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ABSTRACT

Quantitative modeling techniques have limitations as to the resolution of
important issues in probabilistic risk assessment (PRA). Not all issues
can be resolved via the existing set of methods such as fault trees, event
trees, statistical analyses, data collection, and computer simulation.
Therefore, an expert judgment process was developed to address issues
perceived as important to risk in the NUREG-1150 analysis but which could
not be resolved with existing techniques. This process was applied to
several issues that could significantly affect the internal event core
damage frequencies of the PRAs performed on six light water reactors.
Detailed descriptions of these issues and the results of the expert
judgment elicitation are reported here, as well as an explanation of the
methodology used and the procedure followed in performing the overall
elicitation task. The process is time-consuming and expensive. However,
the results are very useful, and represent an improvement over the draft
NUREG-1150 analysis in the areas of expert selection, elicitation training,
issue selection and presentation, elicitation of judgment and aggregation
of results. The results are presented in two parts. Part documents the
expert panel elicitations, where the most important issues were presented
to a panel of experts convened from throughout the nuclear power risk
assessment community. Part 2 documents the process by which the project
staff performed expert judgment on other important issues, using the
project staff as panel members.
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FOREWORD

This is one of numerous documents that support the preparation of the final
NUREG-1150 document by the NRC Office of Regulatory Research. Figure 
illustrates the front-end documentation. There are three interfacing
programs performing this work: the Accident Sequence Evaluation Program
(ASEP), the Severe Accident Risk Reduction Program (SARRP), and the PRA
Phenomenology and Risk Uncertainty Evaluation Program (PRUEP).

Table is a list of the original primary documentation and the
corresponding revised documentation. There are several items that should
be noted. First, in the original NUREG/CR-4550 report, Volume 2 was to be
a summary of the internal analyses. This report was deleted. In Revision
1, Volume 2 now is the expert judgment elicitation covering all plants.

Volumes 3 and 4 include external events analyses for Surry and Peach
Bottom. External events for Sequoyah and Grand Gulf will be analyzed in
follow-up studies after NUREG-1150 is published.

The revised NUREG/CR-4551 covers the analysis included in the original
NUREC/CR-4551 and NUREG/CR-4700. However, it is different from NREG/CR-
4550 in that the results from the expert judgment elicitation are given in
four parts to Volume 2 with each part covering one category of issues. The
accident progression event trees are given in the appendices for each of
the plant analyses.

Originally, NUREG/CR-4550 was published without the designation "Draft for
Comment." Thus, the final revision of NUREG/CR-4550 is designated Revision
1. The label Revision is used consistently on all volumes, including
Volume 2 which was not part of the original documentation. NUREG/CR-4551
was originally published as a "Draft for Comment" so, in its final form, no
Revision I designator is required to distinguish it from the previous
documentatation.

There are several other reports published in association with NUREG-1150.
These are:

NUREG/CR-5032, SAND87-2428, Modeling Time to Recovery and Initiating
Event Frequency for Loss of Off-site Power Incidents at Nuclear Power
Plants, R. L. Iman and S. C. Hora, Sandia National Laboratories,
Albuquerque, NM, January 1988.

NUREG/CR-4840, SAND88-3102, Recommended Procedures for Simplified
External Event Risk Analyses, M. P. Bohn and J. A. Lambright, Sandia
National Laboratories, Albuquerque, NM, December 1988.
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has prepared NUREG-
11501 to examine the risk of accidents in a selected group of nuclear power
plants. The three main objectives of NUREG-1150 are given below.

1. Prepare a current assessment of the severe accident risks of five
nuclear power plants which will:

• Provide a "snapshot" of risks reflecting plant design and opera-
tional characteristics, related failure data, and severe acci-
dent phenomenological information extant in March 1988;

• Update the estimates of NRC's 1975 risk assessment, the Reactor
Safety Study;

• Include quantitative estimates of risk uncertainty, in response
to the principal criticism of the Reactor Safety Study; and

• Identify plant-specific risk vulnerabilities, in context of the
NRC's individual plant examination process.

2. Summarize the perspectives gained in performing these risk
analyses, with respect to:

• Issues significant to severe accident frequencies, consequences,
and risks;

• Uncertainties for which the risk is significant and which may
merit further research;

• Comparisons with NRC's safety goals;

• The potential benefits of a severe accident management program
in reducing risk; and

• The potential benefit of other plant modifications in reducing
risk.

3. Provide a set of methods for the prioritization of potential safety
issues and related research.

In support of NUREG-1150 and as part of the Accident Sequence Evaluation
Program (ASEP), Sandia National Laboratories (SNL) has directed the produc-
tion of Level Probabilistic Risk Assessments (PRAs) for the Surry,
Sequoyah, Peach Bottom, and Grand Gulf nuclear power plants. (Level 1 PRAs
contain accident sequence analyses developed to the point of core damage.
Accident progression and consequence analyses are not performed at this
level.) A PRA for the fifth NUREG-1150 plant, Zion, is being prepared by
EG&G Idaho, Inc., of the Idaho National Engineering Laboratory (INEL). A
PRA for a sixth plant, LaSalle, will be issued by SNL after the completion
of NUREG-1150. While some of these PRAs include external events, the
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issues addressed in this report are limited to consideration of internal
initiators only.

The expert judgment elicitation is an integral part of the methods used to
produce the PRAs in support of NUREG-1150. Expert judgment is used where
applicable experimental data or complete analyses are unavailable. Such
situations are common in analysis of unusual and rare events. The expert
judgment process can address highly formalized quantitative issues such as
the probability distributions of specific events, or it may be used to
resolve more general judgments commonly made in PRA, such as how operator
recovery should be included in the accident sequence models. The purpose
of this report is to explain the expert judgment elicitation methodology,
to describe the issues considered, and to provide the results obtained.

Expert judgments are expressions of opinion, based on knowledge and experi-
ence, that experts make in responding to technical problems. Specifically,
the judgments represent the expert's state of knowledge at the time of
response to the technical question. Expert judgment is not restricted to
the experts' answer but includes the experts' mental processes (defini-
tions, assumptions, and algorithms) for arriving at answers.

Expert judgment is necessarily used in all technical fields. Because
these judgments are often implicit, they are sometimes not acknowledged
as being expert judgments. For example, expert judgment is frequently used
implicitly, even unconsciously, when researchers make decisions about
defining problems, establishing boundary conditions, or screening data.
By contrast, expert judgment is also obtained explicitly, through formal
processes. The process includes selecting the experts, the problems or
issues, and the methods by which the judgment will be elicited.

Risk assessment frequently needs explicit expert judgment as a source of
data, particularly if one or more of the following situations exist:

1. No other data for answering the technical problem or issue are
available.

2. High variability characterizes the data.

3. Experts question the applicability of the data.

4. Existing data needs to be supplemented, interpreted, or
incorporated with model or code calculations.

5. Analysts need to determine the state of knowledge about what is
currently known, what is not known, and what is worth learning.

During the original NUREC-1150 analyses of the internal events leading to
core damage, expert judgment was provided by each plant analysis team
leader who had consulted with other team leaders, and by participating
project personnel. The answers were reasonable, but the approach was not
traceable and technically supportable. In the final analyses in support of
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NUREG-1150, the list of issues for the expert judgment elicitations has
changed because some issues are no longer applicable as a result of plant
and modeling changes and because some issues have been resolved by specific
analyses. Nevertheless, there are still issues that need direct and
explicit expert judgment.

The issue selection process consisted of accumulating an extensive list of
potential issues by plant or across plants and then evaluating the signifi-
cance of each issue. Expert panel members participated in the issue selec-
tion by reviewing the issues selected and rejected for the expert judgment
process and recommended the addition and deletion of issues from the
initial list. Answers were obtained for some of the issues during this
task, and other issues were determined to be insignificant. Finally, two
lists were formulated: one containing non-issues and one containing the
issues to be addressed by the expert panel. Appendix A gives a brief
description of each of the non-issues. Some of these non-issues were
important enough to become issues for the subsequent "informal" expert
elicitation described in Part 2 of this report. Others were resolved
directly by the analysis teams or addressed by sensitivity studies. The
resolution of each non-issue is described in Appendix A.

There were ten issues considered important enough to be the subject of a
formal expert judgment elicitation. Table 1.1 lists these issues, and
Appendix presents detailed descriptions of each issue. These descrip-
tions became the basis of the pre-elicitation study by the experts and
interested observers. The descriptions found in Appendix are the final
versions of several iterations that were made during the work period
preceding the actual expert judgment elicitation. Issue 7 became a non-
issue before the final planning for the expert judgment elicitation, and
Issues and 9 were determined to be non-issues during the final meeting.
Discussions with utility personnel before the elicitation meeting and
discussions among the panel members during the meeting led to consensus
resolutions of these issues without the need for expert judgment. These
resolutions are included with the results of the elicitations in Section .
For general information, these items are discussed in Appendices and C.

Section 2 of this report briefly outlines the expert selection process and
gives a short resume of each expert. Section 3 describes the fundamental
expert judgment elicitation methodology. Section 4 describes the meetings
and the procedure, starting with the selection of issues and experts
through to the final documentation. Sections and 6 present the results
and conclusions. The results are also given in Appendix C where the
details of each elicitation, rationale for each expert's opinion, and the
techniques used to aggregate the results are described. The conclusions
given in Section 6 relate to the value of the products of the study and the
effectiveness of the process.
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Table 1. 1

Issues Considered for the Expert Judgment Elicitation

Applicable
Issue Plants Author

1. Control Rod Drive Pump BWR Alan Kolaczkowski
Cooling Requirements (Science Applications

International Corp.)

2. Failure Probabilities for PWR Bob Bertucio
Check Valves in the Quanti- (EI Services)
fication of Interfacing LOCA

3. Emergency Core Cooling Sys- All Tim Wheeler
tems Failure Due to Venting (SNL)
or Containment Failure

4. Reactor Coolant Pump Seal PWR Bob Bertucio
LOCA (EI Services)

5. Innovative Recovery Actions All Arthur Payne
for Long-Term Sequences (SNL)
Involving Loss of Containment
Heat Removal

6. Zion Component Cooling Water Zion Steve nwin
System Pipe Rupture Frequency (Brookhaven National

Laboratory)

7. Electrical Power Cross-tie Grand Mary Drouin
Gulf (SAIC)

8. High Pressure Core Spray LaSalle Arthur Payne

Seal/Bearing Failure at High (SNL)
Temperature

9. Frequency of Refueling Water Zion Steve Unwin
Storage Tank Refill and (BNL)
Spray Injection

10. Use of High Pressure Service Peach Alan Kolaczkowski
Water Spray in the Drywell Bottom (SAIC)

1-4



2. EXPERT CREDENTIALS

The objective for selecting the panel members was to obtain experts
familiar with the technical issues, and with broad experience to evaluate
more than one issue. The selection of experts should ensure that a wide
diversity of expertise is admitted, which encourages alternative points of
view. The selection of experts should preclude stakeholders in the find-
ings of NUREG-1150 from participating as members of the expert panel. This
led to several criteria in selecting the experts:

1. Experts should have demonstrated experience by publications, hands-
on experience, and consulting or managing research in the areas
related to the issues.

2. Each expert should be versatile enough to be able to address
several issues and have extensive PRA experience to consider how
these issues would be used in a PRA.

3. Experts should represent a wide variety of experience as is
obtained in universities, consulting firms, laboratories, nuclear
utilities, or government agencies.

4. The experts should represent as wide a perspective of the issues as
possible.

5. The experts should be willing to be elicited under the methodology
to be used.

It was impossible to satisfy each criterion entirely for every expert/issue
combination. Nevertheless, we were pleased with the high quality and
objectivity of the experts. A list of experts is given below:

Barbara Bell Battelle Columbus Division, Battelle Pacific
Northwest Laboratory (BPNL)

Dennis Bley Pickard, Lowe Carrick, Inc. PG)
Gary Boyd Safety and Reliability Optimization Services,

(SAROS) Inc.
Robert Budnitz Future Resources Associates, Inc. (FRA)
Larry Bustard SNL
Karl Fleming PLG
Mike Hitchler Westinghouse Electric Company (WEC)
Jerry Jackson NRC
Joseph Murphy NRC
Gareth Parry NUS Corporation
David Rhodes Atomic Energy of Canada, Limited (AECL)
David Worledge* Electric Power Research Institute (EPRI)

Resumes for each expert are given in Appendix D.

*Withdrew; did not attend any meetings.
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It is evident that this list represents a broad list of affiliations.
Additionally, representatives were invited from a number of utility and
industry groups. Several other people from Sandia and its contractors
served as observers. These individuals were permitted to enter into the
discussions and to make presentations on any issue of special interest to
them. The people invited were:

Meetings Attended

Training/Issue
Presentation Elicitations

Bharat Agrawal, NRC x
Christopher Amos, SAIC x
Elaine Bergeron, SNL x x
Ron Berryman, Virginia Electric Power

Co. (VEPCO) (Surry)
Roger Breeding, SNL x
George Crane, Commonwealth Edison

Co. (CECO) (LaSalle) x x
Ward Edwards, University of

Southern California x
Julie Gregory, SNL x

Fred Harper, SNL x X
Kenneth Hughey, System Energy Resources,

Inc. (SERI) (Grand Gulf) x x
Ronald Iman, SNL x x
George Klopp, CECO (Zion) x x
Gregory Krueger, Philadelphia Electric

Co. (PECO) (Peach Bottom) x
Robert Olson, Tennessee Valley Authority

(TVA) (Sequoyah) x x
Nestor Ortiz, SNL x x
Bill Sullivan, Geneial Electric (GE) x x
James Kolanowski, CECO (LaSalle) x x

The meetings were open and were well attended. The reason for listing
these participants is to demonstrate our desire for input from interested
organizations and to show the diversity of opinion that was presented to
the experts.
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3. METHODOLOGY

3.1 Introduction

The methodology used in the expert judgment process for NUREG-1150 was
designed to obtain subjective estimates of unknown physical quantities and
frequencies in a manner that best utilizes the available expertise and
accurately reflects the collective uncertainty about these values. Several
principles guided the development of the methods:

1. The assessments should be limited to issues where alternative
sources of information such as experimental or observational data,
or validated computer models are not available.

2. The issues analyzed using expert judgment should have the poten-
tial to make a significant impact on the estimates of risk and

uncertainty in risk.

3. The decomposition of complex issues into simpler assessments is
made in order to improve the quality of the resulting information.

4. Issues should be presented to the experts in an unambiguous manner
without the potential for preconditioning or biasing responses.

5. Experts should be trained in the practice of expressing knowledge
and beliefs as probability distributions.

6. Discussion of issues and alternative beliefs should take place in
structured and controlled meetings that encourage the exploration
of alternative beliefs while inhibiting pressure to conform.

7. Elicitation of expert opinion should be accomplished using tech-
niques and instruments that reflect the state of the art in sub-
jective probability assessment.

8. The aggregation of judgments from various experts should preserve
the uncertainty that exists among alternative points of view.
Equal weight should be assigned to the assessment for each expert
to represent the uncertainty completely.

3.2 Steps

The principles identified above, the criticism of the previous NUREG-1150
expert judgment efforts, and the findings of precursor studies employing
expert judgment2,3 provided guidance for the design of the NUREG-1150
expert judgment elicitation process. The process evolved into ten steps:

1. Selection of issues;
2. Selection of experts;
3. Elicitation training;
4. Presentation and review of issues;
5. Preparation of expert analyses by panel members;
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6. Discussion of analyses;
7. Elicitation;
8. Recomposition and aggregation;
9. Review by the panel of experts;

10. Documentation.

The methodology was implemented in a three-meeting format, with much addi-
tional work being accomplished between meetings. Steps and 2 were accom-
plished before the first meeting of the expert panel. Step 3 elicitation
training, took place in the first meeting which lasted one-half day. The
presentation and review of issues, Step 4 was done during the second meet-
ing which, in order to reduce travel costs, took place immediately after
the first meeting. Step was accomplished between the second and third
meetings. Discussion and elicitation, Steps 6 and 7 were discussed in the
third meeting, which took place seven weeks after the first and second
meetings. The final steps, 8 9 and 10, were accomplished after the third
meeting.

3.3 Selection of Issues

The initial selection of issues for inclusion in the expert judgment
process was made by the plant team leaders for the front-end analyses and
the project management staff. Input was sought from other sources, pri-
marily within SNL. The expert panel participated as well by reviewing the
initial list of issues selected for elicitation and issues screened from
elicitation. The panel was allowed to recommend changes to the list of
issues selected for elicitation. Issues were included for consideration
only if:

1. The impact of the issue on risk and/or uncertainty was
significant;

2. Alternative sources of information such as experimental or obser-
vational data, or validated computer models were not available;

3. The issue was within the defined scope of NUREG-1150.

Because of resource limitations, the number of issues to be examined in the
expert elicitation process had to be limited. The experts were presented
with a tentative list of issues to be examined and another tentative list
of issues not to be examined along with a rationale for excluding these
issues. This list of non-issues (Appendix A) was presented to the expert
panel as an additional screening step. The panel members were given the
opportunity to discuss if a non-issue should be included in the expert
judgment process.

3.4 Selection of Experts

Experts were chosen to ensure a balance of viewpoints. To this end,
experts from industry groups, engineering and consulting firms, the Federal
Government, and the national laboratories were included in the panel. A
review of their credentials has been presented in Section 2 and Appendix D
of this report.
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3.5 Elicitation Traininy-

Training in probability assessment was the first scheduled activity for the
expert panel. The purpose of this training was to help the experts become
better able to encode their knowledge and beliefs into a form that could be
incorporated into PRA models. Training included informing the experts
about the methods that would be used to process and propagate their sub-
jective beliefs, introduction to the assessment tools and practice with
these tools, calibration training using almanac questions, and an introduc-
tion to the psychological aspects of probability elicitation.

The training required one-half day. During the training sessions, the
experts, and other participants, were told of the underlying goals of the
NUREG-1150 expert judgment process and the methods used to reach those
goals.

The panel of experts was introduced to some of the problems that arise in
probability assessment. These problems include the tendency to be over-
confident in the accuracy of one's beliefs, the tendency to give too much
credit to values that appear to be objective or are supplied by external
sources, and problems that arise when working with rare events and extreme
probabilities.3

Experts were introduced to a variety of different types of elicitation
questions including discrete and continuous random variables. Demonstra-
tions of fixed quantile and fixed value methods were made. The f ixed
quantile method involves assessing values of the variable in question at
given cumulative probabilities, while in the fixed value method, the values
of the variable are fixed and the probabilities of intervals are assessed.
In the elicitation sessions, both methods are used, often in conjunction
with, and as consistency checks of, each other.

As part of the training, the experts were asked to make probability assess-
ments. The experts were also asked to participate in a probability train-
ing exercise in which they were required to encode their beliefs about a
number of different quantities. The exercise was to be done in the evening
by the experts. Feedback on the goodness of their assessed distributions
was provided the next morning. The objective of the exercise was to pro-
vide the expert panel members hands-on experience with the problems that
arise in stating beliefs as probability distributions.

A large segment of the training session was devoted to the discussion of
decomposition methods and examples. Whenever possible, the examples used
were taken from the area of nuclear power generation safety. The examples
used in the training session included containment failure pressure, mode of
failure, and size of failure issues, high pressure cooling system failure
due to suppression pool temperature rise, emergency core cooling system
(ECCS) failure because of extreme environments in the reactor building, and
oxidation of the zirconium cladding during core melt. Using examples from
the experts' field of knowledge was thought to have improved the quality of
the training as well as enhanced the interest of the participants.
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3.6 Presentation of Issues

During the second part of the second meeting, plant analysts presented the
issues to the expert panel. The purposes of the presentations were to
ensure that there was a common understanding of the issue being addressed;
ensure that the experts would be responding to the same elicitation
question; permit unimportant issues to be excluded and important issues to
be included; allow modification or decomposition of the issue; and provide
a forum for the discussion of alternative data sources, models, and forms
of analysis.

Each presentation included a suggested decomposition of the problem.
Problem decomposition has been used in the NUREG-1150 expert judgment
process as a mechanism to improve the quality of the subjective assess-
ments. Problem decomposition improves the quality of assessments by
structuring the analysis so that the expert is required to make a series of
simpler assessments rather than one complex assessment. Experimental
studieS4,5 have shown that decomposition often improves the accuracy of
assessments. Improvement occurs because the experts are responding to
questions that are less difficult to answer. The experts must state their
reasoning explicitly by being more introspective about their assumptions of
the analysis and thus consider alternatives that they might otherwise
ignore. Some improvement may be due to cancellation of errors which occurs
when errors of underestimation are offset by comparable errors of over-
estimation. Decomposition also provides a form of self documentation since
the expert's thought process is made explicit in the decomposition.

Plant analysts usually presented the suggested decompositions without the
suggested probabilities or distributions to avoid preconditioning or bias-
ing the experts. These suggested decompositions are given in Appendix B.
For many of the issues, the proposed decomposition brought about lively
discussions that illuminated the alternative approaches to analyzing the
issue. The plant analyst also presented data sources, models, and reports
that were relevant to the issue, and provided references to other sources
of information.

Capturing uncertainty in the experts' opinions requires that the various
experts be permitted to follow alternative analyses. Since the process was
designed to take advantage of the diversity of approaches, experts were
encouraged to seek their own decompositions or to modify decompositions
that were suggested by the analysts. Criticism of the decompositions was
encouraged and the experts were assisted in producing decompositions that
better matched their interpretations of the issues.

3.7 Preparation and Discussion of Analyses

Approximately two months were allowed between the initial presentations of
the issues and the elicitation sessions. During this period, the experts
studied the issues. Some experts chose to alter the proposed decomposi-
tions or create new decompositions and made preliminary evaluations of the
subjective probabilities represented in their decompositions of the issues.
The elicitation meeting provided a forum for discussion of alternative
views of the issue. Presentations from both the panel members and invited
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observers of the meetings were encouraged. These sessions generated a
substantial amount of discussion and interchange of information which often
led the experts to make revisions of their prepared analyses. In some
instances, the panel members prepared documentation that amounted to brief
reports. It became apparent in the elicitation sessions that this inter-
change was an important source of information for the experts.

3.8 Elicitation

The discussion of each issue was followed by elicitation meetings between
the experts and a team composed of one normative analyst and one substan-
tive analyst. A normative analyst is one who is expert in the f ield of
probability assessment and decision analysis. A substantive expert is one
who is knowledgeable of the problem domain in which the issue resides.
Documentation of the experts' assumptions and reasoning was produced during
the elicitation meetings. Normally, each meeting consisted of three
participants (one panel member, a normative expert, and a substantive
expert) and lasted about two hours. However, in a few cases where there
were more experts to be elicited than available normative experts, two
experts were elicited in a single session.

The elicitation sessions served several purposes. The first was to obtain
from the experts the decomposition and assessments of the problems. The
experts were required to explain their thinking to the assessment team of
one normative and one substantive expert. During the discussion of the
elicitation process, the expert being elicited was questioned about stated
beliefs and asked to reflect on, and explain the reasoning behind, the
values that he or she had provided. In many cases, the resulting decompo-
sitions and probability distributions differed somewhat from the initial
assessments.

The role of the normative experts was to assist the expert in codifying the
experts' beliefs and to ensure that the assessment was complete and con-
sistent in a probabilistic sense so that the assessments could be
recomposed at a later time. Normative experts have the ability to draw
from the experts the important details being elicited. Their talent for
becoming involved in the technical aspects of issues which are not their
basic area of expertise is a crucial factor in facilitating the experts'
abilities to develop logically consistent assessments. Such individuals
are necessary in any expert judgment elicitation process.

The role of the substantive expert was to assist the expert by answering
questions related to the issue and to ensure that technical reasoning was
complete and to the point. He also served as a technical advisor to the
normative expert to assist him in questioning the expert in a direction
consistent with the technical needs and constraints of the plant analysis
teams.

Much of the documentation of the experts' assumptions and reasoning was
completed during the assessment meetings. However, some follow-up work was
necessary after the elicitation sessions to fill in voids in the logic
provided by the experts, or to obtain values that were incomplete.
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Documentation of the elicitations is provided in Appendix C of this report.
Note that while the experts participating for each issue are identified,
the individual assessments are kept anonymous, and the experts are identi-
f ied as Experts A, B, C, etc. Examples of the forms used to document the
decompositions, to document the distributions and probabilities, and to
document the rationale employed by the experts are included as Appendix E.

3.9 RecoMRosition and Aggregation of Results

Normative and substantive analysts recomposed the subjective probability
distributions for each expert by using decision analysis methods imple-
mented through computer programs. While each expert may have employed a
unique decomposition, the end result for each expert must be a probability
distribution for the quantity that is in question for that particular
issue. Because of the unique nature of each expert's decompositions,
recomposing most issues required each expert to be treated individually.

The tools employed in recomposing the assessments varied from issue to
issue. In most issues, however, there were three levels of action
required. The first level was the modification of assessed values to
obtain cumulative distribution functions for any continuous quantities.
Discrete distributions and "split fractions" were almost always in a usable
form. Continuous distributions were often assessed by obtaining certain
quantiles such as the lst, 10th, 50th 90th, and 99th percentiles.
Interpolation to obtain the cumulative distribution function was
accomplished in a linear fashion. Extrapolation to values below and above
the extreme assessed quantiles, below the lst percentile and above the
99th percentile for example, was accomplished using methods that were
appropriate to each of the specific issues under study. These methods are
detailed in Appendix C of this report. The assessed distributions for
Issue 3 "ECCS Failure Due to Venting or Containment Failure," in
particular, required extensive processing. The documentation in Appendix C
explains this process in some detail.

The second level of action was the recomposition of each expert's indi-
vidual assessments to obtain a recomposed distribution for the specific
issue in question. The recomposition was accomplished using various tools.
Where continuous quantities were involved, or in discrete cases where many
values were required or many scenarios needed to be evaluated, FORTRAN
programs were written to do the assembly. In simpler cases, such as in
Issue 8, "HPCS Seal/Bearing Failure at LaSalle," it was possible to do the
assembly using a spreadsheet program.

The final level of action is te aggregation of the several experts' judg-
ments to obtain the aggregated distribution. All aggregation was done
using the principle of simple averaging of probabilities. Thus, when three
experts provided information for three cumulative distribution functions
F(x), Gx), and H(x), respectively, the resulting recombined distribution
function would be [F(x)+G(x)+H(x)]/3. Note that this process amounts to
averaging the probabilities at a fixed value of x, rather than averaging
the values of x at a fixed probability level such as 0.5. For those issues

3-6



that were recomposed using Monte Carlo methods, the aggregation was accom-
plished by combining equal numbers of simulated values from each expert's
recomposed distribution. These values were then placed in ascending order
and the resulting empirical distribution function was used as an estimate
of the aggregated distribution function. Both of these aggregation
processes (single averaging and Monte Carlo) keep the full range of
possible values of the variable as expressed by different experts.

3.10 Review

Following the recomposition of the assessments and the modification of the
documentation accompanying each assessment, the written analyses of each
issue were returned to each panel expert, normative expert, and substantive
expert associated with the issue for review. This review process ensured
that potential misunderstandings were identified and resolved and that the
documentation, which is given in Appendix C of this report, correctly
reflects the judgment of the experts involved.

3.11 Documentation

Clear, comprehensive documentation is crucial for ensuring that the expert
opinion process is accepted as credible. There must be no question as to
the openness and impartiality of the process. Users and reviewers of the
results must be able to trace the development of aggregated assessments
from the information presented to the experts, to the rationale which
motivates each expert to generate his particular assessments, and through
the process of aggregating the individual assessments into a final result,
including any manipulation of the assessments needed for aggregation. To
this end, the issue discussions were recorded on video cassette. This
provides evidence of the exact conversations and presentations made before
the panel. Written notes were taken by both the normative and substantive
experts. Each expert was encouraged to personally document his rationale
for his elicitation immediately at the end of the session. By far the most
important documentation is each expert's in-depth discussion of his
reasoning for his assessments. The discussion should contain the technical
foundation of information (experience, issue presentation, existing data or
analyses) from which the rationale for the assessment is derived.
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4. ELICITATION MEETINGS

The elicitation process started in the summer of 1987. The normative
training and initial issue presentations were scheduled for October 13 to
14, 1987, with the actual elicitation conducted on December 1 to 4 1987.
Before the first meeting, draft descriptions of the issues were distributed
to the experts and the industry representatives. The final descriptions
are given in Appendix B.

The objective was to review the issue descriptions and improve the descrip-
tions. At the first meeting, the expert judgment elicitation methodology,
the issues to be elicited, and the tasks to be performed by the experts
between the first meeting and the actual elicitation were presented. The
methodology is described in Section 3 and the issues in Appendix B.

During the October meetings, discussions involved all participants with
much useful exchange of technical information related to each issue. The
second meeting was much more structured, but the experts were free to
discuss the issues at whatever level of detail they desired. The procedure
was to spend several hours discussing an issue with presentations from the
author of the issue description, the experts to be elicited on the issue,
and any other participants desiring to submit pertinent information. The
entire discussion was videotaped for possible later use.

After the discussion period, the experts went to a separate room to be
elicited. These sessions were audiotaped and extensive notes taken to be
reconstituted into the elicitation description given in Appendix C.
Standard forms were provided to simplify the process, to ensure that the
proper information was obtained, and to help achieve a degree of con-
sistency. These forms are given in Appendix E.

The issues were addressed one by one with the elicitation following
directly after the discussion. The original order was changed a number of
times to accommodate the experts and to use the available time efficiently.
In a few cases an expert not originally assigned the particular issue
expressed a desire to be elicited on that issue, and thus was added to a
list. In those cases the expert came prepared and had extensive background
in the issue, as did those selected to be the primary experts. Issue 7 was
not discussed; the remaining nine issues are given below:

1. Control Rod Drive Pump Cooling Requirements (CRD);

2. Failure Probabilities for Check Valves in the Quantification of
Interfacing LOCA (V);

3. Emergency Core Cooling Systems Failure Due to Venting or Contain-
ment Failure (VENT);

4. Reactor Coolant Pump Seal LOCA (SEAL);

5. Innovative Recovery Actions for Long-Term Sequences Involving Loss-
of-Containment Heat Removal (RA);
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6. Zion Component Cooling Water System Pipe Rupture Frequency (PIPE);

8. High Pressure Core Spray Seal/Bearing Failure at High Temperature
(HPCS);

9. The Frequency of Reactor Water Storage Tank Refill and Spray Injec-
tion at Zion (RWST);

10. Use of High Pressure Service Water Spray in the Dry Well (HPSW).

The issue assignments are given in Table 41. Each official participant of
the expert judgment meeting was assigned an identification number. This
was useful not only for drawing up a record of which individuals (issue
experts, normative experts, and substantive experts) were assigned to which
elicitation sessions, but for easy documentation of elicitation notes. The
elicitation forms illustrated in Appendix E were labeled with the identify-
ing numbers of each person in attendance at a particular elicitation
session.

The three normative experts skilled in expert judgment elicitation were:

Steve Hora University of Hawaii at Hilo
Ralph Keeney University of Southern California
Detlof von Winterfeldt University of Southern California

The substantive experts were selected from the team leaders and project
personnel. These people were:

Robert Bertucio EI Services, Inc.
Team Leader for Surry & Sequoyah

Allen Camp SNL
Project Supervisor

Wallis Cramond SNL
Project Manager

Mary Drouin SAIC
Team Leader for Grand Gulf

Alan Kolaczkowski SAIC
Team Leader for Peach Bottom

Arthur Payne SNL
Team Leader for LaSalle

Steven Unwin BNL
Team Leader for Zion

Timothy Wheeler SNL

Expert Judgment/Uncertainty Analyst
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Table 4 

Issue Assignments

Substantive Experts Normative Experts Panel Experts

Session 1 2 3 1 2 3 1 2 3
Issue

1 CRD 15 8 12 18 10 11 3 4 19

2 V 2 16 7 11 10 18 4 3 9 14, 5

3 VENT 17 8 12 10 11 18 19 5 4

4 SEAL 2 16 6 10 11 18 13 3, 14 5 4

5 RA 15 17 6 11 18 10 1 9 4 3

6 PIPE 16 2 17 18 10 11 13 4 14 9

8 HPCS 15 8 12 10 18 11 5 13 3 4

9 RWST 16 7 2 11 10 18 13 1 19

10 HPSW 12 8 15 10 18 11 1 19, 14 5

1 BELL 6 CAMP 11 KEENEY 16 UNWIN

2 BERTUCIO 7 CRAMOND 12 KOLACZKOWSKI 17 WHEELER

3 BLEY 8 DROUIN 13 MURPHY 18 WINTERFELDT

4 BOYD 9 FLEMING 14 PARRY 19 WORLEDGE

5 BUDNITZ 10 HORA 15 PAYNE



For every issue the substantive expert responsible for the issue descrip-
tion was always available to answer questions. On the average each issue
required about three hours discussion and two hours for the elicitation.
This was only possible because the experts were prepared, as well as
knowledgeable on the issue.
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5. RESULTS

The results of the elicitations for each issue are summarized in this
section. Detailed descriptions of the issues can be found in Appendix ,
and detailed discussions and results of the elicitations are in Appendix C.
As noted in Chapter 3 the experts for each issue are identified as a
group, but the individual elicitations are kept anonymous.

5.1 Issue 1. Control Rod Drive PumR Cooling Requirements

Applicability: LaSalle, Peach Bottom, and Grand Gulf

Experts:
Dennis Bley, PG
Gary Boyd, SAROS, Inc.

Discussion

In loss of offsite power sequences where the high pressure coolant makeup
and the containment heat removal systems have failed, the Control Rod Drive
(CRD) pumps represent a potential alternative source of high pressure
injection. This is important because the loss of containment heat removal
will cause the containment pressure to rise. The pressure at which the
containment will fail far exceeds the set point of the Safety Relief Valves
(SRVs). The loss of containment cooling will eventually lead to high
reactor pressure, rendering the low pressure core cooling systems ineffec-
tive. Core damage would then occur before the containment would fail.
Thus, the CRD pumps represent a recovery option for this situation.

This issue addresses whether or not the CRD pumps at each plant need
external cooling for their lube oil coolers in order to run continuously

for some extended period of time. The CRD pumps [at all three boiling
water reactors (BWR) plants] can be powered from the emergency buses;
therefore, in a loss of offsite power, these pumps are available for
coolant makeup. However, the water systems that supply cooling to the lube
oil cooler may not be powered from the emergency buses. In a loss of off-
site power, these systems may be lost. Therefore, if external cooling is
required, the CRD system is not a possible recovery option in loss of off-
site power sequences.

One of the expert panel members discussed this issue with the vendor of one
of the brands of CRD pumps. He was given information from tests which
indicate that the vendor's pump requires lube oil cooling. It was felt
that the other CRD pump brands were not significantly different with
respect to cooling needs. It was concluded by the panel without elicita-
tion that the CRD pumps at all three plants require forced lube oil cooling
and that the pumps will likely fail very soon after cooling is lost.
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5.2 Issue 2 Failure Probabilities for Check Valves in the Quantification
of Interfacing LOC

Applicability: PWRs

Experts:

Dennis Bley, PLC
Gary Boyd, SAROS, Inc.
Robert Budnitz, FRA
Karl Fleming, PG
Gareth Parry, NUS Corporation

Discussion

Compromise of the pressure boundary between high and low pressure systems
is a scenario with potential for serious risk consequences. These inter-
facing system loss-of-cooling accidents (LOCAs) represent a failure to
contain the water and fuel inventory inside the primary system by introduc-
tion of a direct pathway from the reactor to the environment that bypasses
the containment. Check valves are commonly used to separate high pressure
water from low pressure piping at junctions where low pressure injection
paths are linked to high pressure injection paths.

This issue involves the quantification of the frequency of an interfacing
systems LOCA between the high pressure primary system and the low pressure
residual heat removal (RHR) system. The primary concern is the reliability
of the two check valves placed in series in the RHR discharge path into the
primary system. At issue is in what modes and how frequently the check
valves could fail to maintain a pressure barrier between the systems.

Three failure scenarios are hypothesized:

1. Random independent rupture (catastrophic leakage) of both valves.

2. Failure of one check valve to reclose upon RCS pressurization
followed by random rupture of the other valve.

3. The undetected failure of one valve during operation between test
periods followed by the rupture of the other valve. This
undetected failure can be caused by opening of the disc, or severe
deterioration of the seat. This failure is not detected because
the other valve is holding pressure. When the good valve fails,
the first valve failure becomes apparent.

Another issue involves whether or not to model common cause failures for
check valves in series. The model in the draft NUREG/CR-4550 does not
include common cause failure (CCF). The basis for postulating a CCF is
that the failure of one valve leads to the failure of the other valve
through phenomenological causes, or that both valves fail concurrently from
common causes acting on both valves.
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Elicitation

The following elicitation statements were considered by the expert panel:

1. Assess the failure probability (per year) for severe check valve
leakage, given the scenarios in question and the available data
(Appendix B).

2. Assess the degree of correlation (if any) that should be used for
rupture-rupture failure combinations and rupture-leakage failure
combinations. The degree of correlation should consider both the
tendency of one valve failure to lead to the other valve failure
through phenomenological factors, as well as correlation due to
common causes.

Each panel member developed a frequency of interfacing systems LOCA model
which incorporated his beliefs regarding the three failure scenarios and
the common cause rupture of the two check valves. The models developed for
Sequoyah were slightly different than the models for Surry. The piping

configuration at Sequoyah is such that should the low pressure side check
valve fail to close after a test or use of the RHR system, the accumulator
inventory would drain through it, setting off an alarm. This failure would
probably be detected. Thus, the failure-to-close scenario at Surry
involves the potential failure to close of either of the two check valves,
while at Sequoyah it involves the potential failure to close of only the
check valve closest to the high pressure side.

The panel members all considered the fact that no data exist for the first
failure scenario (valve rupture), but information from valve specialists
from industry and laboratories did suggest to them that the failure mode
was possible. Data exist regarding the failure of check valves to reclose,
but several experts expressed concern that poor detection of this failure
mode places significant uncertainty on any analysis of this data. Several
experts also expressed the belief that common cause failure probabilities
for check valves are reasonable features to incorporate in the accident
models since common cause failures for many other mechanical devices are
modeled.

The models for each panel member resulted in a distribution for the inter-
facing systems LOCA frequency at Surry and Sequoyah. The individual dis-
tributions were averaged to clculate aggregated distributions. Detailed
descriptions of the issue and the individual panel members, models are in
Appendices and C.

The results are summarized below.
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Interfacing Systems LOCA Frequency (yr-1) Per RHR-RCS Pathway

Quantile Surry Seguoyah

.05th 1.3E-11 1.2E-11

.50th 1.6E-8 9.5E-9

.95th 1.7E-6 1.2E-6

Mean 3.8E-7 2.7E-7

The panel members developed models for a single RHR-RCS interface. The
resulting frequency estimates must be multiplied by the number of such
systems interfaces to calculate the total plant-specific interfacing
systems LOCA frequency.

5.3 Issue 3 Emergency Core Cooling Systems Failure Due to Venting or
Containment Failure

Applicability: BWRs

Experts:

Gary Boyd, SAROS, Inc.
Robert Budnitz, FRA
Larry Bustard, SNL
Joseph Murphy, NRC

Discussion

Many accident scenarios in PRA of BWRs involve the possibility of failure
of containment heat removal. As heat is transferred from the reactor to
the containment, the pressure of the atmosphere in the containment building
will rise. Many accident sequences predict that the containment pressure
would rise to a point at which the integrity of the containment would fail.
Additionally, many sequences consider the possibility that the operator
will intentionally vent the containment to relieve pressure. Both situa-

tions, failure and venting of the containment, pose potential problems for
the equipment in the reactor building. Containment failure or venting
could cause crucial regions of the reactor building to become inundated
with steam. Many mechanical and electrical components would be subjected
to temperature and moisture environments far worse than those for which
they are designed. PRAs traditionally assume nominal failure rates for
equipment operating at or below its qualification limit and assume 100%
failure for equipment operating above the qualification limit. The first
assumption can be nonconservative near the qualification limit, while the
second assumption is clearly conservative. In order to produce a more
realistic treatment, component reliability in other than normal temperature
and moisture environments must be assessed.

The analysis of core cooling failure due to an extreme environment in the
reactor building caused by venting or containment failure considered the
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survivability of individual components subjected to a hostile environment.
The important variables considered were temperature and steam concentra-
tion. Pressure was not considered an important variable since the pressure
in the reactor building can only exceed atmospheric pressure by a small
margin in most of the cases considered. Reactor buildings are designed
with blowout panels between rooms to prevent pressure rises in individual
rooms.

The assessments for this issue provide probability distributions for the
failure rate of each of several types of components assessed under each of
several different reactor building environments. The plant analyst will
construct a simple fault tree for the system based on the components sub-
jected to the severe environment and quantify the tree using the expert
elicitation results. Complexity arises, however, because of the large
number of equipment and conditions that must be considered.

Elicitation

In the original elicitation statement there are five failure modes for
three groupings of components. These are:

• Electric Motors - Fail to Start, Fail to Run
• Switching Elements - Fail to Operate, Spurious Operation
• Electrical Terminals - Short.

For each failure mode, assessments were requested under two different sets
of reactor building environments (225'F and 80% steam, and 350'F and 100%
steam). Further, separate assessments were requested for unsealed and
sealed components and for exposure times of hour and 10 hours. The
initial elicitation statement requested 52 probability distributions from
each expert.

Faced with the task of assessing such a large number of distributions, the
experts sought ways of simplifying the process. First, each of the experts
provided only three points on each distribution. Typically these three
points correspond to the median and two percentiles of the distribution
such as the 5th and 95th percentiles. Most experts provided distributions
for a wider variety of temperatures than had been requested in the elicita-
tion statement. Second, three of the experts grouped failure modes (and
the implied equipment types). Third, two of the experts gave distributions
conditional on temperatures that represent the deviation of the environ-
mental temperature from the qualification temperature of the equipment.
These assessments provided the general model from which full distributions
were constructed.

It was determined that the most useful form of expressing the experts'
judgments would be as probability distributions for the failure rate for
each failure mode. Probability distributions were developed for a variety
of deviations of the environmental temperature from the equipment qualifi-
cation temperature. The temperatures selected were 200'F to 400'F in
increments of 25'F. For example, this temperature range will generate
deviations from a qualification temperature of 310'F of -110OF to +900F.
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All experts felt that component reliability would degrade as a function of
temperature and that a component's qualification temperature represented a
point above which very poor reliability is expected. Important factors
considered were steam condensation on electrical wiring and components, as
well as whether or not a component is sealed against moist air.

The aggregation of the elicitations yielded 13 different component failure
mode distributions. These results are shown in Figures C.3-8 through C.3-
20 of Appendix C.

5.4 Issue 4 Reactor Coolant Pump Seal LOCA

Applicability: Westinghouse PWRs

Experts:

Michael Hitchler, WEC
Jerry Jackson, NRC
David Rhodes, AECL

Discussion

The performance of pumps seals during off-normal conditions such as loss of
seal cooling is a concern for PWRs. However, only Westinghouse PWRs are
being analyzed for NUREG-1150, so this issue is restricted to the Westing-
house reactor coolant pump design.

One of the secondary effects of a station blackout situation for Westing-
house plants is the possibility of a LOCA created by failure of the reactor
coolant pump (RCP) seals to maintain a restricted flow between the primary
system and the containment. Westinghouse RCP seals are designed to use
mechanical components, in the form of rings and plates, and elastomer
gaskets in the form of o-rings and channel seals to restrict leakage from
the RCPs. Normal operation of a pump allows for small amounts of leakage
of primary water through the pump shaft seals 3 gpm). Furthermore,
cooling water maintains the temperature of the seal components well below
that of the primary systems. In the event of station blackout, the cooling
water to the seals would be lost. The geometry of the seal faces is
expected to change slightly, resulting in a restricted flow rate of 21 gpm.
There is concern that the shaft seals could fail to restrict flow without
cooling, possibly leading to significant leakage of up to a maximum of 480
gpm for each pump.

This issue involves the probability of failure of the Westinghouse RCP
shaft seals and corresponding leak rates under station blackout conditions.
The RCP design is illustrated in Figure B.4-1 in Appendix B. The seal
design employs three stages involving movable seal rings and elastomer
o-rings about the pump shaft.

At issue is the leak rate in gallons per minute as a function of time, due
to seal failure caused by loss of cooling to the pump shaft, which is
expected during station blackout. The hypothesized failure modes involve
loss of the seal ring geometry and degradation of the elastomer material of
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the o-rings. The size of a resultant leak rate is dependent on the combi-
nation of seal ring failures and o-ring failures in the various seal
stages.

Elicitation

The RCP seal LOCA model was actually elicited from a special expert panel
which convened at a later date than the main expert panel. This issue was
presented to the main panel but, after prolonged deliberation, the panel
felt that their collective expertise was not adequate for the specific
technical knowledge required for this issue. As a consequence, this issue
was put before a panel convened in Washington, DC. These experts were
especially familiar with the design of these pump seals and knowledgeable
of operating and experimental experience regarding the seals. It should be
noted that much of the information on Westinghouse RCP seal performance is
considered proprietary by WEC. This added to the difficulty for the main
panel to analyze the issue. The special panel was composed of three
experts who all had access to the proprietary information, although only
one was employed by Westinghouse. The cooperation of Westinghouse was
extremely valuable in resolving this issue.

This issue was treated somewhat differently from the others. Instead of
presenting the experts with a suggested decomposition of the problem, the
first order of business was for the experts to develop a consensus struc-
ture within which to analyze the issue. The result was a single RCP logic
tree which, by consensus of the panel, describes the possible failure com-
binations of seal rings and o-rings and the resultant leak rates. This
logic tree is shown in Figure 54-1. The 21-gpm leak per pump is consid-
ered to be a successful restriction of flow. Even though normal operation
allows for a 3-gpm leak per pump loss of cooling would lead to a change in
the seal geometry resulting in the 21-gpm leak.

The experts then gave assessments for the failure probabilities for the
four events of the logic tree. Assessments were made for two different
o-ring elastomers. The old o-ring material, which is currently in use at
Surry and Sequoyah, has exhibited significant degradation in some experi-
ments. The new o-ring elastomer has been shown to be much less susceptible
to degradation when subjected to similar experimental conditions. In addi-
tion to the type of o-ring material in the RCP seals, this issue was con-
sidered for two different scenarios for the primary system status, with and
without primary system cooldown (depressurization) within four hours after
the onset of loss of RCP cooling. Successful depressurization will subject
the pump seals to cooler, less harsh conditions.

Once the experts had developed assessments to describe how a single RCP
seal assembly might fail and developed failure rates for the various
components, the relationship of seal component failures between pumps was
assessed. Westinghouse PWRs have up to four steam generator loops, with an
RCP for each loop. The probability of a total leak rate from all of the
pump seals is the ultimate resolution of this issue,
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Figure 54-1. Reactor Coolant Pump Seal LOCA Decomposition.
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The question considered by the panel was:

If one RCP seal assembly fails by a specific combination of faults of
the seal rings and o-rings, will any or all of the other RCP seal
assemblies experience a similar failure?

This issue addresses whether or not the heat and pressure stresses
experienced simultaneously by all of the shaft seals induce a common cause
failure of the seal rings and o-rings.

The experts developed very different assessments for correlating component
failures between pumps. They reached a consensus on this point: if two
similar components in two pumps failed (e.g., first stage seal rings in two
different pumps) then the same component could be assumed to fail in all
other pumps. This assumption simplified the problem of calculating total
RCP seal leak rate probabilities for determining the possible failure
combinations for a two-pump model for each expert.

The logic tree of Figure 54-1 was expanded for each expert to model the
relationship of failures between several pumps. Each expert's tree was
quantified using his assessed component failure rates and correlation of
components between pumps. The trees were quantified for various points in
time after the loss of seal cooling. This is because the experts assessed
that o-ring failure probability would increase with time. The results for
each expert were averaged to calculate aggregated leak rates and their
probabilities. The calculations were done for the following three cases:

1. Old o-ring material--with primary cooldown
2. Old o-ring material--without primary cooldown
3. New o-ring material--without primary cooldown.

The seal LOCA models were not quantified for the case with the new o-ring
material without primary system cooldown because the experts' models are
only weakly dependent on whether or not cooldown occurs--although some
differences do show up long after battery depletion would have become a
more serious problem. With the new o-ring material, the issue of face seal
stability dominates the models.

The results are shown in Table 54-1 for a three-loop Westinghouse plant
and Table 54-2 for a four-loop plant. Tables 54-1 and 54-2 show the
probability of various leak rates at different points in time after loss of
cooling to the seals. The leak rates on these tables are different than
the leak rates shown on Figure 54-1 as Tables 54-1 and 54-2 show results
for multiple pump systems three- and four-loop primary systems). Figure
5.4-1 shows possible leak rates for a single pump.
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Table 54-1

Aggregated RCP Seal LOCA Probabilities for a Westinghouse Three Loop Plant

Old -Rings New -Rings
Leak Rate Time Time

(Rpm) (h) (h)

1.5 2.5 3.5 4.5 5.5 1.5 3.6 3.5 4.5 5.5

63 .306 .290 .274 .274(.258)1 .274(.241) .817 .816 .814 .812 .811

103 - - - 7.7E-3 7.7E-3 7.7E-3 7.7E-3 7.7E-3

183/2242 .148 .037 .050 .048(.064) .047(.079) .014 .014 .016 .017 .019

294 - - - 1.9E-3 1.9E-3 1.9E-3 1.9E-3 1.9E-3

372 8.5E-3 5.OE-3 4.5E-3 3.7E-3 3.3E-3 4.5E-4 5.OE-3 5.3E-3 5.7E-3 6.OE-3

516/526/546 3.5E-4 3.4E-4 3.2E-4 3.2E-4 3.2E-4 .145 .145 .145 .145 .145

602/614 .001 0 0 0 0 4.7E-4 4.7E-4 4.7E-4 4.7E-4 4.7E-4

C)
750 .530 .660 .660 .660 .660 7.7E-3 7.7E-3 7.7E-3 7.7E-3 7.7E-3

1440 4.3E-3 4.3E-3 4.3E-3 4.3E-3 4.3E-3 5.OE-3 5.OE-3 5.OE-3 5.OE-3 5.OE-3

IParentheses denote calculations which change if no depressurization is assumed. All other probabilities are for

depressurized conditions.

2Similar leak rates have been lumped together.

These values are the probabilities of being at a particular leak rate at a particular time.



Table 54-2

Aggregated RCP Seal LOCA Probabilities for a Westinghouse Four Loop Plant

Old -Rings Now -Rings
Leak Rate Time Time

(gm) (h) (h)

1.5 1 2.5 3.5 4.5 5.5 1.5 1 3.6 3.5 4.5 5.5

84 .302 .286 .271 .271(.255) .271(.239)1 .810 .809 .809 .807 .805

244/2452 .148 .036 .053 .051(.067) .049(.081) .014 .016 .017 .0198 .020

313 - - - .010 .010 .010 .010 .010

433 .011 .012 .028 9.9E-3 9.3E-3 6.OE-4 6.OE-4 6.OE-4 6.0E-4 6.OE-4

480 1.3E-3 1.3E-3 1.3E-3 1.3E-3 1.3E-3

543 - 2.6E-3 2.6E-3 2.6E-3 2.6E-3 2.6E-3

688/698/728 1.2E-3 1.2E-3 1AE-3 1.1E-3 .146 .146 .146 .146 .146 .146

796 - - - - - 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3

1000/1026 .530 .659 .659 .665 .666 8.3E-3 8.3E-3 8.3E-3 8.3E-3 8.3E-3

1230 1.6E-6 1.6E-3 1.6E-3 1.6E-3 1.6E-3

1920 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3

1 Parentheses denote calculations which change if no depressurization is assumed. All other probabilities are for
depressurized conditions.

2Similar leak rates have been lumped together.

These values are the probabilities of being at a particular leak rate at a particular time.



5.5 Issue 5. Innovative Recovery Actions for Long-Term Sequences
Involving Loss of Containment Heat Removal

Experts:

Barbara Bell, Battelle Columbus Division, BPNL
Dennis Bley, PG
Gary Boyd, SAROS, Inc.
Karl Fleming, PG

Discussion

In many PRA accident sequence models, it is predicted that core damage or
containment failure would occur only after a very long period of time, as
much as several days in some cases. The timing of these accident scenarios
suggest that the classical PRA approach for analyzing restoration of sys-
tems or their functions may be too limiting for long-term sequences. PRA
traditionally focuses recovery on procedure-based actions by either the
control room operators or other onsite personnel. However, interactions
with utility personnel and evidence from actual significant industrial
disasters suggest that with sufficient time, extraordinary actions involv-
ing offsite personnel and facilities are possible. Some of the possible
recovery actions reflect a comprehensive awareness of certain utilities to
plan for such offsite contingencies, while others represent truly innova-
tive concepts generated by the immediate circumstances of an accident.

Elicitation

The issue description presented in Appendix suggested to the expert panel
that three questions be considered for the list of equipment failure modes
given in Table 5.5-1:

1. What percent of failures for a particular failure mode requires
destructive repair (compromises a primary boundary or requires that
the equipment be torn apart)?

2. What is the probability of repairing the component failure mode
versus time?

3. What is the probability of performing an alternative recovery
action versus time?

The last question deals directly with the issue of innovative recovery
actions. Are there non-procedural actions that could be feasibly executed?
Have procedures been developed for any unique recovery actions?

The members of the expert panel chose, in general, not to use the suggested
decomposition. Further, the panel felt that this issue was too general and
vague to permit a generalized elicitation which could then be aggregated
into a generic set of distributions for the component failure modes of
Table 5.5-1. The panel felt that recovery issues, especially unique or
extraordinary actions, were highly dependent on plant specific features
such as location, climate, training of staff, and plant design and layout.
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Table 5.5-1

Equipment List

Component Fault Type Failure Mode

Motor-Operated Valve Local Fault Fails to open
(MOV) Fails to close

Control Circuit Fails to operate
(valve inaccessible) Spurious operation
Common Cause Fails to operate
Maintenance

Air-Operated Valve Local Fault Fails to open
(AOV) Fails to close

Control Circuit Fails to operate
(valve inaccessible) Spurious operation

Check Valve Local Fault Fails to open

Manual Valve Local Fault Fails to open

Pumps Local Fault Fails to start
Fails to run

Control Circuit Fails to start
Fails to run

Common Cause Fails to start
Maintenance

Breakers Local Fault Fails to open
Fails to close
Spurious Operation

Control Circuit Fails to operate
Spurious operation

Maintenance

Diesel Generators Local Fault Fails to start
(DGs) Fails to run

Maintenance
Common Cause Fails to start
Control Circuit Fails to start

Fails to run

Fans Local Fault Fails to start and run
Maintenance

Motor Control Center Local Fault Fails to supply power
(MCC) Maintenance
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Table 5.5-1 (Continued)

Equipment List

Component Fault Type Failure Mode

Relays Local Fault

Strainer/Filter Local Fault Plug

Heat Exchanger Local Fault Plug

The panel members chose to present their elicitations in a very diverse
format. Each member presented his/her ideas on innovative recovery as a
loose set of guidelines as to how to approach the problem. Where distribu-
tions were elicited, experts were cautioned to use them only as guides.
Direct application of these distributions to a specific plant analysis
would be incorrect. Plant-specific considerations should be investigated
within the context of the guideline rules and distributions elicited from
the panel.

Guidelines for using the distributions in Appendix C were:

1. The "accident manager" must have decided exactly what should be
done and has issued specific instructions;

2. Personnel required for onsite actions must be readily available;

3. No competing tasks are given to personnel;

4. Offsite facilities and equipment can be considered only if their
locations and status have been previously established.

5. Detrimental actions and stress effects on performance need to be
considered.

The individual elicitations and distributions are discussed in detail in
Appendix C.

5.6 ssue 6 Zion Component Cooling Water System Pipe Rupture Frequency

Applicability: Zion

Experts:

Karl Fleming, PLC
Joseph Murphy, NRC
Gareth Parry, NS Corporation

5-14



Discussion

The design of the component cooling water system (CCWS) at Zion is such
that potential exists for a pipe rupture in certain parts of the CCWS
which would fail the entire system. None of the CCWS pumps are isolated
from one another. Such an event would constitute an initiating event
that could lead to core damage. Emergency core cooling would be lost,
and the RCP seals would be without cooling as well. The result is a
potential LOCA through the seals with no capability to replace the lost
inventory.

This issue concerns the frequency with which, under normal operating
conditions, the CCWS serving the Zion units would fail due to a pipe
rupture event. It was selected as an expert elicitation issue due to the
potentially significant impact of the CCWS pipe rupture rate upon the
overall core damage frequency at Zion Unit 1. This issue was first
raised by SNL's review and evaluation of the Zion Probabilistic Safety
Study.6 No data on low pressure, cold water pipe rupture were available,
so the CCWS pipe rupture sequence was quantified in the SNL analysis
using pipe rupture frequencies associated with high pressure hot water
systems. Commonwealth Edison, owners of Zion, agree about the potential
severity of the CCWS pipe rupture scenario, but feel that the design and
construction of the pipe are of a superior nature, and that the
application of high pressure rupture frequencies to low pressure piping
is inaccurate. Details of the technical background can be found in
Appendix B.

Elicitation

The expert panel was asked to assess the Zion CCWS pipe rupture
frequency. There was no suggested decomposition or specific structure
given to the panel. Each expert developed his own model to describe the
CCWS pipe rupture. The models were very different between experts, but
the individual expert results were characterized in a similar format.

Because of the sparcity of data on CCWS pipe rupture in particular and
cold water piping in general, the experts considered data on auxiliary
building flooding and non-primary system leaks. They considered factors
such as the location of the Zion CCWS (for detection of leaks before they
propagate), quality of CCWS piping, and applicability of the data to CCWS
piping to derive rupture frequencies for the CCWS.

Each expert developed a curve to express his beliefs regarding the
uncertainty of the estimate for pipe rupture frequency; the three curves
were aggregated by taking the arithmetic average. The results are shown
in Figure 56-1 and listed below:

Aggregated Frequency
Ouantile (yr-1)

5th 8AE-8

50th 3.OE-6

Mean l.lE-4

95th 3.5E-4
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Figure 56-1. Zion CCWS Pipe Rupture Frequency.
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5.7 Issue 7 Electrical Power Cross-Tie

Applicability: Grand Gulf

Experts:

None Assigned

Discussion

This issue concerns the use of the Division 3 diesel generator [the dedi-
cated High Pressure Core Spray (HPCS) diesel generator] to power safety
equipment from either Divisions or 2 at Grand Gulf. The possibility of
cross-tying the HPCS diesel generator is only considered for station black-
out sequences where a loss of offsite power occurs followed by loss of
Divisions I and 2 diesel generators. In order to perform the cross-tie,
all loads on the HPCS diesel generator must be dropped before the cross-tie
can take place; the HPCS diesel generator is not large enough to power both
its loads and others. In such a situation, using the Division 3 diesel
generator to power equipment on either Divisions or 2 is determined by
the judgment of the operator. Procedures only exist for how and not if to
perform the alignment and not when to perform the alignment.

Originally, this was defined as an issue for expert panel elicitation. it
was not known at that time that procedures exist to cross-tie the Division
3 generator to Divisions and 2 equipment. Communications with the plant
and further investigation regarding the procedures have shown that this can
be analyzed with the standard human reliability analysis methods employed
for NUREG-1150. For this reason, Issue 7 was dropped from the expert panel
sessions.

5.8 Issue 8. High Pressure Core Spray Seal/Bearing Failure at High
Temperature

Applicability: LaSalle

Experts:

Dennis Bley, PLG
Robert Budnitz, FRA
Joseph Murphy, NRC

Discussion

The LaSalle HPCS pump seals and bearings rely on the HPCS suction source,
the suppression pool water, for cooling. In the event that removal of heat
from the suppression pool becomes inadequate, there is concern regarding
the reliability of the HPCS pump.

For certain sequences where containment heat removal water and venting have
failed or are inadequate, the suppression pool temperature would rise to
the point where the HPCS pump seals or bearings might fail in a manner
which would result in pump failure. Discussions with Commonwealth Edison,
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owners of LaSalle, indicated that testing of a similarly designed low
pressure core spray (LPCS) pump by Borg-Warner showed that the seals/
bearings worked without problems for four hours at water temperatures of
350'F. At another plant (Grand Gulf) which has an HPCS pump (manufactured
by Byron-Jackson) the bearings are designed to operate with water
temperatures of 330'F for 24 h.

At LaSalle, containment failure is expected to occur at approximately 200
psig, corresponding to a saturation temperature of 385'F. It is also
likely that the failure will occur as a "leak" and therefore containment
pressure could remain high (in the 150 to 200 psig range) for some period
of time: 6 h or more. However, there is a possibility that rupture could
occur and the different temperature effects must also be assessed.

Elicitation

The expert panel members were asked to assess the probability, as a func-
tion of time, of HPCS success given that the suppression pool temperature
is very high. The elicitation statement that was presented to the panel
asked for assessments for each of nine scenarios. Each scenario delineated
a specific timing of suppression pool temperature rise, containment failure
or venting, and subsequent cooling of the suppression pool.

