEVEL OFF AT.25 AT ABOUT 25 MIN.

IF HIGHLY STRESSFUL
CONDITIONS PERSIST

. I e
10 AUTOMATIC SYSTEMS WORKING OK
.Ol;kl ! 1 1 —
1510 30 60 1290
TIME (MINUTES AFTER LARGE LOCA)
Figure 17-2. Estimated Human Performance after a

Large LOCA
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Alsc, as ¢ ibed in the main body of the report, an important assumption
made by SAI is th: looding to the six foot level will not result in automatic
closure of the M s. (SAI does assume however that reactor trip will occur).

It is important to verify that the assumption regarding automatic MSIV closure

is true--otherwise the power conversion system is lost and the only normally

available coolant makeup system is the condensate system. In this case the
accident frequency caused by flooding would increase by an additional factor
of about 10 and design changes may be necessary to mitigate the effects of

the internal flooding accident sequence (e.g. elevating the ECCS pumps to a

higher level).




Alternate Probability Expression

We can develop an equivalent expression for flooding frequency in which
system unavailability is a valid term. In this case we must know the conditional
probability per unit time that the operator inadveitantly opens the valve duri

maintenance, defined as ‘e /A below.
v/

r

For notation let Q denote system unavailability
P probability
frequency, probability of occurrence per unit time
' Togical intersection
accidental flood frequency above the six foot level per year concurrent

of the power conversion system is

probability per unit{ time that flooding
P(B/A) defines the fraction of

"'".‘ﬂt.‘]' O loodin . { VG](_‘)wldf.*.’

Probability operator
¥ »

¥
inadvertantly opens Maintenance
/alve outage
maintenance outage time
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DRAFT - PRELIMINARY

) The purpose of this section s to define the best estimate values used to
. quantify the fault trees for evaluating tha conditional probability of

m intenance operations lesding to the release of large quantities of water
into the Elevation 8 compartment.

1. The probadbility that the ECCS components in Elevat’on 8 may be
» disassemdbled during plant ogentions. This conditional grobabnity
must be Tess t! n the overall on-line maintenance unavailability
taken from Appendix A.4 and shown in Table G.B.

Table G.8
L MAINTENANCE UNAVAILABILITY
TOTAL STSTEN COMDITIONAL PROBARILITY
SYSTEN URAVAILABILITY OF SYSTON CPENED OURING
o (APP001X A.4) PLANT OPCRATION (ESTIMATED)
- ? ao”? ? uo?
Loop § 2 wa0? 2 uo
3
) Paro Leg A * s s
' P Log C 4210
-4
| -+ LI AR L
wect 102 1 no?
wic 1.1m0°? 1121073
® TOTAL - 3.3:1073
* A Ngher fraction of protadility of mictensnce 18 fagiuded b
scconet far Amat eschanger meintenences o8 Lubes.
The conditional probability of the system being opened fs based
! upon the following consideraticns:
5 Only a small fraction of the maintenance operation
involve opening of the system to the Elevation 8
atmosphere; therefore, for most system maintenance
Py - operations (90%), the sistu fe not subjected to the
B failure mode of {nterest, 1.e. internal flooding
. of the Elevation compartment.
o
)
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6.5.3

In addition

—

DRAFT - PRELIMINARY

. A portion of the maintenance operation 1s z3sumed
to be involved in disassembling and assembling the
components; therefore, the system s not opened
during this time to the Elevation 8 and also does
not contribute to the potential for water release.

The conditional probability that the operator opens the isolation
valve to the system while it 1s under oing maintenance {s

determined from Swain Guttman (G.2). The value is

determined to 5 gxIO‘ /valve operation> This error rate is
higher than normal plant operator error rates since it has been
shown that operator error under maintenance conditions may
higher than that found performing normal plant function.

Operator Failure to Take Appropriate Mitigating Action

to these input quantities, there is another vital aspect of

the quantification, the time dependent operator intervention error rate.

Figure G.17

displays the error rate used to characterize the control

room operator response to a rising water level in the sump tanks and
subsequently -in the Elevation 8 compartment.

" ESTIMATED HED EOR AVERAGE OPERATOR

L@
o 1.0—1%% Min

.9 at 5 Min

.1 at 30 Min

.01 at 2 Hr

________ —— e

PP - o ———
» Automatic systems working ok
I " —
.. S =

TIME (MINUTES AFTER INITIATOR)

F 5 Figure G.17 Time Dependent Operator Error Rate

Applicable to the Operator Pesnonse
for Internal Flooding in the Elevation 8
Compartment.