All of the experts chose to evaluate the problem as the likelihood of HPCS
pump failure as a function of HPCS room temperature. They felt that the
length of time that the HPCS pump might be exposed to high temperatures was
important, so the scenarios were disregarded for the elicitation. The
experts considered pump binding due to thermal expansion of the shaft and
bearings--causing a loss of design tolerance, and loss of oil viscosity due
to temperature as probable failure mechanisms. The results for each expert
were averaged to calculate an aggregated function of failure probability
for HPCS room temperature.

HPCS Room Temperature HPCS Aggregate
(OF) Failure Probability

255 0.05

272 0.10

290 0.25

337 0.50

353 0.75

365 0.90

366 0.95

380 0.99
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5.9 Issue 9 The Freguency of Refueling Water Storage Tank Refill and

Spray Injection at Zio

Applicability: Zion

Experts:

Barbara Bell, Battelle Columbus Division, BPNL
Joseph Murphy, NRC

Discussion

A unique feature of the Zion containment cooling system is that there are
two distinct sets of spray headers, each one deriving its source of water
separately from the other. One set is the Containment Spray Recirculation
System which utilizes water from the containment sump once the ECCS has
been switched to recirculation cooling. The other set of spray headers is
the containment spray injection system, which draws water from the Refuel-
ing Water Storage Tank (RWST). In the event that recirculation cooling to
the core is lost, the recirculation sprays most likely would be lost as
well. The core and spray recirculation systems share components affected
by the dominant failures of the ECCS recirculation mode in the Zion
accident analysis. Prolonged use of the containment spray injection system
represents an alternative source of containment cooling, but the ability to
replenish the RWST is a crucial factor.

The scenario underlying the current issue is one in which, given a LOCA
initiator followed by RWST depletion at Zion Unit 1, there is failure to
establish coolant recirculation due either to hardware failures or to
operator error. The elicitation parameter is that of the relative fre-
quency with which operators would successfully refill the RWST and inject
the containment sprays. A description of the related accident sequences
and the relevant spray success criteria are provided in Appendix B.

At the NUREG-1150 front-end expert review panel elicitation meeting, George
Klopp of the Commonwealth Edison Company commented upon this issue. He
stated that, subsequent to a LOCA initiator, if the pressure in the con-
tainment building does not threaten containment integrity and if there is
not a significant level of radiation in the containment, then the operators
would not actuate the containment sprays. Furthermore, if the sprays had
been actuated automatically subsequent to a LOCA, and if the containment
pressure drops to a low level, and if there is not a significant level of
radiation in the containment, then the operators would turn off the con-
tainment sprays.

The draft Zion risk-rebaselining analysis (draft NUREG/CR-4551, Volume 57

identifies as dominant contributors to offsite risk those scenarios in
which there is early containment failure (i.e., coincident with vessel
breach) as a result of energetic phenomena such as high pressure melt ejec-
tion (direct heating), hydrogen deflagration, and rapid steam pressuriza-
tion. Hence, performance of the sprays before vessel breach and their
subsequent radiological decontamination function at containment failure are
issues of primary importance from a risk perspective. These considerations
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largely motivated formulation of the current elicitation issue. Given
Klopp's comments, however, the possibility was recognized that for certain
of the risk-dominant scenarios under consideration, the question of spray
operability may be rendered moot by procedures that seek to ensure the
sprays are either unactuated or deactivated before vessel failure.

The consensus of the panel was that the analysis for Zion should assume
that prolonged use of the injection sprays before vessel breach is not an
option for the dominant LOCA plant damage states.

5.10 ssue 10. Use of High Pressure Service Water Spray in the Dry Well

Applicability: Peach Bottom

Experts:

Barbara Bell, Battelle Columbus Division, BPNL
Robert Budnitz, FRA
Gareth Parry, NUS Corporation

Discussion

Peach Bottom's procedures often address the need for drywell spray to
maintain low containment pressure. They do not specifically address the
need or benefits of sprays as a radioactivity removal mechanism, although
it is believed that this benefit may be covered as part of the operator's
training. The use of high pressure service water (HPSW) as a spray is not
specifically mentioned in the procedures, but it is recognized by the
operators that HPSW can be used for this purpose.

This issue addresses the use of the HPSW system after vessel failure in a
station blackout scenario. If AC power is subsequently restored, the issue
is whether the operator would: (1) spray the drywell 2 inject water
into the failed vessel in an attempt to cool the corium. on the drywell
floor, or 3 do both.

One of the difficulties in this scenario is that vessel level cannot be
determined because of vessel failure. Whenever the level cannot be deter-
mined, Emergency Procedure T116 is invoked. This requires Reactor Coolant
System (RCS) coolant injection by (in order of preference) LPCS, low pres-
sure core injection (LPCI), Condensate, CRD, and the HPSW until level can
be restored to acceptable limits. In the meantime, Emergency Procedure T-
102 would also be used to reduce containment temperature and pressure if
(1) the pool temperature is above 95'F 2 the torus level is high or low,
(3) the drywell pressure is greater than 2 psig, or 4 the drywell temper-
ature is above 145'F. A number of these thresholds would be exceeded for
the station blackout scenarios of interest.

Elicitation

The expert panel was asked to assess whether or not the operators would
attempt to use the HPSW as an injection source into the failed vessel or
for drywell spray under the following scenarios.
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1. Containment pressure is high and:

A. LPCSLPCI, Condensate, and CRD are unavailable for injection
and RHR is unavailable for spray.*

B. LPCS, LPCI, Condensate, and CRD are unavailable for injection
and RHR is unavailable for all modes of cooling.

C. LPCS, LPCI, Condensate, or CRD are available for injection and
RHR is unavailable for spray.*

D. LPCS, LPCI, Condensate, or CRD are available for injection and
RHR is available for all modes of cooling.

2. Containment has failed or been vented and the drywell temperature
is below 281'F and:

A. LPCS, LPCI, Condensate, and CRD are unavailable for injection
and RHR is unavailable for all modes of cooling.

B. LPCS and LPCI are unavailable for injection and Condensate or
CRD are available for injection and RHR is unavailable for all
modes of cooling.

3. Containment has failed or been vented and the drywell temperature
is above 281'F and:

A. LPCS, LPCI, Condensate, and CRD are unavailable for injection
and RHR is unavailable for all modes of cooling.

B. LPCS and LPCI are unavailable for injection and Condensate or
CRD are available for injection and RHR is unavailable for all
modes of cooling.

Figure 5.10-1 is a logic tree which characterizes the basic decision
process. This tree is applied to each of the above scenarios.

Each expert gave assessments for the logic tree events for the various
scenarios. The experts considered such points as whether or not the
emergency management team (EMT) was established at the site, the availabil-
ity of reactor instrumentation to the operators, and the potential that
containment pressure might be increasing due to the production of non-
condensible gas from the core debris. Their results were averaged to
calculate aggregated probabilities. The scenarios were collapsed by the
experts since it was felt that several of the scenarios were essentially
equivalent. The results are shown on Table 5.10-1. The probabilities are
conditional probabilities of each outcome of the logic tree in Figure
5.10-1. The probabilities are conditional on the systems analysis events
of the logic tree. These probabilities must be multiplied by the values in
Table 5.10-1 to calculate the actual probabilities of the outcomes of
Figure 5.10-1.

*RHR is available for suppression pool cooling.
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HPCS Operator X-Tie Div or 2 HPCS Reactor Fire Sequence
Decides to Available Systems Available Depressurized Water
Cross-tie to Available After Shedding
Div or 2 From HPCS DG

Yes OK I
Yes
L_ _414io CD 2

Yes Yes OK 3

Yes OK 4
No Yes

Yes No No CD 5

No CD 6

-No OK 7

INo

CD -- Core Damage.

Figure 5.10-1. Issue 10 Logic Tree.
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Table 5.10-1

Aggregated Results for Issue 0

Scenarios (see page 521 for definitions)

End State IA & 1B 1C & 1D 2A 2B 3A 3B
(From Figure
5.10-1)

1 .14970 0 .02790 0 .02970 0
2 .14970 .02790 .02790 0 .02970 0
3 .01497 .03267 .00300 .03267 .00300 .03267
4 .01482 .03234 .00300 .03234 .00300 .03234
5 .00015 .00033 .00003 .00033 .00003 .00033
6 .11324 .11191 .08361 .06694 .06694 .06694
7 .16467 .03267 .03267 .03267 .03267 .03267
8 .16467 .03267 .03267 .03267 .03267 .03267
9 .11324 .11191 .08361 .06694 .06694 .06694

10 .11667 .27000 .29400 .29700 .29400 .29700
11 .11667 .27000 .29400 .29700 .29400 .29700
12 .01667 .03000 .00300 .00300 .00300 .00300
13 .01650 .02970 .00297 .00297 .00297 .00297
14 .00017 .00030 .00003 .00003 .00003 .00003
15 .09245 .39245 .14455 .45822 .14455 .47489
16 .16500 .29700 .29700 .29700 .29700 .29700
17 .16500 .29700 .29700 .29700 .29700 .29700
18 .06079 .39545 .14455 .46122 .14455 .47789
19 .49570 .16237 .44157 .12490 .45823 .12490
20 .49570 .16237 .44157 .12490 .45823 .12490
21 .49570 .16237 .44157 .12490 .45823 .12490
22 .49570 .16237 .44157 .12490 .45823 .12490
23 .00060 .00060 .00060 .01727 .00060 .00060

Probabilities are conditional on the Systems Analysis Questions on Figure
5.10-1.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

The conclusions and recommendations are directed toward the expert judgment
elicitation procedure and the results obtained from the procedure. As with
all scientific and statistical analyses, expert judgment can be misinter-
preted and misused. It is important to understand the proper use of expert
judgment to reduce the likelihood of improper use.

Expert judgment should not be held as equivalent to technical calculations
or models based on physical and mathematical laws or extensive data. How-
ever, expert elicitations are useful when recognized methods or sufficient
data for solving the problems do not exist. They provide quantitative
representations of the state-of-knowledge of such problems at the present
time. These representations provide a basis for decisionmaking and com-
munication throughout the industrial, scientific, and regulatory com-
munities interested in the issues. Interested parties (e.g., utility
groups, regulatory agencies) who disagree with, or are concerned by, the
results of expert assessments may become motivated to do experimentation or
analysis on particular issues. If these efforts result in improved under-
standing of the issues and solutions which differ from the experts' assess-
ments, then this is a success of the expert judgment process, not a
failure. The expert assessments serve as the best representation of an
issue until such time as the state-of-knowledge changes, and the expert
assessment may be a catalyst for improved knowledge on the issue.

6.2 Expert Judgment Results

A tremendous amount of technical information was gathered regarding the
elicited issues. Knowledge and understanding of the issues were enhanced
by analyses and studies performed by the experts before the elicitation
meeting, and by the exchange of information between the experts and
observers at the meeting. Indeed, the size and expertise of the expert
panel was, in a manner of speaking, enlarged beyond those who actually sat
on the panel. Several panel members, in their preparation for the elicita-
tion meeting sought advice, opinion, and information from individuals
around the country who have particularly extensive knowledge and experience
on specific issues. So the opinions and knowledge of many more experts
were actually presented at the meeting. It should be noted that the expert
judgment process in support of NUREG-1150, because of resource limitations,
sought to compose a panel of individuals experienced in the field of PRA
and who were versatile enough to assess a variety of issues. With
unlimited resources, a separate panel for each issue could have been
formed. The versatility of the experts assembled was a valuable asset in
gathering information from other experts on specific is�3ues.

There were several notable accomplishments gained from the expert judgment
elicitation which greatly enhanced the realism and credibility of the
NUREG-1150 plant analyses. Among them are:

1. A comprehensive, state-of-the-art RCP seal LOCA model for Westing-
house pumps;

6-1



2 Expansion of PRA capabilities in modeling parameter estimates for
fault tree events in adverse environments;

3. Guidance for incorporating innovative onsite recovery actions and
extraordinary recovery options using offsite facilities into
accident analyses;

4. Resolution of long-standing modeling issues for Zion.

The expert judgment generated a tremendous amount of information in other
areas which will enhance the plant analyses as well. Previous PRA methods
would apply normal failure rates to a component subjected to any temper-
ature up to the component's qualification temperature. For temperatures
above the qualification temperature, the component was assumed to fail.
The expert panel elicitation for Issue 3 "Emergency Core Cooling Systems
(ECCS) Failure Due to Venting or Containment Failure," has produced a set
of component failure rates for a variety of component types; the set
considers the ability of a component to perform at various combinations of
temperature and moisture, with temperatures being both above and below a
component's qualification temperature.

The elicitation for Issue 5, "Innovative Recovery Actions for Long-Term
Sequences Involving Loss of Containment Heat Removal," established a set of
guidelines and screening distributions for developing plant-specific
recovery actions for long-term sequences. These recovery action guidelines
will allow analysts to realistically assess the capability of a utility to
use extraordinary actions in mitigating an accident when significant time
is available.

As a last example, there have been long-standing issues regarding how to
model specific features of Zion, most notably the rupture frequency of the
CCWS piping. The potential consequences of a CCWS rupture at Zion are
generally agreed upon, but the likelihood of the event and how best to
estimate its frequency have been unresolved through several analyses of
risk at Zion. The expert opinion results for Issue 6 "Zion Component
Cooling Water System Pipe Rupture Frequency," has established a model for
this event which acknowledges the superior qualities of the CCWS piping but
establishes reasonable bounds based on observed phenomena in related
situations.

Obviously, some problems were encountered, but generally the process was
productive. Two specific problems merit special notice, as they had
significant impact on the facility of aggregating the results.

1. Not enforcing a consensus on exactly what form the assessments
should take;

2. Insufficient documentation of expert rationale for assessments.

Not enforcing a consensus as to the form of each issue's assessment caused
significant difficulties in developing aggregated results for some of the
issues. The aggregation of Issue 3 "Emergency Core Cooling Systems
Failure Due to Venting or Containment Failure," was especially complicated
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by vastly different elicitations. While it was recognized that the experts
needed liberty to be flexible and to change the suggested issue decomposi-
tion, the aggregation process suffered by allowing each expert to formulate
his own structure to the problem. Not only was aggregation made more
complex, resulting in increased expenditures of manpower, but certain parts
of individual elicitations for Issue 3 were incompatible with other assess-
ments and could not be used. It is very important that the experts
consider the ramifications of diversity with respect to aggregation of
results.

The second problem, insufficient time for experts to comprehensively
document their rationale, was the most serious problem which confronted the
entire post elicitation phase of the project. This problem hampered the
aggregation of individual results. For example, an erroneous RCP seal LOCA
model was initially developed and applied to the Surry accident sequence
models, only to be discarded when it became apparent that the model did not
adhere to the axioms of probability. The problem was resolved by clarify-
ing the exact nature of each expert's assessment through telephone
conversations.

It is absolutely vital that the elicitations not be conducted in an
atmosphere where time is of the essence. The experts must have plenty of
time to carefully and clearly put down in writing their rationale. This is
the single most crucial aspect of elicitations affected by time con-
straints. To their credit, the panel members tended not to break from the
issue discussions until they felt ready to give assessments, regardless of
how long the discussions took. Once at this point, the actual process of
developing an elicitation was not particularly time-consuming, but the task
of documenting the exact thinking process behind the assessments, including
subtle minutiae, can be time-consuming.

6.3 Expert Judgment Procedures

The elicitation methodology and procedures provided state-of-the-art expert
elicitations. Because these elicitations represent part of the largest
elicitation task to date and because of the urgency in completing the
process, several observations can be made as conclusions and recommenda-
tions. These are given below.

1. This was a major task that was planned and coordinated in an
organized manner culminating in an extensive document with a
significant amount of useful information for NUREG-1150 as well as
for other potential users. The needs of NUREG-1150 were met with
results that can be clearly understood.

2. Because the elicitation format focused on detailed technical
issues, the opportunity for constructive participation from all
knowledgeable sources was promoted. In general, the cooperation
from the industry representatives was very good. Although they
were not being elicited except for Issue 4 their participation in
the discussion was very forthright and helpful.
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3 Due to the detailed attention paid to selecting experts, the
experts chosen were excellent, and their opinions appeared to be
unbiased and knowledgeable.

4. If in the future an elicitation is conducted with approximately 0
potential issues from which 10 would be selected for elicitation
and seven would be quantified, the necessary time period would be
four to eight months. A four-month effort would imply all
participants are available to do their work and attend meetings
exactly when needed. This is usually not possible, and often
experts are extremely busy people so that the period can easily
extend to six or even eight months.

5. Issue descriptions for the first meeting were good but, judging
from some of the minor confusion that resulted later, it is recom-
mended that more attention be given early to the form of the ques-
tions and decompositions. The variable to be elicited should be
very carefully and precisely defined. The questions should be
quite explicit, and the desired format of the answer should be
specific. The experts should be permitted flexibility to voice
their opinion, but not to answer in ways that are difficult to
aggregate or use.

6. The discussions and elicitations provided a relatively open forum
for the attendees to express their ideas. People who had unique
views were given ample time and the issues were explored in some
detail. In general, all the experts and industry representatives
came well prepared.

7. The training on expert judgment elicitations was very helpful to
all participants. It permitted the audience to recognize the care
that was being taken and allowed the experts to translate their
fundamental understanding of probability and statistics into
meaningful answers representing their real opinions on each issue.
Anyone preparing to do such an elicitation should devote at least
one-half day to training including numerous examples of questions
and possible forms for the answers.

8. The typical issue should take about one day broken into thirds.
The first part would be for discussions, the second for the elici-
tation, and the final part for documentation. All people making
presentations should come with viewgraphs and copies for distribu-
tion. If information is important enough to be presented, it is
also important enough to be distributed for later reference.
After the formal elicitation, each expert needs time to document
his rationale. Some of the experts provided their rationale in
detail at the time of the elicitation. This was very helpful and
efficient. In some cases, we permitted the normative experts to
take notes to be transformed later into the corresponding ration-
ale. In the long run, this was not efficient. A small amount of
effort by the experts at the time of the elicitation is very
beneficial.
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9 We videotaped the discussions. This represented a significant
effort. In a few cases, much discussion occurred after the formal
elicitation to finally resolve the issue. This, unfortunately,
was not recorded. Nevertheless, the tapes provide a record of the
expert elicitation process that can be used in the future,
especially for anyone desiring to do research into the elicitation
process or to investigate the technical details that were
discussed. During aggregation and documentation of the results,
the experts were contacted on numerous occasions to clarify their
opinions.

10. While each expert needs the flexibility to express his opinion,
they should not be permitted to modify the question unless by
consensus of the panel. This requires polished issue descriptions
and consensus agreement by the experts on the format of the
answer.

11. The cost of an expert judgment elicitation is not trivial. Well
in advance of any potential elicitation, the project analysts
should carefully consider the costs, time, and effect of per-
forming an analysis and the likelihood that such a study would
resolve the issue and compare that with the anticipated cost of
the elicitation.
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APPENDIX A

ISSUES NOT SELECTED FOR ELICITATION

The following discussions focus on concerns and issues that were con-
sidered for inclusion in the expert panel elicitations. As with the
expert panel issues, these issues were identified as a result of problems
encountered during the individual plant analyses and comments from
utility and peer review of the draft NUREG/CR-4550 reports. The issues
not selected for the expert review process are summarized below to show
how they have either been resolved by further analysis, are unimportant
due to modeling results, or are included in the informal elicitation
process (Part 2 of this document). Table A-1 summarizes the issues not

elicitated.

A.1 Issues Affecting All Plants

Shift of Beta Factors to Higher and Lower Values. In the draft NUREG/CR-
4550, values for beta factors were based on EPRI-NP 3967.A-1 During the
initial phases of the program, there was uncertainty as to the appropri-
iate application of these values as beta factors. The resolution for
draft NUREG-1150 was to consider the values for beta factors published in
EPRI-NP-3967 to be 95% upper bounds. An error factor of three on a
lognormal distribution was assumed. As part of this resolution,
sensitivity studies were done which: (a) eliminated beta factors
altogether (i.e., beta = 0), and (b) used the EPRI values as mean values.

In the reanalysis, values for beta factors were reviewed in much more
detail. Beta factors from multiple sources were examined for their
applicability. EPRI-NP-3967 was used as the basis for the common cause
analysis, although it is recognized that a plant specific estimation of
beta factor would be preferable, but was beyond the scope for the NUREG-
1150 project. It was therefore not considered necessary to poll the
experts on this issue. This issue was reviewed again as part of the
internal elicitation discussion in Volume II.

Uniform Shift of Human Error Probabilities. This issue was raised after
the recent concern about Peach Bottom control room operator attention
while on the night shift. Human error probabilities used in NUREG-1150
typically have error factors of to 10. This adequately handles
uncertainty in human reliability analysis (HRA) values. It seems
unjustified to define an issue that suggests that all human errors at a
plant might be higher than 'average ranges" to account for poor training
and poor management attitude for all shifts and all personnel. NUREG-
1150 is analyzing plants in the condition in which they currently exist.
It appears that the particular problem at Peach Bottom has been cor-
rected. To say that a particular shift problem may be representative of
all shifts now and in the near future seems unreasonable and would
require more justification before it should be treated as an issue.

Common Cause Failure of Air-fterated Valves. The NUREC-1150 analyses
have come under some criticism because certain events that are actually
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Table A-1

Issues Not Selected for Expert Judgment Elicitation

All Plants:

Shift of Beta Factors to Higher and Lower Values

Uniform Shift of Human Error Probabilities

Common Cause Failure of AVs

Diagnosis Error With Symptom-Based Procedures

Separate Fail-to-Start from Failure-to-Run Scenarios

Correlation of Failure Estimates

Common Cause Factors Across Systems With Similar Pumps

Diesel Generator Failure Rates

Operator Use of Hydrogen Ignition System (HIS) With or Without AC
Recovery

Check Valve Failure Rate

Modeling of Diversion Paths as a Result of Check Valve Failures

BWR:

Low Pressure Injection During Anticipated Transient Without Scram
(ATWS)

Stable ATWS Sequences

Venting With and Without AC Power

BWR ATWS Human Error Probabilities

PWR:

Probabilities for Recovery of Offsite Power at Surry and Sequoyah

Steambinding of Auxiliary Feedwater (AFW) Pumps

Power-Operated Relief Valve (PORV) Success Criteria for Feed and
Bleed
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Table A-1 (Continued)

Issues Not Selected for Expert Judgment Elicitation

PWR (Cont'd):

Secondary Blowdown. for S2 LOCA

Failure Probabilities and Demand Rates for Steam Generator Safety
Valves During Steam Generator Tube Rupture (SGTR)

Grand Gulf:

Credit for Firewater System at Grand Gulf

Peach Bottom:

Maintenance Unavailability of Emergency Service Water Valve

Need for Booster Pumps in ESW

Credit for Conowingo Dam

Pump Cavitation for LPCS/LPCI Pumps

Sequoyah:

Recovery of Loss of CCW/Success Criteria for CCW

Need for Seal Cooling of Charging Pumps

Timing of Recirculation

Common Cause Failures for Multiple Pumps

Surry:

Credit for Gas Turbine

PORV Demand Rate

LaSalle and Zion:

No additional issues were identified
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occurring have not been accounted for in the analyses. One of the more
prominent of these is multiple failures of air-operated valves in power
plants. A recent report published by the NRC Office of Analysis and
Evaluation of Operational Data (AEOD)A-2 indicates that crud buildup or
water leakage into air systems often causes air valves in safety systems
to go to "fail-safe" positions upon loss of air or upon a true system
demand.

These events have sometime included failure of multiple valves in dif-
ferent systems. The NUREG-1150 schedule and resources do not allow an
analysis of these events to determine an appropriate common cause factor
such as water in the air system. In addition, current NUREG-1150 method-
ology guidelines do not attempt to cover common cause failures across
systems.

The previous base case approach was to allow common cause failure of air-
operated valves within a syste using the "generic" common cause factor
out of EPRI-NP-3967 of 0.1. This single factor is applied to two or more
air-operated valves which are normally open and fail to shut. The number
of valves coupled together made no difference; the collective factor was
0.1.

The modified approach will be to use 0.1 for the beta factor of two AVs
and the average of 1.0 and 0.1 times 0.1 for the common cause factor for
three valves [1.0 + 01]/2) * 0. - .055. It follows that the common
cause factor for four of these valves would be [1.0 00555]/2) * 0. =
0.053. This is the same approach as that being taken for batteries and
is discussed in Chapter VI of the NUREG/CR-4550 Methodology document.A-3
The end result is that this issue is being addressed adequately in the
analysis, and this is not an issue requiring expert opinion.

Diagnosis Errors with SyLptom-Based Procedures. The new procedures used
by all plants direct the operator's post-accident actions by recognition
of key parameter (e.g., levels and temperatures) symptoms as indicated in
the control room. As components fail, the procedures direct successive
actions depending on the new symptoms. For some sequences, a number of
potential operator actions can occur in succession leading to a string of
potential operator errors (or recovery). Questions were raised during
the Kastenberg panel revieWA-4 about the accuracy of linking multiple
operator actions together in a sequence (i.e., are they really
independent under the new symptom-based procedures?). The teams have
decided that .E-4, as a collective human error probability, will be
used as a threshold value to see if the operator actions are being
treated too independently, thereby yielding a collective error
probability that is too low. If it can be justified, lower values will
be allowed as long as the justification is reviewed by the quality
control team and the item is documented in the final report. Since we
have identified what we think is a "reasonable" threshold or "test"
value, and plan to review strings of operator actions with a collective
error value below that threshold, we feel we have adequately addressed
the Kastenberg review panel concerns.
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SeRarate Fail-to-Start from Failure-to-Run Scenarios. These scenarios
have been separated in the reanalysis to account for important dif-
ferences leading to early failure of cooling as opposed to a late failure
(e.g., diesels fail to start vs. diesels fail to run). Since it is being
included, the issue as to whether better modeling is needed in the area
is eliminated.

Correlation of Failure Parameter Estimates. The importance of correlat-
ing failure parameter estimates based on a common data source has been
addressed by performing a more complete correlation of the parameter
estimates in the revised uncertainty analysis. In the reanalysis, we are
correlating all basic events which are quantified from the same underly-
ing failure mode distributions.

Common Cause Factors Across Systems with Similar Pumps. At issue is
whether common cause factors should be applied across systems with
similar pumps using the same suction source. Events of this type (across
systems) have not occurred as far as it could be determined, and hence,
there is no strong indication that important failures of this type are
being missed. At one time, HPCI and Reactor Core Isolation Cooling
(RCIC) systems did have problems with high steam flow trips when they
were first started due to the surge of steam into the turbine. These
were recoverable failures (the operator simply had to manually restart
the system again) and have been fixed by putting short timers in the
circuitry for high steam flow (i.e., the condition must exist for a
period of time indicating a real steamline break and not just a momentary
surge). We believe historical data support that this not be made an
issue in the analysis.

Diesel Generator Failure Rates. Diesel generator failure rates were
originally a sensitivity study for Grand Gulf, since blackout is the
dominant sequence, and plant specific data were unavailable. However,
there are adequate generic data on Diesel Generator mean failure fre-
quencies and uncertainty bounds such that there is no need for assessment
of this issue. Further, there is no technical basis to deviate from the
generic data in this instance.

Operator Use HIS With or Without AC Recovery. The practice at Grand Gulf
for performing procedural steps that operators know they cannot accom-
plish is to skip the step. In a station blackout where the operator
knows he does not have ac power, he will not turn on the H2 igniters
(which require ac power). Once ac power is restored, he will go back
through the procedures and perform those steps he was unable to when he
did not have power. Therefore, once ac power is restored he will then
turn on the igniters. The procedures are laminated, and it is their
practice to mark the steps (as to whether they were accomplished) so that
the operator is aware of where he is in the procedure. Therefore, this
is not considered to be an issue.

Check Valve Failure Rate. This was suggested as an issue at one time
but, at present, the ASEP data base appears to be adequate to describe
the failure rate and uncertainty for check valves. The particular case
of event V (interfacing systems LOCA) is treated by the Expert Panel as
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Issue 2 "Failure Probabilities for Check Valves in the Quantification of
Interfacing LOCA."

Modeling of Diversion Paths as a Result of Check Valve Failures Back-
Leakage). Diversion paths resulting from check valve failures are now
being modeled where deemed appropriate in the base case analyses. An
Iterim Reliability Evaluation Program (IREP)-basedA-5 failure for back-
leakage is being used 1.OE-3/d). Since this is being modeled, the issue
of whether or not to treat such failure is not applicable.

A.2 Issues Applicable to BWRs

Low Pressure Injection During ATWS. This issue concerns the viability of
using low pressure cooling systems (e.g., LPCI, Condensate) as an injec-
tion source during ATWS without causing core damage. This becomes an
issue when high pressure systems fail (or are otherwise not used) and the
operator must go to a low pressure cooling system to maintain core cool-
ing. In such a case, the operator would attempt to keep the reactor at
low pressure [by use of automatic depressurization system (ADS) or SRVs]
and maintain a "reasonable" water level in the vessel. The problem is
that the low pressure systems are high capacity systems (typically 5000
to 10,000 gpm per pump or higher) and almost an all or nothing proposi-
tion. Such sudden flows can cause pressure, power, and level oscilla-
tions in the core, particularly when containment pressure has risen
sufficiently that the SRVs cannot be kept open. In such cases, the
pressure rise causes flow to decrease and then as the water boils off
from the core and pressure drops, water surges in again. This results in
an oscillatory effect which could cause mechanical damage to the fuel
bundles and/or cladding or even to the low pressure systems and reactor
vessel themselves such that the core cooling function is defeated.

Thermal-hydraulic calculations of the pressure, power, and level oscilla-
tions from both industry and NRC-sponsored analyseSA-6,A-7 have shown them
not to be dynamic and well within the design capability of the primary
system. Therefore, this is not considered to be an issue.

Stable ATWS Sequences. BWR ATWS sequences exist where cooling is being
provided by low pressure systems, the containment is vented or failed,
and pool makeup is being supplied late in the accident, if necessary. As
long as this condition can be maintained, core damage does not result but
neither is it a success state (subcriticality was not achieved per the
success criteria). At issue is whether or not such a condition can be
maintained and for how long. Review of the ATWS cut sets for such a
scenario shows that the non-recoverable failure of the Standby Liquid
Control (SLC) system, coupled with a transient and failure of scram,
should not exceed X 10-7. Such a value would have a marginal effect on
the overall core damage frequency and not significantly alter the rela-
tive importance of ATWS. We feel this effect is not sufficient to
investigate this as an uncertainty issue.

Venting With and Without AC Power. At Grand Gulf and La Salle, there are
procedures to vent containment. However, it is assumed that the operator
will fail to vent containment with a probability of 1.0 during a Station

A-8



Blackout. The vent line at Crand Culf has four ac valves in a series of
which one is inside containment. The operator is not instructed to vent
until the pressure exceeds 17.25 psig. It is highly unlikely that an
operator will be able to enter containment to manually open this valve.
At La Salle, the 24-in. vent line is connected to an 18-in. Standby Cas
Treatment System SGTS) line. This line is ductwork and will rupture
upon venting at containment pressure of 60 psig. Therefore, it is
unlikely an operator will expose himself to these conditions. At Peach
Bottom, there is a 6-in. line which the operator can manually open to
vent. However, he will have to do it under high radiation conditions;
therefore, it is assumed the operator will fail to vent with a prob-
ability of 09.

When ac power is recovered, the operator will perform those steps in the
procedures he was unable to perform without ac power. The recovery model
yields a human error probability of 2E-3 for venting after ac power is
restored.

Therefore, venting without ac power and venting after ac power is
recovered is not considered to be an issue.

BWR ATWS Human Error Probabilities. Detailed analyses were conducted for
ATWS sequences. As part of those analyses, mean value ad uncertainty
distributions were defined. Since detailed analyses were performed, and
the uncertainties are considered well enough defined, no expert judgment
needs to be performed.

A.3 Issues Applicable to PWRs

Probabilities for RecoveLy of Offsite Power at Surry and Seguoyah. In
the draft NUREC/CR-4550, probabilities for non-recovery of offsite power
were taken to be equal to those in "Cluster 7 of NUREC-1032. A-8 This
is an 'average' recovery curve and is similar to the Southeast Reli-
ability Council (SERC) data published in EPRI-NP-2301 [A-9). Both
utilities claimed they were much better able to cope with loss of offsite
power (LOSP) than the average grid. A sensitivity study was done to
accommodate the possibility of lower non-recovery probabilities.

For the updated study, site-specific recovery probabilities have been
calculated by SNL for each plant based on formulas in NUREG-1032, and
additional work on LOSP has been done by SNL and NRC.A-9 The new
calculations give consideration to parameters such as grid type, switch-
yard type, local weather, etc. The site-specific nature and the
analytical basis for the new calculation reduces the uncertainty. Thus,
selection of an 'appropriate' power recovery curve is no longer an issue.

Steambinding of AFV Pumps. Previously, the probability of steambinding
in AFW systems was calculated to be .E-4 for Surry and 1E-5 for
Sequoyah. A sensitivity study was done on Sequoyah to evaluate the
impact of a higher failure probability (a factor of 10). This sensitiv-
ity study result shows no effect on risk profile, so it has been elimi-
nated as an expert opinion issue.
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PORV Success Criteria for Feed and Bleed. Previously, success criteria
for feed and bleed required two PORVs to open. EPRI-NP-3835A-10 indicates
that one PORV is adequate at Surry and Sequoyah if feed and bleed is
initiated before the steam generator water level drops below 25%. A
sensitivity study was done to evaluate the effect of using the less
restrictive success criteria. The sensitivity study had a negligible
effect on core damage frequency. Thus, this is no longer an issue for
expert opinion elicitation. In the reanalysis, two PORVs will be
required for success as a conservatism.

Secondary Blowdown for S2 LOCA. In the draft NUREG/CR-4550, no credit
was allowed for recovery of S2H2 sequences at Sequoyah via RCS depres-
surization using secondary blowdown. S2H2 is a small LOCA with failure
to achieve ECCS high pressure recirculation. At some plants, a potential
recovery action for this sequence is to depressurize the primary system
via steam generator cooling, so that low pressure recirculation can be
accomplished. This recovery action was not considered for the Sequoyah
base case because of its early time to recirculation and the relatively
small capacity of the RHR heat exchangers. Activation of containment

spray occurs very early in S2 LOCAs at Sequoyah. The relatively high
capacity spray pumps drain the RWST at a rate which results in need for
recirculation in less than 12 hour.

At this time, the decay heat load is too high for the RHR heat exchangers
to maintain temperatures low enough to continue depressurized conditions.
A sensitivity study was done to examine the impact of including this

recovery action.

This issue is being reevaluated in the reanalysis. The design parameters
of the plant are such that secondary depressurization is considered a
viable recovery action if procedural action is taken to delay the start
of recirculation. If these procedural actions are taken, then secondary
blowdown is a recognized recovery action and will be included using the
Accident Sequence Evaluation Program (ASEP) HRA methods.

Failure Probabilities and Demand Rates for SG-SV Duriny- SGT Pre-
viously, SGTR was not evaluated. In the update study, it will be evalu-
ated and quantified. Looking forward, it was estimated that SV demand
probabilities and probabilities for failure to reclose could be signifi-
cant contributors to risk and also have a large uncertainty about them.
At first the issue was considered appropriate for expert opinion elicita-
tion. However, upon further consideration, this issue can be treated as
a unified data distribution with uncertainties.

A.4 Plant SRecific Issues

Grand Gulf

Credit for Firewater System at Grand Gulf. Credit for using firewater
system on a core cooling was not given in the original analysis. This
was because in order to use this system in such a fashion, fire hoses
need to be connected to ECCS or RCIC lines. This action requires
adapters to be made by the maintenance department, which would take
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approximately 45 h. The Station Blackout procedures did not direct the
operator to use firewater as an injection source. Also, the firewater
system procedure did not indicate to the operator where the connections
on the line are located, and these locations were not marked in the
plant. The procedural problem has been corrected at Grand Gulf. The
adapters have been made with the storage location noted in the procedure;
the locations in the plant where the hoses are to be connected have also
been marked. Therefore, this was not included as an uncertainty issue in
the reanalysis, but was incorporated as a viable recovery action in the
base case.

Peach Bottom

Maintenance Unavailability of Emergency Service Water (ESW) Valve at
Peach Bottom. This was a sensitivity study in the original analysis.
Peach Bottom experience suggested that the maintenance unavailability of
a common discharge valve for the system was far lower than generic data
from the ASEP data base; hence a sensitivity analysis was performed to
investigate the significance of the value used. Peach Bottom has since
changed the configuration and administrative controls of the system. The
unavailability of the common discharge valve is extremely unlikely and
even if it did occur, would no longer cause failure of the system, since
the booster pumps are not needed for system operation (see next issue).

Need for Booster Pumps in ESW. The original modeling of ESW showed a
need for the booster pumps in the emergency heat sink mode of ESW opera-
tion. Actual test results have since showed that without the booster
pumps, load temperatures do rise but not significantly. The new model
will show that the booster pumps are not needed. Since actual data
exist, further assessment of this issue is unnecessary.

Credit for Conowingo Dam at Peach Bottom. Conowingo Dam has a black-
start" capability for getting power back to the grid and to Peach Bottom
during a station blackout at Peach Bottom. Procedures are in place, and
drills are conducted on a periodic basis. We plan on giving credit for
Conowingo (besides the normal recovery probability) as long as we are not
dealing with the severe weather portion of LOSP for Peach Bottom (which
could hamper the entire grid). Power lines exist from Conowingo to Peach
Bottom that are separate from the rest of the grid. We are currently
looking into the need for dc power at Peach Bottom to close the breakers.
At issue was (1) whether or not credit should be given, and 2 whether
or not such recovery capability is already in the generic regional
recovery curves based on actual data. We feel that the existence of
procedures and training justifies credit in this area and that Conowingo
is a unique entity that has not been relied upon in past LOSP events
(hence the "generic" recovery curves do not implicitly include such a
unique recovery potential).

PumR Cavitation of LPCS/LPCI PMRs for Peach Bottom. The Peach Bottom
analysis assumes that once the containment fails or is vented in a TW-
type scenario, the LPCS/LPCI pumps will fail on low net positive suction
head (NPSH) as a result of suppression pool boiling. Such an assumption
was not critical to the original analysis results. At issue is whether
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some probability of success should be given. Since the current assump-
tion does not drive any results (because condensate, HPSW, and CRD are
available for backup), it is felt this issue is not important enough to
be included in the uncertainty analysis, and the original assumption will
be retained.

Sequoyah

Recovery of Loss of CCW at Seguoyah/Success Criteria for CCW. Pre-
viously, loss of CCW was a dominant contributor to risk. There were no
clear recovery actions allowable under the ASEP guidelines. A sensi-
tivity study was done to examine the impact of possible recovery actions.

For the reanalysis, TVA has made available information which indicates
that the charging pumps at Sequoyah do not require seal cooling from the
CCW system. Loss of CCW by itself no longer leads to core damage.
Therefore, we feel that the issue is resolved, and the sequence has been
eliminated.

Need for Seal Coolinp- of Charginp- Pumps. Westinghouse and TVA have
determined that the charging pumps at Sequoyah do not require seal cool-
ing. Based on information received, this is no longer an issue.

Timing of Recirculation. The time at which ECCS recirculation is
required after a small LOCA is particularly important at Sequoyah,
because it has an impact on certain human error probabilities and it also
determines the viability of certain recovery actions. The timing of
recirculation is heavily influenced by the operation of the containment
spray system (CSS). The CSS will activate shortly after a small LOCA and
will force recirculation in 25 minutes if not curtailed. This issue has
been re-examined, resulting in the determination that present procedures
at Sequoyah do not provide a strong enough directive on spray termination
to result in extension of ECCS injection for a long enough period to
affect human error probabilities or recovery actions. For the
reanalysis, alternatives to the base model will be treated as safety
options.

Surry

Credit for Gas Turbine at Surry. The gas turbine at the Surry site was
not included in the draft NUREG/CR-4550, since it was not under Technical
Specifications. For the reanalysis, it was learned that existing
procedures are inadequate to be able to count on the gas turbine in a
station blackout. It will be included in the analysis as an innovative
recovery action and will also be evaluated as a safety option.

PORV Demand Rate. Previously, for certain types of transients, the PORV
demand rate at Surry and Sequoyah was conservatively set at 1.0/tran-
sient. A sensitivity study was done to evaluate the effect of a demand
rate of .1/transient.

Upon reconsideration of the available dataA-8 the demand rate for these
transients was selected as .1/transient, EF=3 for the base case.
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La Salle and Zion

None
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APPENDIX 

ISSUE DESCRIPTIONS

The descriptions of the ten issues presented to the expert panel are
included here. The writeups of these issues include a technical
description, suggested issue decomposition, and any supporting material
supplied to the expert panel to supplement the issue descriptions.

The technical descriptions are the bases by which the experts determine
how to analyze the issues and what to offer in the elicitations. Each
issue description was sent to the experts with a suggested decomposition.
The suggested decompositions were serious attempts at structuring the
issues for resolution, but more importantly, they served as illustrations
to the experts as to how the issues must be analyzed and decomposed
appropriately into formats that would permit resolution.

The experts were free to develop different decompositions and elicitation
questions at the Expert Judgment meetings. For several issues, the
experts developed decompositions and elicitation questions much different
than the suggested decomposition sent out with the issue descriptions.

The original issue descriptions and decompositions are presented here to
document the pre-Expert Judgment meeting process. These descriptions are
the same material sent to the panel members before the final expert
meeting to permit study and analysis of the issues. Issue decompositions
changed by the experts will be presented in Appendix C along with the
elicitation results to document where the experts exercised their
privilege to alter issue decompositions into the most appropriate format.
References are placed at the end of each section.

B.1 Issue 1. CRD PuMR Cooling Reguirements

Applicability: BWRs

Discussion

This issue addresses whether or not the CRD pumps at the NUREG-1150 BWR
plants need external cooling for their lube oil coolers in order to run
continuously for some period of time. The CRD pumps (at all three BWR
plants) can be powered from the emergency buses. Therefore, in a loss of
offsite power (LOSP), these pumps are available for coolant makeup.
However, the water system that supplies cooling to the lube oil cooler is
not powered from the emergency buses at LaSalle. During a LOSP this
system is lost. Therefore, if external cooling is required, the CRD
system is not a possible recovery option.

Grand Gulf and LaSalle use similarly designed CRD pumps manufactured by
Union Pump. Grand Gulf's pumps are slightly higher in horsepower rating

than LaSalle's 400 hp vs. 300 hp) and are a nine stage pump design
versus ten stages at Grand Gulf. Grand Gulf management has indicated
that they will not deny that the CRD pumps need cooling. Because of this
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statement by Grand Gulf and because the cooling system is powered by the
emergency bus, it has been assumed for Grand Gulf that the CRD pumps need
an external cooling source. Peach Bottom's pumps are of an older design
and manufactured by Worthington. (The pumps are around 300 hp.) The
pumps are normally supplied about 25 gpm for cooling.

The initial quantification of the Grand Gulf analysis indicates that this
potential failure mode has negligible contribution to the core damage
frequency. Preliminary results of the Peach Bottom analysis also
indicate a small contribution for this failure mode. Therefore, the
assumption is made that CRD pump cooling is required at Peach Bottom.
This is no longer considered to be an issue for these two plants. The
concern is for LaSalle where CRD can become critical in the recovery of
LOSP sequences.

In LOSP sequences where both high pressure coolant makeup and containment
heat removal have failed, injection is provided by low pressure systems
and the containment pressure is increasing. The containment failure
pressure at LaSalle far exceeds the point at which the SRVs are forced
closed resulting in reactor pressurization and loss of the low pressure
systems. Without CRD to supply coolant makeup, core damage occurs before
containment failure. If containment failure occurred before core damage,
low pressure injection could be reestablished preventing a core damage
s t a t e .That is, containment failure would result in eventual
depressurization of the containment whereby the SRVs would reopen, and
the vessel would depressurize allowing low pressure injection. However,
since core damage would occur first, recovery is only possible via a high
pressure injection (HPI) system. The only available system in this
scenario would be CRD. If it is assumed that pump cooling is required,
CRD would be unavailable with a probability of 1.0 in a LOSP incident,

Elicitation Statement

What is the probability versus time that the CRD pumps fail due to a lack
of external cooling? The random failure probability for the CRD pumps is
4E-4/D to start and 3E-5/b to run.
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B.2 Issue 2 Failure Probabilities for Check Valves in the
Ouantification of Interfacinje LOCA

Applicability: Surry and Sequoyah

Discussion

The issue involves the selection of failure rates for check valve rupture
and the common cause failures of check valves in series for the
quantification of interfacing LOCA. The conditions and scenarios for
interfacing LOCA will be discussed here, as well as the available data on
check valve failures.

Interfacing LOC

For Surry and Sequoyah, the interfacing systems LOCA (ISL) is most likely
to occur in the connections between the RHR system and the RCS cold legs,
via combinations of failure of two check valves in series. Three
scenarios are currently postulated for ISLs. They involve:

1. Random independent rupture (catastrophic leakage) of both valves.

2. Failure of one check valve to reclose upon RCS pressurization
followed by random rupture of the other valve.

3. The undetected failure of one valve during operation between test
periods followed by the rupture of the other valve. This
undetected failure can be caused by opening of the disc, or
severe deterioration of the seat. This failure is not detected
because the other valve is holding pressure. When the good valve
fails, the first valve failure becomes apparent.

In scenarios two and three, the failure to reclose or deterioration of
the valve must happen before the rupture event. Testing intervals,
testing procedures, and piping configurations will effect the frequency
of each scenario at any particular plant. The piping configuration at
both Surry and Sequoyah is such that they can accommodate leakage from
the RCS via backflow paths. The Surry plant provides a backflow path to
the RWST through the low head safety injection system (HSI) minimum flow
lines (2-in. line) while Sequoyah provides a 600 psi relief valve on a 2-
in. line back to the pressurizer relief tank.

The postulation of a catastrophic failure mode is therefore necessary to
get overpressurization of the RHR system. One valve must experience
sudden and severe structural deformation of the check valve internals.

The scenarios for interfacing LOCA then become:

• Upstream rupture and downstream rupture
• Upstream failure to close and downstream rupture
• Upstream leak and downstream rupture.
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The initial conditions for interfacing LOCA involve two check valves in
series, at least one closed against the back pressure from the RCS. RCS
pressure on the RCS side is 2250 psi and pressure on the RHR side is
atmospheric. Some back leakage through the check valves will occur, but
it is minimal. All piping systems are full and flows are so small that
hydrodynamic forces due to flow are nonexistent.

The key question is: what is the probability that a check valve in this
state will develop severe leakage. The data available to support this
type of calculation are limited by accumulated experience in a similar
population.

The failure probabilities used in the previous NUREG/CR-4550
quantification were based on a survey of published BWR PRAs and the ASEP
generic data base. The mean values are:

Fail to reclose = 1.3E-4/demand
Develop leakage (deteriorate) = 5E-7/h
Rupture = 1.3E-8/h (median = 5E-9/h).

For the current effort, an estimate of the check valve population in a
similar service application was made. This was done in order to base a
rupture probability on an applicable population and an up-to-date number
of reactor operating hours.

The following preliminary estimate was made:

• A PWR has about 20 to 25 valves in the RCS which serve as high-low

pressure interfaces.

• A PWR has about check valves in the charging system which are

high-low pressure interfaces.

• Each PWR has about 10 check valves in the auxiliary feedwater
(AFW) system which serve as a high-low pressure interface.

This averages to about 40 valves per PWR, and 500 PWR-years experience to
date with no occurrences of check valve rupture. A % chi-square value
is 5E-9 per hour, which agrees with median value of the previous
NUREG/CR-4550 data.

The total population of nuclear plant check valves is probably 10 times
greater, but the service of these valves is very different. A search of
Nuclear Power Experience and Reference B.2-1, indicate no instances of
check valve failures of the type necessary to get an interfacing LOCA.
Data populations outside the nuclear industry were not consulted.

The failure probability for leakage is estimated at 5E-7/h. This is
derived from Reference B.2-2 and is based on 30 incidents of reported
check valve leakage. Although the service of this population may not be
the same as that of the valves in question, 5E-7/h seems a reasonable
value, given that several incidents of single valve leakage of high-low
pressure interface valves in the RCS have occurred.
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Common Cause Failure

The second issue involves whether or not to model common cause failures
in the model. The current model does not include CCF. The basis for
postulating a CCF is that the failure of one valve leads to the failure
of the other valve through phenomenological causes, or that both valves
fail concurrently from common causes acting on both valves. The data
upon which to base a common cause correlation valve are limited. As
previously mentioned, there have been no instances of valve ruptures.

Some experience on multiple valve leakage failures has been accumulated.
Beta factors for check valve leakage are derived in Reference B.1-2.
However, the data are a result of LER searches and as such include the
entire spectrum of valve types and service applications found in nuclear
plants. The beta factor derived in Reference B.1-2 for leakage is
3.OE-3.

Elicitation Statement

1. Assess the failure probability (per year) for severe check valve
leakage, given the application in question and the available data.

2. Assess the degree of correlation (if any) that should be used for
rupture-rupture failure combinations and rupture-leakage failure
combinations. The degree of correlation should consider both the
tendency of one valve failure to lead to the other valve failure
through phenomenological factors, as well as correlation due to
common causes.
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B.3 Issue 3 Emergency Core Cooling Systems Failure Due to Venting or
Containment Failure

Applicability: BWR and PWRs

Discussion

Accident scenarios in which the containment fails or is vented while core
cooling is still intact pose questions regarding the ability of ECCS to
continue functioning in such situations. This issue involves many
questions relevant to both back-end and front-end analyses. There are
several unresolved mechanisms which could threaten ECCS if the
containment fails or is vented.

1. Insufficient inventory or NPSH in the pump/suppression pool due
to flashing at the time of failure or long-term evaporation.

2. Sump blockage due to debris.

3. Pipe (either suction or discharge) failure due to hydrodynamic
forces associated with sump flashing.

4. Pipe failure due to containment wall movement subsequent to
failure.

5. Steam environments in the auxiliary building.

The first mechanism poses little uncertainty to the plant models. Each
plant has been investigated individually for pump design and depth of
water in the sumps or suppression pools. At some plants, the core
cooling pumps will fail if the water becomes saturated, while at the
other plants the pumps are either designed for such conditions or have
sufficient water depth to prevent saturation at pump inlet. The second

and third mechanisms have been assessed on a plant specific basis and are
considered of negligible probability at the reference plants for NUREG-
1150. The fourth mechanism will be assessed by the back-end structural
experts.

Should core cooling systems survive the forces generated by containment
failure, the ability of components in the reactor building to function in
a steam environment becomes apparent. This is the issue to be assessed
here. The severity of the environment in crucial locations of the
reactor building is determined by the location and size of the
containment failure, pressure of the containment at failure or venting,
operability of heating, ventilation, and air conditioning (HVAC) systems,
the configuration of the building's rooms, and the location of necessary
equipment.
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Figure B.3-1 is an illustrative example of how a component failure
frequency might vary with environment. In a normal environment, a
component failure mode would have a nominal failure frequency very low in
value but greater than zero. As the severity of the environment
increases, the frequency of failure is expected to increase as well.
Ultimately, a threshold environment is reached beyond which the component
can never function.

At each particular point on the environmental severity axis, a component
failure mode has an associated nominal value and related uncertainty.
The expert elicitation for this issue will assess both quantities for
several component failure modes at "high," "middle," and "low" points on
the environmental severity scale. The containment failure and venting
issue is restricted to the impact of high temperature, high steam
environments on vital components of core cooling systems. Conditional
probabilities of core cooling failure given various severe environments
will be generated using these results. These will be joined with the
back-end elicitation of containment rupture processes and analyst
assessment of equipment location to achieve a comprehensive estimate of
core damage due to containment failure.

The effect of containment failure or venting on core cooling system
components is highly plant specific. Each reference plant is discussed
below.

LaSalle

LaSalle is the most thoroughly analyzed of all the BWR reference plants.
More detailed phenomenological analyses exist for LaSalle than for the
other plants. Much of the phenomenological information on LaSalle will
be used as a basis for all BWR plants.

Information of possible severe environments in the Mark II reactor
building for LaSalle has been generated by MELCOR runs for the reactor
building. Temperatures as high as 300'F and atmosphere steam
concentrations close to 100% in some parts of the reactor building have
been predicted. Steam poses concern about condensation on component
surfaces. MELCOR does not provide a detailed analysis of equipment
surface temperatures, but even in scenarios where the atmosphere remains
very hot for hours and equipment can heat up, an initial period of
condensation could occur.

It is currently thought that the LaSalle containment will fail at either
the drywell head seal or the middle level personnel hatch at a mean
pressure of 200 psig. The failure is expected to be a leak, not
catastrophic. Containment venting would occur at 60 psig through one or
two 24-in. lines to an 18-in. SGTS line. MELCOR runs for the 2-in. vent
scenario show that the containment would not depressurize and the
operator would then open a 24-in. line. The SCTS line leads to sheet
metal duct work which is expected to rupture and allow steam into the
reactor building. MELCOR results for the following three scenarios are
provided in Table B.3-1:
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7 ft. sq. drywell rupture
18 in. diameter wetwell vent
4 in. diameter drywell break.

Plots of the three MELCOR runs are attached. The plots are grouped
according to the scenarios above, and show the following information:

Containment pressure vs. time
Temperature vs. time for specific locations
Partial pressure of steam vs. time for specific locations.

From these runs, a set of three reactor building environments have been
identified. These conditions are shown in Table B.3-2.

Table B.3-2

Reactor Building Environments

Temperature Steam
(OF) (%)

1. 350 100

2. 225 80

3. 100 5

Condensation of steam onto components occurs in each environment.

In the core vulnerable sequences for LaSalle, concern exists for the
survivability of many systems and components. Pumps, valves, switches,
relays, fans, and motor control centers (MCCs) relevant to the LPCS,
LPCI, RCIC, HPCS, HVAC, and CRD systems that must function and their
failure modes are shown on Table B.3-3. Also on Table B.3-3 are
component equipment qualification standards from the EPRI Equipment
Qualification Data Bank (EQDB). These standards are not generic. The
EQDB lists thousands of components by type, manufacturer, and plant. The
values shown on Table B.3-3 are representative of high temperature and
humidity standards which are commonly seen in the EQDB. It is important
to note that steam concentrations are shown on Table B.3-2 while on Table
B.3-3 the Environment Equipment Qualification (EEQ) humidities are shown.

There are several aspects about the EQDB and EEQ standards in general
that are important when evaluating component performance in adverse
environment. The EQDB yields information regarding successful tests.
The EEQ values on Table B.3-3 do not represent statistics from a data
base of performance tests. They are individual data points within the
set of all test data. Failure information is not included. The
definition of success for EEQ testing is also important. To pass EEQ

B-13



Table B.3-3

Component Failure Modes

Typical High-End
Qualification Standards

Temperature Humidity
Component (OF) (%)

Terminal Block 350 100

0 Short

MCC 250 100

* Short

MOV-Operator 350 100

0 Fail to Operate

Pump Motors 310 100

• Fail to Start
• Fail to Run

Fan Motors 310 100

• Fail to Start
• Fail to Run

Solenoid Valve 350 100

0 Fail to Operate

Relays 200 100

Contact Pairs

• Failure to Operate
• Spurious Opening
• Spurious Closing

coil

• Open
• Short
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Table B.3-3 (Continued)

Component Failure Modes

Typical High-End
Qualification Standards

Temperature Humidity
ComRonent (*F) M

Control Switch 212 100

• Failure to Operate
• Spurious Operation

Pressure Switch 212 100

• Failure to Operate
• Spurious Operation

Temperature Switch 212 100

• Failure to Operate
• Spurious Operation
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testing, a component must function as it is needed in a specific
situation. For instance, suppose an MOV is tested for spurious operation
for a specific temperature. If the valve does not operate spuriously
then the test could be logged as a success. The MOV operator would not
necessarily be tested for general functionability for the given
conditions. The EQDB does not specify the operating mode of a component,
so no specific information on failure modes can be derived from it.

Another aspect of EQDB information is that only equipment purchased and
maintained as EEQ components are tested to standards. It should not be
construed that all safety system components in PRA models are necessarily
required to be EEQ equipment. Unless the actual standards for each
component in a PRA model are known, there is no assurance that the
standards listed in Table B.3-3 are applicable to particular components
in PRA models.

Chapter 311 of the LaSalle Final Safety Analyses Report (FSAR)--
ENVIRONMENTAL DESIGN OF MECHANICAL AND ELECTRICAL EQUIPMENT--is included
as supplemental information to this writeup. This chapter provides a
description of equipment, test procedures, and environmental conditions
relevant to the LaSalle equipment qualification program.

Peach Bottom

MELCOR runs have not been done for the Peach Bottom reactor building.
However, the high failure pressure analyzed in the LaSalle MELCOR runs,
175 psia, should be sufficiently high to account for the worst
environment possible at Peach Bottom. The LaSalle MELCOR results in
Table B.3-1 are used as a basis for Peach Bottom reactor building
environments in the event of containment venting or rupture. The
environments in Table B.3-2 represent a good range of possible
environments for Peach Bottom. The fact that the locations of the
environments at LaSalle may be different than the relevant locations for
Peach Bottom is not important here.

It is thought that the Mark I containment could fail at one of three
locations--the top of the dry well, the top of the torus, or the knuckle,
near mid-level of the reactor building. It is felt that venting through
the 18-in. line will certainly rupture the duct work to the SGTS. It is
not known if the 2-in. vent line would rupture the ducting. The question
will be reviewed by the back-end structural expert group.

Concern for Peach Bottom core vulnerable sequences centers on the ability
of the HPSW system to function as an alternative source of core cooling,
and the ADS valves to work should their cable junction boxes become
exposed to extreme heat and moisture. Two MVs must change state to open
after containment failure and remain so until the accident is mitigated.
No potential diversion paths caused by other valve failures exist. The
pertinent component failure modes for Peach Bottom are included in Table
B.3-3.
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Grand Gulf

There is a strong consensus that the Grand Gulf Mark III containment will
fail at the spring line, where the geometry of the containment changes
from a cylinder to a dome near the top. Structural analysis for Grand
Gulf exists as a basis for this consensus. Venting would also admit
steam high in the enclosure building. The enclosure building at Grand
Gulf is different than the secondary containment or reactor buildings for
Mark I and II containments. The enclosure building will serve to isolate
steam from the system components. However, should the back-end
structural and phenomenological expert review contend that system
components might be exposed to steam, the list of components on Table
B.3-3 and the environments on Table B.3-2 are representative of possible
concerns for Grand Gulf.

Surry and Sequoyah

The situation for containment failure and venting for PWRs is quite
different than for BWRs. The auxiliary building at a PWR houses the
system components necessary to cool the core. No crucial components
inside the containment are important to dominant sequences. Should the
containment fail, the pathway of the steam would most likely be out to
the environment and not to the auxiliary building. Both Sequoyah and
Surry have spring lines near the top of the containment where failures
are expected to occur.

Elicitation Statement

The plant analyst will evaluate the performance of core cooling and
support systems in adverse environments. While many components are
expected to be exposed to temperatures below their qualification
standards in te event of containment failure, there are others which are
expected to be exposed to temperatures higher than their qualification
standards. The analysts must be able to evaluate the performance of
components in the environments of Table B.3-2 within two contexts:

1. A component has been qualified to the environmental temperature;

2. A component has not been qualified to the environmental
temperature.

The generic and plant-specific, component-failure frequencies for normal
environments will be increased to account for reduced component
reliability for off-normal environments.
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The components in Table B.3-3 have been grouped into three component
groups to simplify the elicitation process. This grouping is shown on
Table B.3-4 along with failure frequencies from the NUREG-4550 data base
which are representative of each group at normal environmental
conditions. The elicitation for this issue is:

Determine a factor for the increase in the failure rate for each
component group failure mode given in Table B.3-4 for each of the
environments in Table B.3-2 for the two cases:

1. The environmental temperature does not exceed equipment
qualification standards, but moisture condenses onto the
component;

2. The environmental temperature does exceed equipment qualification
standards, and moisture condenses onto the component.

The steam concentrations in Table B.3-2 are important not only because
they correlate closely to environmental temperatures, but because MELCOR
results show that condensation will take place on metal surfaces in these
environments. Pages B21 through B-46 contain graphs of MELCOR results
for La Salle. These graphs show temperature, pressure, and condensation
rates versus time for various venting/containment failure scenarios.
These graphs are included here as background information for the experts.
The condensation is characterized by a sharp spike in condensations rates
soon after steam enters a room. The condensation rate stabilizes quickly
to a value far below the initial spike, but condensation does not stop
throughout the duration of the adverse environments. Equipment is
qualified for humid environments, but the amount of condensation present
in equipment qualification tests is unknown.

Example of Use of Elicitation

The failure rate increase factors will be used to increase nominal
component failure frequencies and rates for the environments in Table
B.3-2. For example, suppose a particular type of switch, XYZ, has a mean
failure frequency of 1E-4/demand (fails-to-operate). For environment 
in Table B.3-2 a failure rate increase factor must be generated for
switching elements for:

1. Switching element has been qualified to 350'F, but moisture will
be condensing onto the component;

2. Switching element has not been qualified to 350'F, and moisture
will be condensing onto the component.

Suppose the elicitation yields a mean failure rate increase factor for
qualified switching elements of 5, and for unqualified switching elements
of 10. The analysts would adjust the mean failure rate to:

5.OE-4/demand - qualified to 350'F,
1.OE-3/demand - unqualified to 350'F.
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Table B.3-4

Component Failure Mode Groups

Representative
Failure

Freguencies

1. Electric Motors Fail to Start 5.OE-4/d EF=3
Fail to Run 1.OE-5/h EF=3

• Pumps
• Fans
• Valve Operators

2. Switching Elements Fail to Operate 1.OE-4/d EF=3
Spurious Operation 1.OE-7/d EF=3

• Relays
• Temperature Switches
• Control Switches
• Pressure Switches
• Solenoids

3. Electrical Terminals Short No Value

• Terminal Blocks
• Motor Control Centers
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Note that the elicitation process could yield failure rate increase
factors which would generate demand failure rates greater than 1.0. In
such cases, the failure rate will be evaluated as 1.0. This situation
can be characterized by the region of Figure I beyond the threshold
environment.

Table B.3-5 shows an example of how the increase factors might be
organized. Table B.3-5 includes space for quantiles of increase factors,
probability distributions to allow for uncertainty.

It is expected that dominant accident sequence models will include both
short-term steam environments on the order of h and long-term
environments on the order of 6 to 10 h. The elicitation characterized in
Table B.3-5 should be performed for h and 10 h. The MELCOR runs
indicate that expected environments will tend to be of durations and not
distributed between h and 10 h. The very short term environment on
Table B.3-1 (15 minutes) is not expected to occur.

Alternate Elicitation Statement:

A practice elicitation at Sandia revealed that the expert role player
felt more comfortable being asked to evaluate the increase in the
component failure rate on Table B.3-4 rather than to evaluate increase
factors. The experts should feel free to approach the problem either
way. The context of the elicitation would remain the same.
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Table B. 3 -

Example Elicitation Format

Environments

Component Type 1 2 3
Failure Mode .25 .5 .75 .25 .5 .75 .25 .5 .75

Qual.

Unqual.

Qual.

Unqual.

Qual.
3

Unqual.

Qual.
4

Unqual.

Qual.
5

Unqual.
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3.11 ENVIRONMENTAL DESIGN OF MECHANICAL AND ELECTRICAL EQUIPMENT

3.11.1 Equipment Identification and Environmental Conditions

3.11.1.1 Engineered Safety Features and Reactor Protection Syste

3.11.1.1.1 Safety-Related Equipment and Components - Inside Primary
Containment

The safety equipment and components inside the primary containments for
both Units and 2 which are required to operate during or after
abnormal conditions or be in a fail-safe condition, are specified in
Table 311-1 along with the associated accident environment.

3.11.1.1.2 Safety-Related Equipment and Components - Inside SecondaLy
Containment

The safety equipment and components inside the secondary containment that
are required to function following an accident are capable of functioning
in the environmental conditions associated with that accident. After the
safety equipment and components have performed their function they remain
operational or in a fail-safe condition.

The safety equipment and components inside the secondary containments for
both Unit I and 2 which are required to operate or be in a fail-safe
condition, are defined in Table 311-2.

3.11.1.1.3 Safety-Related Equipment and Components Outside the Secondary
Containment

ESF electrical equipment not furnished by GE that is required during or
after abnormal conditions is listed in Table 311-6.

3.11.1.1.4 Auxiliary Equipment

Auxiliary equipment that is required to operate under the adverse
condition created by a loss of air conditioning is listed in Table 3.11-
3. The humidity and temperature conditions that may be reached are also
given.

3.11.1.2 Environmental Bases

3.11.1.2.1 Plant Operational Environmental Conditions

Normal operating environmental conditions are defined as conditions
existing during routine plant operations. These environmental conditions
are listed in Table 311-4 and represent normal, maximum, and minimum
expected conditions that may exist during routine plant operations.
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3.11.1.2.2 Accident Basis Environment

Accident basis environmental conditions are defined as those which
deviate from the conditions described in Table 311-4. The accident
basis radiation environment is specified, however, in Table 311-4 along
with the normal operating doses. The accident basis environment is
specified as an envelope. This envelope is not based upon one specific
design-basis accident, but on all postulated accidents relevant to this
envelope.

3.11.1.2.2.1 Accident Basis Environment - Inside Primary Containment

The accident basis environment for equipment and components inside the
primary containment is specified in Table 311-1. The accident basis
environmental envelope is listed in the legend of Table 311-1.

3.11.1.2.2.2 Accident Basis Environment - Outside Primary Containment

The accident basis environment envelope for equipment and components
outside the primary containment following a main steamline break is given
according to elevation in Appendix D.

Safety-related and auxiliary equipment located outside the primary
containment is capable of operating under conditions listed in Table
3.11-2 or Appendix D. Electrical switchgear and motor control centers
required for safety system operation and which cannot operate
satisfactorily at high temperature and humidity are located in the
auxiliary building, physically separated from the adverse environment and
provided with adequate ventilation to permit operation.

3.11.1.2.2.2.1 Bulk Atmosphere Conditions

Equipment required for safety system operation, such as pumps, valves,
motors, wiring, controls and instrumentation, as a minimum requirement is
capable of operation for the required duration (Table 311-2) inside
secondary containment for design-basis loss-of-coolant accident and of
subsequently remaining in safe condition, when subjected to an accident
environment, unless physically separated so the equipment cannot be
subjected to the accident environment.

3.11.1.2.2.3 Accident Basis Environment - Outside Secondary Containment

Safety-related and auxiliary equipment located outside the secondary
containment is capable of operating under conditions listed in Table
3.11-3.
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3.11.2 Qualification Tests and Analyses

3.11.2.1 Environmental Qualification of Electrical Equipment

All Class IE equipment and components (except below) were qualified in
accordance with IEEE 323-1971, either by test or analysis. Since many of
these items are used in several systems and in different plant locations,
they were tested or analyzed for the worst case situation. Wherever
possible, the tests were performed to determine the malfunction limits
for the critical parameters of the instruments for different
applications. Where the environmental conditions were known to have no
effect on the equipment (i.e., reactor building pressure transients and
minor radiation on solid state electronic equipment), the tests were not
performed at all.

The ECCS motors were environmentally qualified on the basis of an ECCS
vertical induction motor qualification test completed in August 1972.
The tests were performed to qualify motors for ECCS service in accordance
with IEEE 334-1971.

3.11.2.1.1 Equipment Identification

All Class 1E equipment and components required to function during and
subsequent to any of the postulated design-basis accidents are listed in
Table 310-1. Table 310-1 also contains the plant location of each
instrument or component. This location is correlated to a normal and
accident (abnormal) environment in Table 311-2 including temperature,
pressure, humidity, and radiation.

3.11.2.1.2 Tests

The Class 1E equipment supplied by GE which was qualified by testing was
first described by equipment specifications that included or enveloped
the intended application environment.

Functional tests were performed on pilot units exposed to the specified
environments to show conformance to the requirements of the equipment
specifications. The test results were documented in a qualification test
report or vendor-supplied certification.

3.11.2.1.3 Analysis

In general, the Class 1E equipment supplied by GE was qualified by type
tests; however, where the equipment's primary safety function is non-
electrical, such as forming a portion of a pressure boundary,
calculations of the type contained in an ASME Boiler Code Stress Analysis
were used to establish pressure-integrity qualification. The normal and
accident radiation environments for Class 1E instruments in various plant
locations are contained in Table 311-5.
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An examination of Table 311-5 shows that the integrated radiation
exposures are insufficient to cause damage to the equipment organic
components. Thus, the Class 1E instruments were qualified by analysis
for use in applicable radiation environments.

3.11.2.1.4 NSSS Valve Mounted Instrumentation and Electrical Equipment

This paragraph discusses the testing and analysis of the safety-related
instrumentation and electrical equipment supplied with NSSS valve
assemblies. Active safety-related valve actuators are qualified based on
performance requirements using IEEE 323-1971, and IEEE 344-1971 as
guidelines.

In the Generic qualification, one of a family of actuators is type tested
for the following conditions per IEEE 382-1972:

a. Aging Simulation

1. thermal aging,

2. radiation aging, and

3. operational aging.

b. Seismic Simulation Aging

C. Accident and Postaccident Simulation

1. radiation,

2. temperature,

3. pressure,

4. humidity/steam condition, and

5. chemical exposure.

The aging simulation is designed to put the test specimen in the end-of-
life or 40 year plant service condition, whichever is earlier. The
seismic simulation is to put the test specimen through the expected OBE
events and SSE event estimated for the service life. The accident and
postaccident test is to put the test specimen through the design-basis
event. The duration of the last test will be related to the length of
time that the actuator has to perform its safety function.

In the specific qualification, an actuator will be selected from the
qualified family to meet the specific requirements. It shall be
demonstrated that the selected actuator is indeed similar to the test
specimen, that no further type test is required. Also, the selected
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actuator is manufactured and quality-controlled the same way as the test
specimen. It shall also be demonstrated that the selected actuator
satisfied the performance requirements for the application.

The service conditions of the specific application shall be less than the
test conditions of the test specimen by at least the margin as discussed
in the draft standard. The selected actuator shall also be within the
extrapolation limit of the test actuator as defined in the draft
standard. Documentation for the qualification shall be prepared per the
draft standard.

3.11.2.2 Environmental Qualification Procedures for Electrical Equipment

3.11.2.2.1 Worst Case Environment Analysis

The worst case environment for the Class electrical equipment inside
the drywell, as specified in Subsection 311.1.1.1, was derived from the
"Dresden Nuclear Power Station Unit 2 Supplementary Information to
Special Report of Incident of June 1970." The worst case environment
for the Class electrical equipment outside the drywell is dependent
upon the location within the plant. Each location is analyzed for
different postulated types of accidents to define the maximum
temperature, pressure, relative humidity and radiation environment
values. These values, which may differ between locations, were then
specified as the accident environment.

3.11.2.3 Environmental Qualification Procedures for Mechanical Equipment

3.11.2.3.1 Worst Case Environment Analysis

The worst case environment for the mechanical equipment inside the
drywell, as specified in Subsection 311.1.1.1, was derived from the
"Dresden Nuclear Power Station Unit 2 Supplementary Information to
Special Report of Incident of June 1970." The worst case environment
for the mechanical equipment outside the drywell is dependent upon the
location within the plant. Each location is analyzed for different
postulated types of accidents to define the maximum values of
temperatures, pressure, relative humidity, and radiation level. These
values, which may differ between locations, were then specified as the
accident environment. (Table 311-2.)

3.11.2.3.2 Qualification of Mechanical Equipment

The mechanical equipment used in the plant is qualification tested to the
environments specified in Subsection 311.1.2. Exempted from such
testing was mechanical equipment which by its nature can be analyzed for
effects of temperature (such as thermal expansion) and whose material
properties are not degraded by the environment of temperature, pressure,
humidity and radiation. This latter equipment includes mechanical
equipment in the ECCS, SLC, and RCIC systems.

B-51



LSCS-FSAR

The qualification tests adequately demonstrated equipment operability in
the spfcified nvironments of Subsection 311.1.2. The qualification
tesr- zeslilts indicate that the equipment or component under test was
operable within the specified environments. This qualification testing
was done either by testing the particular mechanical equipment, by
results of type tests from tests done on similar mechanical equipment, or
by direct substitution of previously qualified mechanical equipment.

3.11.2.3.3 Auxiliary Environmental Equipment

The auxiliary environmental equipment used in the station was
qualification tested to the environments specified in Table 311-3.
Exempted from such testing was mechanical equipment which by its nature
can be analyzed for effects of temperature (such as thermal expansion)
and whose material properties are not degraded by the environment of
temperature, pressure, humidity and radiation.

The qualification tests adequately demonstrated equipment operability in
the specified environments of Table 311-3. The qualification test
results indicate that the equipment or component under test was operable
within the specified environments. This qualification testing was done
either by testing the particular mechanical equipment or by inference
from tests done on similar mechanical equipment.

3.11.2.4 Safety-Related Equipment and Components

The safety-related equipment and components that cannot tolerate the
expected accident basis environment of Subsection 311.1.2 are in a
separately controlled environment, isolated from the accident environment
to ensure correct operation. Reactor protection system and ESF equipment
are capable of functioning for the required duration (Table 311-4) and
can subsequently remain in a fail-safe condition when subjected to the
local steam environment whenever the equipment is:

a. required to detect a steamline accident condition;

b. required to perform a steamline isolation function; or

C. required to perform a water line isolation function and could be
subjected to the steam environment (such as electrical cable or
valve operator).

Also the same RPS and ESF equipment with rotating components (pumps,
motors, operators) is capable of operating in the local environment
caused by a leak, if the equipment is required to perform any functions
in items a through c preceding.
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3.11.3 Qualification Test Results

Table 310-1 summarizes the normal and accident environments to which
Class 1E GE equipment was exposed during qualification testing.
Qualification test results are filed at GE-San Jose, the NSSS vendor.

Tables 311-1 through 311-4 and Table 311-6 include the normal and
abnormal environmental conditions which equipment not furnished by GE
must be able to withstand. Qualification test results for this Class 
equipment will be filed at Sargent Lundy in Chicago, Illinois.

3.11.4 Loss of Ventilation

3.11.4.1 Control Room Air-Conditioning and Ventilation Syste

Controls and electrical equipment necessary for safe plant shutdown are
located in the control room. The control room is air-conditioned and
shielded against radiation to enable safe and continued occupancy under
accident conditions. Air-conditioning equipment and environmental
components are designed to Seismic Category I requirements. The
refrigeration equipment condensers are fabricated in accordance with the
ASME Code (Section 94). Redundant equipment is provided. Upon loss of
offsite power, emergency power is automatically supplied from the onsite
diesel-generator sets. No single failure results in loss of control room
air-conditioning. Operability of the safety-related control and
electrical equipment located in the control room will not be impaired and
can continue to function in an accident environment. No special
environmental design requirements for loss of ventilation or air-
conditioning to essential safety-related electrical or instrumentation
equipment is necessary because they are located in the control room.

3.11.4.2 Emerp:ency witchgear Room Ventilation System

Redundant emergency switchgear for safety-related equipment is located in
separate rooms in the auxiliary building. The switchgear rooms are
provided with ventilation systems to maintain the rooms at 104'F and
approximately 40% relative humidity under outdoor design conditions.
However, the switchgear equipment is conservatively designed to function
under conditions at 104'F and 90% relative humidity for extended periods.

The ventilation equipment for each switchgear room is redundant and
designed to Seismic Category I requirements (Section 94), and each
switchgear room ventilating system is supplied with onsite emergency
power upon loss of offsite power. No single failure can result in loss
of ventilation in any of the emergency switchgear rooms (see Chapter
7.0).
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3.11.5 Estimated Chemical and Radiation Environment

The LaSalle County Station contains no special chemical environments that
warrant investigation for their effects on safety-related equipment.
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TABLE 311-1

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL CONDITIONS

INSIDE PRIMARY CONTAINMENT - ABNORMAL CONDITIONS

COMPONENT COMPONENTS MUST BE OPERABLE UNDER THE FOLLOWING CONDITIONS

Core spray injection check valve, Temperature 340'F 320'F 250'F 200'F
HPCS-RHR injection check valve, Pressure -2 to 45 psig -2 to 45 psig 0 to 25 psig 0 to 20 psig
reactor shutdown cooling suction Rel. humidity 100% steam 100% steam 100% 100%
valve including operator and cable, Duration* 3 hours 6 hours 1 day 100 days
relief valve including operator
and cable, vessel level indicator,
structural components (e.g., loop
restraints, vessel skirt, etc.)

Feedwater check valve Temperature 3407 320'F
RCIC steamline isolation valve Pressure -2 to 45 psig -2 to 45 psig
including operator and cable, Rel. humidity 100% steam 100% steam
reactor water cleanup suction valve Duration 3 hours 6 hours
including operator and cable,
reactor water sample line valve
including operator and cable, Cn
lines 2 inches and smaller, isolation
valves, operators, cabling,
cables to intermediate range monitors
and power range monitor, reactor
vessel head spray check valve

Recirculation valves (main valves)** Temperature 340'F 320'F

Pressure -2 to 45 psig -2 to 45 psig
Including operators and cables, Rel. humidity 100% steam 100% steam
reactor protection system, Duration 3 hours 4.5 hours
neutron monitoring system

*Durations shown are termination times measured from the initiation of the postulated accident, e.g., the 6-hour duration is
the period from 3 hours through 6 hours, and the 1-day duration is the period from 6 hours through day 24 hours).

"The recirculation valves have no safety requirements. However, the specified conditions are desirable to enable a normal
shutdown cooling procedure during a steam leak. Refer to Appendix G for recirculation valve classification.



TABLE 311-1

-PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL CONDITIONS

INSIDE PRIMARY CONTAINMENT - ABNORMAL CONDITIONS
(Continued)

COMPONENT C PONENTS MUST BE OPERABLE UNDER THE FOLLOWING CONDITIONS

Main steam isolation valve Temperature 340'F 320'F 250'F 200'F
including operator and cable, Pressure -2 to 45 psig -2 to 45 psig -2 to 25 psig -2 to 20 psig
main steam drain isolation valves Rel. humidity 100% steam 1002 steam 100% 100%
including operator and cable, Duration 3 hours 6 hours 1 day 100 days
standby liquid control injection
check valve

Containment electrical Temperature 340'F 250'F 200'F
penetrations Pressure -2 to 45 psig -2 to 25 psig -2 to 20 psig

Rel. humidity 100% steam 1002 1002
Duration 6 hours I day 100 days

0"
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TABLE 311-1

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL
CONDITIONS INSIDE PRIMARY CONTAINMENT - ABNORMAL CONDITIONS

(Continued)

This legend is a compilation of basic abnormal environmental pressures
and temperatures with the time durations expected. The full spectrum of
simultaneous environmental possibilities is not presented in a series of
curves, but rather as a description of the parameters within which
designated equipment must operate at discrete times during the
cycles/modes of the reactor's operation.

TemReratures Legen

340OF Superheat temperature for a steam leak with the
reactor vessel at 400 - 500 psi, containment at
60 psia.

320OF Superheat temperature during shutdown cooling line
flush after reactor has been depressurized to
150 psia, which corresponds to the pressure at
which the shutdown cooling system is activated.

250OF Long-term temperature in the containment during the
first day following a postulated design-basis
accident.

200OF Extended long-term temperature in the containment
following a postulated design-basis accident.

Pressures

-2 psig Assumed minimum pressure of the primary
containment.

45 psig Maximum positive internal pressure of the primary
containment.

25 psig Pressure up to one day following a postulated
design-basis accident.

20 psig Pressure at one day and long following a postulated
design-basis accident.
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TABLE 311-1

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL
CONDITIONS INSIDE PRIMARY CONTAINMENT - ABNORMAL CONDITIONS

(Concluded)

Durations

1 hour Time duration during which valves that must isolate
automatically on low reactor pressure vessel level
or low drywell pressure must be operable.

3 hours Time duration to depressurize the reactor pressure
vessel at a rate not exceeding 100'F/hr down to
150 psia.

4.5 hours Time at which shutdown cooling system flush is
complete. Normal shutdown cooling necessitates
closure of recirculation line valves.

6 hours Duration of time to complete vessel depressuriza-
tion to near atmospheric pressure. This time
includes RPV depressurization to 150 psia not
exceeding a rate of 100'F/hr, flushing of system
and depressurization to near atmospheric pressure.
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TABLE 311-2

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL CONDITION,
INSIDE SECONDARY CONTAINMENT - ABNORMAL CONDITIONS

DESIGN-BASIS LOSS-OF-COOLANT ACCIDENT

COMPONENTS MUST BE OPERABLE UNDER
COMPONENT THE FOLLOWING CONDITIONS (1) DURATION 2)

Control Rod Hydraulic System Temperature 212'F () 0-1 hour
(Portions of system necessary Pressure 7 in. water gauge
for scram. Instrumentation) Relative Humidity all steam

Isolation Valves Temperature 340'F 0-1 hour
Main steamline Pressure 7 in. water gauge
steam drain lines Relative Humidity all steam
RCIC steamline

RHR steamline
operators and cables (power
and instrumentation)

Isolation Valves Temperature 340'F 7 0-1 hour
Process water lines Pressure 7 in. water gauge
operators and cables (power Relative Humidity all steam
and instrumentation)

RCIC system (power and Temperature 212'F (5) 0-6 hours
instrumentation) valves (other Pressure 7 in. water gauge
than isolation), valve Relative Humidity all steam
operators, cables, turbine,

except electronic speed Temperature 150'F 6 6-12 hours
control assembly Pressure 7 in. water gauge

Relative Humidity 100 percent

Temperature 150'F 12 hours to 100 days
Pressure -0.72 in. water gauge
Relative Humidity 90 percent maximum



TABLE 311-2

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL CONDITIONS
INSIDE SECONDARY CONTAINMENT - ABNORMAL CONDITIONS

DESIGN-BASIS LOSS-OF-COOLANT ACCIDENT
(Continued)

COMPONENTS MUST BE OPERABLE UNDER
COMPONENT THE FOLLOWING CONDITIONS (1) DURATION 2)

RCIC System Temperature 150'F 0-12 hours (8)
Electronic speed control assembly Pressure 7 in. water gauge

Relative Humidity 90 percent maximum

RHR System Temperature 212'F (5) 0-6 hours
(LPCI, shutdown, containment Pressure 7 in. water gauge
cooling, service water Relative Humidity all steam
system) 7)

Valves (operators and cables, Temperature 150'F 6 6-12 hours
power and instrumentation) Pressure 7 in. water gauge
pumps (motors, seal coolers) Relative Humidity 100 percent
instrumentation, controls and

to electrical equipment cables Temperature 150'F 3 4 12 hours to 100 days C)
C.71 (power and instrumentation) Pressure -0.72 in. water gauge r

Relative Humidity 90 percent maximum "I

Core Spray Systems 7 Temperature 212'F (5) 0-6 hours
(LPCS - HPCS) Pressure 7 in. water gauge
Valves, operators, cabling, Relative Humidity all steam
pumps, motors, seal coolers,
instrumentation controls and Temperature 150'F 6 6-12 hours
electrical equipment and cables Pressure 7 in. water gauge
(power and instrumentation) Relative Humidity 100 percent

Temperature 120'F 3 4 12 hours to 100 days
Pressure -0.72 in. water gauge
Relative Humidity 90 percent maximum



TABLE 311-2

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL CONDITIONS
INSIDE SECONDARY CONTAINMENT - ABNORMAL CONDITIONS

DESIGN-BASIS LOSS-OF-COOLANT ACCIDENT
(Continued)

COMPONENTS MUST BE OPERABLE UNDER
COMPONENT THE FOLLOWING CONDITIONS (1) DURATION 2)

Neutron Monitor Syste Temperature 212'F (5) 0-6 hours
IRM, LPRM cables Pressure 7 in. water gauge

Relative Humidity all steam

Temperature 150'F 6 6-12 hours
Pressure 7 in. water gauge
Relative Humidity 100 percent

Leak Detection Equipment Temperature 340'F 0-1 hours
Instrumentation, initiation Pressure 7 in. water gauge
channels and power supply Relative Humidity all steam

a. steam Temperature 212'F 1-6 hours Ln
to b. water (7) Pressure 7 in. water gauge

Relative Humidity all steam
Postaccident surveillance

instrumentation and cables Temperature 150'F 6 6-12 hours >
(power and instrumentation) Pressure 7 in. water gauge

Relative Humidity 100 water

Temperature 150'F 3 4 12 hours to 100 days
Pressure -0.72 in. water gauge
Relative Humidity 90 percent maximum

Motor Control centers for Temperature 120'F 0-100 days
safety-related equipment Pressure -0.72 in. water gauge

Relative Humidity 90 percent maximum



TABLE 311-2

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL CONDITIONS
INSIDE SECONDARY CONTAINMENT - ABNORMAL CONDI TIONS

DESIGN-BASIS LOSS-OF-COOLANT ACCIDENT
(Continued)

COMPONENTS MUST BE OPERABLE UNDER
COMPONENT THE FOLLOWING CONDITIONS (1) DURATION 2)

Isolation Valves Temperature 340-212'F 1-2 hours
Main steamlines, steam drain (7) Pressure 7 in. water gauge
lines, RHR steamline, water Relative Humidity all steam
line RCIC steamline, opera-
tors, cables (power and Temperature 212'F (5) 2-6 hours
instrumentation) Pressure 7 in. water gauge

Relative Humidity all steam

Temperature 1507 5-10 hours
Pressure 7 in. water gauge
Relative Humidity 100 percent

Temperature 150'F 10 hours to 100 days
Pressure -0.72 in. water gauge
Relative Humidity 90 percent maximum

Control Rod Hydraulic System Temperature 212'F I- hours >
Portion of system necessary for Pressure 7 in. water gauge
scram Relative Humidity all steam

Temperature 150'F 6 hours to 100 days
Pressure -0.72 in. water gauge
Relative Humidity 90 percent maximum

Flammability Control System Temperature 212'F (5) 0-6 hours
Isolation valve operators and Pressure 7 in. water gauge
cabling (power and instrumenta- Relative Humidity all steam
tion) blowers, instrumentation,
electrical equipment and cables Temperature 150'F 6 6-12 hours
(power and instrumentation) Pressure 7 in. water gauge

Relative Humidity 100 percent

Temperature 150-F 3 4 12 hours to 100 days
Pressure -0.72 in. water gauge
Relative Humidity 90 percent maximum
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TABLE 311-2

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND ENVIRONMENTAL
CONDITIONS INSIDE SECONDARY CONTAINMENT - ABNORMAL CONDITIONS

DESIGN-BASIS LOSS-OF-COOLANT ACCIDENT
(Concluded)

NOTES:

(1) Safety system equipment that is required to function following an
accident shall be capable of functioning in the environmental
conditions associated with that accident, and after performing its
required function shall remain in a safe condition.

(2) Time shown is consecutive elapsed time.
Example: to Hour

1 to 6 Hours
6 to 12 Hours

(3) Temperature based on safety system equipment operating.

(4) Motors rated for continuous operation in an ambient temperature
below that listed will operate in the higher ambient temperature
with decreased life expectancy. Space cooling may be required to
limit the environment to an acceptable temperature.

(5) A reactor building designed for internal pressure greater than
atmospheric will have a higher temperature environment,
corresponding to saturation at reactor building design pressure.

(6) Ambient temperature to which equipment is exposed varies with the
heat input to space not reflected in the above values.

(7) Steamline valve operators and associated equipment may be exposed to
340'F temperature (ambient) from an immediately adjacent leak.
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TABLE 311-3

AUXILIARY EQUIPMENT ENVIRONMENTAL CONDITIONS

CONDITIONS LOCATION

Control Room Heating, Ventilation, PRESSURE TEMPERATURE RELATIVE HUMIDITY
Air Conditioning

Plans, radiation monitors, ion- range 0.1 in. 60 - 90'F 40-50 2 control room
ization detectors, temperature to 125 in. normal 60% max. (1)
elements, temperature controllers, water gauge 120'F max. 20% min.
flow switches, flow element, flow static pressure 40'F min.
controllers, dampers, control
switches

CSCS Equipment Cooling Water System

Well for temperature element, 14.7 psia 40'F min. 202 min. diesel
flow transmitters, valves, 104'F max. 60% max. generator
radiation monitoring, pumps bldg.

(1) During (HVAC) equipment failure conditions, relative humidity may approach 902 for 100 hours, but 120'F
would not occur concurrently.

ITJ

4- (2) The word normal is used here to indicate the ambient conditions that are expected to prevail during plant

operation; the actual conditions will deviate somewhat from these normal values depending on overall
plant design considerations.

Diesel-Generator Support Sstem

Air compressors, pressure 14.7 psia 40'F min. 202 min. diesel-
indicators, pressure switches, 122'F max. 60% max. generator room
control valves, control switches,
diesel start control, level indi-
cators, level switch, temperature
indicators, temperature switches



TABLE 311-3

AUXILIARY EQUIPMENT ENVIRONMENTAL CONDITIONS
(Continued)

COMPONENT CONDITIONS LOCATION

Fuel Pool PRESSURE TEMPERATURE RELATIVE HUMIDITY

Pressure indicators, reactor

pressure switches, 14.7 psia 120'F max. 90% max. building
temperature switches, level 40'F min. 20% min, secondary
switches, control valves containment

Diesel-Generator Fuel Oil Transfer

Pumps, level switches, diesel-

level indicator, 14.7 psia 120'F max. 902 max. generator
pressure indicators, 40'F min. 202 min. room
control switches

Combustion Monitoring

Pressure gauges, pressure switches 14.7 psia 120'F max. 902 max. reactor

40'F min. 40% min. building
Un secondary

containment

Combustion Gas Control System

Fans, isolation valves 14.7 psia 120'F max. 90% max. reactor
flow elements, flow switches 40'F min. 20% min. building
recombiner temperature elements, secondary
control switches, valves containment



TABLE 311-4

ENVIRONMENTAL CONDITIONS (PLANT) OPERATIONAL

OPERATING DOSE DESIGN-BASIS
RATE(1)* INTEGRATED DOSE ACCIDENT

RELATIVE RADIA-
PRESSURE TEMP HUMIDITY TION PLANT SYS

AREA (as noted) 'F 2 TYPE OPR OPR NORMAL(2) ACCIDENT(3) TYPE DOSE RATE

Primary Containment

Drywall -0.5 to 20 135' avg. 40-55% Gamma 6.5 x 104 2.3 x 1010 2.6 x 107 LOCA 1.3 x 106
Psig 40' min. 90% max. Neutron 6.3 x 107 7. x 116

150'max. 0-10% min.

Area above Same as Same as Same as Same as 2.50 8.8 x 106 2.6 x 107 LOCA 1.3 x io6
shield wall above above above 5 x 104 6.3 x 1013 6.3 x 1013

to top of
drywell

Region adja- Same as Same as Same as Same as 50.0 1.8 x 107 2.6 x 107 LOCA 1.3 x 106
t cent to core above above above above 1.4 x 105 1.8 x 1014
P

Under reactor Same as 135' avg. Same as Same as 7.2 2.5 x 106 2.6 x 107 LOCA 1.3 x 10
pressure ves- above 70 min. above above 1 1.3 x 109 Cn
sel inside of 70-80'F >
shield wall in CRD area

185' max.(4)

Vicinity recir- Same as 128' avg. Same as Same as 25.0 8.8 x 106 2.6 x 107 LOCA 1.3 x 106
culation pump above 40' min. above above 2 x 103 2.5 x 1012
motors 135' max.

Secondary Containment
(reactor building)

General floor area -0.10 in. 70' normal 40% Same as 0.001 3.5 x 102 1.7 x 105 LOCA 6.5 x 1o2

to -. 25 in. 50% normal above
Water gauge 140' max. 90% max.
static 40' min. 20% min.-75%
pressure of time

0-2 - 25%
of time

*Superscript numbers in parentheses refer to notes following this table.



TABLE 311-4

ENVIRONMENTAL CONDITIONS (PLANT) OPERATIONAL
(Continued)

OPERATING DOSE DESIGN-BASIS
RATE(1)* INTEGRATED DOSE ACCIDENT

RELATIVE RADIA-
PRESSURE TEMP HUMIDITY TION PLANT SYS

AREA (as noted) 'F z TYPE CPR OPR NORMAL(2) ACCIDENT(3) TYPE DOSE RATE

Vicinity of -0.10 in. 70' normal 40-50% Gamma 5 1.8 106 4.5 x 104 LOCA 1.6 x 102
steamlines to -. 25 in. normal

Water gauge 140' max. 90-98% 2.5 x 102 Rod 2.5 x 102
static 40'min. max. drop
pressure 20% min.

Cleanup systems

Heat exchanges 122' (max.) Gamma 15.0 8.7 x 106 1.7 x 105 LOCA 6 x 5 x 102
Pump room Same as 104' (max.) Same as Gamma 0.05 1.8 x 104 1.7 x 105 LOCA 6 x 5 x 102
Filters and tanks above 122' (max.) above Gamma 10.0 3.5 x 106 1.7 x 105 LOCA 6.5 x 102

Ln

Standby gas Same as Gamma 0.001 4 103 LOCA
_J treatment systems above

Turbine Bui >

0.0 in. to 70' normal 40% normal Gamma 0.001 4.103
-0.25 in. (Winter) 902 max.

General areas H20 auge 104' max. 202 min.
protected static
by shields pressure 40' min.

90' normal
(Summer)
122' max.

Operating floor, Same Same Same Gamma 0.005 0200 77.0 x 104
general as above as above as above

Contact hpt Same Same Same Gamma 0.5 1.8 x 15
as above as above as above

Heater bay, Same Same Same Gamma 0.05-5.0 1.8 X 106
condenser, etc. as above as above as above

Steam jet air Same Same Same Gamma 15R/hr 5.3 x 16
ejector as above as above as above

*Superscript numbers in parentheses refer to notes following this table.



TABLE 311-4

ENVIRONMENTAL CONDITIONS (PLANT) OPERATIONAL
(Continued)

OPERATING DOSE DESIGN-BASIS
RATE(1)* INTEGRATED DOSE ACCIDENT

RELATIVE RADIA-
PRESSURE TEMP HUMIDITY TION PLANT SYS

AREA (as noted) 'F % TYPE OPR OPR NORMAL(2) ACCIDENT(3) TYPE DOSE RATE

Condensate Same Same Same Gamma 1OR/hr 3.5 x 106
treatment as above as above as above

Radwaste Building

Equipment cells 0.0 in. to 70' normal 40% normal Gamma 0.020 7 x 103
(valve and pump -. 25 in. 122 max. 90% max.
rooms) H20 gauge (nonelect) 20% min.

static 40' min.

pressure 104' max.
(elect)

Control room 0.0 in. to 60-90' nor- 40-50% nor- Gamma 0.001 3.5 x 102
.10 in. mal 120' mal 60% max.

H20 gauge max. 40' min. 10% min.
static
pressure

Storage tanks -0.10 to 70' normal 40% normal Gamma 20.0 7.0 x 106

(unprocessed) -. 25 in. H20 122' max. 90% max.
gauge S.P. 40' min. 20% min.

Evaporator Same as Same as Same as Gamma 100.0 1 x 107
above above above

Control Room 0.10 in. to 60'-90' 40-50% Gamma 0.0005 1.75 x 102 3.0 x 10'
.25 in. normal normal

HZO gauge 120' max. 602 max.
static
pressure

HVAC Auxiliary Bay 0.0 to 70'-80' 40% normal Gamma 0.015 5.3 x 103
Equipment Area .10 in. normal 90% max.

Water gauge 104' max.6 20% in.
static 60' min.
pressure

*Superscript numbers in parentheses refer to notes following this table,



TABLE 311-4

ENVIRONMENTAL CONDITIONS (PLANT) OPERATIONAL
(Continued)

OPERATING DOSE DESIGN-BASIS
RATE(I)* INTEGRATED DOSE ACCIDENT

RELATIVE RADIA-
PRESSURE TEMP HUMIDITY TION PLANT SYS

AREA (as noted) 'F % TYPE OPR OPR NORMAL(2) ACCIDENTM TYPE DOSE RATE

Standby liquid Same as 104' ax. 401 normal
control area above 70' max. 90% max.

20% min. -
70% of time
-20% - 252
of time

HPCS, RIC, Same as 70' normal 40% normal Gamma 0.015 0200 5.3 13 4.5 x 104 LOCA 1.6 x 103
LPCS, RRR above 140' max, 90% max. Neutron
equipment areas 60' min. 20% min.

CA

*Superscript numbers in parentheses refer to notes following this table.
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TABLE 311-4

ENVIRONMENTAL CONDITIONS (PLANT) OPERATIONAL
(Concluded)

REFERENCED NOTES FOR TABLE 311-4

(1) Gamma Dose Rads (carbon)

(2) Neutron Fluence Neutrons/CM2 (NVT)

(3) Accident Conditions Integrated over 6 months

(4) The maximum temperature and humidity will occur simultaneously in
this space.

ADDITIONAL NOTES NOT REFERENCED IN TABLE 311-4

1. During the loss of offsite power and other emergencies (except

during design-basis accident), the temperature of the area under the
reactor pressure vessel will be maintained at 185'F or lower for up

to 30 minutes.

2. The average temperature 100% shall apply at the inside base of the

shield wall.

3. Gamma Dose Rate Rads (carbon)/hour

4. Neutron Flux Neutrons/CM2-sec

5. Normal Conditions Integrated over 40 years 100%

load factor at rated power

6. Radioactivity release assumptions were: 100% noble gases, 50%

halogens, and 1% particulates.
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TABLE 311-5

RADIATION TOLERANCE OF MATERIALS

CONSERVATIVE MAXIMUM
RADIATION EXPOSURE RADIATION EXPOSURE

WITHOUT SERIOUS DURING INSTALLED LIFE
DESCRIPTION MATERIAL DAMAGE PLUS LOCA

Solenoid valve seats "Viton" 108R <5 x 17R

Solenoid valve Inorganic 109R <5 x 17R

insulation ("Glass")

Valve position Phenolic 108R <5 x 17R

switches

Valve motor insulation NEMA Class 108R <5 X 17R

(Inorganic with
organic fillers) UO

Cable connectors Silicone rubber 108R <5 X 17R

"Rexolite"

Cable insulation Irradiated 108R <5 x 17R

polyethylene



TABLE 311-6

PRESSURE, TEMPERATURE, RELATIVE HUMIDITY, AND
ENVIRONMENTAL CONDITIONS OUTSIDE THE SECONDARY CONTAINMENT:

ESF-NON-GE-FURNISHED ELECTRICAL EQUIPMENT*

PRESSURE RELATIVE
LOCATION EQUIPMENT CONDITION TEMPERATURE (water gauge) HUMIDITY RADIATION"

Auxiliary building (switchgear Switchgear and batteries Normal 70-80'F 0.0 in. to 40% 1 x 104
and battery rooms) -0.25 in.

Abnormal 65-104'F 0.0 in. 20-90%

Auxiliary building Motor control centers Normal 70-80'F 0.0 in. to 40% 1 x 104
-0.25 in.

Abnormal 65-104'F 0.0 in. 20-902

Auxiliary building Motors Normal 70-80'F 0.0 in. to 40% 1 x 104
-0.25 in.

Abnormal 65-104'F 0.0 in. 20-90%

Diesel-generator rooms Diesel generators Normal 65-104'F 0.0 in. 20-60%
Test 65-104'F 0.0 in. 20-60%
Abnormal 40-122'F 0.0 in. 20-90%

_j Auxiliary building Main control board Normal 60-90'F 0.10 in. to 40-50%
rQ .25 in.

Abnormal 40-120'F 20-602

*For Electric Cable Data, see Subsection 8.3.1.4.4a and b.

**Integrated dose, 40-year operation and accident (LOCA) (gamma)



B.4 Issue 4 Reactor Coolant PumR Seal LOCA Model for Westinghouse
Pumps

Applicability: Westinghouse PWRs

Discussion

This issue involves the probability of failure and the corresponding leak
rate of Westinghouse reactor coolant pump shaft seals under station
blackout conditions. In order to evaluate the station blackout event
tree, it is necessary to have a relationship between leak rate and
probability of leak rate versus time. The overall elicitation would ask
for that relationship, were it not considered a very complex problem.
Instead, it is suggested that the relationship be developed through
examination of individual failure mechanisms, and then combining the
results into an overall failure model. Elicitations will be made in the
following issues:

a. Probability of occurrence of specific seal failure mechanisms as
a function of time, or environmental conditions;

b. Correlation of individual seal stages and entire seal assemblies
with each other for each failure mechanism.

The RCP seal performance issue is being addressed by Generic Safety Issue
23 and also as part of TAP A-44 (Station Blackout) Neither of these
efforts will be complete in time to use the results for this resolution.
In addition, neither of these programs is oriented toward a probabilistic
solution and consequently the analysis done for these programs may only
be partially applicable to the resolution of the issues here.

This writeup will provide descriptive material about seal performance and
seal failure, a suggested decomposition of the problem, and finally, the

elicitation statements.

Discussion of Seal Performance and Failure. The Westinghouse reactor
coolant pump shaft seal is a three-stage seal assembly, as shown in
Figure B.4-1. The number one seal is a film riding controlled leakage
seal, whereas the number two and three stages are rubbing-face type
seals. The leakage across the number one seal cools the seal assembly.
The high pressure subcooled leakage is supplied by an injection system
upstream of the number o seal. Part of the injection water flows
through the seal assembly. The remainder flows into the water coolant
system as makeup water. Backup cooling is provided by a water-to-water
heat exchanger parallel to the labyrinth seal. During a station
blackout, both injection and cooling water would be lost.

High temperature reactor coolant water would then flow up the shaft into
the seal system. The shaft and the seal assembly would experience
abnormal temperature distributions. This condition will affect the angle

between the faceplates of the RCP seals and the gap between the
faceplates of the number one film-riding seal.
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PRELIMINARY OPERATING

PARAMETERS MOTOR

INLET
SEAL PRESSURE FLOW RATE

NO.1 2250 3 GPM NO. 3 SEAL RING
ASSEMBLY

NO.2 so 3 GPM

NO 3 6 . 100 CC/MR NO. 3 SEAL SPACER

SEALING SURFACE RING CLAMP
NO.3

NO. 3 SEAL RUNNER
TO

WASTE

PROCESSING NO. 2 SEAL HOUSING

SYSTEM NO. 2 SEAL SPACER

TO SEAL WTER NO. 2 SEAL RING

HEAT EXCHANGER ASSEMBLY

SEALING SURFACE --------

NO. 2

NO. 2 RUNNER

NO. RUNNER

RETAINER SLEEVE

NO. I SEAL RING INSERT

NO. I SEAL RING

ASSEMBLY

,A�

NO. I SEAL RUNNER

ASSEMBLY

SEALING SURFACE

NO. I

IAVELLER

RCP Typical Shaft Seal Arrangement

Figure B.4-1. Westinghouse RCP Seal Assembly.
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The gap between the number one seal faceplates is determined by a force
balance, which can be affected by flow rate, angle between the fireplates
of the seal ring and runner, enthalpy, and inlet pressure. The fluid
pressure profile between the seal faceplates determines the opening
forces on the seal. The closing force on the seal is proportional to the
differential pressure across the seal and acts on the upper surface of
the seal ring. If these forces are unbalanced, the gap will increase or
decrease as necessary, until the forces are balanced.

The number two seal stage is designed to withstand full system pressure
without loss of integrity in the event that number one seal stage fails.
In the event that both number one and number two seals fail, the number
three seal stage is not expected to limit leakage.

Supgested Decomposition. It is suggested that three potential seal
failure mechanisms be postulated. They are:

1. Binding of a seal ring;
2. Popping open of a seal ring (hydrodynamic instability);
3. Extrusion of the seal elastomer 0-rings.

BINDING OPEN. Binding failure mechanism is identified in Reference
B.4-1. Seal failure could be caused by binding of a seal ring in its
housing. This would prevent the seal ring from moving downward to follow
the runner, should the shaft move. Relative movement between the shaft
and the pump casing could occur for any random reason, but most likely
would be due to thermal expansion of the shaft itself or the rest of the
pump. Binding may occur in each stage independently or in multiple
stages. If binding were to occur, the bound seal ring could not respond
to subsequent shaft movement. Binding of a seal ring could occur due to
extrusion of an elastomer seal into the space between the ring and the
housing, debris backwash, differential expansion of the ring and the
housing, or other random causes.

POPPING OPEN. Popping open is a phenomenon caused by an unfavorable
force balance on the seal ring. The primary cause of popping open has
been suggested to be flashing in the seal face. Reference B.4-2 states
that volumetric expansion of fluid in the seal face, caused by transition
to two-phase flow, leads to a higher pressure profile on the inner
portions of the seal ring, thus causing a reduced balance ratio. This
condition may be brought on by saturated inlet conditions or low stage
backpressure. Unfavorable temperature gradients, worn seal faces, and
shaft movement may contribute to popping open. If popping open were to
occur, it would be expected to occur shortly after appropriate seal inlet
pressure and temperature conditions are reached. The existence of a
popping open failure mechanisms has been postulated in References B.4-2
and B.4-3.

ELASTOMER FAILURE. O-ring extrusion is a phenomenon which occurs as a
result of O-ring deterioration. Each seal assembly has many elastomer 0-
rings which provide seals between the various parts of the assembly. The
most critical O-ring may be the one between the movable seal ring and its
support housing. O-ring elastomer seals will soften as they heat up.
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The differential pressure across the seal will cause them to extrude into
the channel between the seal ring and the support housing. This ruins
the sealing ability of the O-ring and also allows flow over the top of
the seal ring (normally stagnant area) possibly deteriorating the balance
ratio. This could become a contributing cause of popping open, or lead
to binding.

There is general agreement that the present O-ring material in
Westinghouse RCPs will not stand up to 500'F conditions. O-ring
extrusion is expected to occur if station blackout conditions last long
enough. For the purpose of this model, all elastomer seals are expected
to fail very close in time. Reference B.4-3 shows seal blowout as early
as 1 h for some test conditions. In a long-term station blackout, the
operators would have the option to cooldown the RCS to something on the
order of 400-450'F. This could be expected to delay the O-ring
deterioration. Whether the delay would be significant is not known.

Discussion of Leak Rates '. With one exception, leak rates for a given
combination of seal stage failures will not be subject to elicitation.
Leak rates have been calculated by Westinghouse and Energy Technology
Center (Reference B.4-4 (the Westinghouse results are published in a
proprietary report)]. There is good agreement between the calculations,
and the bounding calculations have been verified by experience. The leak
rates range from 205 lb/s 19.6 gpm) for the case where all seal stages
function (i.e., they retain their integrity) to 50 lb/s 480 gpm) for the
case where all stages fail. In the latter case, the flow is limited by
the impedance of the lower labyrinth seal. Both of these leak rates have
been confirmed by test or experience. Westinghouse and Electricite de
France (EDF) have performed seal tests, resulting in confirmation of the
19.6 gpm leak rate for the case where all seal stages function. The HB
Robinson seal failure in 1975 can be used to confirm the 480 gpm
calculation, even though the seal failure was not due to loss-of-seal
cooling. The Robinson failure was a mechanical failure of the seal
surfaces, which resulted in considerable mechanical destruction of the
seals. The resulting leak rate of 500 gpm can be inferred to have been
limited by the resistance of the lower labyrinth seal, thus confirming
the code calculation of 480 gpm. The leak rates used in the model will
be based on the ETEC and Westinghouse calculations, for a given
combination of stage failures. The only subjective decision on leak rate
selection involves the case of elastomer failure in all three stages.
The question is whether elastomer failure will lead to popping open. If
all seal stages pop open, the leak rate is 480 gpm. If all elastomer
seals fail, Westinghouse calculated leakage at approximately 200 gpm, but
the Westinghouse calculation does not consider the possibility of
elastomer failure leading to popping open. The relationship between
elastomer failure and popping open will be subject to elicitation.

Available Data: The most significant amount of testing on this matter
has been performed by Westinghouse in support of the station blackout
rulemaking. The detailed results of these tests are proprietary,
however, and are therefore not available for use in resolution of this
issue for NUREG-1150.
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Testing of elastomer O-rings has been done by AECL, as reported in
Reference B.4-2. The third source of test data is the French EDF tests.
Reference B.4-2 provides a cursory report of the French test results. In
general, details of the French testing efforts are not available.

Two additional reports which would appear useful to the resolution of our
problem are also not available. AECL is compiling a review of the
Westinghouse proprietary seal report. This work is not complete (as of
Fall, 1987) and will be proprietary when it is published. Brookhaven
National Laboratory is compiling a technical findings document in support
of Generic Safety Issue 23. This report will be non-proprietary, but is
not scheduled for completion before January 1988.

As for the data or experience which directly supports occurrence of each
failure mechanism, the following is provided.

Westinghouse reports eight instances of loss of all seal cooling. Of
these, only three events lasted longer than 30 minutes, which is
considered the time necessary to observe seal failure. One event lasted
90 minutes. These three events involved six pumps. No significant
leakage occurred in any of the pumps. It is not known to what extent the
reactors were depressurized during these events.

As for popping open, there is no direct evidence to say that hydrodynamic
instability will occur. It has never occurred in a test, nor has it
occurred in actual loss-of-cooling events. On the other hand, full-scale
seal assemblies have not been rigorously tested under all possible
station blackout conditions. Tests and analyses which have been done at
close to saturated conditions are noncommittal (Reference B.4-2). They
do not indicate seal instability, nor do they confirm seal stability.

As previously discussed, test evidence exists (Reference B.4-3) that the
current O-ring material will degrade under station blackout conditions.
Improved elastomers have been developed and tested, but are not currently
installed on operating plants.

Elicitation Statement

The ultimate elicitation statement asks what is the cumulative
probability for leak rates from the reactor coolant system due to seal
failure, as a function of time from loss of all seal cooling.

It is suggested that the evaluation be decomposed to look at
probabilities of specific failure mechanisms occurring in each seal
stage. The previous discussion has been directed toward such a
decomposition. The suggested decomposition tree is shown in Figure
B.4-2. The individual elicitations for the suggested decomposition are
given below.
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Elastorner 1st Stage 2nd Stage Ist Stage 2nd Stage
Failure Binds Binds Pop Open Pop Open

Yes

Yes

Yes No

Yes No

Yes No

No

Yes

No Yes

No Yes

No Yes

No

No

Figure B.4-2. Decision Tree for Suggested Decomposition
(for One Seal Assembly).
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1 . Assess the time dependence of elastomer seal failure for
16 h at RCS temperatures of 550'F and 450'F each. An
example may be that risk of elastomer failure starts at h;
the failure probability is Weibull distributed with 90th
quantiles for 16 h. Another example may be that it is
exponentially distributed with a mean time to seal failure
of 3 h. It is suggested that this has an absolute time
dependence, but it may be expressed in relation to
occurrence of another event, such as seals will fail 2 h
after they reach 500'F.

2. Assess whether elastomer failure will lead to popping open
or binding for each seal stage. These can be split
fractions. The probabilities chosen for the second stage
will reflect the degree of dependence between the seal
stages.

3. Assess the probability of seal ring binding, exclusive of
that caused by elastomer failure, and its time dependence.
Please provide a cumulative distribution function for this
occurrence. An example might be that the probability is .05
in the first hour and .05 every additional hour. The
probabilities chosen for failure of the second stage will
reflect the degree of dependence between the seal stages.

4. Assess the potential for popping open of each stage due to
causes exclusive of elastomer failure. This can be stated
as an absolute split fraction for each station blackout
event (e.g., 5.OE-2 probability per event), or can be stated
as conditional upon occurrence of the events (e.g.,
probability of 09 given less than 20 degrees subcooling at
the seal inlet). If the former method of expression is
used, attach a time dependence to the probability. The
probabilities chosen for failure of the second stage will
reflect the degree of dependence between the seal stages.

5. The above elicitations will be used to develop a
probabilistic leak rate model for a single pump. Assess
whether the other pumps should be modeled completely
independent or completely dependent.
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B.5 Issue 5. Innovative Recovery Actions for Lonp_-Term Sequences
Involving Loss of Containment Heat Removal

Applicability: All Plants.

Discussion

Depending on the plant specific configuration of containment heat removal
systems, sequences where some core cooling is viable and continues to
operate while all containment heat removal has failed may be among te
dominant core damage sequences. All of these sequences involve long-term
heat-up and pressurization of the primary containment. Ultimately, from
either conditions inside the containment or those resulting from venting
or failure of the primary containment and its subsequent effects on the
equipment cooling the core, the core cooling equipment fails and core
damage ensues. Depending on the specific equipment that is operating,
the plant configuration, and the failure mechanisms, these sequences can
vary from 10 to 50 h in length. The basic issue is: given the long time
available to repair equipment or bring in new equipment, how much credit
should be given for recovery of hardware failures? All recent PRAs give
credit for realigning equipment to alternate modes and manual operation
of valves, etc., when auto-actuation and control fail. However, few PRAs
give credit for (1) operation of active AC components (such as pumps)
when DC power is not available, 2 repair of the local fault of a valve,
pump, strainer, heat exchanger, or other major component, or 3 bringing
in and installing alternate equipment either from onsite or offsite it
is particularly difficult for the PRA analyst to decide on the
appropriate amount of recovery credit when no procedures address the
problem.

The plant analyst will have determined the following information: (1)
location of the failed equipment, 2 accessibility of equipment for the
sequence of interest (i.e. environment not subject to extremes of
radiation, temperature, etc.), 3 time available for repair, and (4)
various possible repair scenarios.

Elicitation Statement

For the example decomposition given below, or for any other decomposition
selected, give the probability distributions for:

1. The percent of failures requiring non-destructive repair
versus destructive repair. (Destructive repair requires the
breaking of pressure boundaries and/or tearing equipment
apart).
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2 The probability of repairing the equipment listed in Table
B.5-1 vs. time. (It may be preferable to group the
equipment into a smaller number of categories based on any
similarities you think are appropriate. The following could
be grouped: (a) MOV, AOV, check, and manual valve fail to
open, MOV and AOV local fault fail to close and MOV common
cause fail to operate; (b) MOV, AOV, and circuit breaker
control circuit fail to operate and spurious operation, and
pump and diesel generator (DG) control circuit fail to start
and fail to run; (c) pump local fault fail to start or run,
and common mode fail to start, (d) breakers local fault fail
to open, fail to close, and spurious operation, and (e) DG
local fault fail to start or run and common cause fail to
start. As relays are more likely to be replaced than to be
repaired, it may be reasonable not to assess relays for
repair, only for replacement.

3. The probability of performing the alternate innovative
actions given in Table B.5-2 vs. time.

A logic structure for this issue is shown below. The structure is
provided as an example of how the issue could be decomposed.

Sample Decomposition:

Is equipment Percent of Probability of Probability of
accessible? Non-destructive Repair Before Alternate Action
(analyst Repair T Before T
supplied)

It is recommended that the repair and innovative actions be treated as
being independent, since it is likely that sufficient personnel will be
available to perform actions on two different components or one action
will be performed by people from outside the plant.
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Table B.5-1

Equipment List

Possible
Component Fault Type Failure Mode Group

MOV Local Fault Fails to open a
Fails to close a

Control Circuit Fails to operate b
(valve inaccessible) Spurious operation b
Common Cause Fails to operate a
Maintenance

AOV Local Fault Fails to open a
Fails to close a

Control Circuit Fails to operate b
(valve inaccessible) Spurious operation b

Check Valve Local Fault Fails to open a

Manual Valve Local Fault Fails to open a

Pumps Local Fault Fails to start c
Fails to run c

Control Circuit Fails to start b
Fails to run b

Common Cause Fails to start c
Maintenance

Breakers Local Fault Fails to Open d
Fails to close d
Spurious operation d

Control Circuit Fails to operate b
Spurious operation b

Maintenance

DGs Local Fault Fails to start e
Fails to run e

Maintenance
Common Cause Fails to start e
Control Circuit Fails to start b

Fails to run b

Fans Local Fault Fails to start and run
Maintenance
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Table B.5-1 (Continued)

Equipment List

Possible
Component Fault Type Failure Mode Group

MCC Local Fault Failure to supply
power

Maintenance

Relays Local Fault

Strainer/Filter Local Fault Plug

Heat Exchanger Local Fault Plug
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Table B.5-2

Innovative Actions

(1) Cross-tie electrical buses, no procedure, no hard-wired connections.

(2) Bring in an offsite diesel generator and hook it up.

(a) LaSalle is within 90 miles of Chicago but has no explicit
procedures.

(b) Peach Bottom performed a drill where they simulated a blackout
on Sunday and tried to contact nearby DG manufacturers. They
determined that they could get a DG on site within h.
However, they have no procedure for hooking it up.

(c) Surry has no procedures but is h from Norfok Naval base and
could get power from a ship or other portable source.

(d) Grand Gulf has access to National Guard portable power sources
but has no procedures.

(3) Bring in an offsite pump or set-up some local pump to refill empty
tanks (i.e., CST). No procedures.

(a) LaSalle--well onsite, could hook up a fire pump.

(b) Peach Bottom--fire truck could pump water from river.

(c) Grand Gulf--could hook up fire pump from well.

(d) Surry, Sequoyah--no information.

(4) Replace as opposed to repair any of the equipment on the equipment
list in Table B.5-1. Use the same groupings as in the repair case.
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Example:

One failure mode of one component and one innovative action.

Question 

For the valve normally closed fails to open failure mode, what is the
percent of destructive repair assuming that failure has occurred? Give
the following quantiles of the cumulative probability distribution?

Quantiles
5th 25th 50th 75th 95th

Prob. Dest. Fail. 0.05 0.1 0.3 0.6 0.7

Question 2

For the equipment failure category, valves which are normally closed and
fail open, what is the cumulative probability of repair vs. time? Select
a shortest time, a longest time, and subdivide the interval into N
subintervals (need not be equally spaced). For each time selected
estimate the cumulative probability of successful repair. Provide
estimates for both destructive and non-destructive repair.

Time (hour)

1 5 7 10 15 20 25 30 35 40 45 50

P(ND) 0.05 03 0.5 0.8 0.95 1.0

P(D) 0 0.05 02 04 0.7 0.95 1.0

Considerations

Is there an equipment interface with the primary system? Is destructive
repair affected if double, single, or no positive isolation exists? This
would pertain mainly to injection valves. It is not recommended to make
this distinction since some passive isolation, such as a check valve,
usually would be upstream of the valve and in an emergency situation
these considerations would probably not apply.

Does the case of similar equipment being at the plant, in nearby
metropolitan areas, or far away require different quantification? For
each plant, the analyst would possibly be able to determine the relative
location of possible sources of supply. It is recommended that for most
of the equipment it is reasonable to assume that piece parts would be
available at the plant, but, that for major repairs of pumps or diesel
generators that parts would need to be ordered.

Should it be considered that, in an emergency, repair might be faster or
slower than normal? It is recommended for all cases that this be
considered by the experts in setting up their initial quantification.
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Question 3

For LaSalle bring in an alternate diesel generator and hook it up. In
the same way as for question 2 select times and evaluate the cumulative
probability of performing the action. There is a significant difference
between normal weather (NW) and severe weather (SW) such as tornadoes,
hurricanes, ice storms, etc. Separate assessments will need to be made
for cumulative probability of success.

Time (hour)

1 5 10 15 20 25 30 35 40 45 50

P(NW) 0 0 0.05 0.15 0.3 0.5 07 095 1.0

P(SW) 0 0 0 0.05 0.15 03 0.5 07 0.95 1.0
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B.6 Issue 6 Zion Component Cooling Water System Pipe RuRture
Frequenc

Applicability: Zion

Discussion

Unrecovered loss of the component cooling water system was modeled in the
Sandia review (Reference B.6-1) of the Zion Probabilistic Safety Study
(ZPSS) as a core damage sequence since it may lead both to an RCP seal
LOCA and to failure of the ECCS due to CCWS dependence of the safety
injection and charging pumps. Pipe rupture was assessed in Reference 
to be the dominant initiator of this sequence. The Sandia review and its
update (Reference B.6-2) provide the basis for the systems analysis
portion of the Zion integrated risk study (Reference B.6-3) and, there-
fore, the CCWS-related risk-perspectives provided in the review are
reflected in the NUREG-1150 draft assessment of Zion Unit 1. It has been
argued that this perspective is based upon conservative assumptions
regarding the likelihood of CCWS pipe rupture.

The origin of this possible conservatism lies in the ZPSS where a pipe
rupture frequency of 8.6E-10 per pipe section per hour was adopted for
quantification of the CCWS model. This number was based upon WASH-1400
pipe rupture frequency assumptions developed for the purpose of primary
system piping analysis. In the absence of low pressure pipe break data,
that figure was incorporated into the ZPSS (where the ECCS-CCWS
dependence was not modeled) and subsequently retained in the Sandia
review analysis. It should be noted that, in the review itself, this
pipe break rate assumption was characterized as "probably conservative."

To acknowledge this probable conservatism within the framework of
NUREC-1150 Zion risk analysis, a second extreme case in which pipe
rupture constituted a negligible contributor to CCWS failure was
considered (Reference B.6-2) and, though assigning to this case a weight
relative to the base case, both extreme assessments were incorporated
into the overall probabilistic uncertainty analysis (Reference B.6-3).
Reference B.6-3 contains further discussion of this issue in the context
of the Zion uncertainty analysis.

Objective

For the final version of the Zion risk analysis, a more refined char-
acterization of uncertainty in the CCWS pipe rupture frequency is sought.
Now, rather than considering two discrete and extreme CCWS pipe rupture
frequencies in the analysis, to each of which a probability is attached,
the intention is to consider the continuous space of such frequencies and
to attach a probability density function to that space, reflecting the
likelihood that the true break frequency lies in any particular region of
the parameter space.

Since publication of the Zion risk-rebaselining analysis (Refer-
ence B.6-3), a review of PWR CCWS operating experience has been prepared
at Brookhaven National Laboratory (Reference B.6-4). While the data
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compiled for the purpose of the review do not permit a direct
quantification of the Zion-specific parameter of interest, they will
undoubtedly provide a valuable perspective for consideration by the
expert review group. The data considered to be of immediate relevance
are summarized here and are statistically processed to a limited degree.

Statistical Data

In Reference B.6-4, the 304 PWR CCW system years of National Plant Avail-
ability and Data System (NPRDS) performance data are assessed. It is
noted that the NPRDS records account for 53% of the total PWR CCW system
years of operation to date. No pipe ruptures were reported in this 304
system year period. If it is assumed that pipe breaks are Poisson-
distributed in system time, then this emplaces an upper 95% statistical
confidence bound of 9.9E-3 ruptures per system year. Given no break
events, there exists no non-trivial lower bound upon the rupture rate.
Note that in circumstances where two units share a CCWS (e.g., at Zion),
then that system is counted only once in the bounding analysis. Where a
single unit has more than one CCW system, however, only one of those
systems is accounted for in the 304 system years. The net effect of
these assumptions is for a conservative one with regard to pipe rupture
rate evaluation.

If one now assumes that, on average, a CCWS is comprised of 18 pipe
sections (see Reference B.6-4), then the upper 95% confidence bound upon
the rate of rupture per hour, per pipe section, is 6.2E-8.

Pipe leak data were also compiled in Reference B.6-4. While the question
of pipe leakage is not directly pertinent to the current issue, the
associated data may provide a useful bounding perspective for the expert
review group. The NPRDS records three CCWS leak events in the reporting
period of 304 system years. These events occurred at Crystal River 3,
Surry 2 and Maine Yankee. Based upon inspection of Indian Point 2
maintenance records, the CCWS review (Reference B.6-4) sought to approxi-
mate the fraction of all CCWS operating events that are actually recorded
in the NPRDS. It was concluded that this fraction is about equal to
0.31. Hence, from the three leak events reported to the NPRDS, one may
infer an actual leak occurrence number of approximately 10 in 304 system
years. Again, the corresponding statistical confidence bounds upon the
leak rate were evaluated assuming an underlying Poisson distribution of
events. The lower and upper 95% bounds are 1.8E-2 and 5.6E-2 leaks per
system year, respectively. If an average of 18 pipe sections per system
is assumed, these figures correspond to lower and upper 95% bounds of
1JE-7 and 3.5E-7 leaks per hour per pipe section, respectively.

CCWS specifications are provided in Table B.6-1. In Table B.6-2,
historic CCWS pipe rupture and leak data, along with associated statis-
tical inferences are presented.

Each member of the NUREG-1150 front-end expert review group is also
provided with a copy of the report, NUREG-4407 (Reference B.6-5), and a
partial copy of the report, NUREG-1061, Volume 3 (Reference B.6-6).
These documents address the question of pipe rupture frequency assessment
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Table B.6-1

Zion CCWS Specifications

CCWS Shared by Two Units

CC pumps: 5

Pump type: Horizontal centrifugal

Operating Pipe Pressure: 90-100 psi

Operating Temperature: 90-130'F

Piping Material Carbon Steel

Piping Specification: 12-inch Schedule 40

Number of Critical Pipe Sections: 30

Table B.6-2

PWR CCWS Pipe Leak/Rupture Data

Recorded System Years: 304

Number of Ruptures: 0

Number of Leaks (corrected)*: 10

Lower, upper 95% Statistical Bounds on:

Rupture Rate (per system year) 0 9.9E-3

Rupture Rate (per pipe section hour)* 0 6.2E-8

Leak Rate (per system year) 1.8E-2 5.6E-2

Leak Rate (per pipe section hour)* 1AE-7 3.5E-7

*See text for assumptions.
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across various system types. Of particular pertinence is the former
report which utilizes expert opinion elicitation techniques to charac-
terize uncertainty regarding the frequency of pipe rupture relative to a
spectrum of operational modes, system types, pipe sizes, and leak rates.
The elicitation technique adopted differs in various respects from the
NUREG-1150 approach. In particular, the distribution that reflects
uncertainty in a pipe rupture rate is formulated in the light of a single
point-value of frequency provided by each expert rather than the current
approach in which the information provided by a single expert is
sufficient to construct an entire probability distribution. Amongst the
conclusions to be drawn from the study is that, based upon the informa-
tion rendered by the expert group convened, uncertainties associated with
nuclear power plant pipe rupture frequencies are extremely large compared
to rupture rate variability amongst pipe sizes and system types.

Elicitation Statement

What is the Zion CCWS pipe rupture frequency in units of ruptures per
pipe section per hour?

Suggested Decomposition:

No specific issue decomposition is currently proposed. The fundamental
nature of the parameter of interest suggests no straightforward
decomposition.
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B.7 Issue 7 Electrical Power Cross-Tie

Applicability: Grand Gulf

Discussion

This issue concerns the use of the Division 3 diesel generator (the dedi-
cated HPCS diesel generator) to power safety equipment from either
Divisions or 2 at Grand Gulf. The possibility of cross-tying the HPCS
diesel generator is only considered for station blackout sequences where
a loss of offsite power occurs followed by loss of Divisions and 2
diesel generators. In order to perform the cross-tie, all loads on the
HPCS diesel generator must be dropped before the cross-tie can take
place; the HPCS diesel generator is not large enough to power both its
loads and others. In such a situation, using the Diesel 3 diesel
generator to power equipment on either Divisions or 2 is determined by
the judgment of the operator. Procedures only exist for how and not if
to perform the alignment and not when to perform the alignment.

Originally, this was defined as an issue for expert panel elicitation.
It was not known that procedures exist to cross-tie the Division 3
generator to Divisions and 2 equipment. Communications with the plant
and further investigation regarding the procedures have shown that this
can be analyzed with the standard human reliability analysis methods
employed for NUREG-1150. For this reason, Issue 7 was dropped from the
expert panel sessions.

There are two cases where the cross-tie is an issue:

1. HPCS DG is available and HPCS is functioning;
2. HPCS DG is available but HPCS has failed to function.

In the first case, the decision to cross-tie requires the operator to
"turn-off" the HPCS pump (thereby terminating coolant makeup) since the
HPCS diesel generator cannot power Divisions 3 and Divisions or 2
loads. The reason this decision is likely to be made is that, although
coolant makeup is being provided with HPCS, containment heat removal is
not. The only systems that can prevent the containment from over-
pressurizing and eventually failing, are systems that are powered from
either Divisions or 2 It should be noted that there are both contain-
ment heat removal systems (e.g., suppression pool cooling, containment
spray, and containment venting) and coolant makeup systems (e.g., low
pressure core spray, low pressure coolant injection and standby service
water cross-tie) on Divisions and 2.

In making the decision to cross-tie, the operator is faced with two
concerns:

1. Coolant makeup;
2. Containment heat removal.

The operator is instructed by his procedures not to terminate coolant
makeup unless other makeup systems are shown to be functioning. He will

B-93



not know if the other makeup systems are functional until he has power to
either Divisions or 2 However, the operator is also instructed to
"save" the containment regardless of core cooling; that is, if the
operator is faced with saving the core or containment, he is instructed
to save the containment first.

In the second case, where HPCS has failed to function, there is little
uncertainty that the operator will cross-tie, and this was not an issue.
In the second case, it was felt there was sufficient uncertainty regard-
ing when and if the operator would cross-tie considering HPCS is
operating.

In a more detailed examination of this case seven sequences are illus-
trated in Figure B.7-1. The following events would occur:

In Sequence 1, coolant makeup is provided and containment heat removal
(CHR) may or may not be functioning. (CHR failure does not affect the
operability of core cooling at Grand Gulf.) However, the unavailability
of all Divisions and 2 systems reduces Sequence 2 below consideration
(relative to the dominant sequences) if a probability of 1.0 of operator
cross-tying the HPCS DC to Divisions or 2 is assumed.

The situation where the operator decides to do the cross-tie but it is
unavailable is shown in Sequences 3 through 6 In Sequences 3 and 4
coolant makeup is provided and the sequences are mitigated as regards
core damage; however, in Sequences and 6 coolant makeup has failed
resulting in core damage. If we still assume a probability of 1.0 for
the operator performing the cross-tie and consider the failures that are
occurring, the frequencies of Sequences and 6 are sufficiently low
(i.e., relative to the dominant sequences) as to make this issue unworthy
of examination.
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HPCS Operator X-Tie Div or 2 HPCS Reactor Fire Sequence
Decides to Available Systems Available Depressurized Water
Cross-tie to Available After Shedding
Div or 2 From HPCS DG

Yes OK 1
Yes F

INo CD 2

Yes Yes OK 3

Yes OK 4
No Yes

Yes No INo CD 5

No CD 6

No OK 7

No

CD -- Core Damage.

Figure B.7-1. Electrical Cross-Tie Logic Tree.
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B.8 Issue 8. Hip-h Pressure Core Spray Seal/Bearing Failure at La Salle

Applicability: LaSalle

Description

For certain sequences where containment heat removal and venting have
failed or are inadequate, the suppression pool temperature will continue
to rise to the point where the HPCS pump seals or bearings might fail in
a manner which would result in pump failure. The cooling for the HPCS
pump seals/bearings is provided by the working fluid. Discussions with
Commonwealth Edison personnel indicate that testing of a similarly
designed LPCS pump by Borg-Warner showed that the seals/bearings worked
without problems for 4 h at water temperatures of 350'F. At another plant
(Grand Gulf) which has an HPCS pump (Byron-Jackson manufacture), the
bearings are designed to operate with water temperatures of 330'F for
24 h.

At LaSalle, containment failure is expected to occur at approximately 200
psig corresponding to a saturation temperature of 385'F. It is also
likely that the failure will occur as a "leak", and therefore containment
pressure could remain high (in the 150 to 200 psig range) for some period
of time: 6 h or longer. However, there is a possibility that rupture
could occur, and the different temperature effects must also be assessed.

Pump Information

The HPCS pump has a GE model No. 5K6357XC8B motor and an Ingersol-Rand
model No. 2A9243CK12X20KD pump. It is a 3000 hp, 1780 rpm, 4160 VAC
pump. It has an air-cooled motor and is a vertically mounted centrifugal
pump. The room cooling is necessary for pump operation and will be

operating for the sequences of interest. The HPCS pump is located in a
small corner room low in the reactor building and has an 18,000 cfm
emergency HVAC system.

Elicitation Statement

In the accident sequence cut sets for the pertinent sequences and in the
containment event tree are events and questions which ask:

What is the probability vs. time that the HPCS system continues to
work with high suppression pool temperature?

This question is asked for nine basic scenarios described below. Based
on the thermal-hydraulic code predictions, we think that you can assume
that the temperature changes can be represented as approximately linear
with time for those times of interest. Also, the pump seals and bearings
should be in equilibrium with the pool temperature since the heatup is
slow. Some of the scenarios such as 3 and 4 and 5, or 2 and 6 are
very similar and might be grouped together in order to reduce the number
of assessments.
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Scenarios

I The transient case where the water temperature reaches 385'F in
40 h the containment leaks and the pool temperature remains in
the range of 350 to 385'F for about 6 h (the temperature will
decrease as the pressure slowly drops).

2. Same as except that the containment ruptures at 40 h and the
pool temperature decreases to about 212'F in about h and then
remains there.

3. The transient case where the operator vents the containment at 60
psig (pool temperature of about 300'F) at 22 h and the pool
temperature decreases to 212'F in about h.

4. The stuck open relief valve or small LOCA case where the operator
vents at about 14.5 h at 60 psig and the pool temperature
decreases to 212'F in about h.

5. Same as 4 except venting cannot occur so that the pressure
continues to rise until the containment "leaks" at about 35 h and
the temperature remains high (the temperature will decrease as
the pressure slowly drops).

6. Same as except that the containment ruptures at about 35 h and
the temperature decreases to 212'F in about I h.

7. The ATWS case where the operator vents at 07 h and the pressure
peaks at about 127 psig then decreases to about 100 psig. The
temperature in the suppression pool peaks at 336'F at 073 h then
decreases to 328'F where it remains constant.

8. The ATWS case where venting cannot occur so the pressure and
temperature continue to increase until containment failure at
about 200 psig (at about 35 h). The containment "leaks" and the
pressure and temperature remain high.

9. Same as case 8, except that the containment ruptures and the
temperature decreases to 212'F in about one additional hour.

Sample Decomposition

It is suggested that for the nine scenarios, the experts select a minimum
time for which HPCS pump failure is unlikely and a maximum time for which
failure is deemed certain. (Failure is defined as the inability of the
HPCS pump-to-pump sufficient water to cool the core at the time of
failure, approximately 20% of pump capacity). Then subdivide the
interval into subintervals (not necessarily equal) and assess the cumula-
tive probability of failure at each time interval.
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Example (with arbitrary numbers):

Time (hour)

5 10 15 20 25 30 35 40 45 50
Cumulative
Probability 0.0 0.0 0.0 0.0 0.05 0.1 0.3 0.5 0.7 1.0

Other Possibilities

An alternate way of decomposing the problem would be to first construct
separate cumulative probability distributions for seal and bearing
failure versus time. This would be done by selecting a time before which
failure is essentially zero and a time for which failure is virtually
assured. Then, subdivide the interval into N subintervals, and at each
selected time assess the cumulative failure probability. Second, at each
time assess the split fraction between degraded and catastrophic failure
of the seal or bearing. Third, at each time assess another cumulative
probability distribution for subsequent failure of the pump. If you
believe that the split fraction is the same at all time intervals, then
only one assessment needs to be made. If you believe that the subsequent
pump failure is also independent of the time at which the original
failure of the seals or bearings occurred, then again only one assessment
would need be made. However, an additional consideration would be the
effect of the seal or bearing failure resulting in an increased probabil-
ity of the alternate failure mode. This might depend on the time of the
original failure. We currently think that the seal failure would not
directly fail the pump, but, that the leakage through the seals and
flashing might: (1) damage the pump internals 2 get water up into the
motor area, 3 spray nearby equipment or the pump itself, or 4 result
in faster bearing failure. Below is shown an arbitrary example of this.
The branches labeled cumulative density function (CDF) would require
cumulative probability distributions versus time and the branches
labelled SF would require split fractions.
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Example of an overall structure of decomposition:

Bearing Seal Degraded Pump Pump
Failure Failure or Failure Status

Catastrophic
ok
ok

CDF CDF
SF failed

CDF ok
CDF

failed
ok

CD
failed

SF ok
CDF

failed

The upper branch implies no failure or, in the case of degraded or cata-
strophic, the upper branch represents degraded.

One would first construct the failure vs. time distributions for the
bearing and seal failures, then assess the split fractions for the
degraded vs. catastrophic, and finally construct the failure vs. time
distribution for the pump failure given the specific initial seal or
bearing failure. The last two questions may need to be assessed at
selected times for the initial failure if the experts believe that is
important.
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B.9 Issue 9 The Frequency of Refueling Water Storage Tank Refill and
Spray Injection at Zion

Applicability: Zion

Description

Amongst the frequency dominant accident sequences identified in the
Sandia review (Reference B.9-1) of the ZPSS were three sequences with
LOCA initiators: small < 2 in. diameter), medium 2 to 6 in.), and
large > 6 in.), followed by failure of the recirculation system to
provide coolant to the primary system and to the containment spray
system. Full ac power availability was assumed for each sequence.

In each of these sequences, operator error contributes significantly.
The degree of significance depends largely upon the time available for
successful realignment of the RHR pumps to recirculation mode. Given the
relatively short RWST depletion time following the large and medium LOCA
initiators (30 minutes assessed in the ZPSS), operator error alone is
identified as the dominant frequency contributor, accounting for in
excess of 90% of the sequence frequencies. Errors include failure to
initiate switchover to recirculation, failure to terminate RHR suction
from the RWST following a low-low signal and erroneous valve settings.
The remaining contribution to the frequencies of the medium and large
LOCA-initiated sequences is dominated by combinations of operator error
and hardware unavailability in the two RHR trains.

For the sequence initiated by a small LOCA, the contribution of operator
error alone to failure of high pressure recirculation is approximately
40%. This smaller relative contribution compared to the larger LOCA
scenarios reflects the more extended depletion time of the RWST 2 h
assessed in the ZPSS) . The remaining frequency contribution to the
sequence is dominated by combinations of operator error and hardware
failure which serve to render unavailable both RHR trains. The only
single hardware failure contributor (10% of the sequence frequency)
involves pump blockage.

At the time of publication of the Sandia review, no emergency procedure
was in place at the Zion power plant for refilling the RWST subsequent to
recirculation failure. Now, such a procedure exists and, in Reference
B.9-2, the effect upon the relevant plant damage state frequencies of
giving credit for successful injection of the containment sprays from the
refilled RWST was assessed. The effect was simply one of recategorizing
the aforementioned three sequences from the damage states in which spray
failure is specified into damage states involving spray success.

In the draft Zion risk-rebaselining analysis (Reference B.9-3), to each
of the two extreme assumptions regarding RWST refill (i.e., success or
failure of RWST refill and injection to the sprays) a weight (or prob-
ability) was attached. The issue was thereby incorporated into the
overall probabilistic uncertainty analysis.

B-100



Objective

A better characterized representation of the RWST refill uncertainty
issue is sought for the final version of the Zion analysis, both from the
perspectives of success criteria for continued spray operability and of
the likelihood that the criteria will be met. The issue may be resolved,
therefore, into three sub-issues.

1. Success criteria: What timing and degree of spray injection into
the containment building is necessary in order to take credit for
the sprays in evaluation of their pressure control and fission
product decontamination functions? Hence, how rapidly and to
what degree need the RWST be refilled to ensure that the sprays
are successful in these functions?

2. Refill capability: Given the refill success criteria, and given
implementation of the procedure in place for replenishing the
RWST, can the criteria be met?

3. Refill frequency: Given the assumption that the procedure does
indeed provide the capability to meet the success criteria, with
what relative frequency (i.e., on what fraction of occasions
following recirculation failure) will the procedure be imple-
mented and the sprays injected successfully?

The first of these questions needs be addressed through consideration of
phenomenological issues that bear upon containment performance and source
term evaluation. It is, therefore, beyond the scope of the NUREG-1150
front-end review group. The relevant criteria for spray success must
however be established before the remaining two questions can be
addressed. It is noted that fan operability is ensured by the sequence
definitions. Hence, the pressure control function is provided by the
fans alone unless:

1. The cntainment fails early due to energetic phenomena such as
direct heating or;

2. The fans fail later in the accident progression due to phenomena
not addressed by the systems analysis such as plugging of filters
or radiation-induced cable failure.

In the event of the aforementioned scenarios, both the pressure suppres-
sion and the fission product decontamination function of the containment
sprays become pertinent. The success criteria for this second function
of the sprays are assessed to be less stringent than those associated
with the pressure suppression function. To focus the current issue,
attention is confined to the decontamination function. The success
criteria to be adopted are based upon preliminary calculations performed
at Brookhaven National Laboratory and are as follows:

0 The sprays must be restored by 1.5 h after recirculation failure;
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• The sprays must inject at least 1500 gal/min into the containment
building;

• This injection rate must be maintained for at least 4 h.

The second and third questions bear upon the capability of the emergency
procedure to meet the success criteria and the frequency with which the
procedure will be successfully implemented. There is of course no unique
delimiter between the questions of capability and reliability in the
context of this issue. One could always, for example, envisage operator
actions consistent with the emergency procedures that, although of
marginal credibility, enable the success criteria to be met. In these
circumstances, there is freedom to express this low credibility either in
terms of the probability that the procedure is capable of meeting the
success criteria, or in terms of the probability that, given capability,
the frequency of success is high. The distinction between these two
components of the likelihood of successful spray injection from the
refilled RWST is proposed only as a possible conceptual aid to the review
group in characterizing uncertainty in the parameter of interest. That
parameter is simply the fraction of occasions upon which, following
recirculation loss, the RWST will be successfully refilled and the
containment sprays injected.

The Procedure

The emergency procedure in place at Zion for refilling the RWST following
loss-of-coolant recirculation is based upon the Westinghouse Owners Group
Emergency Response Guideline ECA (Emergency Contingency Action) 1.1. The
procedure calls for refilling the RWST "using any method available." In
an appendix to the procedure, the following possible coolant sources are
identified.

Borated sources: 1. Blender make-up; volume control system

2. RWST of Unit 2

3. Spent fuel pit

Unborated sources: 4. Primary water storage tank

5. Demineralized water storage tank

6. Fire water

While, of course, many factors will require consideration by the review
group in order to characterize uncertainty in the required parameter,
attention is drawn to two factors in particular:

Connecting any of the aforementioned sources to the RWST would
require operators to leave the control room and to enter the
auxiliary building. Given a LOCA initiator, would the operator
consider the auxiliary building environment sufficiently benign
to permit entry?
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What will be the concomitance of failure to establish coolant
recirculation with implementing the RWST refill procedure?

It is noted that apart from the maintenance of spray operability, a

central motivation for implementation of the RWST refill procedure is
that of continued coolant injection into the primary system. While this
latter effect of the procedure was not modeled in Reference B.9-2 it
will be accounted for in the modified analysis. In evaluating the
likelihood of meeting the spray success criteria, therefore, assumptions
will need to be made by the expert panel regarding the rate of coolant
injection into the primary system subsequent to RWST refill and the
consequent balance of coolant available for spray operation. The expert
panel may confine attention to scenarios in which, due to hardware
failure in the RHR or high pressure injection systems, there is failure
to inject the primary system with coolant. This hardware failure is
either the original cause of coolant recirculation failure, or is the
result of pump damage following operator failure to realign to recircula-

tion mode.

Elicitation Statement

What is the fraction of occasions upon which, following a LOCA and loss-
of-coolant recirculation at Zion Unit 1, the operators would refill the
RWST and inject the containment sprays to meet the spray success criteria
delineated previously?

Suggested Decomposition:

A possible route to the evaluation of uncertainty in the required param-
eter involves first, assessment of the probability that the procedures
are capable of meeting the spray success criteria, then, conditional upon
capability, the probability that the operators implement the procedures
with various frequencies of success.
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B.10 Issue 10. High Pressure Service Water Spray in the DryHell

Applicability: Peach Bottom

Discussion

This issue addresses whether the HPSW system would be used by the
operator to (1) spray the drywell after the reactor vessel has failed in
a station blackout scenario, or 2 inject water into the failed vessel
in an attempt to cool the corium on the drywell floor, or 3 use both
modes simultaneously, or 4 not use HPSW at all.

Peach Bottom's procedures often address the need for drywell spray to
maintain low containment pressure. They do not specifically address the
need or benefits of spray as a radioactivity removal mechanism although
it is believed this benefit may be covered as part of the operators'
training. The use of HPSW as a spray is not specifically mentioned in
the procedures but, it is recognized by the operator that HPSW can be
used for this purpose.

In the scenario of interest, station blackout has existed long enough
such that core damage has occurred and the reactor vessel has sub-
sequently failed. At this point AC power has been restored. What is at
issue is whether or not the operator will use HPSW to (1) inject water
into the failed vessel, or 2 spray the containment, or 3 do both, or
(4) not use HPSW at all.

One of the difficulties is that vessel level will not be able to be
determined because of vessel failure. Whenever level cannot be
determined, Emergency Procedure T116 is invoked. This requires
injection by (in order of preference) LPCS, LPCI, Condensate, CRD, HPSW,
ECCS stay-fill, etc. until level can be restored to acceptable limits.
In the meantime, Emergency Procedure T102 would also be called upon to
reduce containment temperatures and pressure if:

1. The pool temperature is above 95'F;

2. The torus level is high or low;

3. The drywell pressure is greater than 2 psig or

4. The drywell temperature is above 140'F.

A number of these thresholds would exist for the station blackout
scenario of interest.

In Emergency Procedure T102, there exists a number of times in which the
operator is instructed to actuate (1) torus spray--the first time when
containment pressure reaches 10 psig, and 2 drywell spray at higher
temperatures and pressure. References to torus and drywell spray often
refer to RHR but no specific mention is ever made to HPSW as a spray
system. A copy of T102 is attached on page B109. This procedure is
copied exactly as it appears at Peach Bottom.
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Our assessment of operator response using Emergency Procedures T116 and
T-102 is summarized by the following:

1. When containment pressure is high, the operator attempts (per T-
116) to reflood the vessel using LPCS, LPCI, Condensate, CRD, and
HPSW in that order. At the same time, the operator will attempt
to initiate the torus and drywell sprays because of the high
containment pressure (per T102)--but only RHR is mentioned which
is assumed failed in this scenario.

2. When containment is vented or failed, the operator attempts to
reflood the vessel using the same systems as above, but LPCS and
LPCI are failed on low NPSH. At the same time, the operator will
attempt to initiate first suppression pool cooling, then drywell
cooling, and finally torus and drywell sprays if temperatures
exceed 281'F in the drywell (in that order per T102)--but only
RHR is mentioned.

Elicitation Statement

Will the operator attempt to use the HPSW as an injection source into the
failed vessel and/or as a drywell spray under the following cases?

1. Containment pressure is high and:

A. LPCS, LPCI, Condensate and CRD are unavailable for injection
and RHR is unavailable for spray;*

B. LPCS, LPCI, Condensate and CRD are unavailable for injection
and RHR is unavailable for all modes of cooling;

C. LPCS, LPCI, Condensate or CRD are available for injection and
RHR is unavailable for spray;*

D. LPCS, LPCI, Condensate or CRD are available for injection and
RHR is unavailable for all modes of cooling.

2. Containment has failed or been vented but drywell temperature is
below 281'F and:

A. LPCS, LPCI, Condensate and CRD are unavailable for injection
and RHR is unavailable for all modes of cooling;

B. LPCS and LPCI are unavailable for injection and Condensate or
CRD are available for injection and RHR is unavailable for
all modes of cooling.

*RHR s available for suppression pool cooling.
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3. Containment has failed or been vented but drywell temperature is
above 281'F and:

A. LPCS, LPCI, Condensate and CRD are unavailable for all modes
of cooling;

B. LPCS and LPCI are unavailable for injection and Condensate or
CRD are available for injection and RHR is unavailable for
all modes of cooling.

Suggested Decomposition:

The following decomposition is suggested in Figure B.10-1. Numbers and
letters are used to refer to the branch points of interest for discussion
purposes and for tracking any notes taken by the experts.
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PHILADELPHIA ELECTRIC COMPANY
PEACH BOTTOM UNITS 2 3

T-102 CONTAINMENT CONTROL PROCEDURE - BASES

GENERAL

T-102 is the containment control guideline. It is entered on four 4)
major primary containment parameters.

1) Torus temperature above 95 degrees

2) Torus level outside the range 14.6' - 14.91

3) Drywell pressure above 2 psig

4) Drywell temperature above 145'F.

These entry conditions are based on Tech. Spec. limiting conditions for
operation and normal containment parameter values.

Whenever any of these entry conditions are exceeded and the operator
enters this procedure, all four procedure sections will be performed
simultaneously. For instance, if the operator enters the procedure
because drywell pressure is above 2 psig, not only would section W/P be
performed, but torus temperature torus level and drywell temperature
would also be monitored and controlled in Sections T/T, T/L, and DW/T.
This is done because a change in one containment parameter may affect
other containment parameters therefore increased attention should be paid
to all parameters when the procedure is entered. This procedure is
exited when all entry condition parameters have been restored below the
entry condition level.

TORUS TEMPERATURE

T/T-l Is Torus Temperature Above 95 Degrees?

In T/T-l the operator is asked if Torus temperature is above 95
degrees since the procedure could have been entered for any of
the other three entry conditions. If temperature is above 95
degrees, then the operator will continue on to T/T-3 to take
appropriate actions to lower torus temperature. If Torus temper-
ature is not above 95 degrees, then the operator is directed to
continue to monitor torus temperature.

T/T-2 Monitor Torus Temperature.

The operator is instructed to monitor torus temperature even
though it is still below its entry condition limit because
another containment parameter has exceeded its entry condition
limit and torus temperature may ultimately be affected.
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T/T-3 Monitor and Control Torus Temperature.

The operator is instructed to not only monitor but also to begin
controlling torus temperature since torus temperature has now
increased above its entry condition limit.

T/T-4 If Torus Temperature Cannot be Returned Below 95 Degrees in 24
Hours, Then be in Hot Shutdown in 12 Hours and Cold Shutdown in
24 Hours.

This step is surrounded by a dashed box which means that the
operator must keep this step in mind throughout the execution of
the procedure. This particular step directs the operator to take
required tech spec actions with respect to torus temperature.

T/T-5 Establish Torus Cooling.

This is performed to remove heat from the torus in order to
return torus temperature below the entry condition limit.

T/T-6 Is Any SRV Stuck Open?

The purpose of this question is to determine if a stuck open SRV
is the source of heat addition to the torus. If the answer is
yes, the operator will be directed to take action which may close
the valve and terminate the heat addition to the torus. If the
answer is no, the operator simply bypasses the steps dealing with
SRV closure.

T/T-7 Before Torus Temperature Reaches 105 Degrees, Terminate Testing
of RCIC, HPCI, and SRVs.

The bases for this step is simply to direct appropriate operator
action to stay in compliance with the applicable technical
specification requirement.

T/T-8 Attempt to Close Any Stuck Open Relief Valve by Reducing Turbine
Inlet Pressure to 900 PSIG.

This is an attempt to close a stuck open relief valve by lowering
the pressure below the current abnormally low valve opening set-
point. The 900 psig is measured on PI's located near the main
turbine stop valves and provides some margin above the 850 psig
MSIV Isolation in the run mode which is measured at that same
location on the main steam lines. This margin is necessary to
prevent an isolation which would aggravate the problem which
already exists.

T/T-9 Did the SRV Close After Turbine Inlet Pressure was Reduced?

After taking the actions in T/T-8, the operator monitors his
acoustics and his tailpipe temperature in order to determine
whether or not the SRV closed. If the SRV did not close, the
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operator will be directed to initiate an immediate reactor scram
in order to terminate the torus heat up. If the valve did close,
the operator is directed to prepare for a normal reactor shutdown
to replace the defective valve.

T/T-10 Prepare for Shutdown to Replace SRV.

If the answer was to question T/T-9 was yes, then the relief
valve has shut. The appropriate action that the operator should
take is to prepare for shutdown to replace the valve since it
would be inappropriate to operate with a valve that 'had failed
open.

T/T-11 Run Back Recirc, Transfer Houseloads, and Manually Scram.

This step is reached if a stuck open SRV cannot be reclosed. The
operator is directed to shutdown the plant in order to minimize
the heat input to the torus. The operator is directed to Scram
Procedure T100 while continuing in this procedure.

T/T-12 Is Torus Temperature Above 110 Degrees?

This question is a tech spec related item. If the answer is yes,
the Tech Specs require that the reactor be scrammed. if the
answer is no, the operator must attempt to restore torus temper-
ature below 95 degrees in 24 hours as required by Tech. Specs.

T/T-13 Restore Temperature Below 95 Degrees in 24 Hours.

The bases for this step is to direct the operator to comply with
the applicable Technical Specification.

T/T-14 Run Back Recirc, Transfer Houseloads and Manually Scram.

A yes response in T/T-12 will direct the operator to perform a
rapid shutdown including a manual scram as required by Technical
Specifications. If Torus temperature has increased to 110
degrees F, torus cooling cannot keep up with the current rate of
energy addition to the torus, therefore an attempt is made to
terminate the energy addition by scramming the reactor. The
operator is directed to go to Procedure T-100, the scram pro-
cedure, as well as continuing in this procedure.

T/T-15 Can Torus Temperature be Maintained Below 120 Degrees Fahrenheit?

120 Degrees is the tech spec limit on the reactor remaining
pressurized. If the answer is yes, the operator simply continues
to cool the torus. If the answer is no, however, the reactor
will be depressurized in step T/T-17.
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T/T-16 Continue Torus Cooling and Go to Cold Shutdown.

This step directs the operator to take the appropriate action if
torus temperature can be maintained below 120 degrees. The plant
has been shutdown by virtue of the fact that the operator reached
step T/T-15. Therefore, the operator should be taking measures
to reach cold shutdown and at the same time cooling the torus.

T/T-17 Begin Normal RPV Depressurization.

If the operator has reached this step then torus temperature
cannot be maintained below 120 degrees. Tech Specs then require
that the reactor be depressurized. This will most likely take
the form of the normal depressurization utilizing whatever means
are available and appropriate. Depressurization of the reactor
vessel removes the source of heat input to the torus. Without
driving pressure, no steam will be able to reach the torus from
the reactor vessel.

T/T-18 Can Torus Temperature Be Maintained Below Curve? T/T-l (Heat
Capacity Temperature Limit Curve)?

The heat capacity temperature limit curve is the actual limit of
torus heat capacity as a function of reactor pressure. The bases
for this curve is that from any point on the curve the reactor
may be depressurized rapidly using relief valves without having
the final torus temperature exceed 212 Degrees Fahrenheit. The
212 Degrees Fahrenheit value is significant because it represents
the best estimate of the limiting conditions for condensation
stability on the relief valve discharge lines when T-quenchers
are employed.

The calculations for curve T/T-1 considered the latent heat of
the water in the vessel and the sensible heat of the fuel and
internals. Since all of these valves are temperature dependent
and since their temperature (assuming equilibrium conditions) is
a direct function of saturation (reactor) pressure, it is
possible to plot the limiting "starting temperature" of the torus
prior to depressurization as a function of reactor pressure. It
is important to recognize that this assumes a single value for
water mass in the Torus. This mass was chosen to correspond to
the Tech Spec minimum volume. Changes in this mass are compen-
sated for in the T/L section using curve T/L-1. (See basis for
Step T/L-7.)

T/T-19 Continue Torus Cooling.

If the operator can maintain Torus Temperature below curve T/T-1,
then it is appropriate to continue torus cooling and to continue
to verify that torus temperature remains below te curve.
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T/T-20 Reduce RPV Pressure to Stay Below the Curve.

In the event that torus cooling cannot keep Torus Temperature
below the heat capacity temperature limit curve, then, observing
appropriate cautions, the operator should begin to depressurize
the reactor to get below the curve. A rapid depressurization is
not indicated here. The operator is simply to use whatever
method is available and appropriate to reduce reactor pressure.

T/T-21 Can the Combination of Torus Temperature and RPV Pressure be
Maintained Below Curve T/T-l?

Previously, the operator was simply asked if he could maintain
torus temperature below the curve. Now the operator is asked if
the combination of temperature and pressure can be maintained
below the curve, since by this time the operator has tried to
manipulate both parameters. If the operator cannot maintain the
plant below the curve, the danger exists that the remaining
latent energy within the core plus decay heat which would be
generated during the time it would take to depressurize would
place the containment in jeopardy due to relief valve discharge
occurring beyond the condensation stability limit temperature.
Therefore, if these parameters cannot be manipulated to stay
below the curve, the operator is directed to blowdown the reactor
while it is still possible to do so without damaging primary
containment.

T/T-22 Continue Torus Cooling and RPV Depressurization as Required.

This step directs manipulation of either torus temperature or
reactor pressure to stay below the heat capacity temperature
limit curve. If the answer to question T/T-21 was yes.

TORUS LEVEL

T/L-l Is Torus Level Between 14.6 and 14.9 Feet?

This question is asked to determine if the operator should take
action to bring torus level back within the Tech. Spec. limits.

T/L-2 Monitor Level.

This is the appropriate action to take if the level is between
Tech Spec limits and the operator is in procedure T102 because
of other symptoms. The operator should continue to monitor level
until such time as all other parameters in this procedure have
been returned to normal.

T/L-3 Monitor and Control Torus Water Level.

The operator is instructed to not only monitor but also to
control torus level now that level is outside the Tech. Spec.
limits.
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T/L-4 If Torus Level Cannot be Restored Between 14.6 and 14.9 Feet,
Then Commence a Normal S/D and Be in Cold S/D in 24 Hrs.

This step is surrounded by a dashed box which requires that it be
observed throughout the balance of the procedure. It simply
directs the operator to take the appropriate Tech Spec action if
normal level cannot be restored.

T/L-5 Is Torus Level High or Low?

There are two major concerns with torus level. The torus pro-
vides a heat sink to absorb energy from the reactor. Primarily
the energy to be absorbed is latent energy associated with
depressurization. The torus is also sized to absorb decay heat
for some period including the period which is required to
depressurize. If the torus level is too low, there may be an
insufficient mass of water to absorb this energy resulting in
containment pressurization. Furthermore, if torus level gets too
low, the LOCA downcomers become uncovered and the containment
will no longer function as a pressure suppression containment.
Beyond this, it will be possible to uncover the relief valve
discharge quenchers. Then, not only would pressure suppression
be compromised, but also the ability to depressurize the reactor
within containment. Under these conditions, an inadvertent
opening of a relief valve would cause a rapid increase in
containment pressure and possible containment damage. Finally,
if torus level drops low enough, insufficient suction head to the
ECCS pumps will result.

The problems associated with a high torus level are entirely
different. The first concern, is as torus level increases so
does the pressure on the torus walls with a resultant increase in
stress. If this increased stress were combined with the stress
associated with a relief valve operation, the design limits of
the torus vessel could be exceeded. As torus level continues to
increase, the torus to drywell vacuum breakers would eventually
become covered. If, after these vacuum breakers were covered, it
became necessary to spray the drywell these vacuum breakers would
no longer function properly and this could cause the drywell to
collapse due to negative pressures beyond the design limit.
Finally, as torus level would continue to increase, it would
result in water actually entering the drywell and filling the
drywell. As it did, it would be possible to ultimately reach a
level of water in the drywell which would result in torus
stresses from the static head which approach the designed limit
requiring venting of the containment.

T/L-6 Increase Torus Level. Use the Following Systems as Required.

This is a self explanatory step directing the operator to take
appropriate actions to raise torus level to restore the heat sink
if level has dropped below the low level LCO limit. Systems with
associated procedures are listed to assist the operator.
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T/L-7 If At Any Time, the Combination of Torus Level and Delta-T Sub HC
Cannot be Maintained Above Curve T/L-1, Then Enter Procedure
T-112 and Execute it Concurrently With This Procedure.

This step is surrounded by in a dashed box and therefore, applies
throughout the remainder of the procedure. The purpose of curve
T/L-1 is to determine if the Torus remains a satisfactory heat
sink to accommodate a reactor depressurization or if its mass
(level) has decreased to the point that it is insufficient.

This is not a simple determination since the amount of heat sink
required is itself a variable. The heat sink requirement is a
function of reactor pressure. (See basis for Step T/T-18.)

Using heat capacity temperature limit curve T/T-1, the operator
can establish the maximum safe torus temperature corresponding to
the current reactor pressure. By subtracting the existing torus
temperature from the maximum safe value the operator determines
the excess heat sink that would be available if the suppression
pool was at its low level limit. Once this "theoretical" excess
(delta T sub HC) has been determined, the amount that the water
level can safely be below normal (i.e., the amount of capacity
reduction due to reduced mass/level) can be inferred. Curve
T/L-1 makes this determination of safe level reduction.

At about 10.5 feet the curve becomes horizontal since below this
level the LOCA downcomers are uncovered eliminating pressure
suppression, hence further increases in delta T sub HC are

meaningless.

T/L-8 If At Any Time, the Combination of Torus Level and Torus

Temperature Cannot be Maintained Above Curve T/L-2, Then Line Up
for Injection Systems Which Take Suction from Sources External to
Primary Containment.

This step is surrounded by a dashed box and therefore applies
throughout the remainder of this procedure.

Curve T/L-2 defines the limit for adequate NPSH for ECS pumps.
If the plant moves into the unsafe region of this curve, the
suppression pool is no longer a suitable water source hence
alignment to external sources is appropriate.

Below 25 feet the curve is horizontal since the suction lines
become uncovered hence water temperature is no longer a factor.

T/L-9 Can Torus Level be Maintained Above 12.5 Feet?

The value 12.5 feet represents a Torus level half-way between
normal low level and LOCA downcomer uncovery. Since the operator
may be here at power with only a normal shutdown in progress, it
is appropriate to scram and begin a normal depressurization. At
12.5 feet the Torus has experienced an enormous loss of inventory
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making it very unlikely that normal level will be recovered hence
there is little justification for reactor operation. Also such a
large reduction in level indicates a catastrophic failure
justifying expediting shutdown via scram.

T/L-10 Continue to Increase Torus Level.

If the suppression pool level can be maintained above 12.5 feet,
a catastrophic breach in the pool has not occurred. The recom-
mended course is to continue to increase Torus level. The
operator is protected from having insufficient heat sink capabil-
ity by observing the restrictions of step T/L-7.

T/L-11 Runback Recirc, Transfer House Loads, Manually Scram and Begin
Normal RPV Depressurization.

The reason for the rapid shutdown is discussed in the basis for
step TL-9. Beginning normal depressurization will place the
plant in a more conservative condition by lowering the heat sink
requirement (i.e., reactor pressure) without decreasing heat sink
capacity (Torus water level).

T/L-12 Initiate Torus Sprays.

If the Torus level could not be maintained above 12.5 feet, it is
likely that the LOCA downcomers will be uncovered reducing or
eliminating the pressure suppression function of containment. if
a LOCA is in progress containment pressurization will begin and
this problem would be addressed in DW/P. However, since Torus
spraying is basically a zero consequence action yielding benefits
in inverse proportion to LOCA break size, the operator is
instructed to use Torus sprays on a precautionary basis.

T/L-13 Decrease Torus Level. Use the Following Systems as Required.

If the Torus level is high, the appropriate immediate action is
to begin reducing level. This step directs this plus suggests
that systems and applicable procedures to be used to accomplish
the level reduction.

T/L-14 Maintain Torus Leval and RPV Pressure to Stay Below Curve T/L-3.

Torus level and reactor pressure in combination are used to
define plant conditions in which the Torus wall could be over
stressed during a LOCA or reactor depressurization. Therefore it
is appropriate to attempt to stay on the safe side of this curve
at all times.

T/L-15 If at any time the combination of torus level and RPV pressure
cannot be maintained below curve T/L-3, then enter procedure
T-112 and execute it concurrently with this procedure.
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This step is surrounded by a dashed box and therefore applies
throughout the remainder of the procedure. The condition spoken
of in this step must constantly be monitored so that appropriate
action may be taken if an unsafe condition is approached. The
action here is to rapidly depressurize the reactor vessel using
the Emergency Blowdown Procedure T112, if the combination of
torus level and pressure cannot be kept on the safe side of curve
T/L-3. The logic is that it is better to depressurize the
reactor now while it is still possible to do so without damaging
the torus. This logic anticipates that a blowdown might be
required later when the operator might not be able to safely

perform one.

As discussed in the basis of step T/L-3, as torus level increases
so does static pressure resulting in greater load on the suppres-
sion pool wall. Greater level also results in more effective
transmission of relieve valve discharge pressures to the wall.
When these two effects are summed, they could under some circum-
stances, exceed the allowable wall stresses. Curve T/L-3 defines
the safe and unsafe combinations of level and reactor pressure
(which is proportional to RV disch. pressure). The curve levels
off at the upper limit of torus level indication since no safe
area can be assumed if level is unknown.

T/L-16 Can Torus Level be Maintained Below 15.6 ft?

If Torus level was above normal and a turbine trip and MSIV
closure occurred resulting in the lowest set relief valves
opening, the resulting suppression pool wall loadings would be
acceptable up to a depth of 15.6 feet (see curve T/L-3 and basis
for step T/L-15). Beyond 15.6 feet excessive loads may occur.

To avoid that potential problem, this step directs a rapid shut-
down and simultaneous execution of procedure T100, the scram
procedure.

T/L-17 Continue to Decrease Torus Level.

A YES response to step T/L-16 buys time for the operator to
correct the high level situation by continuing to attempt to
decrease torus level.

T/L-18 Runback Recirc., Transfer House Loads and Manually Scram.

A NO response to step T/L-16 requires a rapid shutdown for the
reason discussed in the basis of step T/L-16. This step directs
that action along with simultaneous execution of scram procedure

T-100.

T/L-19 Can Adequate Core Cooling be Assured With Suction from the Torus?

This question is being asked in order to determine whether or not
termination of injection from sources external to primary
containment is appropriate at this time. The deciding factor
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regarding this injection is whether or not it is being used to
assure adequate core cooling. If adequate core cooling can be
assured with systems wich take suction from the torus, injection
from external sources should be terminated to avoid further
aggravating the torus high level condition.

T/L-20 Continue RPV Makeup from External Sources Until Either Adequate
Core Cooling Can be Assured with Internal Sources or Containment
Level Reaches 100 Feet.

If the answer is no to step T/L-19, then adequate core cooling
could not be assured without using external makeup sources.
Therefore, the operator is directed to continue using those
makeup sources to assure adequate core cooling until either
adequate core cooling can be assured with internal sources or
containment level reaches 100 feet. This latter choice may sound
a little extreme, however, at a containment level of 100 feet the
water level in containment is above the water level required to
assure adequate core coverage. Further, when containment level
reaches 200 feet, there are serious containment concerns which
override the concern about the possibility of inadequate core
cooling given that the water level surrounding the reactor is
above that which is necessary for core cooling.

T/L-21 Terminate RPV Makeup from External Sources Except Boron Injection
and CRD.

This is the action which will be taken if adequate core cooling
can be ensured with internal sources. Terminating external
sources of makeup will terminate the input to the torus which in
all probability is causing the high level.

Injection from Boron injection systems and CRD is not terminated
to allow continued use of these systems if they are required to
shut down the reactor.

T/L-22 Can Torus Level be Maintained Below 18.5 Feet?

In this case, the operator is asked if the level can be main-
tained below the torus to drywell vacuum breakers in order to
determine if it is appropriate to spray the drywell and reduce
drywell pressure before the vacuum breakers become inoperative.
If the operator cannot maintain below 18.5 feet, then the vacuum
breakers will no longer function properly and should subsequent
spraying of the drywell be required with the attendant rapid
reduction in drywell pressure, the vacuum breakers would not
supply needed makeup air and destructive negative pressures could
develop in the drywell.

T/L-23 Continue to Reduce Torus Level.

This is the appropriate action to be taken if the operator can
keep the level below the torus to drywell vacuum breakers.
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T/L-24 Initiate Torus Sprays.

Step T/L-26 requires knowledge of torus air space temperature.
Since this indication is not provided at Peach Bottom an indirect
method is used to determine it. Torus sprays will be initiated.
This will rapidly result in the torus air space temperature
coming into equilibrium with torus spray temperature. Since
torus spray temperature is indicated, it can be used to infer
torus air space temperature.

T/L-25 Are Torus Sprays Operating?

This step tests the success of step T/L-24. If sprays are
operating, torus air space temperature is known and Drywell Spray
Criteria can be tested in step T/L-26. If the torus sprays fail
to operate then the Drywell Spray Criteria cannot be tested hence
drywell spraying must be bypassed.

T/L-26 Is the Combination of Torus Spray Temperature and Torus Pressure
Below Curve T/L-4?

Curve T/L-4 combines the parameters torus air space temperature
(see bases for step T/L-24) and drywell pressure. In doing so,
it effectively gives an indication of the amount of non-
condensibles which are contained within primary containment
following a loss of coolant accident in which all of the non-
condensibles are purged to the torus. With all non-condensibles
in the torus, initiation of drywell sprays will start the process
of non-condensible flow back into the containment until such time
as the non-condensibles are evenly disturbed throughout primary
containment. If before this process was started, insufficient
non-condensibles existed in the torus by virtue of the fact that
some were lost prior to full containment isolation during a LOCA,
then as the spray process continues, containment negative
pressures will ultimately be achieved. The negative pressures
which develop, as the result of containment sprays in conjunction
with insufficient non-condensibles, will be relieved by the
reactor building to primary containment vacuum breakers. How-
ever, if the deficit of non-condensibles at the beginning of
spray is large enough, the rate at which the negative pressures
develop, will be greater than the ability of the vacuum breakers
to compensate, resulting in the potential for destructive
containment negative pressures. Therefore, it is imperative that
the operator reside in the safe area of curve T/L-4 prior to
initiating sprays.

T/L-27 Shutdown Recirc Pumps and Drywell Cooler Fans, then Restricting
Flow Using Procedures S.3.2.B.1, Spray the Drywell Continuously
While Level is Above 18.75 Feet.

A yes response to the question asked in T/L-26, allows the
operator to commence containment sprays with the appropriate
preliminary actions of shutting down the electrical equipment
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described. Flow is restricted by Procedure S.3.2.B.1. The
reason for this 700 gpm spray limit is described in the bases for
step DW/T-12.

T/L-28 When containment water level reaches 100 feet, terminate injec-
tion into the RPV sources external to the torus irrespective of
whether adequate core cooling is assured.

As water level has been increasing within the primary contain-
ment, the stress in the bottom of the torus as a result of the
added head of water has been increasing. Ultimately when water
level reached 100 feet, this stress may be approaching a limiting
value. For this reason, the operator is instructed to terminate
all sources of external injection when level is 100 feet,
irrespective of adequate core cooling. This latter condition is
not as serious as it sounds since when containment level is 100
feet, level is considerably higher than the top of active fuel.
Therefore, if the core is adequately vented at this time, core
cooling is assured simply by virtue of the 100 foot containment
water level.

B-120



HIGH DRYWELL PRESSURE

GENERAL

Containment pressure can be increasing for one of four basic reasons.

i) Inventory Addition - leakage of higher pressure gas
(inerting Nitrogen, CAD or inst. gas) into containment.

ii) Temperature Rise - generally caused by failure of cooling
systems and/or steam leaks.

iii) Steam Leaks - essentially an inventory addition from an
internal source with attendant temperature effects.

iv) Failure of Pressure Suppression - associated with a steam
leak or a relief valve discharge.

Inventory Addition is solved by termination of the addition or
venting and should be accompanied by little increase in contain-
ment pressure.

Temperature Rise alone will only result in a maximum increase of
5 psig.

Steam Leaks will raise containment pressure in proportion to the
magnitude of the leak up to a maximum of 49.1 psig, the latter
occurring as the result of a DBA LOCA.

Failure of Pressure Suppression can cause containment pressure
beyond design pressure.

Containment pressure should always be read on torus pressure
indicators. By doing this the effect of large increases of
water in containment and the attendant increase in actual
pressure at the bottom of the torus will be automatically
compensated for as the torus pressure taps become submerged.

DW/P-1 Is Drywell Pressure Above 2 psig?

This question is asked to determine if the operator should take
action to reduce drywell pressure below its entry condition
limit.

DW/P-2 Monitor Pressure.

The operator is instructed to monitor drywell pressure even
though it is currently below 2 psig because another containment
parameter has exceeded its entry condition limit and drywell
pressure may be ultimately affected.
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DW/P-3 Monitor and Control Drywell Pressure.

The operator is instructed to not only monitor but also to
control drywell pressure since drywell pressure has not
increased above its sentry condition limit.

DW/P-4 If While Executing the Following, Any of the Following Alarms
are Received: DW Chilled Water Lo Flow, DW Chilled Water Lo
Level, RBCCW Supply Lo Press, RBCCW Header Tank Hi-Lo Level.
Then Enter GP-8 and Execute It Concurrently With This Procedure.

The DW Chilled Water and RBCCW containment isolation valves do
not automatically close on a containment isolation. These
valves are required to be closed when system pressure is less
than drywell pressure and system integrity is lost. Under these
conditions leakage from the containment through these penetra-
tions is possible. At this point in T102 drywell pressure is
greater than 2 psig. If any of the specified alarms are
received the possibility exists that system integrity may have
been lost and drywell pressure may now be greater than system
pressure. Therefore, the operator is directed to GP-8 where
specific guidance for isolation of these systems is provided.
Since this step is enclosed in a dotted box it applies through-
out the procedure.

DW/P-5 Reduce Drywell Pressure with the Following:

This step gives the operator a list of systems to use in order
to reduce drywell pressure.

a) All Available DW Cooling (Including RBCCW) Fan Trips May Be
Bypassed Using Proc. T-223 - Drywell cooling should be
maximized to reduce drywell air space temperature. This
temperature reduction should result in a decrease in drywell
pressure. The operator can bypass fan trips in accordance
with T-223 if required to allow use of drywell cooling.

b) SBGT (Only when drywell temperature is below 212 Degrees on
TR-4805.) - Standby Gas Treatment is the most reasonable
first system to use in reducing primary containment system
pressure since it directly removes containment inventory and
discharges it through charcoal filters. However, there are
certain limitations beyond which it is undesirable to use
SBGT. In this step a 212 Degrees drywell temperature limit
was chosen for the following reasons: First, at 212
Degrees, if a break has occurred a substantial amount of
water vapor will flow through the standby gas treatment
charcoal filters. This can have a deleterious effect on the
charcoal. Secondly, 212 Degrees, on the basis of FSAR
Analysis, seems to be a fairly good breakpoint in
ascertaining whether or not the high drywell pressure has
been caused by a steam leak or simply by some other
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mechanism such as adding inventory to the drywell. Steam
breaks generally result in substantially higher temperature
than 212 Degrees.

c) Isolate Failed Recirc. Pump Seals - Statistically recirc
pump seal failure is the most likely cause of excessive
drywell pressure. This step directs isolation of "failed"
seals. This requires the normal evaluation of seal
performance in making the failure determination. A seal is
isolated by removing the recirc pump from service and
closing its suction and discharge valves.

d) Backseat DW MVs with High Acoustic Monitor Readings (Except
Recirc. MVs) - The next appropriate action is to back seat
motor operated valves located in the drywell to terminate
packing leakage. The acoustic monitoring system is used to
identify which valve(s) is leaking. Recirc valves will not
be back seated since back seating could prevent required
LOCA closure and also back seating followed by cool down may
result in severe mechanical binding of the valve.

e) Isolate RWCU, Main Steam Sample/Drain Lines, and Recirc
Sample Line - Isolating these systems is of low consequence
and, even though probably ineffective, may help if a small
line break exists between the inboard and outboard isolation
valves. Closing the sample valves will tend to isolate
their own packing leaks.

f) Normal RPV Depressurization to Cold Shutdown - This action
removes the source of the steam leakage and primary contain-
ment. Steam leaks are generally of pressurization when the
pressure increase is accompanied by increased pump-out
rates, high D/W rad monitor readings or acoustic indica-
tions. Caution must be taken as low reactor pressure inter-
locks in conjunction with high drywell pressure will

initiate low pressure ECCS systems. This step presumes the
reactor would be shutdown prior to depressurization.

g) Torus Sprays (to be initiated before torus pressure reaches
10 psig.) - Initiating torus sprays is a low consequence
action as far as potential water damage in the torus is
concerned. It has high potential benefit if a failure of
pressure suppression has occurred. It is necessary to
isolate SBCTS from the torus prior to spraying to prevent
excessive moisture from reaching standby gas filters.

The 10 psi setpoint was chosen for the following reasons:

i) It is higher than the pressures which would normally
be associated with inventory addition or temperature
rise, the two causes for which torus sprays would have
no effect.
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ii) It is higher than the pressures experienced to date at
PBAPS associated with the higher probability leaks
such as blow packings and recire pump seal failures.

iii) It is conservative relative to the requirement of ANS
56.5 which requires spraying containment prior to 60%
of containment design pressure.

iv) It is a number that is easily remembered by the
operator.

Torus sprays become ineffective at 28.5 feet torus water level
since the spray nozzles become submerged.

DW/P-6 Before Torus Pressure Reaches 10 psig, Isolate SBGTS From the
Torus and Spray the Torus.

This step positively directs the operator to begin spraying the
torus. The bases for the 10 psig has been described in the
previous step. The instruction to isolate standby gas from the
torus comes as the obvious result of the desire to protect
standby gas from the moisture laden air in the torus resulting
from spray action.

DW/P-7 Is Torus Pressure Above 17 psig?

This pressure represents the pressure which would indicate the
potential onset of chugging during a small break LOCA. Chugging
is a phenomenon that occurs when the non-condensibles have been
purged from the drywell to the torus and steam is still being
ejected through the downcomers into the torus water. At the
velocities associated with a small break LOCA this can result in
gross condensation instabilities at the downcomer exit when the
non-condensible content of the downcomer flow is below 1%. A
larger LOCA would result in sufficient velocities such that
instabilities would not exist. Condensation instabilities will
be prevented whenever torus pressure exceed 17 psig by using the
drywell sprays to redistribute the non-condensibles to the dry-
well, thereby increasing non-condensible content of the
downcomer flow above 1%.

DW/P-8 Continue Reducing Drywell Pressure.

If drywell pressure has not reached 17 psig, then the appro-
priate action for the operator to take is to continue reducing
drywell pressure utilizing whatever means had been used up to
this point.

DW/P-9 Initiate Torus Sprays

Same bases as step T/L-24.
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DW/P-10 Are Torus Sprays Operating?

Same bases as step T/L-25.

DW/P-11 Is the Combination of Torus Spray Temperature and Torus Pressure
Below DW/P-l?

The bases for this step is identical to the bases in step T/L-
26.

DW/P-12 Shutdown Recirc Pumps and Drywell Cooler Fans then Restricting
Flow Using Procedure S.3.2.B.1, Spray the Drywell.

The bases for this step is identical to the bases for step T/L-
22, including the explanation for the spray limit which is given
in step DW/T-12 bases. However, in this case, drywell sprays
are being used to redistribute non-condensibles in primary
containment to prevent chugging during a small break LOCA as
explained in the bases for step DW/P-6.

DW/P-13 Can Torus Pressure be Maintained Below 40 psig?

Following the initial purging of non-condensibles to the torus
during a large break LOCA, containment pressure stabilizes well
below 40 psig. Therefore, containment pressures below 40 psig
would indicate that the normal pressure suppression function of
the containment is working, whereas pressures greater than 40
psig indicate insufficient energy is being deposited into the
torus water resulting in a greater torus pressurization.
Therefore, in order to prevent torus pressure from continuing to
increase due to steam directly entering the torus airspace, the
reactor will be depressurized via the SRVs whenever torus
pressure exceeds 40 psig. Depressurizing the reactor below 40
psig torus pressure also prevents exceeding the design pressure
of the torus as the torus air space pressure increases due to
the torus water temperature rise following the blowdown.

DW/P-14 Continue Reducing Drywell Pressure.

A yes response from DW/P-12 indicates that the only further
required action is to continue reducing containment pressure
utilizing whatever means had been employed up to this point.

DW/P-15 Can Torus Pressure be Maintained Below 49 psig?

Prior to executing this step, the operator was directed to
conduct an emergency reactor depressurization. This emergency
depressurization was required in order to direct any latent
energy still contained within the reactor vessel directly to the
torus via the relief valve downcomers to assure that this energy
would be deposited in the torus water as a temperature increase
and not in the torus air space or drywell as a pressure
increase. If the answer to the question "can the torus be

B-125



maintained below 49 psig" is yes, then the "design pressure" of
containment has not been exceeded and depressurizing the reactor

with the SRVs was successful in terminating the torus pressure
increase. However, if the answer to the question is no, then
the pressure suppression function of containment has failed and
any residual steam being produced is pressurizing the contain-
ment. Therefore if pressure cannot be maintained below 49 psig,
the reactor will be flooded via procedures T112 and T116 which
turns the steam leak into a water leak terminating pressuriza-
tion. The design pressure is an arbitrary limit and is only
used to determine the success of the RPV depressurization taken
in step DW/P-12.

DW/P-16 Continue Reducing Drywell Pressure.

This is the appropriate response if containment pressure is
below design.

DW/P-17 Can Drywell Pressure be Maintained Below 100 psig?

This question is asked to determine if it is appropriate to
spray primary containment to preclude containment failure. 100
psig is the highest pressure that the containment is calculated
to be able to withstand given a worst case containment water
level of 100 feet. Although this procedure required the use of
drywell and torus sprays at lower containment pressures, the
operator was always cautioned not to use these sprays if divert-
ing the RHR pump to the spray mode could lead to inadequate core
cooling. Therefore it is possible that sprays have not yet been
used. Now, since containment failure is imminent, it is appro-
priate to divert injection flow to containment spray even if
core cooling is jeopardized. Containment failure may otherwise
occur, which in turn may damage the reactor or injection piping
resulting in a complete loss of core cooling capability.

DW/P-18 Continue Reducing Drywell Pressure.

If torus pressure can be used below 100 psig, then containment
integrity is not immediately threatened and there is no need to
divert RHR pumps from the core cooling mode to the spray mode.
Therefore, the operator is directed to continue efforts in
progress to reduce containment pressure.

DW/P-19 Initiate Torus Sprays.

Same basis as step T/L-24.

DW/P-20 Are Torus Sprays Operating?

Same basis as step T/L-25.
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DW/P-21 Is the Combination of Torus Spray, Temperature and Torus
Pressure Below Curve DW/P-l?

The bases for this step is identical to that described in step
T/L-26 bases.

DW/P-22 Irrespective of Whether Adequate Core Cooling is Assured, Shut-
down Recirc Pumps and Drywell Cooler Fans Then Restricting Flow
Using Procedure S.3.2.B.1, Spray the Drywell. Spray the Torus
When Torus Level is Below 21 feet.

The operator reaches this step if drywell pressure cannot be
maintained below 100 psig. It is assumed that if drywell
pressure reaches 100 psig a major accident has occurred, and the
primary containment is the sole barrier against the release of
radioactive material to the reactor building. Therefore, since
primary containment integrity is now in jeopardy, the RHR system
is used for maintenance of the primary containment rather than
core cooling. The restriction on spraying the torus above 21
feet is used because spraying the torus when the sparger is
covered will not condense any steam and is therefore an unneces-
sary diversion of makeup water from the reactor. The torus
spray sparger is actually above 21 feet, however, the operator
has no torus level indication beyond this value. Recirc pumps
and drywell cooler fans are removed from service to prevent
damage to this equipment as a result of spraying the drywell.
Spray flow rate is restricted for reasons stated in the bases
for step DW/T-12.

DW/P-23 If DW Pressure Goes Above 100 psig, Then Vent Primary Contain-
ment Per Procedure T200 or T201 to Reduce Primary Containment
Pressure Below 100 psig.

If, in spite of all efforts, drywell pressure exceeds 100 psig,
the only recourse is to vent the containment. Although some
radioactivity release is likely, controlled venting is much
preferred to the wholesale release accompanying containment
failure.
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HIGH DRYWELL TEMPERATURE

Drywell temperature is normally maintained below 145 degrees Fahrenheit.
It can increase for two reasons. The temperature can increase because of
a large addition of steam to the containment, in which case the temper-
ature increases along with the relative humidity. The other reason for a
temperature increase is a failure of drywell cooling or drywell heat

removal, which causes temperature to increase significantly without the
addition of water vapor. This procedure combines the response to either
mode of drywell temperature increase into a single line of action. The
concern with having high drywell temperature is twofold. First, there
are environmental considerations for electrical equipment within the
drywell. The other concern is that high temperature may cause reactor
level instrument reference legs to flash making level indication
inaccurate. Both of these concerns are addressed within D/T.

DW/T-1 Is Drywell Temperature Above 145 Degrees?

This question is asked to determine if the operator should take
action to bring the drywell temperature below the entry condi-
tion limit.

DW/T-2 Monitor Temperature.

The operator is instructed to monitor drywell temperature even
though it is below its entry condition limit because another
parameter has exceeded its entry condition limit and drywell
temperature may be ultimately affected.

DW/T-3 Monitor and Control Drywell Temperature.

The operator is instructed to not only monitor but also to
control drywell temperature since drywell temperature has now
exceeded its entry condition limit.

DW/T-4 If At Any Time Drywell Temperature Near a Cold Reference Leg is
Above Curve DW/T-1, Ten Enter Procedure T112 and Execute It
Concurrently With This Procedure. Read Reference Leg
Temperatures on TI-2501 3501) points 26 and 27.

First, it should be noted that step DW/T-4 is surrounded by a
dashed box. This means that it applies throughout the procedure
and the appropriate readings should be taken periodically.
Specifically, the concern in this step is the loss of level
indication due to reference leg temperatures which are above the
saturation temperature corresponding to the reactor pressure.
In order to determine whether or not the level instrument
reference legs are above the saturation temperature, the
operator is given curve DW/T-1 which is simply the saturation
curve for water, with the ordinant being the drywell temperature
near the reference leg, and the abscissa being reactor pressure.
If te operator has been controlling drywell temperature, but it
cannot be maintained on the safe side of the curve, it is
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necessary to rapidly depressurize the reactor vessel and then
flood the reactor by use of procedures T112 and then T116.
This will not immediately restore level indication but will
ensure that the reactor level is above top of active fuel and
adequate core cooling is being accomplished.

DW/T-5 Reduce Drywell Temperature With the Following:

In this step the operator is given two methods for reducing
drywell temperature. First is drywell cooling. The operator
should maximize drywell cooling using whatever coolers and cool-
ing water is available. Secondly, the operator can begin
decreasing reactor pressure. Depressurization will lower the
saturation temperature within the primary system, reducing heat
input to the drywell.

DW/T-6 Can Drywell Temperature Be Maintained Below 281 Degrees
Fahrenheit on All Valid Points 19 through 27 on TI-2501 3501)?

This step asks the operator if he can maintain the drywell
temperature below the design temperature for the drywell. A yes
answer will direct the operator to continue cooling the drywell.
A no answer will send the operator on in the procedure to
perform additional actions to cool the drywell.

DW/T-7 Continue to Maximize D.W. Cooling.

The operator arrives at this step if it was determined that
drywell temperatures can be maintained below its design tempera-
ture. Since maximizing D.W. cooling has stabilized or improved
the situation the operator is told to pursue this action as long
as it is effective.

DW/T-8 If The Reactor Is Not Scrammed, Then Run Back Recirc, Transfer
Houseloads and Manually Scram.

Since there is no scram which automatically initiates on drywell
high temperature, it is necessary to direct the operator to
manually scram the reactor before drywell sprays are employed in
step DW/T-12. More than likely, the scram will already have
occurred at this point due to high drywell pressure.

DW/T-9 Initiate Torus Sprays.

Same basis as step T/L-24.

DW/T-10 Are Torus Sprays Operating?

Same bases as step T/L-25.
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DW/T-11 Is the Combination of Torus Spray Temperature and Torus Pressure
Below Curve DW/T-2?

The bases for this step is the same as the bases for step T/L-
26. However, in this case a no response directs the operator to
rapidly depressurize the reactor vessel by going to procedure T-
112 while continuing in this procedure. Depressurize the
reactor will transfer energy from the reactor to the torus
lowering reactor temperatures to around 300 Degrees Fahrenheit
and reducing any existing break flow. Continued heatup of the
drywell is thereby avoided. A yes response will cause the
operator to attempt to reduce drywell pressure using drywell
sprays.

DW/T-12 Shutdown Recirc Pumps and Drywell Cooler Fans, Then Restricting
Flow Using Procedure S.3.2.B.1, Spray the Drywell.

The reasons for shutting down the recirc pumps and drywell
cooler fans have been discussed previously in the bases for step
T/L-28. Procedure S.3.2.B.1 describes the method for initiating
drywell sprays. The method used initially restricts spray flow
to below 700 gpm. The 700 gpm spray limit comes from one of the
two drywell high temperature conditions described in the general

discussion at the beginning of DW/T. The condition of concern
is the case where the drywell temperature is very high, but the
drywell's humidity is very low. This would result from a pro-
longed loss of all containment heat removal. During an event
such as this, the non-condensibles would be in their normal
distribution between drywell and the torus. Vhen sprays are
initiated into a very hot, dry air environment, the spray
results in a rapid pressure reduction since the drywell volume
is fixed. The pressure reduction resulting from the temperature
drop is more rapid than the increase in pressure caused by the
vaporization of the spray. This temperature induced pressure
reduction can proceed at a rate fast enough that the torus to
drywell vacuum breakers cannot adequate compensate for the
drywell pressure reduction by allowing non-condensibles to flow
from the torus to the drywell. If this occurs potentially

destructive negative drywell to torus pressures could result.
This rapid depressurization can be slowed down by limiting the
rate at which water is introduced into the drywell by the
sprays. Under the worst high temperature, low humidity condi-
tions, if the spray flow rate is 700 gpm no destructive negative
pressures can be created. By combining this flow restriction
with the drywell spray initiation curve the operator can
determine wen it is safe to spray the drywell by using a single
curve regardless of the initial humidity conditions in the
drywell. The bases for the drywell spray initiation curve are
presented in the bases for step T/L-28. Once sprays have been
initiated, the flow rate can be slowly increased above 700 gpm

while monitoring both drywell, and drywell to torus negative
pressure to ensure that neither exceed the design limit of 20
psig. This is permitted because once the drywell atmosphere
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reaches saturated conditions during spraying, the rate of
drywell pressure reduction is greatly reduced.

DW/T-13 Can Drywell Temperature Be Maintained Below 281 Degrees
Fahrenheit on All Points 19 Through 27 on TI-2(3)501?

This step is used to determine if drywell sprays were successful
in keeping drywell temperatures below the design limit. If the
answer is yes, the operator will be directed to step DW/T-14
which will terminate spraying and restore the drywell cooler
fans to normal. If the answer is no, the operator is directed
to depressurize the reactor using procedure T112. Depressuriz-
ing the reactor will transfer energy from the reactor to the
torus lowering reactor temperatures from the reactor to around
300 Degrees Fahrenheit and reducing any existing break flow.
Continued heatup of the drywell is thereby avoided.

DW/T-14 When Sprays Are No Longer Required to Maintain Drywell
Temperature Below 281 Degrees F, Terminate Spraying and Restore
the Drywell Cooler Fans.

This step is used to restore the containment to a more normal
condition following initiation of drywell sprays. Exiting this
step returns the operator to the question, can the temperature
be maintained below 281 Degrees Fahrenheit at step DW/T-6, which
essentially places the operator in a loop where drywell sprays
or reactor depressurization can be attempted again if drywell
temperature increases to 281 Degrees Fahrenheit.
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APPENDIX C

ISSUE ANALYSES AND RESULTS

The results of the expert panel elicitations are presented in detail
here. A brief description of each issue is provided for context, the
individual expert assessments and rationale for the assessments is dis-
cussed, and finally the aggregated results or resolution for the ssues
are presented. The reader may need to refer back to Appendix for more
detail on the issue descriptions. As noted in Chapter III, the experts
for each issue are identified as a group, but the individual eicitations
are kept anonymous.

CA Issue 1. CRD Pump Cooling Reguirements

Applicability: LaSalle, Peach Bottom, and Grand Gulf

Discussion

This issue addresses whether or not the CRD pumps at each plant need
external cooling for their lube oil coolers in order to run continuously
for some extended period of time. The CRD pumps (at all three BWR
plants) can be powered from the emergency buses; therefore, in a loss of
offsite power, these pumps are available for coolant makeup. However,
the water systems that supply cooling to the lube oil cooler may not be
powered from the emergency buses. In a loss of offsite power, these
systems may be lost. Therefore, if external cooling is required, the CRD
system is not a possible recovery option in loss of offsite power
sequences.

After discussions with all of the vendors and utilities, it was concluded
that the CRD pumps at all three plants require forced lube oil cooling
and that the pumps will likely fail very soon after cooling is lost.
Therefore, the issue was resolved that the pumps need cooling.

C.2 Issue 2 Failure Probabilities for Check Valves in the
Quantification of Interfacing LOCA

Applicability: PWRs

Experts:

Dennis Bley, PLG
Gary Boyd, SAROS, Inc.
Robert Budnitz, FRA
Karl Fleming, PLG
Gareth Parry, NUS Corporation
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Discussion

This issue involves the selection of failure rates for check valve
rupture and the common cause failures of check valves in series for the
quantification of ISL. The conditions and scenarios for ISLs are dis-
cussed in detail in Appendix and are summarized here.

Interfacing LOCA

For Surry and Sequoyah, the ISL is most likely to occur in the connec-
tions between the RHR system and the RCS cold legs, via combinations of
failure of two check valves in series. Three scenarios are currently
postulated for ISLs. They involve:

1. Random independent rupture (catastrophic leakage) of both valves.

2. Failure of one check valve to reclose upon RCS pressurization
followed by random rupture of the other valve.

3. The undetected failure of one valve during operation between test
periods followed by the rupture of the other valve. This
undetected failure can be caused by opening of the disc, or
severe deteriorization of the seat. This failure is not detected
because the other valve is holding pressure. When the good valve
fails, the first valve failure becomes apparent.

In scenarios 2 and 3 the failure to reclose or deteriorization of the
valve must happen before the rupture event. Testing intervals, testing
procedures, and piping configurations will affect the frequency of each
scenario at any particular plant. The piping configuration at both Surry
and Sequoyah is such that they accommodate leakage from the RCS via back-
flow paths. The Surry plant provides a backflow path to the RWST through
the LHSI minimum flow lines (2-in. line) while Sequoyah provides a 600
psi relief valve on a 2-in. line back to the pressurizer relief tank.

The postulation of a catastrophic failure mode is therefore necessary to
get overpressurization of the RHR system. One valve must experience
sudden and severe structural deformation of the check valve internals.
The scenarios for interfacing LOCA then become:

• RCS side rupture and RHR side rupture;
• RCS side failure to close and RHR side rupture;
• RCS side leak >200 gpm) and RHR side rupture.

Common Cause Failure

The second issue involves whether or not to model common cause failures
in the model. The current model does not include CCF. The basis for
postulating a CCF is that the failure of one valve leads to the failure
of the other valve through phenomenological causes, or that both valves

fail concurrently from common causes acting on both valves. The data
upon which to base a common cause correlation value are very limited.
There have been no instances of valve ruptures i these systems.
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Some experience on multiple valve leakage failures has been accumulated.
Beta factors for check valve leakage are derived in Reference B.2-1 in
Appendix B. However, the data are a result of licensee event report
(LER) searches and as such include the entire spectrum of valve types and
service applications found in nuclear plants. The Beta factor derived in
Reference B.2-1 for leakage is 3E-3.

Elicitation Statement

1. Assess the failure probability (per year) for severe check valve
leakage, given the application in question and the available data in
Appendix B.

2. Assess the degree of correlation (if any) that should be used for
rupture-rupture failure combinations and rupture-leakage failure
combinations. The degree of correlation should consider both the
tendency of one valve failure to lead to the other valve failure
through phenomenological factors, as well as correlation due to
common causes.

Elicitation

The likelihood of an ISL was analyzed by five experts using variations of
a model that involves the following quantities:

XT: Total frequency (per year) of an ISL.

Al: Defined as the frequency of a rupture of the RCS side check
valve per unit of time.

P(211): The probability of the second check valve failing given that the
first check valve has failed.

S: The probability or frequency that a check valve is stuck open.
S is given as either a rate per hour, or a probability per
operation.

0: The probability that the operator will fail to recognize that a
check valve has failed to close. This term only applies to the
Sequoyah models.

D: The number of times the check valve is closed between test
periods.

T: The time between inspections in years.

The experts chose models that were basically similar to those proposed in
the elicitation statements, but varied with respect to some important
aspects. All of the experts discarded the scenarios involving leaks or
redefined a leak large enough to create a LOCA as a rupture. This
reduced the issue of interfacing LOCA to scenarios involving:

0 Rupture of both valves, including common cause failure;
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• Failure of the first valve (either on the RCS or RHR side) to
close followed by rupture of second valve;

• Rupture of the first valve occurring after failure of the second
valve to close.

The models developed for Sequoyah and Surry differ slightly. Sequoyah
has a configuration such that the RHR-side valve cannot stick open with-
out draining the accumulators. Such an event would initiate signals to
the control room, leading to detection of the problem. Thus, the
Sequoyah models do not include a failure mode where the RHR-side valve
fails to close and the RCS side valve subsequently ruptures.

The models presented below and the aggregated results presented at the
end of this writeup are for a single interfacing pathway between the RCS
and the RHR systems. Total plant specific estimates must be calculated
by multiplying the aggregated estimates by the number of pathways at a
particular plant.

Surry

Expert A modeled the ISL at Surry in terms of the number of times during
a nine-month period (between inspections) that a valve would be required
to close. This expert's model for Surry is:

AT A*P(211) + 2*X,*S*D

The first term corresponds to the rupture-rupture sequence where the RHR-
side valve ruptures when the RCS-side valve ruptures. The second term
represents both the open-rupture and rupture-open scenarios which are
symmetric in this assessment. The probability that a valve will be stuck
open is given as the number of demands to close times the probability
that the valve will stick open, and remain stuck open, as a result of
that demand.

Expert developed a model based on the rationale that only one valve of
the two in series would have a significant pressure differential across
it. Leakage through the RCS-side valve would tend to leave the RHR-side
valve with the high pressure differential. He felt that the force would
aid in keeping the valve closed. He defined two rupture frequencies:

• AHP failure rate for a check valve with high pressure
differential

• ALP failure rate for a check valve with a low pressure
differential.
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His model for Surry is:

AT (-99*(\HP*\LP*(T/2) + )HP*AHP*(T/2)) + O1*(1AHP + API*P)

+ 2*(AHP*S*D)

where is the Beta factor for common cause failure of two check valves.

The first parenthetical term is the independent rupture-rupture failure
mode. The two independent terms are the two possible cases:

• The low pressure valve ruptures first, followed by rupture of the
high pressure valve within the remaining time before the next
test, taken as T/2.

• The high pressure valve ruptures first, causing the low pressure

valve to assume a high pressure differential. Subsequent failure
of the second valve is at the rate AHP'

Expert B attached a weight of 099 to this scenario. He believes that
the rupture-rupture failure mode is the most plausible double rupture
scenario. The second parenthetical term is the common cause failure of
both the high and low pressure valves. Expert assigned a weight of
0.01 to this scenario. He gave a log uniform distribution for the Beta
factor with a 05 quantile at 1.OE-6 and a 95 quantile at E-3. He
associated the same Beta factor to both AHp and P- The third term is
the fail-to-close--rupture failure mode, where the closed valve will fail
at the high pressure rate, AHP'

Experts C and D employed a model for Surry similar to Expert A's. How-
ever, they chose to give their assessments of the failure to close mode
in units of time. The resulting model is:

AT Al*p(211) + 2*A,*S*(T/2)

where S is the failure to close per unit of time and T/2 is the average
exposure time. The quantity T is a test interval.

Expert E modeled the rupture-rupture sequence in a manner which combines
elements of Expert A, C, and D's model and Expert B's model. In addition
to the scenario of coincident ruptures in Expert A's, C's, and D's model,
Expert E considered the possibility that one of the valves may have
ruptured since the last inspection and thus only one check valve is
operational as did Expert B. This resulted in the model:

AT Al*p(211) + 2*A,*(A,*(T/2)) + 2*A,*S*D

The second term in this model reflects the probability that one of the
two valves may have failed before failure of the other valve. Of course
this failure must go undetected, and thus the time between inspections
enters the analysis. Unlike Expert B, Expert E did not differentiate
between a high and low pressure failure rate for the two check valves.
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Sequoyah

The analyses for the Sequoyah plant are similar to the Surry analyses
with respect to the rupture-rupture scenario, but differ with respect to
the open valve-rupture sequences. These differences occur because of the
location of the accumulator and the inspection and testing procedures
implemented at the plant. The accumulator location at Sequoyah will
result in an open RHR-side valve being detected. Also, an open check
valve will be detected through the relevant testing procedures at
Sequoyah, if the operator does not make an error.

The model provided by Expert A for Sequoyah is:

AT A*p(211) + A*S*D*O

This model includes the term which is the probability of the operator
failing to detect the RCS-side valve is stuck open.

Expert B's model for Sequoyah is similar to his model for Surry:

AT = 0-99*()HP*\LP*(T/2) + AHP*AHP*(T/2)) + 001*([AHP + API)*16)

+ (AHP*S*D*O)

Experts C and D used a model for Sequoyah similar to Expert A's with the
modification that the probability of a valve being stuck open is a func-
tion of the exposure time. Their model for Sequoyah is:

AT = Al*p(211) + A*S*(T/2)*O

Expert E's model for Sequoyah includes three terms corresponding to the
rupture-rupture sequence, a prior undetected rupture followed by another
rupture as does the model of Expert B, and an undetected stuck open RHR-
side valve and rupture of the RHR-side valve. The model is:

AT = Al*p(211) + Al*(A,*(T/2)) + A*S*D*O

Rationale

It should be noted that some of the experts gave their results in terms
of reciprocal hours and others gave theirs in terms of reciprocal years.
The individual assessments are reported as given by the experts. The
final results are calculated with units of reciprocal years.

Expert A. The inputs provided by Expert A were based on a review of
available information applicable to this issue. A summary of the infor-
mation sources examined and their impact on Expert A's inputs is provided
below.

There is a general lack of information concerning rupture failure mode
for the check valve. Three reports were consulted by Expert A which
provided some background information. The Greenstreet reference was the
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most applicable to the specific subject of this issue, and it included a
review of other information sources.

• W. L. Greenstreet et al., Aging and Service Wear of Check Valves
Used in Engineered Safety-Feature Systems of Nuclear Power Plants,
Oak Ridge National Laboratories, Oak Ridge, TN, NUREG/CR-4302,
December 1985.

• W. H. Hubble and C. F. Miller, Data Summaries of Licensee Event
Reports of Valves at U.S. Nuclear Power Plants, Idaho National
Engineering Laboratory, (EG&G Idaho, Inc.), NUREG/CR-1363, June
1980.

• J. A. Steverson and C. L. Atwood, Common Cause Fault Rates for
Valves, Idaho National Engineering Laboratory, (EG&G Idaho, Inc.),
NUREG/CR-2770, February 1983.

Expert A consulted individuals with expertise and experience with check
valves because of lack of written information. Although there is a lack
of formalized data on check valves, there is a large quantity of data
(because of the large population of valves) that is somewhat accessible
through these experts. The following sources were consulted:

• An engineer with more than 25 years experience in valve design and
operations, currently at Rockwell International;

• An engineer at Oak Ridge National Laboratories with responsibility
for a recent survey of check valve experience in nuclear power
plants;

• An engineer with more than 20 year's experience in valve design,
operations, and sales, currently with Atwood and Morrill Co.; and

• An engineer with more than 15 years experience in the petro-
chemical industry, whose experience was made available by Expert
E.

As noted previously, Expert A considered the rupture failure mode and the

large leakage failure mode as a single scenario. The written sources
indicated that there has never been a reported rupture of a check valve
internal at U.S. commercial power plants. There have been a number of
catastrophic reverse leaks, but they have been due to the valve being
stuck open after the last demand or loss of the valve disc. The failure
mode of interest here is a rupture defined as the loss of integrity
allowing reverse leakage on a valve which was previously known to be
closed and holding pressure. Thus the failure modes where the valve
sticks open or falls apart when fluid is flowing are not of interest
since in this failure mode the valve is known to be holding pressure
before the rupture.

Expert A also did additional review of the data and made a number of
observations. At least one valve disk was found to have a crack,
although the size of the crack was not reported. There has also never
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been a complete external valve rupture (failure of the valve body),
although there was one very close to complete rupture, with a 140' crack.
Overall, the following trends can be seen in the data:

Cause Greenstreet NPRDS

Seat leakage 52% 70%
External leakage 7% 16%
Internals failures 32% 4%
Valve body failure 2%
Valve body rupture 0%
Failure to open 2%
Failure to close 8%
Other 7%

The valve specialists were then consulted in an attempt to develop more
insight into check valve failure rates. The specialists agreed that the
failure mode was very unlikely, but not impossible. Once again the
specialists were queried about a situation in which a valve is known to
be seated but suddenly allows large backflow. This was thought to be
unlikely because the forces on the valve would tend to prevent any dis-
assembly. It has been suggested in past discussions on this subject that
there are no mechanisms for the failure of concern. When the valve
specialists were questioned about this by Expert A, they were able to at
least visualize some mechanisms:

• Disc failure and enough change in pressure to create pressure
imbalance and move disc off seat;

• Prior disc separation with disc coincidentally in a position
to hold flow completely initially, followed by some imbalance
of forces;

• Improper design of seat into valve such that seat could
separate from body; and

• Cavitation leading to severe seat degradation and catastrophic
rupture sometime after the valve is holding pressure.

One valve specialist had seen the last failure mechanism, though not in a
nuclear plant; thus Expert A concluded that the failure of concern is not
entirely theoretical. Vhen frequency was discussed, one specialist
stated his belief that the failure would be less likely than valve
external rupture, which is also a very rare event. Finally, one valve
specialist calculated that he had never seen the failure in gate valves,
in 2.7E6 years of valve operation.

Expert A synthesized the available evidence to arrive at a distribution
for the rupture failure rate. Qualitatively, the research indicates that
the failure is not impossible, but there have been few precursors to the
event. Intuitively, it would appear that the internal rupture failure
rate would be less than the external rupture failure rate, and the data
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supports this conclusion. Expert A's distribution is provided in Figure
C.2-1. The lower bound represents his belief that the failure is
extremely unlikely. In order to characterize this quantitatively, the
lower bound reflects a failure rate which would result if zero failures
occur in the full life time of the current generation of light water
reactor plants (roughly a 0% chi-squared value for no events in 5000
years). The central estimate reflects current experience, calculated as
a 50% chi-squared value for no events in 960 reactor years. The upper
bound reflects the value if one event had happened in current experience
(one event in 960 years). All of these calculations assume that the
current data reflect an average of 25 reportable check valves per unit.
The upper bound was considered as a 90% value in this case due to the
uncertainty in what is considered as a catastrophic leakage rate. The
testimony of Expert E was influential in causing Expert A to allow for
values higher than the upper bound (which reflects one event in current
experience), because of the evidence presented which indicated that
leakage did not have to be as extensive as was thought previously by
Expert A to cause a severe problem.

The second distribution elicited was for the probability of a check valve
to fail to reclose after usage (after flow has passed through the valve).
Expert A's research indicated a range of values in current literature
similar to what was presented in the meeting by Expert E (and included
later in this report as Figure C.2-16). However, Expert A's opinion was
that the curve was shifted to slightly higher probabilities, about a
factor of higher at the median and the 95th percentile. This shift in
the curve presented by Expert E was due to Expert A's belief that the
available data may not represent all of the failures. For example, check
valves are often used in series and, if a single valve stuck open, there
may be no way of detecting the failure. The success information used in
generating the probabilities based on plant experience essentially
assumes that all valves are either tested or located such that a failure
would be recognized. There is also some uncertainty about what might get
reported as a failure versus what would be a failure in this circum-
stance. Finally, there is also the possibility that a valve could stick
open and later be dislodged back to a closed position, a scenario not
recognizable to the plant staff. Expert A's resultant curve for the
failure to reclose after use (a demand failure probability) is illus-
trated in Figure C.2-2.

The next information solicited was the number of demands expected for the
check valve in the interval between tests. Expert A thought that the
plant staff or PRA analysts should be the ones to estimate this param-
eter. Asked to assess the value for use in case better information was
unavailable, Expert A provided the following distribution:

Number of demands 0 1 2 3 4
Probability 0.4 0.4 0.1 0.05 0.05

This distribution reflects Expert A's opinion that it would be unlikely
that the valves would have more than a single demand, and fairly likely
that there would be no demands on the valves. This distribution reflects
demands in the nine-month intervals between tests.
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Finally, the last distribution derived from Expert A was for the condi-
tional probability of the failure of a second check valve in series by
the rupture failure mode, given that the first valve ruptured. The value
calculated by Expert A reflects both the possibility of an immediate
failure of the second valve as well as a subsequent failure before the
end of the 9-month test period. During his research on this subject,
Expert A found information that affected his elicitation for this event.
The Steverson report (NUREC/CR-2770) presented the following information
relative to common cause failure of check valves (presented as Beta
factors, the conditional probability of failure of a second valve, given
failure of the first):

Mode Central 90% Range

Fail to open/close 0.3 - 04 .0 - 07
Internal leakage 0.1 .00 - 07

In addition the data concerning check valves indicate a significant
incidence of common cause, although there is obviously no data on the
rupture failure mode. In one data source (NUREG/CR-1363) at least three
of the 30 check valve leakage events involved common-cause failures. For
example, the following events have been considered of some importance:

• Dresden and Quad Cities--6 of 6 diesel cooling water check valve
suffered complete failure, pivot arm/disk separation.

• Steam binding of auxiliary feedwater systems due to leakage of hot
water past check valves in series.

• Problems with binding at Beaver Valley from (many) valves that had
been refitted with replacement disks to control leakage.

• Three check valves experienced difficult opening at Davis Besse
due to a maintenance problem.

• Palisades, 2 of 4 check valves in the low pressure coolant injec-
tion system were found to have severe internal damage.

• Metropolitan Edison found internals problems with the high
pressure injection (HPI) pump discharge check valves. Investiga-
tion revealed inconsistencies in the use of materials and poor
welds.

• At Point Beach, both check valves closest to the RCS in the LPI
lines were found stuck full open.

• The Salem turbine driven feedwater pump, steam supply check valve
completely disassembled internally. The valve had cracks in the
disk. Similar damage was found in the other steam supply line
check valve.

In discussions with the valve experts listed previously, Expert A also
discovered that catastrophic valve failures are most likely due to
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design, fabrication or maintenance problems. There is a fairly high
likelihood of common cause for these types of failures. Expert A synthe-
sized the evidence to arrive at the conclusion that common-cause failure
could be quite important. Certainly, there is evidence of common cause
(in about 10% of the cases) for more frequent failure modes of check
valves. There is, however, no evidence for the failure mode of concern,
and there is very little data for passive-type failures happening at the
same time.

Given this information, or lack thereof, it was still necessary to
develop a distribution for the probability of the second valve failure
given the first valve failure. Expert A's distribution is illustrated in
Figure C.2-3. The lower bound value represents an independent failure of
the second valve. In order to present a single curve, this lower bound
was calculated from Expert A's mean value for rupture in an interval
equal to one-half the nine-month period (because the other valve would
have to fail first). The lower bound is therefore

P(2/1) 05*(9 months*720 hrs./month)*l.lE-9/h = 5.OE-6.

The 50th percentile value is based on analyst judgement. It considers
the fact that the evidence points to some chance of common cause, but the
specific event seems unlikely. A comparison to other passive failures
indicates that multiple failures are not particularly likely, but they
may not be impossible either. For example, the Surry feedwater pipe
break involved only one line, but the other line was degraded in a
similar fashion. The central value is lower than the common cause asso-
ciated with other failure modes because there is some chance that the
first failure could be recognized, depending on which valve was involved.

The 90th percentile reflects the data that common cause is a concern in
about 10% of other valve failure modes, as well as being a general value
for any mechanical equipment. Expert A thought that this value could not
be ruled out. The valve experts contacted by Expert A also could not
rule out common cause. In many cases the valves in series would see very
similar conditions. Finally, there is a sudden demand on the second
check valve, and this upper bound also reflects the possibility that this
demand could induce a failure.

Finally, Expert A discussed a number of limitations. The values provided
above are based on the elicitation statement, and are only useful in
establishing the frequency of having the backflow from the RCS using the
model suggested. This does not imply an ISL, because the probability of
pipe break, the possibility of enough pressure relief to prevent pipe
break and the damage to the system must be carefully considered before
classifying the event as an ISL. In addition, the boundary conditions
associated with the failure modes are very important, and the testing
procedure, timing, and accuracy as well as the chance for error in inter-
pretation of the data could easily dominate over the failure modes
specially addressed here.
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Expert B. Expert B's distribution for the valve rupture frequency is
shown in Figures C.2-4 and C.2-5. Figure C.2-4 represents his Aflp and

Figure C.2-5 represents his ALP-

Figure C.2-6 contains the probability distribution for the rate of
failure to close/per demand given by Expert B. This distribution was
obtained using the information given in the testimony by Expert E with an
adjustment to the upper part of the distribution. The adjustment was
provided because the San Onofre data does not apply. The cause of
failure at San Onofre was a defect in design. Also, the leak rate is
lower than need be to make up te data base. Figure C.2-7 sows Expert
B's assessment of the common cause Beta factor for value rupture.

Expert B also provided a distribution for the number of demands to close
during a nine-month period. This distribution is:

Number of Demands 0 1 2 3-10
Probability .50 .20 .20 .10

ExRert C. Expert C provided the distribution shown in Figure C.2-8 for
the rupture rate per year of the RS-side valve at both Surry and
Sequoyah. The 99th percentile is the calculated 95% upper confidence
bound on rupture based on nuclear experience. Non-nuclear experience has
given much lower 95% bounds. Also, tis is not inconsistent with the
Pickard, Lowe, Garrick curve at 80 gpm (the Sequoyah relief capacity)
which was presented in the testimony of Expert E. The 95th percentile is
derived from oil industry data that gives a 95% confidence bound for the
rupture failure rate of .E-6/yr. This is lower than the 95th per-
centile used by Expert C, but it is not clear that large leakage was
included in the assessment from oil industry data. Because of this
concern, the oil industry experience is taken as an 80th percentile
rather than a 5th percentile. The lower bound was established because
the failure rate cannot be lower than the reactor pressure vessel (RPV)
failure rate.

Expert C provided the following additional comment concerning the prob-
ability of check valve ruptures.

Expert E showed a curve fitted to valve failure frequency versus leak
rate. The extrapolation needed is close to an order of magnitude in
equivalent leak area. Since there ave been no ruptures of valves,
these data probably come from failures of valves to reseat properly.
This curve may be more relevant for determining the effective stick-
ing open failure rate. It is hard to imagine mechanisms for an
initial leak to grow so rapidly that it is unnoticed. (For the RCS-
side valve the pressure would equalize across the valve if the RHR-
side valve is holding, thus limiting any further dynamic degrada-
tion.) For these reasons the fit (sic) is not used directly.

The rationale for the distribution of the probability of a check valve
being stuck open was provided at several percentiles. The value .OE-6/h
is appropriate for reverse leakage and is clearly an upper bound [Ref-
erence C.2-1] and was used as the 99th percentile. Since large leak, or
sticking open events, are at least an order of magnitude less frequent
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than failure to reseat properly, a median of LE-8/h and a mean of
I.OE-7/h are appropriate. The resulting distribution is shown in Figure
C.2-9. The distribution is given in units of probability per hour of
exposure time.

Figure C.2-10 contains the distribution for the failure of the RHR-side
valve given failure of the upstream valve for both Surry and Sequoyah.
The rationale for the distribution is as follows:

Historically Beta factors have been seen on the order of 0.1. It is
hard to see why these components should be different. In fact the
failure of the first valve (if it is rapid) may put a larger tran-
sient stress on the second valve thus further challenging any
inherent weakness. This is more likely at Surry than Sequoyah where
the change in pressure across the 2nd valve (at Surry) is greater
than about 600 psi anyway. However, it is not significant to try to
make the distinction.

Expert D. Expert D's distribution for the check valve rupture frequency
is shown in Figure C.2-11. The lower bound is about the same as RPV
failure, approximately E-7/yr. The upper bound (99th percentile) is
about E-5/yr., based on the existing data base for leaks and extrap-
olation from "leak" to "large leak." The median was chosen using the
expert's judgment and the data base. This distribution is applicable to
both Surry and Sequoyah as is the distribution for the rupture of the
downstream valve given rupture of the upstream valve, shown in Figure
C.2-12. Material flaws and incorrect installation were cited as major
contributors of the magnitude of this conditional probability.

Expert D's distribution for the probability of a check valve being stuck
open was assessed as a probability per hour of exposure. The lst per-
centile was based on ten reported events in all of history while there
have been about 1.OE+5 demands. The median was calculated the same with
a number of demands of 1E+4 in all of history. The 99th percentile
appears to ave been computed in a similar fashion. Figure C.2-13 shows
the assessment for by Expert D. The assessment does not include the
possibility that an operator at Sequoyah will not recognize a faulty
condition when the valve is tested.

Expert E. The documentation provided by Expert E is very substantial and
is included here as presented at the meeting. Expert E provided four
distributions which are shown below. The 5th percentile, median, and
95th percentile of each distribution are given. It is the expert's
intent that each distribution is approximately lognormal.

Assessments of Expert E

Variable Units .05 .50 .95

Al failure/hour 3.50E-10 4.50E-9 6.20E-8

Sequoyah

C-15



Al failure/hour 1.20E-10 2.40E-9 5.10E-8
Surry

S per demand 1.18E-5 1.58E-4 1.63E-3
Surry & Sequoyah

p(211) 5.OOE-6 5.OOE-5 5.OOE-4
Surry & Sequoyah

Expert E also provided a probability of operator error, 0. This value
was given as a point estimate of .01. He estimated the number of demands
of the check valves between test periods, D, at 1.0.

Expert E decomposed the problem by defining different types of ISLs.
Figure C.2-14 shows his decomposition. Expert E's ISL definition number
2 corresponds to the failure modes described in the issue description:
multiple valve failures resulting in RHR overpressurization. Expert E
presented to the panel a model for the various failure combinations of
the check valves. The model decomposed the failure scenario into an
equation of specific parameters, each of which is an uncertain quantity.
The equation accounts for plant specific configurations, detection prob-
abilities, and testing intervals. Tables C.2-1 and C.2-2 illustrate
Expert E's equation and parameters. His model incorporates the number of
interfaces between the RHR and the primary system. The models presented
for each expert in the beginning of this writeup are simplified to a
single path. The aggregated results are for one path as well. This
simplification was necessary since the other experts limited their
elicitation to one pathway. It is also useful because the number of RCS-
RHR systems interfaces is a plant specific feature. The total ISL
frequency can be calculated by multiplying the aggregated path frequency
by the appropriate plant specific number of paths.

The check valve rupture frequency, Al, was further decomposed in terms of
the leak size as shown in Figure C.2-15. This figure shows the results
of an analysis on check valve leak rates performed by Pickard, Lowe, and
Garrick for their probabilistic safety study on Seabrook (PLG-0432) An
ISL occurs when a leak rate in both check valves is achieved that is
greater than the relief capacity. On Figure .2-15, Expert E drew two
vertical lines, one at 800 gpm (the Sequoyah relief capacity) and
another at 1800 gpm (for Surry). He then took .50 quantiles for each
plant from the intersection of those vertical lines and the best fit of
data curve. For Sequoyah, he defined his .05 and 95 quantiles for Al as
the intersection of his vertical lines and the 90% interval assumed
curves. For Surry, he drew a band of 800 gpm around the line for Surry
(1800 gpm) and took the intersection of the (180 - 00) gpm line and the
(1800 + 800) gpm line with the 90% interval curves as the .05 and 95
quantiles, respectively, of A. These values are shown above at the
beginning of the rationale section for Expert E.

Expert E presented Figure C.2-16 as a quantification of the probability
density of S, the failure rate per demand for fail to close. This curve
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is a generic distribution developed by Pickard, Lowe Garrick. The
rationale for quantification of P(211) is shown below:

• Both valves have design pressure > RCS pressure

• Peak dynamic pressure RCS pressure

• Valves tested for design/construction errors

• High confidence of structural integrity under water solid
conditions

• Take P(211) as frequency of undetected operation with portions of
RHR piping not water solid due to uncertainties regarding possible
water hammer effects

Point estimate = 5E-5 per demand based on LWR operating
experience with RHR air ingress problems

• State of knowledge distribution is a lognormal distribution

Median: 5E-5
RF: 10

• Beta factor model does not apply

Recomposition and Aggregation

The assessments provided by Experts A, B, C, D, and E were recomposed
into the distribution for the frequency of an interfacing LOCA using
Monte Carlo simulation techniques. The assessments and models are
sufficiently complete except for two values that the experts did not
provide. These two values are the time between valve inspections which
was set at one year for the aggregated calculations, and the probability
of the operator failing to recognize that a valve at Sequoyah had failed

to close, estimated by human reliability analysis at 0.05, somewhat
higher than the value of 0.01 provided by Expert E. Experts A and 
provided distributions for parameter D, the number of demands to close,
during a nine-month period. A factor of 43 was applied to D in order to
rescale D to twelve months.

The top event distributions were estimated by generating 2000 sets of
values from the distributions of the various parameters from each
expert's model. The values were generated as independent random
variables and then combined to produce a top event failure rate. The
2000 top event failure rates for each expert were sorted to construct the
top event cumulative distributions shown in Figures C.2-17 through C.2-21
for Surry and Figures C.2-22 through C.2-26 for Sequoyah.

The aggregated top event distribution was constructed by randomly
generating 2000 values from the mixture of the five experts'
distributions. This is equivalent to averaging the five experts' top
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event distributions. Figures C.2-27 and C.2-28 are the aggregated
cumulative distribution functions for Surry and Sequoyah, respectively.
Table C.2-3 is a listing of these distributions.

The result of the aggregation for a single RCS-RHR interface pathway is
summarized below:

Quantile Surry Sequoyah
Frequency (yr.-')

.05 1.3E-11 1.2E-11

.25 1AE-9 5.6E-10

.50 1.6E-8 9.5E-9

.75 1.2E-7 8.OE-8

.95 1.7E-6 1.2E-6
Mean 3.8E-7 2.7E-7
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Figure C.2-18. ISL Frequency (Yr.-I) for Surry Expert B.
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Figure C.2-19. ISL Frequency (Yr.-1) for Surry Expert C.
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Figure C.2-20. ISL Frequency (Yr.-') for Surry Expert D.
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Figure C.2-21. ISL Frequency (Yr.-1) for Surry Expert E.
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Figure C.2-22. ISL Frequency (Yr.-') for Sequoyah Expert A.
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Figure C.2-23. ISL Frequency (Yr.-1) for Sequoyah Expert B.
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Figure C.2-24. ISL Frequency (Yr.-') for Sequoyah Expert C.
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Figure C.2-25. ISL Frequency (Yr.-I) for Sequoyah Expert D.
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Figure C.2-26. ISL Frequency (Yr.-') for Sequoyah Expert E.
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Figure C.2-28. Aggregated ISL Frequency (Yr.-') Sequoyah.
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Table C.2-1

ISL Frequency Equation--Expert E

AT = Interfacing systems LOCA (ISL) frequency

AT = Npath (F(c,c)o(vlcc)+F(o,c)o(vloc'+F(c,o)o(vlco))

where Npath = Number of interfacing LOCA paths

F(xy = Frequency of initial valve position prior to any leaks or
ruptures

(xy = (cc) for inboard and outboard valve closed

= (oc) for inboard open, outboard closed

= (co) for inboard closed, outboard open

0(vlxy) = Conditional frequency of ISL on a specific path

given initial valve position (xy)
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Table C.2-2

ISL Equation Parameters--Expert E

Surry Sequoyah

Number of ISL Paths: Npath 3 4

Frequency of Initial Valve F(oc) S S*O
Configuration F(co) S -0.0

F(cc) (1-2S) = 1 (1-SO)

Conditional ISL O(vloc) I
Frequency O(Clco) N/A

O(vlcc) \,P(211)+2,\, (,\,T/2) XP(2 1(\,(,\1/2)

Unconditional ISL A T 3X,(2SD+P(211)+XT) 2X,(2SDO+2P(211)
Frequency +AT)

S m Failure rate (per demand) for fail to close following repressurization
0 m Failure rate (per demand) for failure to detect valve misposition

Al- Failure rate (per unit time) for check valve rupture
P(211) m Failure rate (per demand) for second valve rupture given first valve rupture due to

all causes
T Test interval for RHR line into RS
D Number of demands of the check valves between test period



Table C.2-3

ISL Aggregated Failure Rate Distribution (yr.-1)

Aggregated Distribution for issue 2
Surry Sequoyah Surry Sequoyah

0 1.8310E-13 1.8310E-13 -12.7373 -12.7373
0.01 1.6340E-12 1.6340E-12 -11.7867 -11.7867
0.02 3.21OOE-12 3.21OOE-12 -11.4934 -11.4934
0.03 5.3350E-12 5.3170E-12 -11.2728 -11.2743
0.04 8.8420E-12 8.7470E-12 -11.0534 -11.0581
0.05 1.2560E-11 1.2310E-11 -10.9010 -10.9097
0.06 1.6930E-11 1.6140E-11 -10.7713 -10.7920
0.07 2.36OOE-11 2.1330E-11 -10.6270 -10.6710
0.08 3.0040E-11 2.7280E-11 -10.5223 -10.5641
0.09 3.7990E-11 3.37OOE-11 -10.4203 -10.4723
0.1 4.8180E-11 4.1230E-11 -10.3171 -10.3847

0.11 6.5080E-11 4.9270E-11 -10.1865 -10.3074
0.12 8.4970E-11 6.5080E-11 -10.0707 -10.1865
0.13 1.1080E-10 8.1790E-11 -9.95546 -10.0872
0.14 1.3860E-10 1.0240E-10 -9.85823 -9.98970
0.15 1.74OOE-10 1.2130E-10 -9.75945 -9.91613
0.16 2.1040E-10 1.3680E-10 -9.67695 -9.86391
0.17 2.4580E-10 1.6090E-10 -9.60941 -9.79344
0.18 3.0160E-10 1.95OOE-10 -9.52056 -9.70996
0.19 3.8870E-10 2.25IOE-10 -9.41038 -9.64762

0.2 4.7670E-10 2.6680E-10 -9.32175 -9.57381
0.21 5.5220E-10 2.9910E-10 -9.25790 -9.52418
0.22 6.5880E-10 3.5690E-10 -9.18124 -9.44745
0.23 7.8550E-10 4.1360E-10 -9.10485 -9.38341
0.24 9.2270E-10 4.8540E-10 -9.03493 -9.31390
0.25 1.10OOE-09 5.5770E-10 -8.95860 -9.25359
0.26 1.2940E-09 6.1620E-10 -8.88806 -9.21027
0.27 1.4970E-09 6.9820E-10 -8.82477 -9.15602
0.28 1.6970E-09 7.8590E-10 -8.77031 -9.10463
0.29 1.8820E-09 8.7630E-10 -8.72538 -9.05734

0.3 2.0970E-09 9.5160E-10 -8.67840 -9.02154
0.31 2.3670E-09 1.1030E-09 -8.62580 -8.95742
0.32 2.6410E-09 1.2410E-09 -8.57823 -8.90622
0.33 3.0350E-09 1.3970E-09 -8.51784 -8.85480
0.34 3.5560E-09 1.60OOE-09 -8.44903 -8.79588
0.35 4.1340E-09 1.7820E-09 -8.38362 -8.74909
0.36 4.7470E-09 1.9710E-09 -8.32358 -8.70531
0.37 5.3880E-09 2.25IOE-09 -8.26857 -8.64762
0.38 5.90OOE-09 2.4730E-09 -8.22914 -8.60677
0.39 6.5240E-09 2.75IOE-09 -8.18548 -8.56050
0.4 6.9440E-09 3.0860E-09 -8.15839 -8.51060

0.41 7.5480E-09 3.3760E-09 -8.12216 -8.47159
0.42 8.5290E-09 3.9160E-09 -8.06910 -8.40715
0.43 9.2710E-09 4.43OOE-09 -8.03287 -8.35359
0.44 9.9160E-09 5.2420E-09 -8.00366 -8.28050
0.45 1.0970E-08 5.7090E-09 -7.95979 -8.24343
0.46 1.1860E-08 6.3640E-09 -7.92591 -8.19626
0.47 1.2760E-08 7.0960E-09 -7.89414 -8.14898
0.48 1.3660E-08 7.8580E-09 -7.86454 -8.10468
0.49 1.4920E-08 8.8540E-09 -7.82623 -8.05286
0.5 1.6270E-08 9.5080E-09 -7.78861 -8.02191

0.51 1.7610E-08 1.0320E-08 -7.75424 -7.98632
0.52 1.8860E-08 1.1190E-08 -7.72445 -7.95116
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Table C.2-3 (Continued)

ISL Aggregated Failure Rate Distribution (yr.-I)

0.53 2.0920E-08 1.22OOE-08 -7.67943 -7.91364

0.54 2.2120E-08 1.3330E-08 -7.65521 -7.87516
0.55 2.4310E-08 1.4840E-08 -7.61421 -7.82856
0.56 2.7260E-08 1.6220E-08 -7.56447 -7.78994
0.57 2.9730E-08 1.77SOE-08 -7.52680 -7.75006
0.58 3.1680E-08 1.9420E-08 -7.49921 -7.71175
0.59 3.3980E-08 2.0920E-08 -7.46877 -7.67943
0.6 3.7170E-08 2.2480E-08 -7.42980 -7.64820

0.61 4.0530E-08 2.5270E-08 -7.39222 -7.59739
0.62 4.3370E-08 2.7310E-08 -7.36281 -7.56367
0.63 4.4920E-08 2.9940E-08 -7.34756 -7.52374
0.64 4.93OOE-08 3.2190E-08 -7.30715 -7.49227
0.65 5.2270E-08 3.47SOE-08 -7.28174 -7.45867
0.66 5.8580E-08 3.7810E-08 -7.23225 -7.42239
0.67 6.3010E-08 4.1630E-08 -7.20059 -7.38059
0.68 6.7820E-08 4.4670E-08 -7.16864 -7.34998
0.69 7.4870E-08 4.9790E-08 -7.12569 -7.30285

o.7 8.2020E-08 5.5610E-08 -7.08608 -7.25484
0.71 8.8030E-08 5.9290E-08 -7.05536 -7.22701
0.72 9.7460E-08 6.2450E-08 -7.01117 -7.20446
0.73 1.0250E-07 6.8030E-08 -6.98927 -7.16729
0.74 1.1560E-07 7.4570E-08 -6.93704 -7.12743
0.75 1.2360E-07 8.0090E-08 -6.90798 -7.09642
0.76 1.3250E-07 8.92OOE-08 -6.87778 -7.04963
0.77 1.4550E-07 9.77OOE-08 -6.83713 -7.01010
0.78 1.5730E-07 1.0770E-07 -6.80327 -6.96778
0.79 1.7330E-07 1.1890E-07 -6.76120 -6.92481
0.8 1.9440E-07 1.2860E-07 -6.71130 -6.89075

0.81 2.0910E-07 1.4350E-07 -6.67964 -6.84314
0.82 2.3370E-07 1.5480E-07 -6.63134 -6.81022
0.83 2.59IOE-07 1.7550E-07 -6.58653 -6.75572
0.84 2.8810E-07 1.9870E-07 -6.54045 -6.70180
0.85 3.3030E-07 2.2180E-07 -6.48109 -6.65403
0.86 3.91OOE-07 2.50OOE-07 -6.40782 -6.60205
0.87 4.36OOE-07 2.8590E-07 -6.36051 -6.54378
0.88 4.9840E-07 3.29OOE-07 -6.30242 -6.48280
0.89 6.0520E-07 3.9520E-07 -6.21810 -6.40318
0.9 6.7830E-07 4.4910E-07 -6.16857 -6.34765

0.91 8.0050E-07 5.4710E-07 -6.09663 -6.26193
0.92 9.2860E-07 6.5170E-07 -6.03217 -6.18595
0.93 1.1020E-06 8.0510E-07 -5.95781 -6.09415
0.94 1.3220E-06 9.7190E-07 -5.87876 -6.01237
0.95 1.7170E-06 1.1850E-06 -5.76522 -5.92628
0.96 2.3980E-06 1.6250E-06 -5.62015 -5.78914
0.97 3.3420E-06 2.5090E-06 -5.47599 -5.60049
0.98 5.2350E-06 3.83OOE-06 -5.28108 -5.41680
0.99 1.4970E-05 1.07OOE-05 -4.82477 -4.97061
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C.3 Issue 3 ECCS Failure Due to Venting or Containment Failure

Applicability: BWRs

Experts:

Gary Boyd, SAROS, Inc.
Robert Budnitz, FRA
Larry Bustard, SNL
Joseph Murphy, NRC

Discussion

The analysis of core cooling failure due to an extreme environment in the
reactor building was analyzed by considering the survivability of indi-
vidual components subjected to a hostile environment. Pressure was not
considered an important variable since the pressure in the reactor build-
ing can only exceed atmospheric pressure by a small margin in most of the
cases considered.

In principle, the assessments are straightforward since all that is
needed is a probability distribution on the failure rate of each of
several types of components assessed in each of several different reactor
building environments. Once aggregated, the resulting probability dis-
tributions can be used by the analyst to determine the probability of
survival of the equipment under the reactor building conditions of
interest. The analyst will construct a simple fault tree for the system
based on the components subjected to the severe environment and quantify
the tree using the expert elicitation results. Complexity arises, how-
ever, because of the large number of distributions that must be assessed.
In the original elicitation statement there are five failure modes for
three groupings of components. These are:

• Electric Motors - Fail to Start, Fail to Run;
• Switching Elements - Fail to Operate, Spurious Operation;
• Electrical Terminals - Short.

For each failure mode, assessments were requested for two different sets
of reactor building environments (225'F and 80% steam, and 350'F and 100%
steam.) Further, separate assessments were requested for unsealed and
sealed components and for exposure times of h and 10 h. The initial
elicitation statement requested 52 probability distributions from each
expert.

Faced with the task of assessing such a large number of distributions,
the experts sought ways of simplifying the process. First, each of the
experts provided only three points on each distribution. Typically these
three points correspond to the median and two percentiles of the dis-
tribution such as the 5th and 95th percentiles. Most experts provided
distributions for a wider variety of temperatures than had been requested
in the elicitation statement. Second, three of the experts grouped
failure modes (and the implied equipment types) into groups. Third, two
of the experts gave distributions conditional on temperatures that

C-38



represent the deviation of the environmental temperature from the
qualification temperature of the equipment. These assessments provided
the skeleton from which full distributions were constructed.

It was determined that the most useful form of expressing the experts'
judgments would be as probability distributions for the failure mode.
Probability distributions were developed for a variety of deviations of
the environmental temperature from the equipment qualification temper-
ature. The temperatures selected were 200'F to 400'F in increments of
25'F. For example, this temperature range will generate deviations from
a qualification temperature of 310OF of -110OF to +900F.

The four experts who gave opinions on this topic each chose to give their
judgments in somewhat different forms. Expert A gave distributions for

the failure rates under the 225'F and 80% steam, and 350'F and 100% steam
environments. For each failure mode and mission duration, this expert

supplied the 15%, 50% and 85% quantiles of the failure probability
distribution. However, in a majority of cases, the same distribution
sufficed for both mission times, indicating that if failure occurs, it
will occur during the first hour.

In contrast, Expert provided generic distributions for sealed com-
ponents in the 1- and 10-h missions. These distributions were for the
failure probability as a function of the difference between the qualifi-
cation temperature of the equipment and the environmental temperature.
This expert provided a generic distribution for unsealed or unqualified
equipment. This distribution is for all failure modes and temperatures,
and assumes an environment of at least 20% steam.

Expert C provided distributions that were similar in form to those pro-
vided by Expert B. Expert D provided distributions for the failure
probabilities of motors, various switches and relays, and other high
voltage and low voltage equipment. Because these distributions were not
given for the failure modes given in the elicitation statement, transla-
tion to the failure modes was required. This simply involved determining
the appropriate failure mode(s) for the designated equipment.

Expert A. Expert A provided the assessments that were requested in the
initial elicitation statement. He chose to give the distributions in
terms of the 15th, 50th, and 85th percentile of the distribution for each
of the failure modes and conditions as shown below. For many of the
failure modes, the subjective distribution for the failure probability
was the same for a 10-h mission time as it was for a 1-h mission time.
In order to construct an entire distribution from these three points the
following assumptions were made:

1. The 0.0 quantile of a failure rate was established at 0.10 times

the point estimate failure rate;

2. The cumulative distribution function of the failure rate at a
given temperature can be linearly interpolated between points;
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3 The cumulative probability of failure for values of the failure
rate greater than the largest elicited value can be linearly
interpolated between the largest assessed value and the point
(1,1) (cumulative probability of failure frequency = 1.0, and the
failure rate 1.0).

An example of the failure rate distribution for Expert A is given in
Figure C.3-1. This distribution is for the failure mode "Fail to Start"
with a one hour exposure time given 225'F and 80% steam.

Probability of Failure Given by Expert A
for Different Quantiles of the Distribution--Issue 3

1-h Exposure 10-h Exposure
Quantiles

Case .15 .50 .85 .15 .50 .85

Electric Motors
Fail to Start

225'F - 80% steam .15 .30 .70 .15 .30 .70
350'F - 100% steam .80 .95 .99 .80 .95 .99

Electric Motors
Fail to Run

225'F - 80% steam .30 .50 .80 .30 .50 .80
350'F - 100% steam .50 .80 1 .50 .80 1

Switching Elements
Fail to Operate -

Sealed
225'F - 80% steam .30 .50 .80 .30 .50 .80
350'F - 100 steam .60 .85 .95 .60 .85 .95

Switching Elements
Fail to Operate -

Unsealed
225'F - 80% steam .50 .80 .95 .50 .80 .95
350'F - 100% steam .70 .90 1 .70 .90 1

Switching Elements
Spurious Operation -

Sealed
225'F - 80% steam .10 .20 .50 .15 .40 .60
350'F - 100 steam .15 .30 .70 .20 .50 .70

Switching Elements
Spurious Operation -

Unsealed
225'F - 80% steam .10 .30 .50 .20 .50 .70
350'F - 100% steam .15 .30 .70 .20 .50 .70
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1-h Exposure 10-h Exposure
Quantiles

Case .15 .50 .85 .15 .50 .85

Electrical Terminals
Short - Sealed

225'F - 80% steam .10 .20 .50 .10 .20 .50
350'F - 100% steam .40 .60 .85 .40 .60 .85

Electrical Terminals
Short - Unsealed

225'F - 80% steam .60 .80 .95 .60 .80 .95
350'F - 100% steam .60 .80 .95 .60 .80 .95

Expert A's rationale for his distributions can be generalized given
below.

Electric Motors--Fail to Start

In general, temperature is more limiting to the components than steam
because these components have rotating parts. 225'F is below common
qualifying temperatures for motors, but steam will have some degrading
effect. For that temperature the median is set at 03 to reflect that
this environment is not too severe. At 350'F, temperature will become a
very dominant factor in component failure, so the median becomes very
high, 095. If these components can survive h in these environments,
then they will survive after 1 h with a very high probability. So there
is no difference for failure rates between and 1 h.

Switching Elements

Of the two failure modes, Fail to Operate (FTO) and spurious operation
(SO), it is intrinsically more difficult for spurious operation to occur.
Steam will be the primary problem. At 225'F, for sealed components, the
steam will cause significant failures for FTO but SO will not be as
likely. The higher temperature of 350'F will have only a slightly larger
effect on the failure rates. The 10-h exposure will be slightly more
stressful than the 1-h time period. For unsealed components, steam will
be the most dominant factor. Failure will be very high for FTO, but for
SO, failure will not be significantly worse than for sealed components,
again because SO is intrinsically difficult.

Electrical Terminals

Sealed electrical terminals will perform fairly well at the 225'F range.
At 350'F, thermal stresses may cause degradation of the seals, allowing
steam to invade the components. The 10-h case is no worse than the 1-h
case. Unsealed terminals will perform very poorly.

Equipment which has not been qualified for off-normal environments will
not perform well if subjected to steam. Mean failure rates will be very
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high. Switching Elements--spurious operation will be the most reliable
due to the intrinsic difficulty of the spurious operation failure mode.

ExRert B. Expert B conducted interviews with five engineers involved
with equipment qualification during the weeks between the first expert
panel meeting and the final elicitation meeting. He presented his
findings from these interviews at the elicitation meeting as background
for the entire panel. The engineers he interviewed are representative of
both industry and research.

Expert B has provided his findings, which are included below.

Summary of Analysis By Expert B

The inputs provided by Expert B were based on a review of available
information applicable to the issue. A summary of the information
sources examined and their impact on Expert B's inputs is provided below.

As described previously, this issue is the subject of elicitation because
very little is known about the impact of severe environments on the
quantitative measurements of reliability. The primary sources consulted
were therefore experts in equipment qualification who could provide
qualitative insight based on their experiences. A number of different
engineers were consulted by Expert B:

• A senior engineer involved in equipment qualification at GE;
• A senior engineer with more than 15 years experience in qualifica-

tion testing at the Franklin Research Center (FRC);
• A project manager in equipment qualification programs at EPRI;
• A staff engineer involved in equipment qualification research at

'NL; and
• A staff engineer involved in equipment qualification at Wyle

Laboratories (WL).

Discussions with these individuals provided the basis of the thoughts
behind Expert B's inputs on this issue. A number of important conclu-
sions were reached through these discussions. First, it was unanimous
that equipment qualification provides no information concerning reli-
ability, primarily because of the lack of a meaningful sample size. In
many cases, equipment is qualified through testing of one and only one
component. In addition, equipment qualification is only concerned with
common-cause failures. If more than one piece of equipment is tested, a
failure does not preclude qualification, as analytical arguments can be
used to show that the failure was due to random effects. Even if a piece
of equipment is qualified, it does not mean that it survived the test of
interest, because analytic techniques can also be used to qualify through
consideration of tests of similar equipment.

Aside from these factors which prevent use of qualification as a measure
of reliability, there are other complications. The methods of testing
have not been verified against actual data. There are some issues
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concerning the adequacy of test procedures and the uncertainty in the
meaning of a qualification test. The equipment is tested in perfect

condition, whereas maintenance and other factors can quickly negate
features that allowed the equipment to be qualified (e.g. seals can be
replaced inadequately, sneak paths for moisture are possible). Thus, the
overall conclusion that one reaches is that there is simply a lack of
information with which to judge the impact of environment on reliability.

The engineers with direct knowledge in this area were asked to give their
impressions concerning the specific interest here--the operability of
equipment as it approaches and surpasses the qualification limits. All
the qualification experts were uncomfortable with quantitative measures
given the current state of knowledge, stating that we simply do not know.
Upon further discussion, they were willing to provide some opinions on
the issue. (The discussion of viewpoints provided below are not in the
same order as the list of experts above.)

One expert in qualification testing thought it would be very difficult to
prove that the equipment would work in a 300'F steam environment without
detailed evaluation of all equipment and the potential for secondary
failures. He also provided the following opinions:

• Junction boxes would be the weak spot in many cases.

• Condensing steam leading to moisture intrusion would be the
dominant failure mode.

• Components that are not sealed will likely fail.

• Equipment qualified for the environment will probably survive.

• The failure rate curve is very steep at the qualification limit,
almost a delta function. There would be little increase over
nominal failure rate until qualification, then a jump to very high
failure rate.

In contrast, another of the engineers contacted thought that the failure
rate would gradually increase as you approached the qualification limit.
He thought that less than one-half of a population would fail at the
qualification limit. When queried about the shape of the failure rate
curve, he said that as you approach the limits, failure rates would
gradually increase, becoming substantially or significantly higher at the
qualification point. For equipment that was qualified, he thought that
the problem of condensing steam was a minimal concern.

One qualification engineer further expressed the view that we just do not
-know. He thought that it is very unlikely that one could conclude that

the possibility of a dramatically increased failure rate near the quali-
fication limit is not a concern based on current knowledge. He noted
that equipment is qualified based on a criterion of "reasonable" assur-
ance that the component will survive. The quantitative question of how
many would survive has not been addressed. He also added that there is
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sometimes significant pressure to view qualification results optimis-
tically and to ensure that only one component is tested to avoid the
issue if the second fails.

Another of the individuals contacted pointed out possible weaknesses in
current qualification practices, and noted that the issue of reliability
has simply not been addressed. There are tests that are never reported
because they were failures; thus it is quite difficult to state quantita-
tive conclusions based on the available evidence. He thought that steam
condensing on relatively cold equipment could quickly lead to shorts,
depending on how it was sealed. Finally he noted that there are
questions concerning the applicability of the tests, e.g., are the aging
simulations correct, etc.

Finally, one qualification expert noted that the information simply did
not exist to evaluate the question, but did say that specific efforts
were taken to evaluate only one component to avoid the issue. Thus, even
the available data do not reflect the actual experience that exists at
this point in time.

Expert also evaluated a number of references to see if they shed addi-
tional light on this issue. The following sources were consulted:

• L. L. Bonzon et al., Status Report on Equipment Qualification
Issues Research and Resolution, Sandia National Laboratories,
NUREG/CR-4301, November 1986.

• P. R. Bennett et al., Summary Report: Electrical Equipment Per-
formance Under Severe Accident Conditions, Sandia National Labora-
tories, NUREC/CR-4537, September 1986.

• M. El-Zeftawy, Operating Experience Related to Moisture Intrusion
in Electrical Equipment at Commercial Nuclear Power Plants, U.S.
Nuclear Regulatory Commission, AEOD/C402 Jne 1984.

• B. J. Verna, "On-Line with Verna," Nuclear News, July 1987 and

September 1987.

• J. P. Drago et al., The In-Plant Reliability Data Base for Nuclear
Plant Components: Interim Data Report--the Pump Component, Oak
Ridge National Laboratory, NUREG/CR-2886, December 1982.

The first two sources basically confirmed several of the points raised by
the qualification engineers that were consulted. The remaining sources
were examined to develop insights based on current operating experience.
The first conclusion Expert 13 reached is that there have been many cases
of equipment failures due to environmental factors in situations for
which the equipment was qualified. Unfortunately, there is no way to
derive data, since it is unknown how many other components were exposed
to severe environments and did not fail. As reported in AEOD/C402, there

have been a number of problems (at least 50 events) associated with water
intrusion. About 70% of moisture intrusion events have been at BWRs,
most in the reactor building. About 50% of the events were long-term
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corrosion which would not be of interest for this issue here, while
others were moisture-induced shorts, etc., that appear to be associated
with shorter-term exposures. Most events involve inadequate sealing of
electrical penetrations, missing plugs, failure to reseal after main-
tenance, sneak paths along conduits, etc. Finally, a number of the
events involve common-cause failures (at least 10% of the water intrusion
events).

There are also other data. For example, Verna has reported cases of
fire-suppression system actuations that have led to failures due to water
intrusion. The Surry feedwater pipe break incident also indicates the
potential for secondary failures and a great deal of complication arising
from an incident of this type. Finally, there is the question of the
status of the equipment in the plant, as compared to a unit that is
tested. Degraded component conditions could impact the reliability of
the equipment in severe environments. PRAs generally ignore degraded or
incipient conditions, but they are at least an order of magnitude more
likely than failure conditions and could be important to this problem.

While all of this information does not offer a solution, it did help
Expert to establish some judgment concerning the reliability impacts of
severe environments. The strongest conclusion is that this is truly an
open issue that cannot be answered with our current state of knowledge.
However, in a PRA there is a need to include these unresolved issues in
some format. A very simplified approach was offered for addressing this
issue, simply because a more detailed assessment would imply more knowl-

edge than is available. It should be recognized that there are some very
important limitations. The actual response of any component is likely to
be very specific to the exact timing of the event, the specific com-
ponent, and the plant at which it occurs--a level of detail well beyond
current scope. The analyses of these scenarios will also require careful
review for secondary failures that may not be currently modeled; for
example, initiation of fire suppression systems or collection of con-
densation leading to actual flooding.

Expert lumped all components and all failure modes into one variable,
and assessed it as the probability of failure for any component failure
mode with respect to deviations from some unspecified qualification
temperature. He generated three distributions:

• Short-term exposure (time < 1 h)
• Long-term exposure (time > I h)
• Unsealed or unqualified components in > 20% steam.
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For each of the three situations above, the failure rate of any component
for whatever failure mode of interest would increase as shown in Figures
C.3-2, C.3-3, and C.3-4 from its nominal value as temperature rises from
100'F to the qualification temperature for that particular component.
Below 100'F, nominal failure rates would hold. The nominal distribution
for the failure rate was taken to have a median equal to the point esti-
mate failure rate given in the elicitation statement with an error factor
of three, meaning that the 5% and 95% points of the distribution were
given by one-third and three times the nominal failure rate, respec-
tively. The end points of the nominal distribution were taken to be one
tenth and ten times the point estimate value.

Expert B's assessments for a 1-h mission are given in Figure C.3-2.
These assessments also apply to the 10-h exposure time for motor operated
valves. The three curves represent the lst percentiles, 50th percentiles
and 99th percentiles of the failure rate distributions. The end points
of the distributions were computed in the same manner as the end points
for Expert A. The failure rate distributions for a 10-h mission time are
shown in Figure C.3-3. The distributions for unqualified and unsealed
components are given in Figure C.3-4. There is no time dependency in the
unsealed component failure rates; this reflects the opinion of experts
whom he contacted. The general consensus was that unsealed components
will fail if subjected to steam.

The lower assessed curve, the lst percentile curve, represents the pos-
sibility that the equipment is not too sensitive to temperature alone,
and the qualification is based on a combination of effects. Expert 
thought that the failure rate could be very steep at some point, almost
like a delta function. However, there is substantial uncertainty about
the point at which the failure rate begins to increase markedly.

The distributions for the I-h and 10-h exposure times differ because of
the possibility of material failures and gradual failure of the sealing
mechanism. Such failures may not occur immediately.

Expert B's rationale is given below.

The first point is that the curves are based on a deviation from the
qualification temperature, but they have a cut-off at 100'F, the failure
rate reflecting a nominal value below that. A number of specific ration-
ale also apply.

1. For short-term exposure (less than I h, Figure C.3-2), the
uncertainty is large, but it reflects Expert B's belief that the
reliability impact could be considerably less in a short-term
exposure. Thus, it is possible that the equipment could be
fairly robust when exposed to a single shock. As illustrated by
his inputs, Expert B's lower bound reflects the possibility that
short-term exposure is less severe. These curves also reflect
the fact that many of the equipment failures in qualification
testing are caused by material degradations that might not be
expected for short-term shocks. The lower bound therefore
reflects the fact that the equipment would have some possibility
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of having the nominal failure rate even at the qualification
limit. (It should be recognized that the curve will have to be
adjusted to reflect the nominal failure rate if it is higher than
the value reflected in the curve--there is no implication pro-
vided by use of these simplified curves that a reliability
improvement will be experienced by exposure to a severe environ-
ment.) The median curve is similar to the long-term exposure
curves (which was developed first and is discussed below),
although it shows the possibility that 50% of the equipment
vulnerabilities would not be applicable for short-term exposure.

2. For long-term exposure (greater than h, Figure C.3-3), the
uncertainty is estimated to be fairly large, in recognition of
the inputs of the other qualification experts who suggested that
we do not know the answer. Therefore, the lower limit reflects
the nominal failure rate until very close to the qualification
temperature, at which point the failure rate increases to a value
that would be noticeable but not extreme. Part of this lower
curve is influenced by the fact that the qualification includes
factors other than temperature, and some classes of equipment may
be less sensitive to temperature and steam. The median curve
reflects the best estimate that about 50% of the components would
not survive at the qualification point, a view offered by several
of the qualification engineers contacted by Expert as well as
being a conclusion expressed by others during the elicitation
meeting. The unknown here is the slope of the curve near the
failure rate, the input represents a conclusion that a gradual
increase was Expert B's best estimate. The upper curve reflects
very high failure rates, a possibility not ruled out by the
qualification engineers who pointed out that the actual plant
equipment will not be in perfect condition like those tested.
All of the curves represent an environment of steam and temper-
ature, the result for temperature alone could be somewhat
different.

3. For MVs, the short-term exposure curves are to be used for all
cases. This reflects the belief of Expert that it might be
possible to induce one change of state (the normal success
criterion) even in a component that is severely degraded. After
a change was achieved, a fuse or breaker could be pulled, elimi-
nating the possibility of further problems. This type of
recovery was performed during the Browns Ferry fire.

4. For unqualified or unsealed components (Figure C.3-4), Expert B's
inputs were driven by the views of several of the qualification
engineers who stated that, if the component is unsealed, there is
a very high likelihood of failure.
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Expert C. The responses from Expert C are in the same form as those
obtained from Expert B. However, Expert C segregated the "Fails to
Start" mode from others. He believed that the nominal failure rate
distributions would apply for this failure mode. As shown i Figures
C.3-5 and C.3-6, the failure rate distributions for temperatures below
the qualification temperature tend to drop quickly towards the nominal
failure rates. The three curves provided by Expert C in each of Figures
C.3-5 and C.3-6 represent the 5th percentiles, 50th percentiles and
95th percentiles of the failure rate distributions.

Expert C's rationale is as follows:

1. T < 100'F.

Nominal failure rates and distributions hold in this range.

2. 100OF < T < 140'F.

Observations from some detailed plant specific data evaluations show some
tendency for failure rates to increase even well below qualification
temperatures.

3. 140-F < T < 1/2(T(QUAL - 140-F).

Assume that the rate of failure increase is the same as in the previous
range (100'F to 140'F). At halfway between 140'F and qualification
temperature, the rate becomes exponential. This variation is representa-
tive of processes following an Arrhenius rate equation, which is typical
of temperature-related processes.

4. Time > h.

For 10-h exposure, failure rates will be higher since qualification tests
which result in failure generally are near the end of the test, i.e.,
after the point where the 1-h qualification would have occurred.

Expert D. Expert D supplied judgments for the following cases.

100'F and 5% steam. Unsealed pressure switches and temperature
switches should be assumed to fail. Sealed components and other low

voltage unsealed components should function with nominal failure rates.
An order of magnitude uncertainty was placed on this estimate meaning
that one-tenth and ten times the nominal failure rate are the
5th percentile and 95th percentile of the distribution, respectively.
Unsealed high voltage equipment should be assumed to fail with
probability .05. Expert D felt that adequately sealed components should
withstand this environment quite well, but that the uncertainty is
necessary to allow for undetected drippage paths. Switching devices
which are not sealed have a very low tolerance for condensation, so
Expert D feels these will almost certainly fail.
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225'F and 80% steam. Sealed relays, fuses, pressure, temperature,
and control switches have a to 30% failure rate because this
temperature specification exceeds typical qualification temperatures.
Other low voltage usealed components will have failure rates ten times
the nominal rates. High voltage, unsealed components will fail. Expert
D feels that this environment is sufficiently below typical qualification
temperature so that sealed elements will generally fare well, but some
increase in failure rate is given due to the increased temperature. High
voltage equipment can fail due to arcing, and Expert D is concerned that
the superheated steam may cause significant condensation on these
devices, so an increase in failure rate is given here.

350'F and 100% steam. Relays, motor control centers, fuses, control
switches, and pressure switches will fail. The remaining sealed
electrical components will have failure rates ten times normal. Other
unsealed, low voltage applications will have failure rates 20 times
normal. Expert D feels that at this extreme temperature, sealed
components will exhibit heat-related degradation, especially relays. He
feels that dimensional tolerances, sealing, and epoxy material may not be
preserved at this temperature. High-voltage equipment will be severely
affected by significant condensation.

The distribution for the failure rate was obtained from a statement such
as "The failure rate will be 20 times the nominal failure rate" by multi-
plying each of the nominal distribution percentiles by the factor of
twenty. Thus the percentile, 5th percentile, 50th percentile,
95th percentile and 100th percentile became twenty times the correspond-
ing values of the nominal distribution.

Examples of Expert D's distributions are shown in Figures C.3-7, C.3-8,
C.3-9, and C.3-10.

Aggregation

Aggregation of the distributions required a significant amount of judg-
ment by the normative and substantive analysts. Since the distributions
were not given in a complete form, it was necessary to establish end
points for the distributions. This was done by using one tenth the
nominal failure rate as the percentile and 1.0 as the 100th percentile.
Linear interpolation was used to obtain percentiles that were not
directly assessed. For example, the 30th percentile would be obtained by
interpolating between the 25th percentile and the 50th percentile.

Interpolation between temperatures was also required. Both linear and
log-linear interpolation were used. Log-linear interpolating was used in
those cases where assessments for probabilities were obtained on a log
scale. Otherwise, linear interpolation was used. Occasionally, it was
necessary to extend the range of temperatures beyond those that were
directly assessed. This was accomplished by extrapolating the per-
centiles of the distribution individually. For example, a qualification

temperature of 200'F and an environmental temperature of 350'F gives a
deviation of 150'F. This exceeds the assessed values for Expert C. The
5th percentile, 50th percentile, and 95th percentile at a temperature of
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350'F were obtained by extrapolating from the corresponding percentiles
at lower temperatures.

In order to illustrate the processes of interpretation, interpolation,
and extrapolation of the assessments, a typical example will be given.
This example uses a hypothetical assessment from Expert for the "Fail
to Run" with a 1-h mission time. The actual assessments were modified so
that all aspects of the process can be demonstrated with one example.
The nominal qualification temperature is 310'F and the nominal failure
rate per hour is 1.OE-5.

At 100'F, that is Q210'F where Q = 310'F is the nominal qualification
temperature, the nominal distribution is used. Since Expert chose to
give his assessments in terms of the lst percentile and the 99th per-
centile, it is necessary to convert the assumed 5th percentile and
95th percentile of the nominal distribution to the new percentiles. This
conversion was accomplished by assuming that the nominal distribution is
a lognormal distribution with an error factor of three giving the 5th and
95th percentiles. The resulting 1st and 99th percentiles are obtained by
using an error factor of approximately rather than 3.

In this example we assume that no assessments above Q = 310'F are avail-
able and thus it is necessary to extrapolate to obtain a distribution at
say, Q 40 = 350'F. Employing the nominal distribution and the explicit
assessments as shown in Figure .3-2, the percentiles for four distribu-
tions are obtained and shown below. To obtain a distribution at a
temperature 75'F below the qualification, it is necessary to interpolate
between the distributions assessed for 100'F and 50'F. In this
instance the interpolation is done on a log scale.

Percentiles

Temp-Q (F) 0 0.01 0.5 0.99 1

-210 0.000001 0.000002 0.00001 0.00005 0.0001
-100 0.000001 0.000002 0.001 0.05 1

-50 0.000001 0.000002 0.04 0.5 1
0 0.000001 0.001 0.2 0.8 1

The resulting percentiles at -75'F are

Temp-Q (F) 0 0.01 0.5 0.99 1

-75 .000001 .000002 .006325 .158114 1

In order to obtain a distribution at 40'F above the qualification temper-
ature, it is necessary to extrapolate in this hypothetical example.
Extrapolation can be done in linear or log scales. In this case the
extrapolation is done in a linear scale because the median of the
distribution O'F above qualification temperature is large, 2 For
smaller values of the median, such as .01, log-linear extrapolation would
be more appropriate. Analyst judgment was used in making decisions about
the method of extrapolation. Of course, interpolated and extrapolated
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failure rates are always constrained to the [0,1] interval. The result-
ing percentiles at 40'F above qualification temperature are:

Temp-Q (F) 0 0.01 0.5 0.99 1

40 .000001 .001798 .328000 1 1

The entire distribution at 40'F above qualification temperature is
constructed using linear interpolation across failure rates. For
example, to obtain the cumulative probability of a failure rate equal to
or less than .5, the analyst would interpolate between .5 and 99. The
resulting cumulative probability is

.5 + [(.99 - .50)/( - 328)](.5 - 328 = 625.

Computer codes have been written to handle the large number of distribu-
tions that were needed.

Aggregating the several experts' assessments was accomplished by averag-
ing the distributions for each failure mode at several temperatures. In
order to obtain distributions for each expert, the interpolation and
extrapolation process described above was used. The assessments from
Experts A and D were provided in terms of absolute temperatures, while
those of Experts and C were expressed as deviations from the qualifica-
tion temperature for each failure mode. These nominal qualification
temperatures are:

Nominal
Failure Mode Qualification Temperature

Failure to start 310'F

Failure to run 310OF

Failure to operate 350OF

Spurious operation 200OF

Short 200OF

The assessments of those experts who responded on an absolute temperature
scale were then rescaled to a deviation from qualification temperature
scale. For example, Expert A provided assessments at an absolute
temperature of 350'F so that, for the "fails to start" and "fails to run"
modes, the assessments are equivalent to assessments at 40'F above the
qualification temperature. The distributions were then aggregated by
simple averaging at a number of selected deviations from the nominal
qualification temperature. The averaging was accomplished by determining
the cumulative probability of each failure rate from 0.0 to 1.0 by .01
for each expert at the given deviation from qualification temperature.
These cumulative probabilities were then averaged to obtain the
aggregated cumulative probability of a given failure rate at a given
deviation from qualification temperature.
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The deviations from qualification temperatures that were selected are
dependent on the failure mode under consideration. The deviations
correspond to absolute temperatures of 225'F to 350'F by 25'F increments.
Thus for the "fails to start" and "fails to run" modes, the deviations
from qualification temperature are -85'F, 60'F, -350F, -100F, + 15OF and
+ 400F.

Figures C.3-11 through C.3-23 contain the aggregated cumulative probabil-
ity distributions for the various component failure modes and mission
times. Tabular summaries for all of the aggregated results are attached
at the end of Section C.3. The component groups are defined as follows:

1. Electric Motors

Pump
Fans
Valve Operators

2. Switching Elements

Relays
Temperature Switches
Control Switches
Pressure Switches
Solenoids

3. Electrical Terminals

Terminal Blocks
Motor Control Centers
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Failure to Start - Hour mission Time

Nominal Qualification Temperature 310 Degrees Fahrenheit
Nominal Failure Rate 5.0 E-4

Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.01 .32781 .25909 .19636 .16928 .16063 .15115 .14425 .14042 .13945
.02 .41693 .33401 .27369 .21964 .20241 .18810 .17585 .16835 .16640
.03 .50605 .38460 .35102 .27001 .24419 .22383 .20745 .19628 .19336
.04 .58884 .43518 .40111 .32037 .28597 .25957 .23926 .22464 .22032
.05 .61773 .48577 .44352 .37073 .32774 .29530 .27189 .25400 .24727
.06 .63253 .51149 .46106 .39623 .34465 .30616 .27966 .25849 .24936
.07 .64114 .53721 .47860 .42172 .36156 .31703 .28742 .26334 .25145
.08 .64975 .55742 .49614 .44721 .37847 .32789 .29519 .26962 .25353
.09 .65836 .57090 .51369 .47040 .39538 .33876 .30295 .27589 .25671
.10 .66697 .58438 .52877 .48436 .41229 .34962 .31071 .28217 .26052
.11 .67558 .59786 .53683 .49831 .42920 .36049 .31848 .28845 .26581
.12 .68419 .61134 .54488 .51174 .44611 .37135 .32624 .29473 .27110
.13 .69695 .62482 .55294 .51795 .46302 .38222 .33401 .30101 .27639
.14 .70973 .63830 .56100 .52417 .47993 .39308 .34177 .30729 .28168
.15 .72250 .65178 .56905 .53038 .49110 .40394 .34953 .31357 .28698
.16 .73527 .66859 .57711 .53659 .50147 .41481 .35730 .31984 .29227
.17 .74805 .68540 .58516 .54280 .51080 .42567 .36506 .32612 .29756
.18 .76082 .70221 .59322 .54901 .51598 .43654 .37283 .33240 .30285
.19 .77359 .71549 .60127 .55522 .52116 .44740 .38059 .33868 .30814
.20 .78637 .72522 .60933 .56143 .52634 .45827 .38836 .34496 .31343
.21 .79914 .73495 .61751 .56764 .53152 .46913 .39612 .35124 .31873
.22 .81192 .74469 .62898 .57385 .53670 .47583 .40388 .35752 .32402
.23 .82469 .75442 .64045 .58006 .54188 .48252 .41165 .36379 .32931
.24 .83746 .76415 .65192 .58627 .54707 .48922 .41941 .37007 .33460
.25 .84573 .77388 .66339 .59248 .55225 .49592 .42718 .37635 .33989
.26 .85395 .78362 .67486 .59870 .55743 .50261 .43494 .38263 .34518
.27 .86045 .79335 .68633 .60491 .56261 .50931 .44271 .38891 .35047
.28 .86356 .80308 .69780 .61112 .56779 .51600 .45047 .39519 .35577
.29 .86667 .81282 .70927 .61733 .57297 .52270 .45823 .40146 .36106
.30 .86978 .82255 .72074 .62599 .57815 .52727 .46545 .40774 .36635
.31 .87289 .82864 .73221 .63571 .58333 .53183 .47049 .41402 .37164



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.32 .87599 .83472 .74368 .64543 .58851 .53640 .47553 .42030 .37693
.33 .87910 .84081 .75515 .65515 .59369 .54096 .48057 .42658 .38222
.34 .88221 .84690 .76662 .66487 .59887 .54553 .48561 .43286 .38751
.35 .88532 .85299 .77809 .67459 .60405 .55010 .49065 .43914 .39281
.36 .88843 .85907 .78957 .68431 .60923 .55466 .49569 .44541 .39810
.37 .89154 .86516 .80104 .69403 .61442 .55923 .50073 .45169 .40339
.38 .89465 .87001 .81187 .70375 .61960 .56380 .50577 .45761 .40868
.39 .89776 .87256 .82049 .71347 .62478 .56836 .51081 .46207 .41397
.40 .90086 .87511 .82910 .72319 .62996 .57293 .51585 .46652 .41926
.41 .90397 .87766 .83772 .73291 .63531 .57750 .52089 .47098 .42456
.42 .90708 .88021 .84314 .74263 .64419 .58206 .52593 .47544 .42985
.43 .91019 .88276 .84855 .75235 .65307 .58663 .53097 .47990 .43514
.44 .91330 .88531 .85397 .76207 .66195 .59119 .53601 .48436 .44043
.45 .91641 .88786 .85938 .77179 .67084 .59576 .54057 .48881 .44572
.46 .91952 .89041 .86480 .78151 .67972 .60033 .54513 .49327 .45080
.47 .92263 .89296 .87021 .79123 .68860 .60489 .54969 .49773 .45504
.48 .92574 .89551 .87563 .80004 .69748 .60946 .55425 .50219 .45929
.49 .92884 .89806 .88008 .80763 .70636 .61403 .55881 .50665 .46353
.50 .93195 .90061 .88285 .81523 .71524 .61859 .56336 .51111 .46777
.51 .93506 .90316 .88561 .82283 .72412 .62316 .56792 .51556 .47201
.52 .93817 .90571 .88838 .83042 .73301 .62773 .57248 .52002 .47626
.53 .94128 .90826 .89115 .83802 .74189 .63229 .57704 .52448 .48050
.54 .94439 .91081 .89391 .84561 .75077 .63686 .58160 .52894 .48474
.55 .94750 .91336 .89668 .85321 .75965 .64142 .58616 .53340 .48898
.56 .95061 .91591 .89944 .86080 .76853 .64599 .59072 .53785 .49322
.57 .95258 .91846 .90221 .86840 .77741 .65056 .59527 .54231 .49747
.58 .95452 .92102 .90498 .87599 .78629 .65828 .59983 .54677 .50171
.59 .95645 .92357 .90774 .88359 .79517 .66700 .60439 .55123 .50595
.60 .95839 .92612 .91051 .88803 .80394 .67572 .60895 .55569 .51019
.61 .96033 .92867 .91328 .89120 .81153 .68444 .61351 .56014 .51443
.62 .96225 .93122 .91604 .89436 .81913 .69316 .61807 .56460 .51868
.63 .96415 .93377 .91881 .89753 .82672 .70188 .62263 .57018 .52292
.64 .96604 .93632 .92158 .90070 .83432 .71059 .62719 .57576 .52716
.65 .96794 .93887 .92434 .90386 .84191 .71931 .63174 .58134 .53140
.66 .96983 .94142 .92711 .90703 .84951 .72803 .63630 .58693 .53565
.67 .97173 .94397 .92988 .91020 .85710 .73675 .64086 .59251 .53989
.68 .97362 .94652 .93264 .91336 .86470 .74547 .64542 .59809 .54413
.69 .97551 .94907 .93541 .91653 .87229 .75419 .64998 .60367 .54837



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.70 .97741 .95162 .93819 .91970 .87989 .76291 .65454 .60925 .55261
.71 .97930 .95323 .94094 .92286 .88687 .77162 .65910 .61483 .55686
.72 .98120 .95484 .94371 .92603 .89289 .78034 .66366 .62041 .56110
.73 .98309 .95646 .94648 .92920 .89892 .78906 .66821 .62599 .56534
.74 .98499 .95807 .94924 .93236 .90495 .79778 .67277 .63157 .56958
.75 .98688 .95968 .95201 .93553 .90894 .80650 .67733 .63715 .57382
.76 .98877 .96129 .95395 .93870 .91292 .81542 .68189 .64273 .57807
.77 .99067 .96291 .95587 .94186 .91690 .82450 .68645 .64831 .58231
.78 .99256 .96452 .95779 .94503 .92088 .83358 .69101 .65389 .58655
.79 .99446 .96613 .95971 .94820 .92487 .84266 .69557 .65947 .59079
.80 .99635 .96775 .96162 .95136 .92885 .85174 .70012 .66505 .59504
.81 .99676 .96936 .96354 .95409 .93283 .86082 .71005 .67063 .59928
.82 .99693 .97097 .96546 .95650 .93682 .86990 .71997 .67622 .60352
.83 .99710 .97258 .96738 .95892 .94080 .87898 .72989 .68180 .61291
.84 .99727 .97420 .96930 .96134 .94478 .88806 .73982 .68738 .62230
.85 .99744 .97581 .97122 .96375 .94877 .89714 .74974 .69296 .63168

co .86 .99761 .97742 .97314 .96617 .95275 .90622 .75966 .69854 .64107
.87 .99778 .97903 .97506 .96859 .95623 .91332 .76959 .70412 .65046
.88 .99795 .98065 .97697 .97100 .95960 .92043 .77951 .70970 .65985
.89 .99813 .98226 .97889 .97342 .96296 .92754 .78943 .71528 .66923
.90 .99830 .98387 .98081 .97584 .96633 .93465 .79936 .72086 .67862
.91 .99847 .98549 .98273 .97825 .96970 .94138 .80928 .73769 .68801
.92 .99864 .98710 .98465 .98067 .97306 .94811 .81920 .75452 .69740
.93 .99881 .98871 .98657 .98309 .97643 .95468 .82913 .77135 .70679
.94 .99898 .99032 .98849 .98550 .97980 .96115 .83905 .78818 .71617
.95 .99915 .99194 .99041 .98792 .98317 .96763 .84897 .80501 .72556
.96 .99932 .99355 .99232 .99033 .98653 .97410 .87494 .82184 .73495
.97 .99949 .99516 .99424 .99275 .98990 .98058 .89917 .83867 .74434
.98 .99966 .99677 .99616 .99517 .99327 .98705 .92341 .87155 .75372
.99 .99983 .99839 .99808 .99758 .99663 .99353 .94764 .92046 .76311



Failure to Start - 0 Hour Mission Time

Nominal Qualification Temperature 310 Degrees Fahrenheit
Nominal Failure Rate 5.0 E-4

Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.01 .27998 .18818 .16489 *14830 .14406 .14124 .13993 .13902 .13873
.02 .35372 .26606 .21704 .18401 .17565 .17007 .16742 .16557 .16498
.03 .42902 .33711 .26918 .21971 .20725 .19954 .19492 .19212 .19123
.04 .50433 .37884 .32216 .25544 .23884 .22916 .22241 .21868 .21748
.05 .54239 .42056 .37541 .29204 .27066 .25879 .25056 .24523 .24373
.06 .55478 .43742 .40018 .30377 .27814 .26354 .25401 .24691 .24511
.07 .56717 .45427 .41055 .31550 .28562 .26865 .25746 .24859 .24650
.08 .57957 .47113 .42091 .32723 .29310 .27384 .26091 .25028 .24788
.09 .59196 .48799 .43128 .33896 .30058 .27904 .26447 .25196 .24926
.10 .60436 .50484 .44165 .35069 .30807 .28423 .26847 .25364 .25064
.11 .61675 .52170 .45201 .36242 .31555 .28943 .27246 .25533 .25203
.12 .62915 .53855 .46238 .37415 .32303 .29462 .27646 .25715 .25341
.13 .64553 .55541 .47274 .38589 .33051 .29981 .28045 .25952 .25479
.14 .66204 .57226 .48311 .39762 .33799 .30501 .28445 .26190 .25617
.15 .67760 .58912 .49347 .40935 .34548 .31020 .28844 .26427 .25770
.16 .69295 .60930 .50384 .42108 .35296 .31540 .29244 .26665 .25982
.17 .70829 .62948 .51421 .43281 .36044 .32059 .29643 .26902 .26194
.18 .72364 .64966 .52457 .44454 .36792 .32579 .30043 .27140 .26406
.19 .73898 .66596 .53494 .45627 .37540 .33098 .30442 .27378 .26617
.20 .75433 .67837 .54530 .46769 .38288 .33617 .30842 .27615 .26829
.21 .76967 .69000 .55579 .47628 .39037 .34137 .31241 .27853 .27041
.22 .78502 .70159 .56957 .48487 .39785 .34656 .31641 .28090 .27253
.23 .80036 .71318 .58334 .49346 .40533 .35176 .32040 .28328 .27464
.24 .81571 .72478 .59712 .50206 .41281 .35695 .32440 .28565 .27676
.25 .82697 .73637 .61090 .51065 .42029 .36215 .32839 .28803 .27888
.26 .83778 .74796 .62462 .51924 .42777 .36734 .33239 .29040 .28100
.27 .84860 .75955 .63777 .52783 .43526 .37253 .33638 .29278 .28312
.28 .85941 .77115 .65092 .53642 .44274 .37773 .34038 .29516 .28523
.29 .86581 .79274 .66407 .54501 .45022 .38292 .34437 .29753 .28735
.30 .86890 .79433 .67722 .55606 .45770 .38812 .34837 .29991 .28947
.31 .87199 .80228 .69038 .56815 .46518 .39331 .35236 .30228 .29159



Failum Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.32 .87508 .81023 .70353 .58014 .47267 .39851 .35636 .30466 .29370
.33 *97817 .81817 .71668 .59173 .48015 .40370 .36035 .30703 .29582
.34 *88126 .82612 .72983 .60332 .48763 .40889 .36435 .31029 .29794
.35 .88435 .83407 .74298 .61492 .49511 .41409 .36834 .31444 .30006
.36 .88744 .84201 .75613 .62651 .50259 .41928 .37234 .31858 .30217
.37 .89053 .84996 .76928 .63810 .51007 .42448 .37633 .32272 .30429
.38 *89362 .85791 .78180 .64969 .51741 .42967 .38033 .32686 .30641
.39 .89671 .86585 .79209 .66128 .52446 .43487 .38433 .33101 .30853
.40 .89980 .87380 .80239 .67287 .53152 .44006 .38832 .33515 .31065
.41 .90289 .87717 .81268 .68446 .53874 .44525 .39232 .33929 .31276
.42 .90598 .87973 .81954 .69605 .54994 .45045 .39631 .34344 .31488
.43 .90907 .88228 .82640 .70764 .56143 .45564 .40031 .34758 .31700
.44 .91216 .88484 .83326 .71923 .57293 .46084 .40430 .35172 .31912
.45 .91525 .88740 .84012 .73082 .58442 .46603 .40830 .35586 .32123
.46 .91834 .88996 .84697 .74241 .59591 .47123 .41229 .36001 .32335
.47 .92142 .89252 .85383 .75400 .60741 .47642 .41629 .36415 .32547
.48 .92451 .89508 .86069 .76469 .61890 .48161 .42028 .36829 .32759
.49 .92760 .69764 .86755 .77415 .63039 .48681 .42428 .37244 .32970
.50 .93069 .90019 .87441 .78362 .64188 .49200 .42827 .37658 .33182

00 .51 .93378 .90275 .88126 .79308 .65338 .49720 .43227 .38072 .33394
.52 .93687 .90531 .88759 .80255 .66487 .50239 .43626 .38486 .33606
.53 .93996 .90787 .89038 .81202 .67636 .50794 .44026 .38901 .33818
.54 .94305 .91043 .89316 .82148 .68786 .51349 .44425 .39315 .34029
.55 .94614 .91299 .89594 .83095 .69935 .51904 .44825 .39729 .34241
.56 .94923 .91555 .89873 .84042 .71084 .52459 .45224 .40144 .34453
.57 .95150 .91810 .90151 .84988 .72234 .53014 .45624 .40558 .34665
.58 .95342 .92066 .90429 .85935 .73383 .53885 .46023 .40972 .34876
.59 .95535 .92322 .90707 .86881 .74532 .54856 .46423 .41387 .35088
.60 .95727 .92578 .90986 .87521 .75670 .55826 .46822 .41801 .35300
.61 .95919 .92834 .91264 .88160 .76690 .56796 .47222 .42215 .35512
.62 .96111 .93090 .91542 .88800 .77711 .57766 .47621 .42629 .35723
.63 .96303 .93346 .91821 .89439 .78732 .58736 .48021 .43044 .35935
.64 .96496 .93602 .92099 .89948 .79752 .59707 .48420 .43458 .36147
.65 .96688 .93857 .92377 .90268 .80773 .60677 .48820 .43872 .36359
.66 .96880 .94113 .92655 .90588 .81794 .62035 .49219 .44287 .36571
.67 .97072 .94369 .92934 .90908 .82814 .63394 .49753 .44701 .36782
.68 .97264 .94625 .93212 .91228 .83835 .64752 .50287 .45115 .36994
.69 .97456 .94881 .93490 .91548 .84856 .66111 .50821 .45529 .37206



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.70 .97649 .95137 093769 .91868 .85876 .67469 .51354 .45944 .37418
.71 .97841 095299 .94047 .92188 .86897 .68828 .51888 .46358 .37629
.72 .98033 .95461 .94325 .92508 .87918 .70186 .52422 .46772 .37841
.73 .98225 .95623 o94603 .92828 .88938 .71545 .52955 .47187 .38053
.74 .98417 .95785 .94882 .93149 .89959 .72903 .53489 .47601 .38265
.75 .98610 .95947 .95160 .93469 .90614 .74261 .54023 .48015 .38476
.76 .98802 .96109 .95356 .93789 .91097 .75640 .54557 .48430 .38688
.77 .98991 .96271 .95549 .94109 .91504 .77035 .55090 .49137 .38900
.78 .99180 .96434 .95743 .94429 .91910 .78429 .55624 .49845 .39112
.79 .99368 .96596 .95936 .94749 .92317 .79824 .56158 .50553 .39324
.80 .99557 .96758 .96130 .95069 .92723 .81219 .56691 .51261 .39535
.81 .99668 .96920 .96323 .95345 .93129 .82613 .57762 .51969 .39747
.82 .99686 .97082 .96517 .95590 .93536 .84008 .58832 .52676 .40601
.83 .99703 .97244 .96710 .95835 .93942 .85402 .59902 .53384 .41454
.84 .99721 .97406 .96904 .96080 .94349 .86797 .60972 .54092 .42307

00 .85 .99738 .97568 .97097 .96325 .94755 .88192 .62042 .54800 .43161
.96 .99755 .97730 .97291 .96570 .95161 .89586 .63112 .55508 .44014
.87 .99773 .97893 .97484 .96815 .95518 .90415 .64182 .56215 .45513
.98 .99790 .98055 .97678 .97060 .95862 .91244 .65253 .56923 .47012
.89 .99608 .98217 .97871 .97305 .96207 .92074 .66323 .57631 .48511
.90 .99825 .98379 .98065 .97550 .96552 .92903 .67393 .58339 .50010
.91 .99643 .98541 .98258 .97795 .96897 .93732 .70362 .60172 .51509
.92 .99860 .98703 .98452 .98040 .97242 .94561 .73331 .62004 .53008
.93 .99878 .98865 .98645 .98285 .97586 .95249 .76300 .63837 .54507
.94 .99895 .99027 .98839 .98530 .97931 .95928 .79269 .65670 .56006
.95 .99913 .99189 .99032 .98775 .98276 .96606 .82238 .67503 .57505
.96 .99930 .99352 .99226 .99020 .98621 .97285 .86811 .69336 .59004
.97 .99948 .99514 .99419 .99265 .98966 .97964 .89405 .71168 .60503
.98 .99965 .99676 .99613 .99510 .99310 .98643 .91999 .74605 .62002
.99 .99983 .99838 .99806 .99755 .99655 .99321 .94593 .79646 .63501



Failure to Run - I Hour Mission Time

Nominal Qualification Temperature 310 Degrees Fahrenheit
Nominal Failure Rate 1.0 E-5

Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.01 .43540 .35835 .29616 .26926 .26077 .25145 .24466 .24082 .23984
.02 .50695 .40703 .34788 .29449 .27768 .26369 .25166 .24415 .24219
.03 .56291 .43158 .39960 .31972 .29459 .27473 .25867 .24749 .24454
.04 .58746 .45614 .42417 .34495 .31150 .28576 .26587 .25125 .24690
.05 .61200 .48069 .44108 .37019 .32841 .29679 .27391 .25601 .24925
.06 .62425 .50525 .45800 .39542 .34532 .30783 .28195 .26077 .25160
.07 .63134 .52980 .47491 .42065 .36223 .31886 .28999 .26588 .25395
.08 .63843 .54821 .49182 .44588 .37914 .32989 .29803 .27243 .25630
.09 .64552 .56044 .50874 .46881 .39605 .34093 .30607 .27898 .25974
.10 .65262 .57268 .52286 .48251 .41296 .35196 .31411 .28553 .26382
.11 .65971 .58491 .53025 .49621 .42987 .36299 .32215 .29208 .26937
.12 .66680 .59715 .53765 .50923 .44678 .37403 .33019 .29863 .27493
.13 .67389 .60938 .54504 .51518 .46369 .38506 .33823 .30518 .28049

co .14 .68099 .62162 .55243 .52112 .48060 .39609 .34626 .31173 .28604
.15 .68808 .63385 .55983 .52707 .49173 .40713 .35430 .31828 .29160
.16 .69517 .64608 .56722 .53301 .50210 .41816 .36234 .32483 .29716
.17 .70226 .65832 .57462 .53896 .51143 .42920 .37038 .33138 .30271
.18 .70936 .67055 .58201 .54491 .51660 .44023 .37842 .33793 .30827
.19 .71645 .67925 .58940 .55085 .52178 .45126 .38646 .34448 .31383
.20 .72354 .68440 .59680 .55680 .52696 .46230 .39450 .35103 .31938
.21 .73063 .68956 .60419 .56274 .53214 .47333 .40254 .35758 .32494
.22 .73772 .69472 .61158 .56869 .53732 .48019 .41058 .36413 .33050
.23 .74482 .69987 .61898 .57463 .54250 .48706 .41862 .37068 .33605
.24 .75191 .70503 .62637 .58058 .54768 .49392 .42666 .37723 .34161
.25 .76291 .71018 .63377 .58652 .55286 .50079 .43469 .38378 .34717
.26 .77391 .71534 .64116 .59247 .55804 .50765 .44273 .39033 .35272
.27 .78220 .72049 .64855 .59841 .56321 .51452 .45077 .39688 .35828
.28 .78806 .72565 .65595 .60436 .56839 .52138 .45881 .40343 .36384
.29 .79392 .73080 .66334 .61031 .57357 .52825 .46685 .40998 .36939
.30 .79977 .73596 .67073 .61625 .57875 .53298 .47434 .41653 .37495
.31 .80563 .74424 .67813 .62220 .58393 .53772 .47966 .42308 .38050



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.32 .81149 .75252 .68552 .62814 .58911 .54246 .48497 .42963 .38606
.33 .81734 .76080 .69292 .63409 .59429 .54719 .49029 .43618 .39162
.34 .82320 .76908 .70255 .64003 .59947 .55193 .49560 .44273 .39717
.35 .82905 .77736 .71285 .64598 .60465 .55666 .50092 .44928 .40273
.36 .83491 .78564 .72315 .65192 .60983 .56140 .50623 .45583 .40829
.37 .84077 .79392 .73345 .65841 .61500 .56613 .51155 .46238 .41384
.38 .84662 .80044 .74374 .66705 .62018 .57087 .51686 .46856 .41940
.39 .85248 .80517 .75404 .67569 .62536 .57560 .52218 .47329 .42496
.40 .85834 .80990 .76434 .68434 .63054 .58034 .52749 .47802 .43051
.41 .86237 .81463 .77464 .69298 .63632 .58507 .53281 .48275 .43607
.42 .86641 .81936 .78173 .70162 .64401 .58981 .53812 .48748 .44163
.43 .87044 .82409 .78883 .71027 .65170 .59454 .54343 .49221 .44718
.44 .87443 .82882 .79593 .71891 .65938 .59928 .54875 .49694 .45274
.45 .87840 .83356 .80302 .72755 .66707 .60401 .55358 .50167 .45830
.46 .88237 .83829 .81012 .73620 .67475 .61075 .55842 .50640 .46364
.47 .88635 .84302 .81722 .74484 .68244 .61781 .56325 .51113 .46815
.48 .89032 .84775 .82432 .75348 .69013 .62488 .56808 .51586 .47266
.49 .89429 .85248 .83017 .76213 .69781 .63194 .57292 .52059 .47717
.50 .89826 .85721 .83461 .77077 .70550 .63901 .57775 .52532 .4816700
.51 .90223 .86048 .83905 .77941 .71319 .64608 .58475 .53005 .48618
.52 .90621 .86375 .84350 .78806 .72087 .65314 .59175 .53478 .49069
.53 .91018 .86703 .84794 .79670 .72856 .66021 .59875 .53951 .49519
.54 .91415 .87030 .85238 .80534 .73624 .66727 .60575 .54424 .49970
.55 .91812 .87357 .85676 .81399 .74393 .67434 .61275 .55100 .50421
.56 .92210 .87684 .86031 .82263 .75162 .68141 .61975 .55777 .50872
.57 .92607 .88012 .86386 .83127 .75930 .68847 .62675 .56454 .51322
.58 .93004 .88339 .86741 .83992 .76699 .69554 .63375 .57131 .51773
.59 .93401 .88666 .87096 .84856 .77468 .70260 .64075 .57808 .52416
.60 .93798 .88993 .87451 .85392 .78236 .70967 .64775 .58485 .53060
.61 .94196 .89321 .87806 .85796 .79005 .71673 .65475 .59162 .53703
.62 .94593 .89648 .88161 .86191 .79774 .72380 .66175 .59839 .54347
.63 .94990 .89975 .88516 .86585 .80542 .73087 .66875 .60628 .54990
.64 .95387 .90302 .88871 .86980 .81311 .73793 .67575 .61417 .55634
.65 .95654 .90630 .89226 .87375 .82079 .74500 .68275 .62207 .56277
.66 .95921 .90957 .89581 .87769 .82848 .75206 .68975 .62996 .56920
.67 .96188 .91284 .89936 .88164 .83651 .75913 .69675 .63785 .57564
.68 .96455 .91611 .90291 .88559 .84467 .76620 .70375 .64574 .58207
.69 .96722 .91939 .90646 .88953 .85284 .77326 .71075 .65363 .58851



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.70 .96989 .92266 .91001 .89348 .86100 .78033 .71775 .66153 .59494
.71 .97256 .92593 .91356 .89743 .86852 .78739 .72475 .66942 .60137
.72 .97523 .92920 .91711 .90137 .87512 .79446 .73175 .67731 .60781
.73 .97790 .93248 .92066 .90532 .88172 .80178 .73875 .68520 .61424
.74 .98057 .93575 .92421 .90927 .88832 .81030 .74575 .69309 .62068
.75 .98324 .93902 .92776 .91321 .89287 .81882 .75275 .70098 .62711
.76 .98591 .94229 .93131 .91716 .89742 .82734 .75975 .70888 .63355
.77 698658 .94557 .93486 .92111 .90197 .83586 .76675 .71677 .63998
.78 .99125 .94884 .93841 .92505 .90653 .84437 .77375 .72466 .64641
.79 .99392 .95211 .94196 .92900 .91108 .85289 .78075 .73255 .65285
.80 .99659 .95538 .94551 .93295 .91563 .86141 .78775 .74044 .65928
.81 .99677 .95761 .94906 .93689 .92019 .86993 .79767 .74834 .66572
.82 .99694 .95985 .95261 .94084 .92474 .87844 .80759 .75623 .67215
.83 .99711 .96208 .95597 .94479 .92929 .88696 .81750 .76412 .68373
.84 .99728 .96431 .95856 .94873 .93384 .89548 .82742 .77201 .69531
.85 .99745 .96654 .96115 .95268 .93840 .90400 .83734 .77990 .70689

co .86 .99762 .96877 .96374 .95637 .94295 .91252 .84725 .78780 .71847
4- .87 .99779 .97100 .96633 .95949 .94750 .91906 .85717 .80056 .73005

.88 .99796 .97323 .96892 .96261 .95205 .92561 .86709 .81333 .74163

.89 .99813 .97546 .97151 .96572 .95642 .93216 .87701 .82609 .75321

.90 .99830 .97769 .97410 .96884 .96038 .93870 .88692 .83886 .76479

.91 .99847 .97992 .97669 .97195 .96435 .94487 .89684 .85163 .77637

.92 .99864 .98215 .97928 .97507 .96831 .95103 .90676 .86439 .78795

.93 .99881 .98438 .98187 .97819 .97227 .95715 .91667 .87716 .80789

.94 .99898 .98662 .98446 .98130 .97623 .96327 .92659 .88992 .82784

.95 .99915 .98885 .98705 .98442 .98019 .96939 .93651 .90269 .84778

.96 .99932 .99108 .98964 .98754 .98415 .97551 .94809 .91546 .86772

.97 .99949 .99331 .99223 .99065 .98812 .98164 .95794 .92822 .88767

.98 .99966 .99554 .99482 .99377 .99208 .98776 .96779 .94469 .90761

.99 .99983 .99777 .99741 .99688 .99604 .99388 .97765 .96484 .92756



Failure to Run - 10 Hour mission Time

Nominal Qualification Temperature 310 Degrees Fahrenheit
Nominal Failure Rate 1.0 E-5

Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.01 .38721 .29005 .26619 .24865 .24429 .24159 .24038 .23944 .23913
.02 .44303 .34021 .29243 .25919 .25101 .24570 .24327 .24139 .24078
.03 .50041 .38389 .31868 .26973 .25773 .25046 .24616 .24335 .24243
.04 .52475 .39949 .34577 .28030 .26445 .25539 .24905 .24530 .24408
.05 .53563 .41510 .37312 .29174 .27139 .26031 .25261 .24725 .24572
.06 .54650 .43070 .39694 .30318 .27887 .26523 .25633 .24921 .24737
.07 .55738 .44631 .40664 .31463 .28634 .27051 .26005 .25116 .24902
.08 .56825 .46192 .41634 .32607 .29382 .27587 .26378 .25311 .25066
.09 .57913 .47752 .42604 .33751 .30130 .28123 .26761 .25507 .25231
.10 .59000 .49313 .43574 .34895 .30878 .28659 .27188 .25702 .25396
.11 .60088 .50873 .44544 .36039 .31625 .29196 .27615 .25898 .25561
.12 .61175 .52434 .45515 .37184 .32373 .29732 .28042 .26107 .25725
.13 .62263 .53995 .46485 .38328 .33121 .30268 .28469 .26371 .25890co

Cn .14 .63350 .55555 .47455 .39472 .33869 .30805 .28896 .26636 .26055
.15 .64337 .57116 .48425 .40616 .34616 .31341 .29323 .26901 .26234
.16 .65311 .58676 .49395 .41761 .35364 .31877 .29750 .27165 .26472
.17 .66285 .60237 .50365 .42905 .36112 .32413 .30177 .27430 .26711
.18 .67258 .61798 .51335 .44049 .36860 .32950 .30604 .27695 .26949
.19 .68232 .62970 .52305 .45193 .37607 .33486 .31031 .27959 .27187
.20 .69205 .63753 .53276 .46306 .38355 .34022 .31458 .28224 .27425
.21 .70179 .64456 .54246 .47139 .39103 .34558 .31885 .28489 .27664
.22 .71153 .65159 .55216 .47971 .39851 .35095 .32312 .28753 .27902
.23 .72126 .65862 .56186 .48804 .40599 .35631 .32738 .29018 .28140
.24 .73100 .66565 .57156 .49636 .41346 .36167 .33165 .29283 .28378
.25 .74464 .67268 .58126 .50469 .42094 .36704 .33592 .29547 .28617
.26 .75828 .67971 .59089 .51301 .42842 .37240 .34019 .29812 .28855
.27 .77192 .68674 .59997 .52134 .43590 .37776 .34446 .30077 .29093
.28 .78556 .69377 .60905 .52966 .44337 .38312 .34873 .30341 .29332
.29 .79328 .70080 .61813 .53798 .45085 .38849 .35300 .30606 .29570
.30 .79912 .70783 .62721 .54631 .45833 .39385 .35727 .30871 .29808
.31 .80497 .71799 .63629 .55463 .46581 .39921 .36154 .31135 .30046



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.32 .82082 .72814 .64537 .56284 .47328 .40458 .36581 .31400 .30285
.33 .81667 .73830 .65445 .57066 .48076 .40994 .37008 .31665 .30523
.34 .82252 .74845 .66578 .57848 .48824 .41530 .37435 .32018 .30761
.35 .82837 .75861 .67776 .58630 .49572 .42066 .37862 .32459 .30999
.36 .83422 .76876 .68974 .59412 .50319 .42603 .38289 .32900 .31238
.37 .84007 .77892 .70173 .60247 .51067 .43139 .38716 .33342 .31476
.38 .84591 .78907 .71371 .61299 .51800 .43675 .39143 .33783 .31714
.39 .85176 .79923 .72570 .62350 .52505 .44211 .39570 .34225 .31952
.40 .85761 .80939 .73768 .63402 .53210 .44748 .39997 .34666 .32191
.41 .86164 .81414 .74966 .64454 .53975 .45284 .40424 .35107 .32429
.42 .86567 .81888 .75821 .65505 .54976 .45820 .40851 .35549 .32667
.43 .86969 .82362 .76675 .66557 .56005 .46357 .41278 .35990 .32905
.44 .87372 .82836 .77530 .67609 .57035 .46893 .41705 .36432 .33144
.45 .87774 .83310 .78385 .68660 .58065 .47429 .42132 .36873 .33382
.46 .88177 .83784 .79239 .69712 .59095 .48165 .42559 .37314 .33620
.47 .88580 .84258 .80094 .70764 .60125 .48934 .42986 .37756 .33858
.48 .88982 .84731 .80948 .71815 .61155 .49704 .43413 .38197 .34097
.49 .89385 .85205 .81803 .72867 .62185 .50473 .43840 .38639 .34335
.50 .89787 .85679 .82658 .73919 .63214 .51242 .44267 .39080 .34573

00 .51 .90190 .86007 .83512 .74970 .64244 .52012 .44910 .39521 .34812
.52 .90592 .86335 .84271 .76022 .65274 .52781 .45554 .39963 .35050
.53 .90995 .86664 .84717 .77074 .66304 .53586 .46197 .40404 .35288
.54 .91394 .86992 .85163 .78125 .67334 .54391 .46841 .40846 .35526
.55 .91792 .87320 .85602 .79177 .68364 .55196 .47485 .41491 .35765
.56 .92190 .87648 .85949 .80229 .69393 .56001 .48128 .42136 .36003
.57 .92587 .87976 .86297 .81280 .70423 .56806 .48772 .42782 .36241
.58 .92985 .88304 .86644 .82332 .71453 .57611 .49416 .43427 .36479
.59 .93382 .88632 .86991 .83384 .72483 .58416 .50059 .44073 .36910
.60 .93780 .88960 .87338 .84128 .73513 .59221 .50703 .44718 .37341
.61 .94177 .89288 .87686 .84840 .74543 .60026 .51347 .45363 .37772
.62 .94575 .89616 .88033 .85536 .75573 .60831 .51990 .46009 .38203
.63 .94973 .89944 .88380 .86231 .76602 .61635 .52634 .46654 .38634
.64 .95370 .90272 .88728 .86776 .77632 .62440 .53277 .47300 .39065
.65 .95638 .90600 .89075 .87152 .78662 .63245 .53921 .47945 .39496
.66 .95906 .90929 .89422 .87527 .79692 .64439 .54565 .48590 .39927
.67 .96173 .91257 .89770 .87902 .80725 .65632 .55343 .49236 .40358
.68 .96441 .91585 .90117 .88278 .81760 .66825 .56120 .49881 .40789
.69 .96708 .91913 .90464 .88653 .82795 .68018 .56898 .50527 .41220



Failure Deviation from the Qualification Temperature
Rate -110 -85 -60 -35 -10 15 40 65 90

Cumulative Probabilities
.70 .96975 .92241 .90811 .89029 .83829 .69211 .57676 .51172 .41651
.71 .97243 .92569 .91159 .89404 .84864 .70405 .58454 .51817 .42082
.72 .97510 .92897 .91506 .89780 .85899 .71598 .59232 .52463 .42513
.73 .97777 .93225 .91853 .90155 .86934 .72803 .60010 .53108 .42944
.74 .98045 .93553 .92201 .90531 .87968 .74064 .60787 .53753 .43375
.75 .98312 .93881 .92548 .90906 .88637 .75324 .61565 .54399 .43806
.76 .98579 .94209 .92895 .91281 .89130 .76585 .62343 .55044 .44237
.77 .98847 .94537 .93243 .91657 .89551 .77846 .63121 .55983 .44668
.78 .99114 .94866 .93590 .92032 .89971 .79106 .63699 .56922 .45098
.79 .99382 .95194 .93937 .92408 .90391 .80367 .64677 .57861 .45529
.80 .99649 .95522 .94284 .92783 .90812 .81628 .65454 .58800 .45960
.81 .99669 .95746 .94632 .93159 .91232 .82888 .66378 .59739 .46391
.82 .99686 .95970 .94979 .93534 .91652 .84149 .67302 .60678 .47464
.83 .99704 .96193 .95326 .93909 .92073 .85410 .68225 .61617 .48537
.84 .99721 .96417 .95647 .94285 .92493 .86670 .69149 .62556 .49609

00 .85 .99739 .96641 .95919 .94660 .92913 .87931 .70073 .63494 .50682
.66 .99756 .96865 .96191 .95036 .93334 .89192 .70996 .64433 .51754
.87 .99774 .97089 .96463 .95411 .93754 .89887 .71920 .65724 .53473
.88 .99791 .97313 .96736 .95774 .94174 .90582 .72844 .67014 .55191
.89 .99808 .97537 .97008 .96126 .94595 .91277 .73767 .68305 .56909
.90 .99826 .97761 .97280 .96479 .95015 .91972 .74691 .69595 .58627
.91 .99843 .97985 .97552 .96831 .95435 .92668 .77514 .70886 .60345
.92 .99861 .98209 .97824 .97183 .95905 .93363 .80336 .72176 .62063
.93 .99878 .98433 .98096 .97535 .96417 .93933 .83159 .73467 .64618
.94 .99895 .98657 .98368 .97887 .96929 .94503 .85981 .74757 .67173
.95 .99913 .98880 .98640 .98239 .97441 .95073 .88804 .76048 .69727
.96 .99930 .99104 .98912 .98591 .97952 .95817 .91626 .77338 .72282
.97 .99948 .99328 .99184 .98944 .98464 .96863 .92470 .78629 .74836
.98 .99965 .99552 .99456 .99296 .98976 .97908 .93313 .79919 .77391
.99 .99983 .99776 .99728 .99648 .99488 .98954 .94157 .81210 .79945



Failure to Operate - Hour Mission Time

Nominal Qualification Temperature 350 Degrees Fahrenheit
Nominal Failure Rate 1.0 E-4

Failure Deviation from the Qualification Temperature
Rate -150 -125 -100 -75 -50 -25 0 25 50

Cumulative Probabilities
.01 .27391 .20243 .16881 .08036 .04910 .02668 .02129 .01104 .00564
.02 .31451 .27913 .21067 .15389 .09130 .04692 .03623 .02154 .01129
.03 .34596 .31895 .25253 .17516 .13351 .06717 .05117 .03068 .01694
.04 .37740 .34135 .29438 .19368 .17571 .08741 .06611 .03982 .02258
.05 .39381 .36376 .33624 .21221 .18994 .10765 .08106 .04896 .02823
.06 .40377 .38616 .35313 .23073 .20416 .12789 .09600 .05810 .03539
.07 .41372 .39464 .37001 .24926 .21839 .14814 .11094 .06724 .04256
.08 .42368 .40185 .38533 .26778 .23261 .16838 .12588 .07638 .04972
.09 .44613 .40907 .39047 .28630 .24684 .18862 .14082 .08552 .05688
.10 .46858 .41628 .39561 .30148 .26107 .20886 .15576 .09466 .06405
.11 .49076 .43349 .40075 .31042 .27529 .22911 .17070 .10381 .07121
.12 .51293 .45071 .40589 .31937 .28494 .24935 .18565 .11295 .07837
.13 .53510 .46792 .41102 .32832 .29108 .26165 .20059 .12209 .08554

00 .14 .55728 .48513 .41616 .33727 .29722 .26847 .21553 .13123 .09270co
.15 .57945 .50235 .42130 .34622 .30337 .27378 .23047 .14037 .09987
.16 .60162 .51956 .42644 .35516 .30951 .27909 .23925 .14951 .10703
.17 .62377 .53677 .43158 .36411 .31566 .28440 .24803 .15865 .11419
.18 .64591 .55399 .43672 .37306 .32180 .28971 .25681 .16779 .12136
.19 .66806 .57120 .44185 .38201 .32794 .29502 .26559 .17693 .12852
.20 .69020 .58841 .44699 .39096 .33409 .30033 .27437 .18607 .13568
.21 .71235 .60562 .45213 .39990 .34023 .30564 .27904 .19521 .14285
.22 .73212 .62284 .45727 .40885 .34637 .31095 .28371 .20435 .15001
.23 .74687 .64005 .46241 .41780 .35252 .31626 .28837 .21349 .15718
.24 .76262 .65726 .46755 .42675 .35866 .32157 .29304 .22263 .16434
.25 .76874 .67448 .47268 .43570 .36480 .32688 .29771 .23177 .17150
.26 .77459 .69169 .47782 .44465 .37095 .33219 .30237 .23752 .17867
.27 .78044 .70890 .48296 .45359 .37709 .33750 .30704 .24327 .18583
.28 .78629 .72612 .48810 .46015 .38323 .34281 .31171 .24902 .19299
.29 .79214 .74333 .50685 .46432 .38938 .34812 .31637 .25477 .20016
.30 .79799 .76054 .52561 .46849 .39552 .35343 .32104 .26052 .20732
.31 .80384 .76711 .54436 .47266 .40166 .35874 .32571 .26626 .21448



Failure Deviation from the Qualification Temperature
Rate -150 -125 -100 -75 -50 -25 0 25 50

Cumulative Probabilities
.32 .80969 .77190 .56312 .47683 .40781 .36405 .33037 .27201 .22165
.33 .81554 .77663 .58187 .48100 .41395 .36936 .33504 .27776 .22881
.34 .82139 .78136 .60063 .48517 .42009 .37467 .33971 .28351 .23364
.35 .82724 *78610 .62102 .48934 .42624 .37998 .34437 .28926 .23846
.36 .83309 o79083 .64283 .49351 .43238 .38529 .34904 .29368 .24329
.37 .83894 .79556 .66464 .49767 .43853 .39060 .35371 .29810 .24811
.38 .84479 .80029 .68644 .50184 .44467 .39591 .35837 .30252 .25294
.39 .85064 .80503 .70825 .50601 .45081 .40122 .36304 .30694 .25776
.40 .85649 .80976 .72774 .51142 .45696 .40653 .36771 .31136 .26259
.41 .86052 .81449 .74618 .51858 .46310 .41184 .37237 .31578 .26741
.42 *86455 .81923 .76461 .52573 .46924 .41715 .37704 .32020 .27224
.43 086858 .82396 .78305 .53289 .47539 .42246 .38171 .32462 .27706
.44 .87261 .82869 .80148 .54005 .48153 .42777 .38637 .32905 .28189
.45 .87663 .83343 .80607 .54720 .48767 .43308 .39104 .33347 .28671
.46 .88066 .83816 .81067 .55436 .49537 .43839 .39571 .33789 .29154
.47 .88469 .84289 .81527 .57999 .50445 .44370 .40037 .34231 .29636
.48 .88871 .84763 .81986 .60563 .51352 .44901 .40504 .34673 .30119
.49 .89274 .85236 .82446 .62922 .52260 .45432 .40971 .35115 .30601
.50 .89677 .85709 .82905 .65218 .53168 .45963 .41437 .35557 .3108400

51 .90079 .86037 .83365 .67514 .53815 .46494 .41904 .35999 .31561
:52 .90482 .66364 .83824 .69810 .54461 .47025 .42371 .36441 .32039
.53 .90885 .86692 .84284 .72106 .55108 .47778 .42837 .36883 .32516
.54 .91287 .87019 .84743 .74402 .55754 .48599 .43304 .37325 .32994
.55 .91690 .87347 .85203 .76699 .56401 .49419 .43771 .37767 .33471
.56 .92093 .87674 .85625 .78995 .57047 .50240 .44237 .38209 .33949
.57 .92495 .88002 .85992 .81291 .57694 .51061 .44704 .38651 .34426
.58 .92898 .88329 .86360 .83587 .58158 .51881 .45171 .39093 .34904
.59 .93301 .88657 .86727 .84038 .58587 .52702 .45638 .39535 .35381
.60 .93704 .88984 .87094 .84488 .59017 .53523 .46104 .39977 .35859
.61 .94106 .89312 .87461 .84939 .59447 .54343 .46858 .40419 .36336
.62 .94509 .89639 .87829 .85385 .59876 .55164 .47613 .40861 .36814
.63 .94912 .89967 .88196 .85809 .60306 .55985 .48367 .41303 .37291
.64 .95314 .90294 .88563 .86233 .60736 .56805 .49121 .41745 .37769
.65 .95588 .90621 .88930 .86657 .63958 .57626 .49875 .42188 .38246
.66 .95860 .90949 .89298 .87081 .67181 .58223 .50629 .42630 .38724
.67 .96133 .91276 .89665 .87505 .70404 .58657 .51383 .43351 .39201
.68 .96405 .91604 .90032 .87929 .73626 .59078 .52138 .44073 .39679
.69 .96678 .91931 .90399 .88353 .76865 .59498 .52892 .44795 .40156



Failure Deviation from the Qualification Temperature
Rate -150 -125 -100 -75 -50 -25 0 25 50

Cumulative Probabilities
.70 .96950 .92259 .90767 .88777 .80150 .59919 .53646 .45517 .40634
.71 .97222 .92586 .91134 .89201 .83436 .60340 .54400 .46238 .41111
.72 .97495 .92914 .91501 .89625 .86721 .60760 .55154 .46960 .41589
.73 .97767 .93241 .91868 .90049 .87239 .61181 .55908 .47682 .42338
.74 .98040 .93569 .92236 .90472 .87756 .61602 .56662 .48404 .43087
.75 .98312 .93896 .92603 .90896 .88274 .62022 .57417 .49125 .43837
.76 .98585 .94224 .92970 .91320 .88791 .62443 .58033 .49847 .44586
.77 .98857 .94551 .93337 .91744 .89309 .62980 .58650 .50569 .45336
.78 .99130 *94879 .93705 .92168 .89826 .63610 .59267 .51291 .46085
.79 .99402 .95206 .94072 .92592 .90344 .64239 .59883 .52013 .46835
.80 .99675 .95534 .94439 .93016 .90862 .64868 .60500 .52734 .47584
.81 .99698 .95757 .94806 .93440 .91379 .65498 .60925 .53456 .48334
.82 .99713 .95980 .95174 .93864 .91897 .66127 .61350 .54178 .49083
.83 .99729 .96204 .95520 .94288 .92414 .72366 .61775 .54900 .49833
.84 .99745 .96427 .95783 .94712 .92932 .78605 .62200 .55621 .50582
.85 .99761 .96650 .96047 .95136 .93449 .84844 .62625 .56343 .51332
86 .99777 .96874 .96310 .95528 .93967 .91083 .63575 .57065 .52081

:87 .99793 .97097 .96574 .95847 .94484 .91787 .64525 .57787 .52831
.88 .99809 .97320 .96838 .96166 .95002 .92490 .65475 .58508 .53580
.89 .99825 .97544 .97101 .96486 .95486 .93193 .66425 .59230 .54330
.90 .99841 .97767 .97365 .96805 .95896 .93897 .67375 .59952 .55079
.91 .99857 .97990 .97628 .97125 .96307 .94600 .68325 .60476 .55829
.92 .99873 .98213 .97892 .97444 .96717 .95280 .69275 .61000 .56578
.93 .99889 .98437 .98155 .97764 .97127 .95870 .70225 .62778 .57328
.94 .99904 .98660 .98419 .98083 .97538 .96460 .71175 .64557 .58077
.95 .99920 .98883 .98682 .98403 .97948 .97050 .72125 .66335 .58827
.96 .99936 .99107 .98946 .98722 .98359 .97640 .72950 .68114 .59576
.97 .99952 .99330 .99209 .99042 .98769 .98230 .73775 .69892 .60326
.98 .99968 .99553 .99473 .99361 .99179 .98820 .74600 .71625 .61075
.99 .99984 .99777 .99736 .99681 .99590 .99410 .75425 .73313 .61825



Failure to Operate - 0 Hour mission Time

Nominal Qualification Temperature 350 Degrees Fahrenheit
Nominal Failure Rate 1.0 E-4

Failure Deviation from the Qualification Temperature
Rate -150 -125 -100 -75 -50 -25 0 25 50

Cumulative Probabilties
.01 .17220 .14799 .13129 .03776 .02399 .00834 .00574 .00330 .00239
.02 .25146 .20161 .16822 .07364 .04584 .01643 .01149 .00661 .00478
.03 .28708 .25695 .20567 .10953 .06769 .02451 .01724 .00993 .00718
.04 .30157 .28569 .24396 .14629 .08972 .03260 .02299 .01411 .00958
.05 .31606 .29618 .28226 .15772 .11251 .04117 .02874 .01829 .01197
.06 .33055 .30668 .28995 .16915 .13530 .05006 .03521 .02247 .01516
.07 .34505 .31717 .29765 .18058 .15809 .05896 .04167 .02665 .01834
.08 .35954 .32767 .30534 .19201 .16617 .06785 .04814 .03117 .02153
.09 .38652 .33816 .31304 .20344 .17426 .07675 .05460 .03569 .02472
.10 .41351 .34866 .32073 .21487 .18235 .08564 .06107 .04020 .02790
.21 .44050 .36915 .32843 .22630 .19044 .09454 .06753 .04472 .03171
.12 .46670 .38964 .33612 .23774 .19852 .10343 .07399 .04924 .03552
.13 .49227 .41014 .34382 .24917 .20661 .11233 .08046 .05376 .03933
.14 .51784 .43063 .35151 .26060 .21470 .12123 .08692 .05827 .04314
.15 .54341 .45113 .35921 .27203 .22278 .13012 .09339 .06279 .04695
.16 .56899 .47162 .36690 .28346 .23087 .13902 .09985 .06731 .05076
.17 .59453 .49132 .37460 .29489 .23896 .14791 .10632 .07183 .05457
.18 .62007 .51082 .38229 .30632 .24705 .15681 .11278 .07634 .05838
.19 .64561 .53031 .38999 .31775 .25513 .16570 .11925 .08086 .06219
.20 .67116 .54982 .39768 .32918 .26322 .17460 .12571 .08538 .06601
.21 .69670 .56931 .40535 .34061 .27131 .18349 .13217 .08989 .06982
.22 .72228 .58880 .41227 .35204 .27939 .19239 .13864 .09441 .07363
.23 .74663 .60830 .41920 .36347 .28748 .20129 .14510 .09893 .07744
.24 .76239 .62780 .42613 .37490 .29557 .21018 .15157 .10345 .08125
.25 .76849 .64729 .43305 .38633 .30366 .21908 .15803 .10796 .08506
.26 .77434 .66679 .43998 .39759 .31174 .22797 .16450 .11248 .08887
.27 .78018 .68629 .44690 .40840 .31983 .23687 .17096 .11700 .09268
.28 .78603 .70578 .45383 .41661 .32792 .24576 .17743 .12152 .09649
.29 .79188 .72528 .47437 .42224 .33600 .25415 .18389 .12603 .10030
.30 .79773 .74478 .49491 .42786 .34409 .26202 .19035 .13055 .10411
.31 .80358 .75633 .51545 .43349 .35191 .26990 .19682 .13507 .10792



Failure Deviation from the Qualification Temperature
Rate -150 -125 -100 -75 -50 -25 0 25 so

Cumulative Probabilties
.32 .80943 .76788 .53600 .43912 .35946 .27777 .20328 .13959 .11173
.33 .81528 .77549 .55654 .44474 .36702 .28565 .20975 .14410 .11554
.34 .82113 .78029 .57708 .45037 .37458 .29352 .21621 .14862 .11935
.35 .82697 .78508 .59926 .45600 .38214 .30140 .22268 .15314 .12316
.36 .83282 78988 .62286 .46162 .38970 .30893 .22914 .15765 .12697
.37 .83867 .79468 .64645 .46725 .39726 .31635 .23560 .16217 .13078
.38 .84452 .79947 .67004 .47287 .40482 .32376 .24207 .16669 .13459
.39 .85037 .80427 .69364 .47850 .41238 .33118 .24853 .17121 .13840
.40 .85622 .80907 .71723 .48537 .41994 .33860 .25500 .17572 .14221
.41 .86028 .81386 .74082 .49398 .42750 .34602 .26106 .18024 .14602
.42 .86430 .81866 .76407 .50259 .43506 .35344 .26712 .18476 .14983
.43 .86833 .82346 .78252 .51121 .44262 .36066 .27319 .18928 .15364
.44 .87235 .82825 .80096 .51982 .45018 .36828 .27925 .19379 .15745
.45 .87638 .83305 .80556 .52843 .45773 .37570 .28531 .19831 .16126
.46 .88040 .83785 .81017 .53705 .46685 .38312 .29137 .20283 .16507
.47 .88443 .84261 .81477 .56414 .47734 .39053 .29744 .20734 .16889
.48 .88845 .84735 .81938 .59123 .48783 .39795 .30350 .21186 .17270
.49 .89247 .85209 .82398 .61832 .49833 .40537 .30956 .21638 .17651
.50 .89650 .85682 .82859 .64542 .50882 .41279 .31562 .22090 .18032
.51 .90052 .86010 .83319 .67251 .51652 .42021 .32327 .22541 .18413
.52 .90455 .86338 .83779 .69734 .52421 .42763 .33092 .22993 .18794
.53 .90857 .86666 .84240 .72031 .53191 .43727 .33856 .23445 .19175
.54 .91260 .86994 .84700 .74329 .53960 .44758 .34621 .23897 .19556
.55 .91662 .87322 .85161 .76627 .54730 .45790 .35385 .24348 .19937
.56 .92065 .87650 .85584 .78924 .55499 .46821 .36150 .24800 .20318
.57 .92467 .87978 .85952 .81222 .56269 .47853 .36915 .25252 .20699
.58 .92869 .88307 .86321 .83520 .57038 .48884 .37679 .25703 .21080
.59 .93272 .88635 .86689 .83972 .57808 .49916 .38444 .26155 .21461
.60 .93674 .88963 .87057 .84424 .58577 .50947 .39208 .26607 .21842
.61 .94077 .89291 .87425 .84877 .59336 .51979 .40260 .27128 .22223
.62 .94479 .89619 .87793 .85325 .59768 .53010 .41313 .27648 .22604
.63 .94882 .89947 .88161 .85750 .60201 .54042 .42365 .28169 .22985
.64 .95284 .90275 .88530 .86176 .60633 .55074 .43417 .28690 .23366
.65 .95564 .90603 .88898 .86601 .63859 .56105 .44469 .29211 .23747
.66 .95836 .90931 .89266 .87027 .67084 .56808 .45521 .29731 .24128
.67 .96109 .91259 .89634 .87452 .70310 .57511 .46573 .30532 .24509
.68 .96381 .91587 .90002 .87878 .73535 .58214 .47625 .31332 .24890
.69 .96653 .91915 .90371 .88303 .76777 .58917 .48677 .32133 .25271



Failure Deviation from the Qualification Temperature
Rate -150 -125 -100 -75 -50 -25 0 25 50

Cumulative Probabilties
.70 *96925 .92243 090739 .88729 .80065 .59620 .49729 .32933 .25652
.71 .97198 .92571 091107 .89154 .83353 .60180 .50781 .33733 .26221
.72 97470 .92899 091475 .89580 .86641 .60606 .51833 .34534 .26789
.73 .97742 .93227 .91843 .90005 .87162 .61033 .52885 .35334 .27630
*74 .98014 .93555 092211 .90431 .87682 .61459 .53938 .36135 .28471
.75 .98287 .93883 .92580 .90856 .88203 .61885 .54990 .36935 .29311
*76 .98559 .94211 .92948 .91282 .88723 .62311 .56042 .38382 .30152
.77 .96831 .94539 .93316 .91708 .89243 .62854 .57094 .39829 .30992
.78 .99103 .94867 .93684 .92133 .89764 .63489 .58146 .41276 .31833
.79 .99376 .95195 .94052 .92559 .90284 .64123 .59198 .42723 .32673
.80 .99648 .95523 .94420 .92984 .90805 .64758 .60250 .44170 .33514
.81 .99692 .95747 .94789 .93410 .91325 .65393 .60688 .45617 .34354
.82 .99708 .95971 .95157 .93835 .91845 .66028 .61125 .47064 .35195
.83 .99724 .96195 .95504 .94261 .92366 .72272 .61563 .48511 .36035
.84 .99741 .96418 .95768 .94686 .92886 .78517 .62000 .49958 .36876
*85 .99757 .96642 .96033 .95112 .93407 .84762 .62438 .51405 .37716
.86 .99773 .96866 .96297 .95505 .93927 .91006 .63400 .52852 .38557
.87 .99789 .97090 .96562 .95826 .94447 .91715 .64363 .54299 .39397
.88 .99805 .97314 .96826 .96147 .94968 .92424 .65325 .55746 .40238
.89 .99822 .97538 .97091 .96468 .95455 .93133 .66287 .57192 .41078
.90 .99838 .97761 .97355 .96789 .95868 .93842 .67250 .58639 .41919
.91 .99854 .97985 .97620 .97110 .96281 .94550 .68213 .59295 .42759
.92 .99870 .98209 .97884 .97432 .96694 .95236 .69175 .59950 .43600
.93 .99887 .98433 .98149 .97753 .97108 .95831 .70138 .61860 .44440
.94 .99903 .98657 .98413 .98074 .97521 .96427 .71100 .63769 .45281
.95 .99919 .98881 .98678 .98395 .97934 .97022 .72062 .65679 .46121
.96 .99935 .99105 .98942 .98716 .98347 .97618 .72900 .67589 .46962
.97 .99951 .99328 .99207 .99037 .98760 .98213 .73738 .69498 .47803
.98 .99968 .99552 .99471 .99358 .99174 .98809 .74575 .71363 .48643
.99 .99984 .99776 .99736 .99679 .99587 .99404 .75412 .73181 .49484

1 1 1 1 1 1 1 .76250 .75000 .58750



spurious operation - Hour Mission Time

Nominal Qualification Temperature 200 Degrees Fahrenheit
Nominal Failure Rate 1.0 E-7

Failure Deviation from the Qualification Temperature
Rate 0 25 50 75 100 125 150 175 200

Cumulative Probabilities
.01 .02679 .01535 .00890 .00548 .00452 .00383 .00341 .00313 .00290
.02 .04723 .03016 .01781 .01095 .00904 .00767 .00681 .00625 .00580
.03 .06767 .04360 .02671 .01643 .01357 .01150 .01022 .00938 .00870
.04 .08811 .05705 .03562 .02191 .01809 .01533 .01362 .01250 .01160
.05 .10856 .07050 .04452 .02739 .02261 .01917 .01703 .01563 .01450
.06 .12900 .08394 .05494 .03359 .02713 .02300 .02043 .01876 .01740
.07 .14944 .09739 .06537 .04051 .03165 .02683 .02384 .02188 .02030
.08 .16988 .11084 .07579 .04743 .03617 .03067 .02725 .02501 .02319
.09 .20907 .12429 .08621 .05620 .04070 .03450 .03065 .02813 .02609
.10 .24826 .13773 .09663 .06497 .04522 .03833 .03406 .03126 .02899
.11 .28746 .16618 .10777 .07374 .05102 .04217 .03746 .03439 .03189
.12 .32665 .19463 .12280 .08352 .05865 .04600 .04087 .03751 .03479
.13 .36584 .22308 .13784 .09654 .06724 .04983 .04427 .04064 .03769
.14 .40503 .25152 .15287 .10956 .07879 .05428 .04768 .04376 .04059
.15 .44422 .27997 .16790 .12258 .09033 .06345 .05109 .04689 .04349
.16 .47725 .30842 .18293 .13560 .10188 .07262 .05783 .05002 .04639
.17 .50299 .33686 .19797 .14862 .11343 .08179 .06456 .05627 .04929
.18 .52873 .36531 .21300 .16164 .12498 .09096 .07291 .06252 .05513
.19 .55447 .39376 .22803 .17466 .13653 .10013 .08126 .06877 .06097
.20 .58021 .42221 .24307 .18768 .14807 .10931 .08961 .07502 .06681
.21 .60183 .44482 .25810 .20070 .15962 .11848 .09795 .08277 .07265
.22 .62346 .46743 .27148 .21372 .17117 .12765 .10630 .09052 .07849
.23 .64508 .49005 .28120 .22674 .18272 .13682 .11465 .09827 .08433
.24 .66671 .51266 .29091 .23745 .19426 .14599 .12300 .10601 .09157
.25 .67449 .53527 .30063 .24562 .20581 .15517 .13134 .11376 .09881
.26 .68228 .55450 .31035 .25380 .21519 .16434 .13969 .12151 .10604
.27 .69007 .57372 .32006 .26198 .22233 .17351 .14804 .12926 .11328
.28 .69785 .59294 .32978 .27016 .22947 .18133 .15639 .13701 .12052
.29 .70564 .61216 .35311 .27834 .23661 .18649 .16473 .14476 .12775
.30 .71342 .63139 .37644 .28651 .24375 .19165 .17308 .15251 .13499
.31 .72121 .63954 .39978 .29469 .25089 .19681 .17778 .16026 .14223



Failure Deviation from the Qualification Temperature
Rate 0 25 50 75 100 125 150 175 200

Cumulative Probabilitie8
.32 .72899 .64769 .42311 .30287 .25803 .20198 .18249 .16800 .14946
.33 .73678 .65584 .44644 .31105 .26517 .20812 .18719 .17237 .15670
.34 .74457 .66399 .46744 .31922 .27231 .21525 .19189 .17673 .16394
.35 .75235 .67214 .48843 .32740 .27945 .22237 .19659 .18109 .16801
.36 .76014 .67897 .50942 .33558 .28659 .22950 .20129 .18546 .17209
.37 .76792 .68579 .53042 ,34376 .29373 .23663 .20599 .18982 .17617
.38 .77571 .69261 .55141 .35194 .30087 .24375 .21070 .19418 .18025
.39 .78349 .69943 .57241 .36011 .30801 .25088 .21540 .19855 .18433
.40 .79128 s70626 .59340 .36829 .31515 .25800 .22010 .20291 .18841
.41 .79636 .71308 .61439 .37647 .32229 .26513 .22480 .20727 .19248
.42 .80143 .71990 .63539 .38315 .32943 .27226 .22950 .21164 .19656
.43 .80651 .72672 .65638 .38982 .33657 .27938 .23420 .21600 .20064
.44 .81159 .73355 .67738 .39650 .34371 .28651 .23891 .22036 .20472
.45 .81667 .74037 .68453 .40317 .35085 .29364 .24361 .22473 .20880
.46 .82174 .74719 .69169 .40985 .35798 .30076 .24831 .22909 .21288
.47 .82682 .75401 .69884 .43500 .36512 .30789 .25301 .23345 .21695
.48 .83190 .76084 .70600 .46016 .37226 .31502 .25771 .23782 .22103
.49 .83698 .76766 .71315 .48531 .37940 .32214 .26241 .24218 .22511
.50 .84205 .77448 .72030 .51046 .38579 .32927 .26712 .24654 .22919
.51 .84713 .77914 .72741 .53562 .39217 .33639 .27182 .25091 .23327
.52 .85221 .78379 .73451 .56077 .39856 .34352 .27652 .25527 .23735
.53 .85729 .78845 .74162 .58592 .40494 .35065 .28122 .25963 .24142
.54 .86236 .79310 .74771 .61108 .41133 .35777 .28592 .26400 .24550
.55 .86744 .79776 .75287 .63623 .41771 .36490 .29063 .26836 .24958
.56 .87252 .80242 .75803 .66139 .42410 .37203 .29834 .27272 .25366
.57 .87760 .80707 .76319 .68654 .43048 .37915 .30606 .27708 .25774
.58 .88267 .81173 .76835 .71032 .43687 .38628 .31378 .28145 .26182
.59 .88775 .81638 .77350 .71530 .44325 .39341 .32150 .28581 .26589
.60 .89283 .82104 .77866 .72028 .44964 .40053 .32922 .29017 .26997
.61 .89790 .82569 .78382 .72526 .45602 .40766 .33694 .29454 .27405
.62 .90298 .83035 .78898 .73024 .46120 .41478 .34466 .29890 .27813
.63 .90806 .83501 .79414 .73522 .46610 .42191 .35238 .30326 .28221
.64 .91314 .83966 .79930 .74020 .47100 .42904 .36009 .30763 .28628
.65 .91821 .84432 .80445 .74518 .50382 .43616 .36781 .31199 .29036
.66 .92329 .84897 .80961 .75016 .53665 .44261 .37640 .31635 .29444
.67 .92837 .85363 .81477 .75514 .56948 .44850 .38499 .32072 .29852
.68 .93345 .85829 .81993 .76012 .60231 .45440 .39358 .32508 .30260
.69 .93852 .86294 .82509 .76510 .63514 .46029 .40217 .32944 .30668



Failure Deviation from the Qualification Temperature
Rate 0 25 50 75 100 125 150 175 200

Cumulative Probabilities
.70 .94360 .86760 .83025 .77008 .66796 .46619 .41076 .33381 .31075
.71 *94868 .87225 .83541 .77724 .70079 .47208 .41841 .33817 .31483
.72 *95376 .87691 .84056 .76441 .73362 .47796 .42606 .34253 .31891
.73 *95883 .88156 .84572 .79157 .73877 .48388 .43371 .34690 .32299
*74 .96391 .88622 .85088 .79874 .74392 .48977 .44137 .35330 .32707
.75 $96899 .89088 .85604 .80590 .74907 .49567 .44902 .35907 .33115
.76 .97269 .89553 .86120 .81306 .75422 .50156 .45667 .36484 .33522
.77 .97639 .90019 .86636 .82023 .75937 .50746 .46432 .37060 .33930
.78 .98010 .90484 .87151 .82739 .76452 .51335 .47197 .37942 .34338
.79 .98380 .90950 .87667 .83456 .76967 .51925 .47963 .39127 .34718
.80 .98750 .91416 .88183 .84172 .77482 .52514 .48728 .40313 .35097
.81 .98813 .91881 .88699 .84888 .77997 .53104 .49493 .41499 .35476
.82 .98875 .92347 .89215 .85605 .78512 .53694 .50258 .42685 .36254
*83 *98937 .92812 .89731 .86321 .79027 .59893 .51023 .43871 .37031
.84 .99000 .93278 .90247 .87038 .79542 .66092 .51788 .45057 .37809

ON .85 .99063 .93744 .90762 .87754 .80057 .72292 .52554 .46243 .38587
.86 .99125 .94209 .91278 .88470 .80572 .78491 .53319 .47429 .39364
.87 .99187 .94675 .91794 .89187 .81087 .79154 .54084 .48615 .40142
.88 .99250 .95140 .92310 .89903 .81602 .79818 .54849 .49800 .40919
.89 .99313 .95606 .92826 .90620 .82117 .80482 .55614 .50986 .41697
.90 .99375 .96071 .93342 .91336 .82632 .81145 .56379 .52172 .42474
.91 .99438 .96339 .93857 .92052 .84218 .81809 .57145 .53358 .43252
.92 .99500 .96607 .94373 .92769 .85805 .82472 .57910 .54544 .44030
.93 .99563 .96875 .94889 .93485 .87392 .83851 .58675 .55730 .44807
.94 .99625 .97143 .95405 .94202 .88979 .85943 .59440 .56916 .45585
.95 .99688 .97411 .95921 .94918 .90566 .88036 .60205 .58102 .46362
.96 .99750 .97679 .96437 .95634 .92153 .90129 .63114 .59288 .47140
.97 .99613 .97946 .96952 .96351 .93739 .92222 .66023 .60474 .47917
.98 .99875 .98214 .97468 .97067 .95326 .94314 .68932 .63803 .48695
.99 .99938 .98482 .97984 .97784 .96913 .96407 .71841 .69277 .49472



Spurious Operation - 10 Hour Mission Time

Nominal Qualification Temperature 200 Degrees Fahrenheit
Nominal Failure Rate 1.0 E-7

Failure Deviation from the Qualification Temperature
Rate 0 25 50 75 100 125 150 175 200

Cumulative Probabilities
.01 .00969 .00637 .00456 .00351 .00311 .00282 .00259 .00244 .00230
.02 .01938 .01274 .00911 .00702 .00621 .00564 .00519 .00487 .00460
.03 .02906 .01911 .01367 .01053 .00932 .00846 .00778 .00731 .00690
.04 .03875 .02634 .01823 .01404 .01242 .01129 .01037 .00974 .00920
.05 .04844 .03358 .02278 .01755 .01553 .01411 .01297 .01218 .01150
.06 .05864 .04082 .02813 .02105 .01863 .01693 .01556 .01461 .01381
.07 .06924 .04806 .03348 .02456 .02174 .01975 .01815 .01705 .01611
.08 .07964 .05563 .03882 .02807 .02484 .02257 .02075 .01949 .01841
.09 .10254 .06320 .04417 .03158 .02795 .02539 .02334 .02192 .02071
.10 .12545 .07078 .04951 .03509 .03105 .02821 .02593 .02436 .02301
.11 .14835 .08835 .05548 .03860 .03416 .03104 .02853 .02679 .02531
.12 .17125 .10593 .06146 .04211 .03726 .03386 .03112 .02923 .02761
.13 .19540 .12350 .06743 .04562 .04037 .03668 .03371 .03166 .02991
.14 .21955 .14207 .07340 .04998 .04347 .03950 .03630 .03410 .03221
.15 .24371 .15865 .07937 .05434 .04658 .04232 .03890 .03654 .03451
.16 .26786 .17722 .08545 .05871 .04968 .04514 .04149 .03897 .03682
.17 .29201 .19580 .09244 .06324 .05377 .04796 .04408 .04141 .03912
.18 .31616 .21437 .09942 .06863 .05803 .05078 .04668 .04384 .04142
.19 .34031 .23294 .10641 .07401 .06314 .05373 .04927 .04628 .04372
.20 .36446 .25152 .11339 .07940 .06825 .05863 .05186 .04871 .04602
.21 .38862 .27009 .12038 .08479 .07337 .06354 .05550 .05115 .04832
.22 .41277 .28867 .12736 .09017 .07848 .06845 .05913 .05462 .05062
.23 .43692 .30724 .13434 .09556 .08360 .07335 .06385 .05810 .05395
.24 .46107 .32581 .14133 .10094 .08871 .07826 .06858 .06157 .05728
.25 .47138 .34439 .14831 .10633 .09382 .08316 .07330 .06504 .06061
.26 .48170 .36296 .15530 .11172 .09894 .08807 .07802 .06962 .06394
.27 .49201 .38154 .16228 .11710 .10405 .09298 .08274 .07420 .06728
.28 .50232 .40011 .16927 .12249 .10917 .09788 .08746 .07878 .07061
.29 .51263 .41868 .18987 .12787 .11428 .10279 .09218 .08336 .07505
.30 .52295 .43726 .21047 .13326 .11939 .10769 .09690 .08794 .07950
.31 .53326 .44476 .23107 .13865 .12451 .11260 .10162 .09252 .08395



Failure Deviation from the Qualification Temperature
Rate 0 25 50 75 100 125 150 175 200

Cumulative Probabilities
.32 .54357 .45226 .25167 .14403 .12962 .11751 .10634 .09710 .08839
.33 .55498 .45977 .27227 .14942 .13473 .12241 .11107 .10168 .09284
.34 .56638 .46727 .29287 .15480 .13985 .12732 .11579 .10626 .09729
.35 .57779 .47477 .31347 .16019 .14496 .13222 .12051 .11084 .10173
.36 .58920 .48227 .33407 .16558 .15008 .13713 .12523 .11542 .10618
.37 .60060 .48978 .35467 .17096 .15519 .14204 .12995 .12000 .11063
.38 .61201 .49728 .37527 .17635 .16030 .14694 .13467 .12458 .11507
.39 .62341 .50478 .39587 .18174 .16542 .15185 .13939 .12916 .11952
.40 .63482 .51228 .41647 .18712 .17053 .15675 .14411 .13374 .12397
.41 .64583 .52066 .43707 .19251 .17564 .16166 .14883 .13832 .12842
.42 .65683 .52904 .45785 .19789 .18076 .16656 .15355 .14290 .13286
.43 .66783 .53742 .47944 .20328 .18587 .17147 .15828 .14748 .13731
.44 .67884 .54579 .50103 .20896 .19099 .17638 .16300 .15206 .14176
.45 .68984 .55417 .50878 .21545 .19610 .18128 .16772 .15663 .14620
.46 .70085 .56255 .51653 .22194 .20154 .18619 .17244 .16121 .15065
.47 .71185 .57093 .52428 .24691 .20788 .19109 .17716 .16579 .15510
.48 .72286 .57931 .53203 .27188 .21421 .19624 .18188 .17037 .15954
.49 .72956 .58768 .53978 .29685 .22055 .20249 .18660 .17495 .16399
.50 .73627 .59606 .54753 .32182 .22688 .20873 .19132 .17953 .16844
.51 .74456 .60444 .55529 .34679 .23322 .21498 .19750 .18411 .17288

00 .52 .75285 .61282 .56304 .37176 .23955 .22122 .20368 .18869 .17733
.53 .76114 .62119 .57079 .39799 .24589 .22747 .20986 .19482 .18178
.54 .76944 .62957 .57854 .42549 .25222 .23371 .21604 .20096 .18623
.55 .77773 .63795 .58629 .45299 .25856 .23996 .22222 .20709 .19231
.56 .78602 .64633 .59404 .48049 .26489 .24620 .22840 .21322 .19840
.57 .79431 .65470 .60179 .50799 .27123 .25245 .23458 .21935 .20449
.58 .80260 .66308 .60954 .53550 .27756 .25869 .24076 .22549 .21057
.59 .81089 .67146 .61729 .54454 .28390 .26493 .24694 .23162 .21666
.60 .81918 .67984 .62505 .55359 .29023 .27118 .25312 .23775 .22275
.61 .82747 .68547 .63280 .56264 .29657 .27742 .25930 .24388 .22884
.62 .83576 .69110 .64014 .57169 .30290 .28367 .26548 .25001 .23493
.63 .84405 .69673 .64451 .58074 .30924 .28991 .27166 .25615 .24101
.64 .85235 .70236 .64888 .58917 .31557 .29616 .27784 .26228 .24710
.65 .86064 .70799 .65325 .59490 .34984 .30240 .28401 .26841 .25319
.66 .86893 .71362 .65762 .60063 .38349 .30865 .29019 .27454 .25928
.67 .87722 .71925 .66199 .60636 .41450 .31489 .29637 .28067 .26536
.68 .88551 .72488 .66637 .61208 .44550 .32073 .30255 .28681 .27145
.69 .89380 .73051 .67074 .61781 .47651 .32378 .30873 .29294 .27754



Failure Deviation from the Qualification Temperature
Rate 0 25 50 75 100 125 150 175 200

Cumulative Probabilities
.70 .90209 .73614 .67511 .62354 .50751 .32683 .31491 .29907 .28363
.71 .91038 674177 .68135 .62927 .53852 .32988 .31797 .30520 .28971
.72 .91867 .74740 .68760 .63499 .56952 .33293 .32102 .31134 .29580
.73 .92696 .75303 .69385 .64072 .57285 .33598 .32408 .31443 .30189
.74 .93525 .75866 .70009 .64645 .57618 .33903 .32713 .31753 .30798
.75 .94355 .76429 .70634 .65218 .57950 .34208 .33018 .32063 .31113
.76 .95184 .77638 .71259 .66059 .58283 .34513 633324 .32372 .31428
.77 .96013 .78848 .71883 .66900 .58615 .34818 .33629 .32682 .31744
.78 .96842 .80057 .72508 .67742 .58948 .35123 .33935 .32991 .32059
.79 .97671 .81267 o73133 .68583 .59281 .35428 .34240 .33301 .32375
.80 .98500 .82476 .73757 .69424 .59613 .35733 .34546 .33611 .32690
.81 .98575 .83686 .74382 .70265 .60333 .36038 .34851 .33920 .33006
.82 .98650 .84895 .75007 .71107 .61052 .36342 .35156 .34230 .33321
.83 .98725 .86105 .75631 .71948 .61771 .42257 .35462 .34540 .33637

1�0 .84 .98800 .87314 .76256 .72789 .62491 .48172 .35767 .34849 .33952
.85 .98875 .88524 .76880 .73631 .63210 .54087 .36073 .35159 .34268
.86 .98950 .89733 .77505 .74472 .63929 .60581 .36378 .35469 .34583
.87 .99025 .90943 .78130 .75313 .64649 .61539 .36684 .35778 .34899
.88 .99100 .92152 .78754 .76154 .65368 .62498 .36989 .36088 .35214
.69 .99175 .93362 .79379 .76996 .66087 .63456 .37295 .36398 .35530
.90 .99250 .94571 .80004 .77837 .66807 .64415 .37600 .36707 .35845
.91 699325 .94989 .80628 .78678 .67526 .65373 .38865 .37017 .36161
.92 .99400 .95407 .81253 .79520 .68245 .66332 .40130 .37326 .36476
.93 .99475 .95825 .81878 .80361 .68965 .67290 .41395 .37636 .36792
.94 .99550 .96243 .82502 .81202 .69684 .68249 .42660 .37946 .37107
.95 .99625 .96661 .83127 .82044 .70403 .69207 .43925 .38255 .37423
.96 .99700 .97079 .83751 .82885 .71123 .70166 .45190 .40654 .37738
.97 .99775 .97496 .84376 .83726 .71842 .71124 .46455 .43053 .38054
.98 .99850 .97914 .85001 .84567 .72561 .72083 .47720 .45452 .38369
.99 699925 .98332 .85625 .85409 .73281 .73041 .48985 .47851 .38685



Terminal Short - am Hour Mission Time

Deviation from ualification Taqwrature

Fe i t Lire -150 -125 -100 .71S .50 .25 0 2S so

late Cumulative Probabilities

0.00 0.00000 0.00000 0.00000 0.0000o 0.00000 0.00000 O.DDOOO 0.00000 0.00000

0.01 0.25734 0.26777 O.IM9 0.08165 0.04996 0 2721 0.02160 0.01129 C-OOS85

0.02 0.32301 0.30184 0.21422 0.15633 0.09296 0.04796 0.0 0.02204 0.01169

0.03 0.357159 0.11 0.25785 0. I7U1 0.13596 0.06574 O.OS211 0.03142 0.01754

0.04 0.39196 0.35191 0.30148 0.19aSS 0.17W 0.011"O 0.06736 0.04081 0.0233a

0.05 0.41094 0.37695 0.34Sil 0.21829 0.19400 GA1026 0.06262 0.05020 0.02923

0.06 0.423713 0.40198 0.36377 0.23803 0.20904 0.13102 0.09787 0.05959 0.03659

0.07 0.436S6 0.4i289 0.38242 0.2S777 0.22407 0. 15 1 79 0.11313 0.06897 0.04396

0.08 O."937 0.42271 0.39940 0.27?5i 0.23911 0.17ZS5 0 1208 0.07U6 O.OS132

0.09 0.4W% 0.43252 0.40629 0.29725 0.2541S 0.19331 0.14363 0.08775 0.05869

0.10 0.512SO O."234 0.41319 0.31356 0.26919 0.21407 0.15W 0.09714 0.06605

0.11 0.54406 0.46715 0.42008 0.32372 0.28422 0.23484 0.17414 0.10652 0.07341

0.12 0.57562 0.49197 0.42697 0.33387 0.29464 0.25S60 0.18940 O.IIS91 0.08078

0.13 0.60719 O.SI679 0.433V 0.3"03 0.30159 0.26842 0.20465 OA2530 C.OW14

0.14 0.63875 0.54160 0.444401 0.35419 0.30854 0.27575 0.21990 0.13469 0.09551

0.15 0.67031 0.56636 0.45600 0.3"3.4 0.31550 0.28158 0.23516 0.1"07 0.10287

0.16 0.70187 O.S9099 0.46752 0.3700 0.32245 0.28741 0.2"2S 0.15346 0.11023

0.17 0.72614 0.61562 0.47904 0.3846S 0.32940 0.29324 0.2533S 0.1628S 0.11760

0.18 0.75041 0.64026 0.49056 0.39732 0.33635 0.29906 0.262" 0. i n23 0.12496

0.19 0. 77"S C."489 0.50208 0.41i74 0.34330 0.30489 0.27153 0.18162 0.13233

0.20 0.79895 0.68952 0.51360 0.42617 0.35025 0.31072 0.28W 0.19101 0.13969

0.21 OA2322 0.70832 0.52511 O."059 0.3572i 0.31655 0.28560 0.20040 0.14705

0.22 0.84384 0.72712 0.53663 0.45501 0.36416 0.32238 0.29058 0.20978 0.15442

0.23 0.86171 0.74592 0.54815 0.469" 0.37121 0.32921 0.29556 0.21917 0.16178

0.24 0.57957 0.7"72 0.55967 OAM 0.38211 0.33404 0.30054 0.22856 0.16915

0.25 DAWN 0.7a352 0.57079 0.49628 0.39300 0.33987 0.30552 0. 23795 0.17651

0.26 0.86763 0.80231 0.57770 0.51271 0.40390 o.345n 0.31050 0.24394 0. 1 Ow

0.27 0.89166 0.92111 0. SUW 0.52713 0.41450 0.35153 0.31548 0.24994 0.19124

0.28 0.~ 0.83991 O.S9151 0.53917 0.42569 0.35736 0.320" 0.25593 0.19860

0.29 0.8"72 0.85871 0.61203 0.54WI 0.43659 0.36319 0 325" 0.26193 0.20597

0.30 0.90374 0.87751 0.63255 0.55845 O."749 0.36901 0.33042 0.26793 0.21333

0.31 0.90M 4.88M 0.65307 O.S68`10 0.45M OATM 0.33540 0.27392 0.22070

0.32 0.91i&O OAM5 0.67359 0.57430 0.46928 0.38M 0.34=1 0.27992 0.7

0.33 0.91583 O.WM 0.69411 O.W036 0.48017 0.39634 0.34535 0.28592 0.23542

0.34 0.9i966 0.89ZZO 0.71463 O.SW3 0.49107 0.40584 0.35M 0.29191 0.24045

0.35 0. 9M O.&V14 0.73515 O.S9249 O.SO197 0.41533 MUM 0.29791 0.2047

0.36 0.92791 O.M75 0.75S67 CM% 0.51206 OA21AR'S 0.36029 0.30M O.2SO5O

0.37 O."194 0.90203 O."619 0.60462 0.52376 0.43432 0.36S27 0.30724 0.25552

0.38 0.93W 0.9OS30 0.79671 0.61069 O.S3465 O.Wal 0.37M 0.31191 0.26055

0.39 O.WAM 0.90M 0.81723 0.6167S O.S"65 0.0331 0.37S23 0.316S8 0.26557

0.40 O.WA03 0.9118S 0.83534 O.QM O.SS2U O."280 0.38021 0.3212S 0.27060

0.41 0.9653S 0.91SI2 0.85248 0.62BU O.S6111 0.47M 0.38862 0.32S91 0.27S63

0.42 0.9"67 0.91840 OA6963 0.63495 0.56934 0.48179 0.39704 0.33ON 0.28065

0.43 0.947" 0.92i67 O.W678 C."101 O.S7757 0.49129 0.40S" 0.33S25 0.205"

C." 0.94930 0.92495 0.90392 O."709 G.S8579 C.SW78 0.4113117 0.33992 0.29070

C-100



Terminal Short - One Nur Mission Time

Deviation from Latificatiom Temperature

Faiiur* -150 -125 -100 .75 -50 .25 0 25 so

Rate CLmaitative Probabilities

0.45 0.95W 0.92822 0.90723 0.653116 0.59402 0.51027 0.42229 O.VA58 0.29573

O." 0.95194 0.93150 0.91054 0.65921 0.60225 0.51977 0.43071 0.34925 0.30075

0.47 0.95326 0.93477 0.91384 0.68375 0.61048 0.52926 0.43913 0.357W 0.30578

0.48 0.95458 0.93W5 0.91715 0.70629 0.087i 0.53876 O."754 0.36491 0.31080

0.49 0.95590 0.91,132 0.92046 0.73074 0.62693 0. 5"74 0.45596 0.37274 0.31583

O.SO 0.95722 0.9"60 0.92377 0.75260 0.635% 0. 55"3 0.46438 0.3W57 0.32085

0.51 0.958% 0.94571 0.92707 0. 77"7 O."078 0.56211 0.47279 0.3W4O 0.32583

O.S2 0.95966 0.94681 0.93038 0.79634 0.64639 0.569W 0.48i2l 0.39623 0.330W

0.53 0.96118 0.94792 0.93369 0.81921 0.65201 O.S7749 0.48962 0.40406 0.33870

0.54 0.96250 0.94903 0. 936" 0.84005 0.65762 0.58517 OAM 0.41189 0. 3"W

0.55 0.96382 0.95014 0.94030 0.86194 0.66324 0.59286 O.SO646 0.41972 0.35450

0.56 0.96514 0.95125 0.91#280 O.UMI O."U5 0.60054 0. 1W 0.42755 0.36240

0.57 0.9"" 0.9523S 0.9"10 0.90568 0.67"7 0.60823 0.52329 0.43538 0.37030

0.58 0.96775 0.953" 0.94540 0.92755 0.67322 0.61592 0.53171 0. "320 0.37920

O.S9 0.96910 0.%457 0.94670 0.93096 0.68167 0.62360 0.54012 0.45103 0.38610

0.60 0.97042 0.95S68 0.94500 0.93438 0.68512 0.63129 O.S4854 0.45am 0.39400

0.61 0.971716 0.95679 0.94930 0.93780 0.6W56 0.63898 0.55608 0.46669 0.40190

0.62 0.97306 0.95789 0.95060 0.940M 0.69201 0.64666 0.56362 0.47452 0.40980

0.63 0.97439 0.95900 0.95190 0.942" 0.69545 0.6543S MM? 0.49235 0.41770

O." 0.97570 0.96011 0.95320 0.94399 0.6"90 0.66204 0.57871 0.49018 0.42560

0.6S 0.97702 0.96122 0.95450 0.94555 0.73027 0.66972 C.S8625 0.49801 0.43350

0.66 0.9M4 0.96233 0.95580 0.947iO 0.7065 0.67517 0.59379 C.S0584 O."140

0.67 0.97966 0.96343 0.95710 0.94W OJ9302 0.67M 0.60133 0.51367 O."930

0.68 0.98M 0.9"54 0.95840 0.95022 0.32"O 0.69267 0.60W7 0.52150 0.45720

0.69 0.96M 0.96565 0.95970 0.9SI77 0.85534 CAUM 0.6i"2 O.S2900 0.46510

0.70 0.9&W 0.96676 0.96100 0.95333 O.W501 0.69W4 0.62396 0.53650 0.47300

0. 71 0.96494 0.96787 0.96230 0.954W 0.91"7 0.69373 0.63150 0.54399 0.48M

0.72 0.9S6U 0.96897 0.96360 0.956" 0. 9"34 0.69742 0.63904 0.55149 0.48W

0.73 0.967SB 0.97W8 0.9"90 0.95799 0.9"33 0.70110 0.6"58 0.55899 0.49670

0. 76 0. MOO 0.97119 0.96620 O."955 0.94W1 0. n479 0.65412 O.%"9 0.50460

0.75 O."022 0.97230 0.967SO 0.96111 0.95030 0. 7OUS 0.66167 0.57399 0.51250

0.76 0.9"S4 0.97341 0.96M 0.96266 0.95229 0.712% 0.66783 0.58148 0.52040

0.77 O."286 0.9701 0.9?010 0.9"22 O.W2B 0.71501 0.67400 0.58M C.S28"

0. 78 0.99418 0.97562 0.97140 0.96577 O."Q7 0.71719 0.68017 0.59648 0.53652

0.79 O."550 0.97673 0.97270 0.96733 0.95M 0.71938 0.68W 0.60396 O.S"S&

0.00 0.9%U OMM 0.97400 0.%W 0.96024 0.72IS6 OAMO 0.61149 0. SU"

0.31 0.9%" 0.9 0.97530 0.97WA 0.%M O.M?5 0.69675 0.6iM O.S6069

0.82 O."714 0. 0.97660 0.97200 0.%422 0.7ZM 0.70100 0.62"7 O.S"75

0.83 OMM 0.98116 0.97M 0.973S5 0.9"21 0.7"21 0.70525 0.63397 O.S7651

0.64 O."AS 0.96227 0.97920 0.97511 O.9UI9 O."249 0.70950 O."147 O.SB"7

0.85 0.9"61 C.NM O."M 0.97666 0.97018 0.9W78 0.71375 0.64397 0.59M

0.86 O."m 0.98"V 0.96180 0.97522 0.97217 0.95M 0.71700 0.65"7 0.60M

O.W 0.99M 0.90W C.MIO 0.97M 0.971,16 0.96196 0.72025 O."396 0.60904

0.86 0.90UP 0.98670 0.98"O 0.96133 0.9?61S 0.9"91 0.72350 0.671" 0.61710

4.99 0.99M 0.9679i 0.90570 0.96M 0.9M3 0.96M 0.72675 0.678% O.6nl6

C-101



Terminal Short - Oe Hour Mission Tim

Deviation from Qualification Tesperatum

Failure -150 -125 -100 -75 -50 .25 0 25 so

Rate Cmulative Probabilities

0.90 0.99641 0.96W2 0.96700 0.984" 0.98012 0.97076 0.73DOO 0.68646 0.63322

0.91 0.99857 0.99003 0.9U30 0.90W 0.96211 0.97368 0.73325 0.69198 0.64128

0.92 0.99873 O."l 14 0.98W 0.98755 0.96410 0.97660 0. 7U50 0.69750 0.64934

0.93 0.99U9 O."224 0.99M 0.98911 0.90608 0.97953 0.73975 0.70406 0.65740

0.94 0.99M 0.99335 0.99220 0.99067 0.96807 0.96245 0.71*300 0.71062 0.66545

0.95 0.99920 0.994" 0.99350 0.99222 0.99006 0.98538 0.74625 0.71719 0.67351

0.96 0.99936 0.99557 O."480 0.99378 0.99205 0.9U30 0.74950 0.72375 0.68157

0.97 0.9"52 0. 0.99610 O."533 0.99404 0.99123 0.75275 0.73031 0.68963

0.98 0.999 0. "778 0.99740 0.9%89 0.99602 0.99415 0.75600 0. 714W 0.69769

0.99 O."984 0.9M9 0.99870 0.99844 0.99801 0.99708 0.75925 0.74344 0.70575

1.00 1.00000 i.00000 1.00000 1.00000 1.00000 1.00000 0.76250 0.75000 0.74750

C-102



Terminat Short - Ton Hour Mission Tim

Deviation free Oustification Temperature

Failure -150 -125 -100 -75 -50 -25 0 25 so

note Cumitative Probabilities

0.00 O.ODDDO 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

0.01 0.26280 0.20240 0.13306 0.03943 0.02511 0.00891 0.00606 0.00356 0.00260

0.02 0.27M 0.26991 0.17175 0.07638 0.04M O.Oi752 0.01212 0.00712 0.00519

0.03 0.29794 0.28293 0.21M 0.11332 0.07032 0.02612 0.01819 0.01068 0.00779

0.04 0.31604 0.29600 0.25100 0.15113 0.09311 0.03472 0.02425 0.01511 0.01038

0.05 0.33393 0.30906 0.29105 0. 16377 0.11666 0.04381 0.03031 0.01953 0.01298

0.06 0.35143 0.32213 0.30050 0.17641 0.14021 0.05322 0.037D9 0.02396 0.01637

0.07 0.36893 0.33519 0.30M 0.18905 0.16375 0.06263 0.04387 0.02839 0.01975

0.08 0. 38"3 0.34926 0.31941 0.20165 0.17265 0.0720S 0.0506.4 0.03315 0.02314

0.09 0.42268 0.36133 0.328M 0.21432 0.18154 0.08146 0.05742 0.03792 0.02652

0.10 0.45893 0.37439 0.33831 0.22696 0.190" 0.09087 0.06420 0.04268 0.02991

0.11 0.49518 0.40246 0.34776 0.23960 0.19933 0.10029 0.07097 0.04744 0.03392

0.12 0.53062 0.43053 0.35721 0.25224 0.20823 0.10970 0.07775 0.05221 0.03793

0.13 0.56547 0.45859 0.36666 0.2"W 0.217i2 0.11911 0.06453 0.05697 0.04194

0.14 0.60031 DAAW 0.37M 0.27751 0.22602 0.12852 O.D9130 0.06174 0.04595

0.15 0.63515 0.51473 0.39391 0.29015 0.23491 0.13794 0.09808 0.06650 0.04996

0.16 0.66999 0.54279 0.40798 0.30279 0.24381 0.14735 OAD446 0.07127 0.05397

0.17 0.69755 0.57006 0.42206 0.31543 0.25270 0.15676 0.11163 0.07603 0.05798

0.18 0.72510 0.59713 0.43613 0.33058 0.26160 0.16618 0.11841 0.08079 O.D6199

0.19 0.75265 0.62420 0.45021 0.34749 0.27050 0.17559 0.12519 0.08556 O.D6600

0.20 0.78020 0.65128 0.4"29 0.36439 0.27939 0.18500 0.13196 0.09032 0.07002

0.21 0.507n 0.67252 0.47532 0.38130 0.28M 0.19"2 0.13874 O.D9509 0.07403

0.22 0.83531 0.69370 0.49163 0.39820 0.297ig 0.20383 0.14552 0. O"85 0. 078"

0.23 0.86148 0.71481 0.50494 0.41511 0.30618 0.21324 0.15229 0.10462 0.09205

0.24 0.87935 0.73593 0.51525 0.43202 0.31902 0.22266 0.15907 0.10938 0.08606

0.25 O.W338 0.75704 0.53116 0.44892 0.33186 0.23207 0.16585 0.114i4 0.09007

0.26 O.W741 O.M16 0.53966 O."565 0.31A70 0.24148 0.17262 0.11891 0.09408

0.27 0.891" 0.79928 0.54855 0.48193 0.35M 0.25090 0.17940 0.12367 0.09M

0.28 O.W57 0.32039 0.55724 0.495W 0.370M 0.26031 0.15618 0 128" 0.10210

0.29 O.BMI 0.84151 G.SMS O.SO673 0.38322 0.26921 0.19296 0.13320 0.10611

0.30 0.90354 0.86262 0.60136 0.51M 0.39606 0.27761 0.19973 0.13796 O.IiDI2

0.31 0.90757 0.87266 0.62417 O.S2893 0.40862 0.28851 0.206SI 0.14273 0.11413

0.32 0.91160 O.U271 0.6"W 0.53659 OAM 0.3M? 0.213n 0.14749 OA1814

0.33 0.91563 OAMT 0.6"79 0.5"11 0.43325 0.31263 0.22006 0.15226 0.12215

0.34 0.919" O-WiSS 0.69110 0-55M O."556 0.32469 0.22684 0.15702 0.12616

0.35 0.9ZI69 O.W513 0.71341 0.55916 0.457B7 0.33675 0.23362 0.16179 0.13017

9.36 0.92M O.W"I 0.73572 0.56"S 0.47018 0.34846 0.24039 0. 1"55 0.13419

0.37 G."175 0.90169 0.75M O.S7420 OAAMO 0.36007 0.24717 0.17131 0.13920

8.38 0.9357B 0.90497 0.75OU 0.58173 0.49"I 0.37167 0.25395 0.17608 0.14221

0.39 C."M 0.90825 0.80W C.S9925 030622 0.38327 0.26072 CABDU 0.14622

6.40 0.94385 0.91153 0.82496 0.5%77 0.51567 0.39"7 0.26750 0.18561 0.15023

0.41 0.94517 0.91481 0.84727 0.60430 0.52551 0.40648 0.2MI 0.19037 O.IS424

0.42 0.94"9 0.91809 0.06W 0.61162 0.53516 0.41M CUM 0.1"14 O.ISA25

0.43 0.94M 0.92137 0.88625 0.61935 0.%W 0.42%8 0.2%94 0.19M 0.16226

D." 0.94914 0.92465 0.90340 O.6M? 0.554" O."129 0.30675 0.20466 OA6627

C-103



Terminst Short - Ton Hour Mission Time

Deviation from elification Temperature

Faiture -150 -125 -IDO .75 -50 .25 0 25 so

Rate Cumilative Probsbitfti*s

0.45 0.95046 0.92793 0.90672 D.&U39 0.%409 0.45289 0.31656 0.20943 0.17028

0.46 0.95175 0.93121 0.91004 0. " 192 O.S7373 0.46449 0.32638 O.ZU19 0.17429

0.47 0.95311 0.93"9 0.91335 O."792 0.59338 0.47610 0.33619 0.22212 0.17830

0.48 0.95"3 0.93777' 0.9i"7 0.69392 0. 5"02 0.48770 0. 3"W 0.23ODS 0.19231

0.49 0.955?5 0.94105 0.91996 0.71992 0.60267 0.49779 0.35581 0.23797 0.18632

0.50 0.957W 0.94433 0.92330 0.74592 0.61231 0.50759 0.36S62 0.245" 0.19033

0.51 0.95"O 0.945" 0.92662 0.77192 0.61916 0.517M 0.37M 0.25382 0.19434

G.S2 0.95972 0.94656 0. OJ9557 0.62600 O.S2718 0.3M42 0.26175 0. 19W

0.53 0.96104 0.%767 0.93325 0.81746 0.63285 0.53697 0.39981 0.26968 0.20529

0.54 0.96237 0.94878 0.93657 0.83934 0.63969 O.S4677 0.41121 0.27760 0.21223

O.SS 0.96369 0.94990 0.93908 0.86123 0.64654 0.55657 0.42260 0.28553 0.21916

O.S6 0.96501 0.95101 0.94239 0. U31 0.65338 0.56636 0.43400 0.29346 0.22610

0.57 0.96633 0.95212 0.94370 0.90499 0.66023 0.57616 0. "540 0.30138 0.23303

o.ss a.96?" 9. "324 o.94soi o.926aa o.6fin7 o.sem 0.45679 0.30931 0. 23"7

0.59 0.%M 0.95435 0.94632 0.93031 0.67392 0.59575 0.46519 0.31M 0.24690

0.60 0.97030 C."546 0.94763 0.93374 0.65077 0.60554 0.47958 0.32516 0.25384

0.61 0.97163 0.95658 0.948% 0.93717 0.68745 0.61534 0.49010 0.33373 0.26077

0.62 0.97M 0.95769 0.95025 0.94027 0.69093 0.62513 030063 0.34239 0.26771

0.63 0.97427 0.95W 0.95156 0.94185 0.69"O 0.63493 0.51115 0.35101 0.27464

0.64 0.97559 0.95992 0.95287 0.94342 0.69787 0.64473 0.52167 0.35963 0.28158

0.65 0.97692 0.96103 0.9S418 0. 9"99 0.72928 0.65452 C.S3219 0.36524 0.28851

O." 0.97524 0.96214 0.95549 0. 9"56 0. 760" O."103 0.54271 0.37656 0.29545

0.67 0.97956 0.96326 0.95679 0.94813 0.79209 O."754 O.S5323 0.38547 0.30238

0.68 0.98M 0.9"37 0.95giO 0.94970 O.W.349 0.67405 O.S6375 0.39409 0.30932

0.69 0.9=1 0.965" C."941 0.95128 0.85446 0.68M 0.57427 0. OM 0.31626

0.70 0.96353 0.96660 0.96072 O."295 0.88415 0.68707 0.5"79 0.410" 0.32319

0.71 0. 9U85 0.96771 0.9620 0.95"2 0.91385 0.692% 03"M 0.4i3% 0.33200

0. 72 0.9808 0.96892 0.96334 0.95599 0.94354 0. 6"88 0.605W 0.42M 0.3408i

0.73 0.997SO 0.96994 0.%465 O."756 0.94556 0.69962 0.61635 0.43551 0.34962

0.74 0.9WU 0.97iO5 0.96596 0.95914 0.94757 0.70336 0.62"7 O."380 0.35"3

0.75 0.99014 0.97216 0.96727 0. 9"71 0.94959 0.70710 0.63740 0.45208 0.36724

0.76 O.W47 0.97M 0.96M 0.96228 0.95W 0.71084 O."792 0.46683 0.37M

0.77 0.99279 0.9?439 0.96989 0.96385 0.95362 0.71375 0.6SS" 0.481SO 0.38SO2

OJS 0.99411 0.97SSO MMO 0.96542 0.955" 0.71599 0.66M 0.4%M 0.39399

0.79 0.99S" 0.97662 0.9MI 0.066 0.95766 0.71322 0.67948 0.51108 0.40296

0.00 0.99676 0.97773 0.97MI 0.96857 0.95967 0.720" 0.69000 0.52SU 0.41193

OM 6.99692 0.97U4 0.97SI2 omou o.96i6g o.mn o.6943a c.s4oss o.42m
0.42 0.9WM 0.97996 O.V7643 0.9717i 0.9637i 0. n494 0.69675 0.55533 OAMT

0.83 0.99 0.90107 0.97"4 0.9nn 0.96572 OJM OM313 0.57000 DAM

0.04 O."Al 0.98219 0.9 0.9?485 0.96774 0.64161 0.70750 0.5"O O."750

9.05 0.9M? OMW 0.9=6 0.97"2 0.%M O.WM O.MBA O."VA 0.067?

0.86 O."M 0.98"I 0.90167 0.9?800 0.97M OASAN 0.71525 0.61433 0.46S74

0.67 R."I O."553 0.96M 0.9M7 0.97379 0.96127 O.rI863 0.62908 0.47471

O.U C"Oft 0.9"" 0.98429 0.90114 0.9758D 0.%425 0.72200 C."393 0.40"

0.99 8.998n 0.99775 0.90" 0.96271 0.97M 0.96723 0.72536 0.65M 0.49265
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Terminat Short - Ton Nur Mission Time

Deviation from Qualification Temperature

Failure -ISO -125 -100 .75 -50 -25 0 25 50

Rate Cumulative Probabitities

0.90 0.9908 0.96U7 0.98691 0.96428 0.97984 0.97021 0.72875 0.67333 0.50162

0.91 0.99854 0.98M 0.9W22 0. "585 0.98185 0.97318 0.73213 0.65017 0.51059

0.92 O.M70 0.991D9 0.98953 0.96743 0.9&U7 0.97616 0.73550 0.667W 0.51955

0.93 0.99W7 0. "221 0.9"" 0.96900 O."589 0.97914 0. 73W8 0.69488 0.52852

0.94 0.99M 0.99332 O.M14 0.99057 O."M 0.96212 0.74225 o.n275 0.53749

0.95 0.99919 0.99"3 0.99345 0.99214 0.98992 O."510 0.74562 0.71062 O.S4646

0.96 0.99935 0.99555 0.99476 0.99371 O."193 0.9UW 0.74900 0.71850 0.55543

0.97 0.9MI 0. 0.99607 0.99S26 O."395 0.99`106 0.75238 0.72638 0.56440

0.96 0.9MB 0.99777 O."738 0. 0.99597 0.99404 0.75575 0.73425 0.57337

0.99 0.99964 0.99B89 0.99869 0.9M3 C."798 0. "702 0.75912 0.74213 0.58234

1.00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 0.76250 0.75000 0.62500
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Terminal Short - ftested

Deviation from atification Tesperature

Failure -150 -125 -100 -75 -50 .25 0 25 50

Rate Cumulative Probabilities

0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 O.DOOOO

0.01 0. 254" 0.25356 0.25343 0.25337 0.25333 0.25330 0.25325 0.25326 0.25325

0.02 0.25W1 0.25617 0.25591 0.25579 0.25571 0.25565 0.25561 0.25558 0.25555

0.03 0.26155 0.25878 0.2509 0.25821 0.25809 0.25801 0.25794 0.25789 0.25785

0.04 0.26508 0.26139 0.26087 0.26063 0.26047 0.26036 0.26027 0.26021 0.26015

0.05 0.26561 0.26400 0.26335 0.26305 0.26256 0.26271 0.26260 0.26252 0.26245

0.06 0.27214 0. 0.26592 0.26547 0.26524 0.26507 0.26494 0.26483 0.26475

0.07 0.27567 0.26923 0.26830 0.26790 0.26762 0.26742 0.26727 0.26715 0.26705

0.08 0.27920 0.27i$4 0.27079 0.27032 D.270DO 0.26977 0.26960 0.26946 0.26935

O.D9 0.28274 0. 27"S 0.27326 0.27274 0.27238 0.27212 0.27193 0.27178 0.27166

0.10 0.28627 0.27706 0.27574 0.27516 0.27476 0.27448 0.27426 0.27409 0.27396

0.11 0.29225 0.27967 0.27922 0.27758 0.27714 0.27683 0.27659 0.27641 0.27626

0.12 0.29M 0.28228 0.28070 0.28000 0.27952 0.27918 0.27892 0.27872 0.27856

0.13 0. 30771 0.28489 0.28318 0.25242 0.28191 0.28153 0.28125 0.28103 0.28M

0.14 0.31545 0.28751 0.28566 0.28484 0.28429 0.2&M9 0.28359 0.28335 0.28316

0.15 0.32318 0.29012 0.28814 0.28726 0.28667 0.28624 0.28592 0.28566 0.28S46

0.16 0.33091 0.29273 0.29062 0.23W 0.28905 0.2W59 0.28925 0.28798 0.28776

0.17 0.338" 0.29534 0.29310 0.29210 0.29143 0.29D95 0. 2"58 0.29029 0.29006

0.18 0.34637 0.29795 0.29558 0.29452 0.29381 0.29330 0.29291 0.29261 0.29236

0.19 0.35411 0.30M 0.29W5 0.29695 0.29619 0.29565 0.29524 0.29492 0.29466

0.20 0.36154 0.30317 0.30053 0.29937 0.29857 0. 296W 0.29757 0.29723 0.2%96

0.21 0.36957 0.30578 0.3030i 0.30179 0.300% 0. 3W36 0.29990 0.29955 0.29926

0.22 0.37730 0.30939 0.30549 0.30421 0.30334 0.30271 0.30223 0.30186 0.30156

0.23 0.38503 0.31101 0.30797 0.30663 0.30572 0.30506 0.30457 0.30418 0.30386

0.24 0.39276 0.31362 0.31045 0.30905 0.30810 0.30741 0.30690 0.30649 0.306%

0.25 OAMO 0.31623 0.31293 0.31%7 0.31048 0.30977 0.30923 0.30WO 0.30847

0.26 0.40923 0.31NK 0.31541 0.31389 0.31286 O.M212 O.W56 0.31112 0.31077

0.27 0.41596 0.32145 0.31789 0.31631 0.31524 0.31"7 OX389 0.31343 0.31307

0.28 0.42369 0.32406 0.32037 0.31873 0.31763 0.31683 0.31622 0.31575 0.31537

0.29 0.43142 0.32712 0.32285 CUM 0.32001 0.31918 0.31855 0.31806 0.31767

0.30 0.43916 0.33126 0.32533 0.32357 0.32239 0.32153 0.320M 0.32038 0.31997

0.31 0. "609 0.33539 0.32750 0.32599 0.32477 0.323W 0.32321 0.32269 0.32227

0.32 0.45327 0.33953 0.3302B 0.32842 0.32715 0.32624 0.32555 0.32500 0.32457

0.33 0.45920 0.343" 0.33276 0.33054 0.32953 0.32859 0-327W 0.32732 0.32687

0.34 0.46513 0.34780 0.33524 0.33326 0.33191 0.33094 0.33021 0.32963 0.32917

0.35 0.47iO6 0.3SI94 0.33772 0.335" 0.33429 0.33329 0.33254 0.33195 0.33147

0.36 0.47M 0.3S607 0.34M 0.33810 0.33668 0.33565 0.33487 0.33426 0.33377

0.37 0.48M 0.36021 0.34U8 0.34M2 0.33906 0-33800 0.33720 0.336S8 0.33607

0.39 0.48M 0.3"34 0.34516 0.34294 0.341" 0.34035 0.33953 0.33W9 0.33837

0.39 0.49479 0.36"S 0.34764 0.34536 0.34392 0.34271 CUM 0.34120 0.34067

0.40 O.SW72 0.37261 0.35012 0.347?8 0.34620 0.34506 0.3"19 0.343S2 0.34297

0.41 O.SO666 0.37675 0.35260 0.35020 0.34858 0.34741 0.34653 0.345W 0.34528

0.42 0.51259 0.38M 0.35"O 0.35262 0.35096 0.34976 0.34M 0.34815 0.34758

0.43 0.51M 0.30M 0.36"9 0.355" 0.35334 0.35212 0.35119 0.35M 0.349W

O." 0. 52"S 0.38915 0.3"SB 0.35747 0.35573 0.35"7 0.3S352 0.35278 0.3S218
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Terminal Short - Unseated

Deviation from 4buslification Temperature

Faiture -150 -125 -100 .75 -50 .25 0 25 so

Rate Cuinulative Probabititles

0.45 C.S3038 0.39329 0.36%7 0.35989 0.35811 0.3%U 0.3S585 0.35509 0.3540

G." 0.53632 0.39742 0.3727S 0.36231 0.36049 0.35917 0.3MI8 0.35740 0.35673

0.47 0.54225 0.40156 0.37684 0.3"73 0.36287 0.36153 0.36051 0.35972 0.35906

0.48 0.5018 0.40569 0.38M 0.36715 0.36525 0.363M 0.36284 0.36203 0.36138

0.49 0.55W 0.40M 0.38502 0.36957 0.36763 0.36623 0.36517 0.36435 0.36368

0.50 O.M%2 0.41396 0.38911 0.37199 0.37W1 0.36859 0.36751 0.36666 0.36598

0.51 0. M004 0.41810 0.39319 0.37"S 0.37239 0.37094 0.36984 0.36597 0.36928

0.52 0.59066 0.42224 0.39728 0.3?392 0.37478 0.37329 0.37217 0.37129 0.37058

0.53 0.60128 0.42637 0.40137 0.38339 0.37716 0.375" 0.37450 0.37360 0.37288

0.54 0.61190 0.43051 0.405" 0.38756 0.37954 0.37800 0.37683 0.37592 0.37518

0.55 0.62251 0. 434" 0.40955 0.39233 0.38192 0.38035 0.37916 0.37923 0.37748

0.56 0.63313 0.43878 0.41363 0.39680 0.38430 0.39270 0.38149 0.38055 0.37978

0.57 0.64375 0. "291 0.41772 0.40128 0.38W 0.38505 0.383B 0.38236 0.382D9

0.58 0.65437 O."705 0.42131 0.40575 0.38906 0.38741 0.38615 0.38517 0.38439

0.59 0.66499 0.45118 0.42590 0.41022 0.391" 0.38976 0.3W49 0.38749 0.38669

0.60 0.67561 0.45532 0.42999 0.41"9 0.39383 0.39211 0.39092 0.38980 0.38899

0.61 O."623 0.46320 0.43783 0.42291 0.40053 0.39622 0.39690 0.39587 0.395D4

0.62 0.69685 0.47109 O."566 0.43113 0.4003 0.40432 0.40298 0.40193 0.40109

0.63 0.705& 0.47397 0.45350 O.463935 0.41812 0.41042 0.40906 0.40800 0.40714

0.64 0.71319 0.48W O."134 O."757 0.42691 0.41652 0.41514 0.41406 0.41319

0.65 0.72237 0.49474 0.46918 0.45579 0.43571 0.42263 0.42122 0.42M 0.41924

0.66 0.73154 O.SO263 0.47702 0.4"01 0.4"50 0.42873 0.42730 0.42619 0.42529

0.67 0. 746072 0.51052 0.4&85 0.47223 0.45330 0.43483 0.43338 0.43225 O.43134

0.68 0.74989 0.51840 0.49269 O."045 0.46209 0. "M 0.43947 0.43832 0.43739

0.69 0.75907 0.52629 0.50053 0.48M7 0.47089 O."704 O."555 0.4"38 O."344

0.70 0.76824 0.53417 O.SO837 0.49689 0.47965 0.45314 0.45163 0.450" O."949

0.71 0.7?742 O.S4206 0.51621 0.50511 0.43M 0.46074 0.0771 0.45651 0.45554

0.72 O.M59 0.54994 0.52404 0.51333 0.49727 0.4MO 0.46379 0.46257 0.46159

0.73 0.79577 0.55783 0.531W 0.52156 030606 OAW25 O."987 0.468" O."765

0.74 O.W495 O.S6571 0.53972 O.S2978 0.51486 0.490DO 0.47595 0.47470 0.47370

0.75 0.81412 O.S7360 O.S47S6 0.538W O.S2365 0.49975 OAW03 0.48077 0.47975

0.76 O.W330 O.SM48 0.55S40 C.S"U 0.53245 O.SMO OAM11 0. 4WO CASS&O

0.77 OASAS6 O.SM7 C.S6324 0.554" O.S4124 O.SI925 0.49420 0.49289 0.49185

0.78 0.8081 O."725 O.S7107 C.S6M 0.5S004 O.S2900 0. WM 0.49096 0.497"

0.79 0.85707 0.60514 0.57891 O.SM O.SSW3 0.53875 C.SO636 O.SOS02 O.SO395

0.90 DAM 0.61302 O.S8675 0.5?910 O.S6763 O.SMO 0.512" 0.51109 0.51000

O.Bi 0.57511 0.62726 0.60094 C.S93" C.S8277 O.S"61 O.SM7 O.S2351 O.S2241

0.82 O.WI09 O."ISO 0.61514 0.60M O.S9M O.S8071 0.34629 0.53S93 0.53481

0.83 MUM 0.6557S 0.62933 0.62M 0.61307 O.S96B2 0.5"30 O.S"U O.S47122

0.84 0.895" 0. 0.64352 0.63740 0.62522 0.61M MOM O.S6076 0.55962

0.85 0.90224 0.61K23 0.65M 0.651" C."N7 0.6290 0.60034 0.5731$ 0.57203

0.86 0.90902 0.69647 0.6?191 0.6"SS OAM2 O."513 0.61836 OMUO O.SS"3

0.87 0.91S80 0.71816 0.68610 0.68113 0.67U7 O."124 0.63638 O.S9802 0.59"4

OM 0.92258 0.7=5 OJO030 0.69571 0.68882 OAMS 0.65440 0.61044 0.60925

0.89 0.92936 0. nM 0.71"9 0.71026 0.70397 0.69US 0.6724i 0.622M 0.62165
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Terminal Short - Unsealed

Deviation from Latification Temperature

failure -150 -125 -100 .75 .50 .25 0 25 50

late Cumulative Probabilities

0.90 0.93614 0.77931 0. 72M8 0.72436 0.71912 0.70956 0.69043 0.63528 0.63406

0.91 0.94292 0. 7~ 0.74288 0.73943 0.73427 0.72566 0.7W5 0.65681 0.64646

0.92 0.94970 0.92DO7 0.75707 0.75401 0.74942 0.74177 0.72647 0.68057 0. 65W7

0.93 0.95648 0.84045 0.77126 0.76858 0.76457 0.75787 0. 74"9 0.70432 0.67127

0.94 0.96326 0.3600 0.78545 0.79316 0.77972 0. 773" 0.76250 0.728M 0.6&W

0.95 0.97DO4 O.WI21 0.79965 0.79774 O.?9437 0.79009 0.75052 0.75184 0.69609

0.96 0.97692 O."326 0.81551 0.81398 0.81168 0.50786 0.50021 0.77726 0.71016

0.97 0. 9061 0.92531 0.83137 0.83022 0.92850 0.92563 0.81"9 0.80268 0.72423

O." 0.90039 0.94735 0.84723 0.8"46 0.64532 0.64340 0.83958 0.82810 0. 7M30

0.99 0.99717 0.96940 0.863D9 0.86270 0.86213 0.86118 0.85926 0.85353 0.75238

1.00 1.00000 O."750 0.87500 0.87500 0.87500 0.87500 0.87500 0.87500 0.76250
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Nominal Nominal
Name Qual. Temp. Failure Rate

FTS-1 h 310 5E-04
FTS-10 h 310 5E-04
FTR-l h 310 1E-05
FTR-10 h 310 IE-05
FTO-I h sealed 350 1E-04
FTO-10 h sealed 350 IE-04
FTO unsealed 350 1E-04
SO-1 h sealed 200 IE-07
SO-10 h sealed 200 IE-07
SO unsealed 200 IE-07
Sh-1 h sealed 200
Sh-10 h sealed 200
Sh unsealed 200



C.4 Issue 4 Reactor Coolant Pump Seal LOCA

Applicability: Westinghouse PWRs

Experts:

Michael Hitchler, WEC
Jerry Jackson, NRC
David Rhodes, AECL

Discussion

This issue involves the probability of failure of the Westinghouse RCP
shaft seals and corresponding leak rates under station blackout condi-
tions. The RCP design is illustrated in detail in the issue description
in Appendix B. The seals are designed to allow a small level of leakage
(3 gpm) of primary water. The seal design employs three stages involving
movable seal rings and elastomer o-rings about the pump shaft.

At issue is the probability of seal failure as well as the size of the
failure, both parameters as a function of time. The hypothesized failure
modes involve loss of the seal ring geometry and degradation of the
elastomer material of the o-rings due to loss-of-cooling to the seals.
The size of a resultant leak rate is dependent on the combination of seal
ring failures and o-ring failures in the various seal stages. A pre-
liminary logic tree was proposed in the issue description.

This issue is considered within the context of two different o-ring
elastomers. The old o-ring material, which is currently in use at Surry
and Sequoyah, has exhibited significant degradation in experiments. The
new o-ring elastomer has been shown to be much less susceptible to degra-
dation when subjected to similar conditions.

In addition to the type of o-ring material, this issue is considered
within the context of whether or not the primary system is depressurized
within 4 h of the onset of loss of RCP cooling. Successful depressuriza-
tion will subject the pump seals to cooler, less harsh conditions.

In addition to the possible RCP seal failure modes and related leak
rates, the correlation of such failures between RCPs was addressed. The
Westinghouse PWRs studied here have either three or four steam generator
loops, each with its own RCP. The question here is should an RCP fail by
a specific combination of faults of the seal rings and o-rings, will any
of the other RCPs experience a similar failure. This issue addresses
whether or not the heat and pressure stresses experienced by the shaft
seals induce a common cause failure of the seal rings and o-rings.
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Elicitation

RCP Seal Leak Paths With Primary Cooldown

The assessment of expert opinion regarding the failure of the Westing-
house reactor coolant pumps during station blackout has been conducted
using a group of experts separate from the expert panel. This occurred
because the original panel felt that their technical expertise was inade-
quate to address this issue. The seal LOCA experts were interviewed and
their opinions elicited in Washington, DC, one week after the elicitation
meeting for the other issues. Also, one normative expert was used rather
than three. The three experts had attended the initial meeting for
normative training and discussion.

Each of the three experts involved used the same logic tree structure for
the analysis of seal failure due to prolonged loss of cooling. This
decomposition is for a single pump, and has four events which are:

• Failure of the first stage seal ring
• Failure of the first stage o-ring
• Failure of the second stage seal ring
• Failure of the second stage o-ring.

The probabilities of o-ring failures were assessed as functions of time
since loss-of-cooling, while the probabilities of seal ring failures were
assessed to be independent of time since loss-of-cooling. The decomposi-
tion is shown in Figure C.4-1.

While Westinghouse RCPs have three distinct stages of seals, the decompo-
sition does not explicitly include failure of the third stage. The third
stage is assumed to fail if the second stage fails, and it is of no
importance if the second stage succeeds. The two postulated modes of
seal ring failure, binding of the shaft due to extrusion of o-ring
material and popping open of the seal rings, were combined in the tree of
Figure C.4-1 to simplify the analysis. These failure modes were split
apart in the issue description in Appendix B. These failure modes would
occur within the first half hour of the relevant accident sequences, so
they are treated as independent of time and assumed to occur at the onset
of the accident.

At the end of each branch of the decomposition a leak rate is shown asso-
ciated with the sequence of failures on the branch. The leak rates were
obtained from a Westinghouse model of seal failure except for the 250 gpm
rate. This is a compromise between Westinghouse and AECL estimates. The
three experts agreed to these flow rates by consensus. The 21 gpm leak
rate for a single pump is considered to be successful restriction of
primary inventory by the pump seals.

Single Pump Failure Probabilities

The model in Figure C.4-1 was analyzed by each expert for failure prob-
abilities for one pump. The experts then considered the correlation of

seal ring and o-ring failures between pumps. The single pump failure
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models are discussed below. Expansion of each expert's single pump model
to three (Surry) and four (Sequoyah) pump models is discussed later in
this section.

Expert A

Old -Ring Elastomer

Expert A's assessments of the various failure rates are shown in Figure
C.4-2 for the old o-ring material. The assessments of o-ring failure
probabilities from Expert A are in the form of time step functions. The
time-related failure probabilities for the o-ring material failure were
grouped into three different functions of time, fl(t), f2(t), and f3(t)-

These functions are illustrated in Figure C.4-5. For the old o-ring
material, the expert believed that, in time, failure of the o-ring was
certain. The assessed failure probability up to 1. h of operation with-
out cooling is 1E-03. For the first o-ring (01), the failure probabil-
ity jumps to 1.0 at 1.5 h. (Small uncertainties in this failure time are
unimportant.) The situation for the second o-ring 02) is slightly more
complex. If neither 01 nor the first stage seal ring had failed, then
the failure probability would increase to 0.5 at 1. h and remain at this
value indef initely. If 01 has failed but both seal rings are intact,
then the failure probability increases to 0.5 at 1. h and to 1. at
2.5 h. If the first seal ring has failed and the second seal ring has
not failed, the failure probability of 02 climbs to 1.0 at 1. h.

Probabilities of 025 for the first seal ring failure and 2 for the
second seal ring failure were provided by Expert A. The conditional
probability for the failure of the seal face and o-rings of the second
pump given a particular failure sequence for the first pump was also
provided.

New -Ring Elastomer

Expert A's elicitation for the new o-ring material is shown in Figure
C.4-8. The first and second stage seal ring failures are unchanged, as
Expert A felt that they are unaffected by o-ring performance. Expert A
felt that if the first stage seal ring did not fail, there would be only
a very small probability of o-ring failure in either stage 1.OE-4).
Should any part of the first stage seal fail, additional stresses would
affect the second stage o-ring. Expert A assigned a 0% chance of second
stage o-ring failure due to technical uncertainty regarding the extrusion
gaps with full system conditions across a single stage and regarding -
ring performance. Expert A's new o-ring material time to failure is

estimated at two hours.

Expert 

Old -Ring Elastomer

The assessments of Expert for the single pump logic tree are shown in
Figure C.4-3. Expert felt that the degradation of the o-rings depended
on whether or not the primary system becomes depressurized by 4 h after
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loss-of-cooling (the length of time required for depressurization). His
assessments were unique from those of Experts A and C in this report.
Those two experts believed that the o-rings would fail with probability
1.0 well before depressurization of the primary system could be achieved.
Expert felt that with depressurization, the o-ring failure probability
would gradually increase from a nominal failure probability of E-4 to
some probability much less than 1.0 at 4 h. At this time, if
depressurization is achieved, the o-ring failure probabilities will not
increase--if o-ring failure has not yet occurred by 4 h, it will not
occur at any future time. If depressurization is not achieved, then the
o-ring failure probabilities will continue to increase until the o-rings
eventually fail with probability .O. The time-related, o-ring functions
are shown in Figure .4-6 for the case with depressurization and Figure
C.4-12 for the case without depressurization.

Expert provided the following documentation of his reasoning.

The First Stage Seal Ring. Expert stated that the failure mode of the
first seal stage is independent of the failure of other seal stages
because the seal operates at a differential pressure of 2220 psig.
Failure of downstream components would cause only negligible increases in
the pressure differential, if any increase at all. Popping open or
binding were not thought to be issues because: (1) seal ring binding or
popping has not been observed in any instance of the pumps losing cool-
ing, and 2 the thermal expansion of the seal is estimated to be 046
in. during loss-of-cooling while the physical limit of travel is 25 in.,
thereby making binding highly unlikely. The failure probability for the
first stage seal ring was placed at .001.

The First Stage -Rin . Expert supplied a failure curve for 01, given
the first seal is intact, which rises from E-4 to .15 over the lst to
4th hour of operation without cooling. Beyond 4 h, there is no increase
in the likelihood of failure for the case where cooldown and depressuri-
zation procedures have been implemented,

The Second Stage Seal Ring. Behavior of the second seal is similar to
the behavior of the first seal. However, seal popping may be more likely
for the second seal. Very little experimental data exist to confirm
this. Analytic studies at Westinghouse show that the seals become more
stable over time and thus failure is more likely during the first hour of
operation without cooling. The failure probability for the second seal
was placed at .01 if there had been no failure in the first stage, and at
.10 if either the first seal ring or the first o-ring had failed.

The Second Stage -Ring. The failure of the second o-ring is dependent
on the failure of the first o-ring. If the first o-ring does not fail
and the seals are intact, the second o-ring will not fail. If the first
seal ring has failed, then the curve for failure probability rises to 
at 4 hours and remains at that value. (See f5(t) on Figure C.4-6.) If
the second stage seal ring fails, then the failure probabilities of the
second o-ring are similar to those for the first o-ring when the first
seal fails.
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New -Ring Elastomer

Expert B felt that the old o-ring failure rates should be reduced by a
factor of 10 for the new elastomer o-rings. His logic tree assessment is
shown in Figure C.4-9 and the o-ring time functions are illustrated in
Figures C.4-11 and C.4-12.

ExRert C. Expert C provided an estimate of 025 for the failure of the
first stage seal ring. The second stage seal ring failure was thought to
be primarily due to popping open. The probability was given as 25 if
the first stage seal and the first stage o-ring are intact, 375 if the
first stage seal ring is intact but the first stage o-ring has failed,
and 0.5 if the first stage seal ring has failed.

For the old o-ring material, failure of the o-rings was thought to be
virtually certain (.999) at 1.5 h. This is true for both 01 and 02. For
the new material, the probability of failure was very low, .0001, for
both o-rings unless a failure occurred in the first stage. If a failure
occurred in the first stage, either the seal or the o-ring, then the
probability of failure of the second o-ring was very high and assessed as
.999.

The logic tree assessments for Expert C are shown in Figure C.4-4 for old
o-ring material and Figure C.4-10 for new o-ring material. The o-ring
failure probability time function for Expert C was virtually the same as
fl(t) for Expert A and is illustrated in Figure C.4-5.

Calculation of Total RCP Leak Rate

The model of Figure C.4-1 and the assessments discussed to this point are
for a single RCP seal LOCA. The ultimate resolution of this issue is an
estimate of the total leak rate from all of the RCPs of the primary
system. To this end, the experts assessed the relationship of seal ring
and o-ring failures between pumps. In general, there was a diversity of
opinion as to the behavior of similar components exposed to specific
conditions. However, one point of consensus was reached for the total
leak rate assessment. All three experts agreed that should two pumps
experience similar first or second stage o-ring failure, then the third
and fourth pumps will experience the same o-ring failure. The assess-
ments of each expert are discussed below.

ExRert . Expert A believed that the first stage seal ring failures were
linked between pumps by a common cause beta factor of 0.5 for two pumps.
The third (and fourth) first stage seal rings would fail with probability
1.0 if any two RCPs experience a first stage seal ring failure. Expert A
felt that the probability of two first stage seal rings failing should be
the sum of two failure modes:

1. The independent failure of two first stage seal rings, and

2. The common cause failure of two first stage seal rings.
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As stated above, the third (and fourth) seal rings will fail in the event
of either of these two events. The result is a probability space wherein
the possible events are:

• Failure of any single first stage seal ring
• Failure of all first stage seal rings
• Failure of no first stage seal rings.

Expert A's model becomes more simpl i f ied for the o-ring and second stage
seal ring failures. He felt that, given similar status of the first
stage seal rings between pumps, the first stage o-ring failures would be
perfectly correlated, as would the second stage seal ring failures and
the second stage o-ring failures. Should one pump's first stage seal
ring be in a different state than the others, its remaining o-rings and
seal ring will behave independently of the other pump.

Figure C.4-14 shows the possible first stage states of a three-pump model
for Expert A. The probability of each state is quantified using Expert
A's assessment for a single first stage seal ring failure in Figure C.4-2
and the resulting conditional probabilities of the various subsequent
seal ring failures. These calculations are shown in Figure C.4-18 for
Expert A for both his three and four pump models. Figure C.4-15 shows
the extension of Expert A's first stage seal ring model to include the -
ring and second stage seal ring failures. The resulting total three pump
leak rate for each path is shown. Figures C.4-16 and C.4-17 show Expert
A's model for a four-pump system.

Expert B. Expert B felt that the first and second stage seal rings
between two pumps would fail independently of each other. He agreed to
the simplifying assumption that, should a similar failure occur between
two pumps, the third and fourth pumps would fail in the same manner.
Expert B felt that the first stage o-ring failures and the second stage
o-ring failures would be perfectly correlated between all pumps. In this
manner, Expert B defined a probability space similar to Expert A's space
for first stage seal rings, except that Expert B's probability space must
be applied to both the first and second seal ring stages. Figure .4-19
shows the possible states of the first and second stage seal rings for a
three-pump model. As can be seen in this figure, only one first stage
outcome has significant probability for Expert B's model. That is the
state where all first state seal rings succeed. This is not surprising
given his assessment of 0.001 for failure probability of a single first
stage seal ring. For the purpose of simplifying the quantification of
Expert B's model, this is the only first stage seal ring state which is
considered.

The second stage seal ring failures depend on the status of the first
stage o-ring in Expert B's model. This is shown in Figure C.4-19.
Figure C.4-20 shows Expert B's logic tree for the entire three-pump
model. Figures C.4-21 and C.4-22 show the four-pump model. Figure C.4-
23 shows the calculations for the various seal ring state probabilities.

Expert C. Expert C felt that all pumps would fail in a similar fashion,
so he correlated the failure paths of his single pump logic tree in
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Figure .4-4 wi th co re la t ion factor of 1 be tween a II pumps. There-

fore, Expert C's total three and four pump leak rate models are exactly

the same as Flli-,ure C-4-4, witin the arious single pump leak rates multi-

plied by the rimber of us in the ssteip. Therefore, there are no

figures for Expert C hich u -analogous to Figures G.4-12 through C.4-23

for Experts A and B.

Individual Resul-s. The total leak rate models for tree- and four-pump

svstems for e.�ch eport ere solved for the following cases:

1. Old O-Ring Flastomer

a. '�-'ith epressurization of primary system

b. `�ithout depressurization of primary system

2. New O-Ring Elastomer

a. Without depressurization of primar sstem.

Calculations for the new o-ring elastomer case were simplified by not

considering the case where the primary system is depressurized. This

simplification is justified since only Expert B's assessments are

dependent on depressurization. As shown in Figure .4-12, his assess-

ments for new o-ring failure probability versus time have very low

failure probabilities even at 10 or more hours. The question of whether

or not depressurization is achieved within 4 h after loss of power

becomes unimportant. Depletion of the station batteries will become

crucial by 11. long before the performance of the new o-ring elastomer

becomes significant. For this reason, the total leak rate calculations

were made for various points in time up to 5. h.

The various leak rate probabilities from each expert's model are

summarized in Tables C.4-1 through C.4-4. Table C.4-1 shows the prob-

ability of leak rates for the three-pump model with old o-ring

elastomers, Table C.4-/ shows the four-pump model for old o-ring

elastomers, and Tables C.4-3 and C.4-4 shows the results for the new -

ring elastomers for three- and four-pump system, respectively.

The results for the old o-ring elastomer reflect the beliefs of Experts A

and C that the o-ring material will fail with certainty by 3 h after

loss-of-cooling. Expert A's model does allow for the possibility of

several leak rates out to 1.5 h. Both Experts A and C believe that less

serious leak paths will degrade into significant leak paths within 3 h

after loss-of-cooling as the o-ring material degrades. Expert B's

results are consistent with his belief that the first and second stage

o-ring failure probabilities will reach maximum values of less than 1.0

by 4 h (see Figure C.4-6). The results for Expert B are dominated by

leaks of 63 gpm (three pumps), and 84 gpm (four pumps). These leak rates

are associated with success of all seal rings and o-rings. Each pump is

leaking at a rate of 21 gpm, the design leak rate with no cooling water

flowing to the seals.



The results for the new o-ring elastomer reflects the belief of all three
experts that the new o-ring material will perform very well even without
cooling. The higher probabilities for significant leak rates for Experts
A and C compared to Expert B's results are due to the fact that both
Experts A and C assessed higher values for seal ring failure than Expert
B.

The results for Experts A and B show an evolutionary process of worsening
leak rate probabilities with time, while the model for Expert C predicts
that all time-related degradation will be experienced within 2 h of loss
of cooling. Expert A's model achieves a steady state by 3 h but Expert
B's model shows changes in leak rate probabilities even at h. A review
of the expanded logic trees for these two experts, shows that many of
their possible RCP leak rate paths involve success of either one or both
stages of the o-rings. The probability of those states will decrease
with time as the probability of o-ring failure increases, leading to an
increase in other leak rate probabilities. Tables C.4-5 through C.4-8
show the process by which various leak rate probabilities change with
time for Experts A and B. These tables show the amount of leak rate
probability which changes from one path to another at various points in
time. These tables were not used in the Surry and Sequoyah RCP seal LOCA
analysis, but are included here for general information.

Aggregation. The individual three and four pump leak rate probabilities
were aggregated by taking the arithmetic mean of each leak rate. These
results are presented in Tables C.4-9 and C.4-10.
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RCP SEAL FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PA1H
LOCA MODEL SEAL RING C-RING SEAL RING 0 RING

21 gpm 1

172 gpm 2

182 gpm 3

61 gpm 4

250 gpm 5
00

250 gpm 6

76 gpm 7

250 gpm 8

480 gpm 9

RCP-1.TRE

Figure C.4-1. Reactor Coolant Pump Seal LOCA Decomposition.



RCP SEAL FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PATH
LOCA MODEL SEAL RING O-RING SEAL RING O-RING

8.00 E-1 21 gpm I

1 12(t) 172 gpm 2

12 OOE-01
182 gpm 3

.975

61 gpm 4
8.00 E-01

13(l) 250 gpm 5

2 OOE-01 250 gpm 6

8.00 E-01 76 gpm 7

2.50E-02 250 gpm 8

2 OOE-01 480 gpm 9

Figure C.4-2. Seal and -Ring Failure Rates--Expert A
Old -Ring Material.



FICP SEAL FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PATH
LOCA MODEL SEAL RING O-RING SEAL RING 0 RING

.999
21 gpm 1

.99

1.00E-03 172 gpm 2

1.00E-02 182 qpm 3

.999

90 61 m 4

250 gpm 515(t)

1.00 1-01 250 gpm 6

1-15(t) 76 gpm 7

1.00E-03 15(t) 250 gpm 8

1.00E-01 - 9

Figure C.4-3. Seal and -Ring Failure Rates--Expert 
Old -Ring Material.



RCP SEAL FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PATH
LOCA MODEL SEAL RING O-RING SEAL RING O-RING

7.50 E-01 21 gpm I

172 gpm 2

2.50E-01
182 gpm 3

.975

6.25 E-01 61 gpm 4

250 gpm 5
f1p)

3.75E-01
250 gpm 6

5.00 E-01 76 gpm 7

2.50E-02 250 gpm 8

5-OOE-01
480 gpm 9

Figure C.4-4. Seal and -Ring Failure Rates--Expert C
Old -Ring Material.
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Figure C.4-5. -Ring Failure Probabilities vs. Time for Experts A and C

Old and New Material.
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Figure C.4-6. -Ring Failure Probabilities vs. Time for Expert 
Old -Ring Material for Depressurized Sequences.
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Figure C.4-7
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RCP SEAL FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PATH
LOCA MODEL SEAL RING O-RING SEAL RING O-RING

.9999

.8 21 gpm 1

.9999 1.00E-04 172 gpm 2

2.00E-01 182 gpm 3

.975
5.00 E-01

- g 4

t-n 15.00E-01

1 .00E-04 250 gpm 5

2 OOE-01 250 gpm 6

5.00 E-01

.8 76 gpm 7

12.50E-02 5.OOE-01 250 gpm a

2 OOE-01 480 gpm j

Figure C.4-8. Seal and -Ring Failure Rates--Expert A
New -Ring Material.



FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PATHRCP SEAL O-RING
LOCA MODEL SEAL RING O-RING SEAL RING

1.0 21 gpm 1
.99

172 gpm 2

1 .00E-02 182 gpm 3

.999

61 9PM 4
.90

250 9PM 5
16(t)

I OOE-01 250 qpm 6

1-17(t) 76 gpm 7
.90

1.00E-03 f7(f) 250 9I)m a

1.00E-01 9

Figure C.4-9. Seal and -Ring Failure Rates--Expert 
New -Ring Material.



RCP SEAL FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE LEAK RATE PATH
LOCA MODEL SEAL RING O-RING SEAL RING O-RING

21 gpm I

1.0 7.50 -01 172 gpm 2

2.50E-01 182 gpm 3

.975
61 gpm 4

6.25 E-01

[0. 250 gpm 5

3 75E-01 250 gpm 6

5.00 -01 76 9PM 7

2.50E-02 250 9Pm 8

5 OOE-01 480 gpm 9

Figure C.4-10. Seal and -Ring Failure Rates--Expert C
New -Ring Material.
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Figure .4-11. O-Ring Failure Probabilities vs. Time for Expert 
New -Ring Material.
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Figure .4-12. O-Ring Failure Probabilities vs. Time for Expert 

for Nondepressurize Squences.
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Figure C.4-13
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EXPERT A - TRANSFER PATH STATE SEQ. PROB.
THREE PUMPS

B2 83

I BIB203 9.51E-01

2 F31§283 1.20E-02

3 §113293 1.20E-02

4 81§293 1.20E-02

5 B182B3 1.30E-02

Bi--.':Failure of First Stage Seal Ring in ith Pump

Figure C.4-14. First Stage Seal Ring for Three Pumps--Expert A.



TRANSFER FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE PATH LEAK RATE
FROM FIGURE SEAL RING O-RING SEAL RING 0-nING

CAM STATE

t

.8 112M 1 63 gpm

i1211) 2 516 gpm
12.OOE-01 3 546 gpm

.951
3 PLIMF9� � .8 4 183 gpm

5 750 gpm13(t)
2 OOE-01 6 750 gpm

.8 7 42 gpm

a 344 gPM
12 OOIE-01 12(t)

9 364 gpm

2 PUMPS .8 1-13111 10 122 gpm

i13(1) II 500 gpm
lip)

2,3.4 12.OOE-01 12 500 gpm

.8 13 250 gpm

I PUMP �2.00&01 14 480 gprn

.8 Is 750 gpm
1.30E-02 1
5 3 PUMPS 12 OOE -0 16 1440 gpM

Figure C.4-15. Total Three Pump Leak Rates--Expert A.



EXPERT A - TRANSFER PATH STATE SEQ. PROB.
FOUR PMPS

M 82 83 B4

la 4 9 3E-01

2 blkb304 1.20E.02

3 B B304 1.20E-02

4 B182133B4 1.20E-02

5 BIB283134 I 20E-02

6 B182133B4 I 30E-02

Bi-- Failure of the First Stage Sea] Ring of the ith Pump

Figure C.4-16. First Stage Seal Ring Model for Four Pumps--Expert A.



TRANSFER FIRST STAGE FIRST STAGE SECOND STAGE SECOND STAGE PATH LEAK RATE
FROM FIGURE SEAL RING O-RING SEAL RING O-RING

C.4-16 STATE

1 84 gpm

2 686 gprn
12.OOE-01 12(t)

3 720 gpm
.939

4 PUMPS .8 4 244 gprn

5 I 000 gpM
11(t) 13(t)

2 OOE-01 6 1 000 gpM

8 7 63 gpm

a SIG gpM12(l)
4I 12.OOE-01 9 546 gpm

3 PMPS 8 1-11111 10 183 gpm

1 13(t) 11 750 gprn
4.w M 12.OOE-01
2,3.4,5 12 no wn

.8 13 2W Wn

FI PUMP 12.OOE-01 14 480 gpM

.8 Is 1000 gpM
1.30E-02 1
6 4 PUMPS 12 OOE-01 116 192 gM

Figure C.4-17. Total Four Pump Leak Rates--Expert A.



THREEPUMPS FOUR PUMPS

B1 B = . 025 B,

= 0.5 B2

B3 B
3

REGION (0.025)' + 0.5 x 0025 REGION (0.025 2 + 0.5 x 0025
0.013 0.013

REGION 0.025 - 0013 REGION 0.025 - 0013
0.012 0.012

REGION (D = 1.0 - 3 x 0012 - 0013 REGION 1. - 4 x 0012 - 013
= 0951 0.939

Figure C.4-18. Venn Diagrams for First Stage Seal Rings--Expert A.



EXPERT - 2nd Stage Given 2nd Stage Given
THREE TRANSFER 1st Stage
PUMPS PATH STATE Prob. Loss of 1st Success of Ist

131 B2 B3 Stage -Ring Stage -Ring

1 F31 i2F3 .997 .720 .970

2 F1§2133 1.0 E03 9.00 E02 1.0 E02

3 glBA33 1.0 E03 9.00 E02 1.0 E02

4 BiF2F33 1.0 E03 9.00 E02 1.0 E02

5 B1132133 1.0 E06 1.0 E02 1.0 E04

Figure C.4-19. Seal Ring Model for Three Pumps--Expert B.



FIRST STAGE FIRST STAGE SECOND STAGE SEAL RING SECOND STAGE PATH LEAK RATE
SEAL M "ING QAING

81624b ("CM el 62 010203

97 .999 1 63 gpM

1.00E-M
2 516 gPM

01 .999 3 224 gpm
I
I I OOE-03 4 526 gPM

.999
.01 5 224 gpm

If4(t) I 1,00E-03 6 526 gpm

.01 ,999 7 224 gprn

1.00E-03 a We gpM

1. E04
9 546 gprn

.72 10 lie gpM

11 7w gpM
f5 0

01- '12 372 gpm

f5(t) 13 7w gpM

.09 F 14 372 gpm

WO f5(t) Is 7w gpM
09 Is 372 gprn

17 7w gpM
f 5 ( t )

Is 7w IP"
.01

Figure C.4-20. Total Leak Rates for Three Pumps--Expert B.



EXPERT 2nd Stage Gven 2nd Stage Given

FOUR TRANSFER STATE 1st Stage Loss of I st Success of 19t
PUMPS PATH Prob. Stage -Ring Stage -Ring

131 B2 B3 B4

1 Blk§364 .996 .630 .960

2 fili2i3134 1.0 E03 9.00 E02 1.0 E02

3 61g2B3& 1.0 E03 9.00 E02 1.0 E02

co 4 g1B263g4 1.0 E03 9.00 E02 1.0 E02

5 13162g3& 1.0 E03 9.00 E02 1.0 E02

6 131B2133134 1.0 E06 1.0 E02 1.0 E04

Figure C.4-21. Seal Ring Model for Four Pumps--Expert B.



F-MI STAGE MIST TAGE SECOND STAGE SEAL RING SECOND STAGE PATH LEAK RATE
SEAL RING �MNG 0-FNNG

61628*4 0102OKM el 82 63 IM 01020304

9 .999 1 0 Wm

.999 WM

.01 11.00E-W 3 245 Wn

.999 4 an wn
0 5 24 W"

.999 wn

1-WO .01 7 245 gw"
6 an

.01 .999 9 245

LOOM
1.00 E-04 10 an Wn

II 7M wn

.63 12 244 Wm

13 100 OM

0 M 14 433 Wm

Is low wn

0 Is 03 qW"

(5) 17 low W"

.0 Is 03 qpm

N. NM f5(t) 19 1 000 open
0 20 433 "

21 100D Wrn

.01 f5(t) 22 low WM

Figure C.4-22. Total Leak Rates for Four Pumps--Expert B.



THREE PUMPS FOUR PUMPS

B2 B4 q) B2

B3 B3

2ND STAGE with
2ND STAGE wn loss of 1st sta0g

IST STAG loss of Ist stage 1ST STAGE 0-rings
0-rinas

REGK)N (0.001 2 REGION =(0.1)2 REGION = (0.001)2 REGION (0. 1 2

IE-6 = 0.01 = 1E-6 0.01

REGION 0.00 - E-6 REGION = 0. - .01 REGK)N = 0.00 - E-6 REGION 0. - .01
0.001 = 09 = 0.001 0.09

REGION 1.0 - 3 x (0.001 - 1 E-6 REGION = I 3 x 009 - 01 REGIONG) = 1. -4 x (0.001) 1 E-65 REGION 1 - 4 x 009 - 0.01
0.997 = 072 = 0996 0.63

2ND STAGE with 2ND STAGE with
success of Ist tae success of 1st staae

0-rings 0-rinas

REGION (0.01)2 REGION (0.01)2

IE-4 1E-4

REGION 0.0 - E-4 REGK)N 0.0 - E-4
0.01 0.01

REGION D = 1.0 - 3 x (0.01 - 1 E-4 REGION (D = 1.0 -4 x (0.01 - E-4
= 097 = 096

Figure C.4-23. Venn Diagrams for Seal Rings--Expert B.



Table C.4-1

Leak Rate Probabilities for Three Pumps--Old -Rings

Leak Rate Time

(gpm) (h)

1.5 2.5 3.5 4.5 5.5

Expert A

183 .380 0
372 .012 0 ------- >
602 .003 0
750 .600 .990 .990 .990 .990
980 .004 .007 .007 .007 .007
1440 .003 .003 .003 .003 .003

Expert B

63 .9178 .8695 .8212 .8212(.7727)* .8212(.7240)
183/224 .0643 .1111 .1507 .1435(.1920) .1399(.2371)
372 .0135 .0150 .0138 .0111 .0098
516/526/546 I.OE-3 1.OE-3 9.6E-4 9.6E-4 9.6E-4
750 5.OE-4 5.3E-4 .0100 .0203 .0252

Expert C

750 .99 .99 .99 .99 .99
1440 .01 .01 .01 .01 .01

*Parentheses denote calculations which vary if no depressurization is

assumed.
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Table C.4-2

Leak Rate Probabilities for Four Pumps--Old -Rings

Leak Rate Time
(Fpm) (h)

1.5 2.5 3.5 4.5 5.5

Expert A

244 .3760 0
433 .0154 0 ----- >
480 .0038 0
1000 .5990 .9878 .9878 .9878 .9878
1230 .0048 .0086 .0086 .0086 .0086
1920 .0026 .0026 .0026 .0026 .0026

Expert 

84 .9074 .8597 .8121 .8121(.7692)* .8121(.7159)
124/240 .0690 .1147 .1603 .1520(.2000) .1471(.2430)
433 .0180 .0200 .0180 .0144 .0126
688/698/728 3.7E-3 3.5E-3 3.3E-3 3.3E-3 3.3E-3
1000 5.OE-4 7.OE-4 7.2E-3 .0171 .0220

Expert C

1000 .99 .99 .99 .99 .99
1920 .01 .01 .01 .01

*Parentheses denote calculations which vary if no depressurization is
assumed.
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Table C.4-3

Leak Rate Probabilities for Three Pumps--New -Rings

Leak Rate Time
(vpm) h)

1.5 2.5 3.5 4.5 5.5

Expert A

63 .7600
103 .0230
294 .0058
425 .0058 ----- >
546 .1900
614 .0014
750 .0104
1440 .0026

Expert 

63 .9613 .9565 .9516 .9468 .9419
183/224 3.7E-2 4.4E-2 4.7E-2 5.2E-2 5.7E-2
372 1AE-3 1.5E-3 1.6E-3 1.7E-3 1.8E-3
516/526/546 1AE-3 LOE-3 1.2E-3 1.2E-3 1.2E-3
750 5.OE-4 5,6E-5 1.2E-4 2.2E-4 3.2E-4

Expert C

63 .7300
542 .2440 ----- >
750 .0125
1440 .0125

*Parentheses denote calculations which vary if no depressurization is
assumed.
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Table C.4-4

Leak Rate Probabilities for Four Pumps--New -Rings

Leak Rate Time

(Fpm) (h)

1.5 2.5 3.5 4.5 5.5

Expert A

84 .7500
313 .0310
543 .0077 ----- >
728 .1900
796 .0077
1026/1000 .0123

Expert 

84 .9504 .9456 .9456 .9408 .9360
245/244 .0427 .0474 .0520 .0565 .0611
433 1.8E-3 1.8E-3 1.8E-3 2.OE-3 2.2E-3
688/698/728 4.9E-3 4.9E-3 4.8E-3 4.8E-3 4.7E-3
1000 5.OE-5 7.5E-3 2.OE-4 3.2E-4 4.4E-4

Expert C

84 .7300
728 .2440
1000 .0125 ----- >
1920 .0125
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Table .4-5

Three Pump Leak Rate Evolution - Expert A

Leak Rate Time
(FRM) Paths* O-Ring Type (h)

2.5 3.5

183-> 750 4-> Old .380 0

372-> 750 (10,13)-> 11,13) Old .012 0

602-> 980 (10,14)-> 11,14) Old .003 0

New o-ring elastomer failure not time-dependent.

*Refer to Figure .4-15.

C-145



Table C.4-6

Three-Pump Leak Rate Evolution--Expert 

Leak Rate Time
(Fpm) Paths* O-Ring Type (h)

2.5 3.5 4.5 5.5

63-> 183/224 1-> 10 Old .04830 .04830 0(.0485)** 0(.0487)
New .00483 .00483 .00483 .00480

183/224-> 372 3-> 12 Old 1.5E-3 1.5E-3 0(1.5E-3) 0(1.2E-3)
5-> 14 New 1.5E-3 1.5E-4 1.5E-4 1.5E-4
7-> 16

183/224-> 750 10-> 11 Old 0 7.2E-3 7.2E-3 3.6E-3
New 0 7.2E-4 7.2E-5 1.5E-4

ZI 372-> 750 12-> 13 Old 0 2.7E-3 2.7E-3 1.4E-3
14-> 15 New 0 2.8E-5 2.7E-5 2.7E-5
16-> 17

516/526/546-> 750 2-> 11 Old 2.7E-5 5.6E-5 0(5.6E-5) 0(5.6E-5)
4-> 13 New 5.5E-6 5.5E-6 5.5E-6 5.5E-6
6-> 15
8-> 17
9-> 

*Refer to Figure C.4-20.
**Parentheses denote calculations for no depressurization.



Table C.4-7

Four-Pump Leak Rate Evolution--Expert A

Leak Rate Time
(gRm) Paths* O-Ring Type (h)

2.5 3.5

244-> 1000 4-> Old .376 0

433-> 1000 (10,13)-> 11,13) Old .0154 0

480-> 1230 (10,14)-> 11,14) Old .004 0

New o-ring elastomer failure not time dependent.

*Refer to Figure C.4-17.
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Table C.4-8

Four-Pump Leak Rate Evolution--Expert 

Leak Rate Time
(71)m) Paths* O-Ring Type (h)

2.5 3.5 4.5 5.5

84-> 244 1-> 12 Old .0477 .0476 0(.0479)** 0(.0481)
New .0048 .0048 .0048 .0048

245/244-> 483 3-> 4 Old 2.OE-3 2.OE-3 O(LOE-3) 0(2.OE-3)
5-> 16 New 2.OE-4 2.OE-4 2.OE-4 2.OE-4
7-> 18
9-> 20

245/244-> 1000 12-> 13 Old 0 6.3E-3 6.3E-3 3.14E-3
4- New 0 6.3E-5 6.3E-5 6.3E-5co

433-> 1000 14-> 15 Old 0 3.6E-3 3.6E-3 1.8E-3
16-> 17 New 0 3.6E-5 3.7E-5 3.5E-5
18-> 19
20-> 21

688/698/728-> 1000 2-> 13 Old 2.OE-4 2.OE-4 0(2.OE-4) 0(2.OE-4)
4-> 15 New 2.5E-5 2.5E-5 2.5E-5 2.4E-5
6-> 17
8-> 19
10-> 21
ll-> 22

*Refer to Figure C.4-22.
**Parentheses denote calculations for no depressurization that differ from depressurized

calculations.



Table C4-9

Aggregated RCP Seal LOCA Probabilities--Three Pumps

Old -Rings New -Rings
Leak Rate Time Time

(APM) (h) (h)

1.5 2.5 3.5 4.5 5.5 1.5 2.5 3.5 4.5 5.5

63 .306 .290 .274 .274(.258)* .274(.241) .817 .816 .814 .812 .811

103 - - - 7.7E-3 7.7E-3 7.7E-3 7.7E-3 7.7E-3

183/224 .148 .0370 .0502 .0478(.0640) .0466(.0790) .0136 .0142 .0157 M73 .019

294 - - - 1.9E-3 1.9E-3 1.9E-3 1.9E-3 1.9E-3

372 8.5E-3 5.OE-3 4.5E-3 3.7E-3 3.3E-3 4.5E-4 5.OE-3 5.3E-3 5.7E-3 6.OE-3

425 1.9E-3 1.9E-3 1.9E-3 1.9E-3 1.9E-3

516/526/546 3.SE-4 3.4E-4 3.2E-4 3.ZE-4 3.2E-4 .145 .145 .145 .145 .145

602/614 .001 0 0 0 0 4.7E-4 4.7E-4 4.7E-4 4.7E-4 4.7E-4

750 .530 .660 .660 .560 .660 7.7E-3 7.7E-3 7,7E-3 7.7E-3 7.7E-3

1440 4.3E-3 4.3E-3 4.3E-3 4.3E-3 4.3E-3 5.OE-3 5.OE-3 5.0E-3 5.OE-3 5.OE-3

*Parentheses denote calculations which change if no depressurization is assumed.

These values are the probabilities of being at a particular leak rate at a particular time.



Table C.4-10

Aggregated RCP Seal LOCA Probabilities--Four Pumps

Old -Rings New -Rings
Leak Rate Time Time

(APM) (h) (h)

1.5 2.5 3.5 4.5 5.5 1.5 2.5 3.5 4.5 5.5

84 .302 .286 .271 .271(.255)- .271(.239) .810 .809 .809 .807 .805

244/245 .148 .0382 .0534 .0507(.0667) .0490(.0810) .0142 .0158 .017 .0188 .0204

313 - - - .0103 .0103 .0103 .0103 .0103

433 .0111 .0118 .0118 9.9E-3 9.3E-3 6.OE-4 6.OE-4 6.3E-4 6.OE-4 6.OE-4

480 1.3E-3 1.3E-3 1.3E-3 1.3E-3 1.3E-3

543 2.6E-3 2.6E-3 2.6E-3 2.6E-3 2.6E-3

688/698/728 1.2E-3 1.2E-3 1.IE-3 1.1E-3 I.IE-3 .146 .146 .146 .146 .146

796 - - - - - 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3

1000/1026 .530 .659 .659 .665 .666 8.3E-3 8.3E-3 8.3E-3 8.3E-3 8.3E-3

1230 1.6E-6 1.6E-3 1.6E-3 1.6E-3 1.6E-3

1920 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3 4.2E-3

*Parentheses denote calculations which change if no depressurization is assumed.

These values are the probabilities of being at a particular leak rate at a particular time.



C.5 Issue 5. Innovative Recovery Actions for Long-Term Sequences
Involving Loss of Containment Heat Removal

Experts:

Barbara Bell, Battelle Columbus Division, BPNL
Dennis Bley, PLC
Gary Boyd, SAROS, Inc.
Karl Fleming, PLC

Discussion

The expert panel was presented with a very loosely defined issue which
treats a very broad category of PRA--recovery of failed equipment under a
variety of potential circumstances and failure conditions of the equip-
ment. The issue description presented in Appendix suggested to the
expert panel that three questions be considered for the list of equipment
failure modes in Table C.5-1:

1. What percent of failures for a particular failure mode
require destructive repair (compromises a primary boundary
or requires that the equipment be torn apart)?

2. What is the probability of repairing the component failure
mode versus time?

3. What is the probability of performing an alternative
recovery action versus time?

The last question deals directly with the issue of innovative recovery
actions. Are there non-procedural actions that could be feasibly
executed? Have procedures been developed for any unique recovery
actions?

The members of the expert panel chose, in general, not to use the sug-
gested decomposition. Further, the panel felt that this issue was too
general and vague to permit a generalized elicitation which could then be
aggregated into a generic set of distributions for the component failure
modes of Table C.5-1. The panel felt that recovery issues, especially
unique or extraordinary actions, were highly dependent on plant-specific
features such as location, climate, training of staff, and plant design
and layout. The panel members chose to present their elicitations in very
diverse format. Each member presented his ideas on innovative recovery
as a loose set of guidelines as to how to approach the problem. Where
distributions were elicited, caution was made to use them only as guides.
Direct application of these distributions to a specific plant analysis
would be incorrect. Plant-specific considerations should be investigated
within the context of the guideline rules and distributions elicited from
the panel.
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Table C.5-1

Equipment List

Component Fault Type Failure Mode

MOV Local Fault Fails to open

Fails to close
Control Circuit Fails to operate
(valve inaccessible) Spurious operation
Common Cause Fails to operate
Maintenance

AOV Local Fault Fails to open

Fails to close
Control Circuit Fails to operate
(valve inaccessible) Spurious operation

Check Valve Local Fault Fails to open
Manual Valve Local Fault Fails to open
Pumps Local Fault Fails to start

Fails to run
Control Circuit Fails to start

Fails to run
Common Cause Fails to start
Maintenance

Breakers Local Fault Fails to open

Fails to close
Spurious Operation

Control Circuit Fails to operate
Spurious operation

Maintenance
DGs Local Fault Fails to start

Fails to run
Maintenance
Common Cause Fails to start
Control Circuit Fails to start

Fails to run
Fans Local Fault Fails to start and run

Maintenance
MCC Local Fault Failure to supply

power
Maintenance

Relays Local Fault
Strainer/Filter Local Fault Plug
Heat Exchanger Local Fault Plug
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Elicitation

Expert A. Expert A presented a summary of findings based on a review of
several PRA related documents. These documents are listed at the end of

his elicitation. Expert A presented a set of repair estimates for some
standard component failures (breakers, pumps, valves, and diesels). He
also presented some estimates for some innovative or non-standard
recovery actions versus time. His responses are based on a generic
problem and should not be used directly in any PRA. A plant-specific
analysis should be conducted where the analysts interact with the plant
staff. Recovery scenarios will tend to be defined from very detailed
accident models. Innovative recovery analyses will be highly dependent
on the exact nature of the accident sequence and the circumstances at the

plant.

A summary of Expert A's findings and his guideline distributions are
shown below.

1. Probability of Repair Vs. Time for Plant Components

• From NUREG/CR-1363, a review of the valve events suggests
that about 30% involve major destructive repair (motor
failure, design problem, etc.).

• From NUREG/CR-1205, a review of the pump events suggests that
about 40% to 70% involve major destructive repair (motor
failure, design problem, etc.).

• WASH-1400 repair times for valves and pumps in 24 h technical
specification limit: 7 h.

• NUREG/CR-2989 gives a mean time to repair for DG is of 20 h
(non-emergency).

• From NUREG/CR-1362, diesel repair times are given; however,
most are based on judgment and do not match with NUREG/CR-
2989 actual data.

Distribution for DG Repair - NUREG/CR-2989

0- h 1-4 h 4-8 h 8-24 h > 24 h

P(repair) .25 .53 .77 .88 1.0

• There is little data for repair under accident conditions.

• Past PRA experience has indicated that operators will likely
call for repair, but the selection of what to repair is
highly crew-specific. For example, some crews would con-
centrate nearly completely on the repair of main feedwater if
main and auxiliary feedwater were unavailable.
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Other studies have included some repair:

- Calvert Cliffs IREP. Failure to repair diesel in h

(P[failure] = 07)

- Millstone IREP. Failure to recover isolation
condenser by locally opening failed valve in 4 h
(P[failure = .01)

- Indian Point 3 Repair of failed diesel.
(P[failure - 2 h = 5, P failure h 025,
P[failure - 72 h = 003)

- Grand Gulf RSSMAP failure to repair or recover in 28 h

(P[failure] 023)

- Zion. Failure to recover AFW failures. 50 of
failures assumed recoverable. Failure to recover from
the other 50% for the turbine-driven pump (P[failure -
30 minutes] = 004)

- Zion. Failure to recover AFW failures. Failure to
recover from the other 50% for the air-operated flow
control valve (P[failure - 30 minutes] 004)

- Oconee PRA. Failure to recover the air system after
failure (P[failure - 2 h = 003, P[failure - 12 h]
0.003)

- Oconee PRA. Failure to locally open DHR suction
valves after failure (P[failure - 30 min.] = .05)

- Oconee PRA. Failure to recover breaker failure

(P[failure - 12 h = .1)

- Oconee PRA. Failure to open an AOV locally after
failure (P[failure - 30 min,] = 02)

Synthesis of the Evidence:

• Repair of equipment is likely in many circumstances, based on
past history and engineering judgment.

• The time to repair is highly uncertain.

• There is considerable uncertainty as to the course of action
that might be taken, which equipment might be repaired, and
how many repairs may be undertaken at one time.

• Central estimate time lines for repair have been developed by
Expert A. It is difficult to say anything about what happens
after 25 h. In some cases the action might not be taken

regardless of the time available.
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Component Recovery Distributions - Expert A

Repair or Bypass Circuitry or Breaker Failures

I h 2 h 4 h 6 h 8 h 10 h 15 h 20 h 25 h

.3 .4 .5 .7 .8 .9 .9 .9 .95

This is the cumulative probability of performing the action. It includes
pump and valve failures due to circuitry faults. Time line starts with a
recognition that options are limited and repair must be accomplished.
The upper end of the curve reflects the fact that the item could be quite
difficult to diagnose and repair.

Repair Pump or Valve Failures

2 h 4 h 6 h 8 h 10 h 15 h 20 h 25 h 30 h
.05 .1 .3 .6 .7 .8 .9 .9 .95

This is the cumulative probability of performing the action. This does
not include circuitry failures. The time line starts with a recognition
that options are limited and repair must be accomplished. The upper end
of the curve reflects the possibility of the need for major repairs, or
difficulties in getting proper conditions for maintenance.

Diesel Failures

2 h 4 h 6 h 8 h 10 h 15 h 20 h 25 h 30 h
.05 .2 .3 .4 .45 .5 .55 .6 .7

This is the cumulative probability of performing the action. This
includes all diesel faults, failure to start and failure to run. Time
line starts after the diesel is failed.

2. Innovative Recovery Actions

• Others have tried to find analogies in other human endeavors with
little success (Research Source 9.

• There are very little data from past nuclear incidents, but it is
worth reviewing.

• The Browns Ferry Fire

- Good use of non-proceduralized methods to cool the core.

- Other easier options to cool the core were not used (use of
spool piece to allow operation of RCIC and opening of one CRD
valve). There is some evidence that a path was selected and
other options were therefore sometimes overlooked.

- Not a good response in terms of putting out the fire.
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- They used copper tubing to install a temporary line to overcome
a failure of an AOV 3 h from decision to completion).

- Did diagnosis and repair on electrical circuitry that had

shorted out in a very subtle manner (through the status light
circuits). Repairs were made in dense smoke, with non-optimal
breathing apparatus on panels that were energized and still
undergoing short circuits.

In terms of core protection, the staff was fairly good at ignor-
ing alarms and indications that were false.

- There was a conflict for manpower, valve and control manipula-
tion took priority over fire fighting.

- The staff drained the main steam line overcoming many valve and
instrument failures, using alternate pathways.

- There is evidence that some very innovative recovery actions
were at least discussed--cooling core once through with river
water, for example.

Three Mile Island

- Operations response was not nearly optimal, in several cases
damaging.

- Basic understanding of the plant operations and cooling require-
ments was lacking.

- Innovative recovery actions were not taken, although several

days into the event there were innovative means used to obtain
core information.

- Event severity was sometimes minimized in some peoples' minds
due to basic belief that the core could not be in trouble.

- Basic understanding of the event, possible actions, and recovery
were not well understood. Days af ter the event there was a
nearly universal lack of understanding of the bubble, etc.

- Even months after the event there was considerable disagreement
on the status of the core, etc.

- Interactions of the plant staff with outside resources were

limited or confused well into the event.

- Changes as a result of TMI have been aimed at nearly all the
lessons learned.
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• Crystal River 3

- Operations response was appropriate.

- Procedurally-cited emergency declarations were delayed.

• Chernobyl

- The plant staff did what tey could and (knowingly or unknow-
ingly) risked teir lives.

- Innovative actions to prevent further spread of radiation (heli-
copter drops of materials) started within 24 b.

• LaCrosse

- Main steam bypass failed, it took about 30 minutes to overcome
the failures through non-procedural actions.

• Rancho Seco

- Instrument failure led to loss of instrumentation and many
misleading ones.

- The core was protected.

- Both positive and negative operation staff actions were
involved.

• Coolant Blockage at Hanford KW

- All standard methods to alleviate the problem failed. It took
16 days to get at the fuel element and flow blockage.

• Windscale

- It was four days before the event was understood.

- Some confusion remains on exactly what happened.

• NRX Chalk River

- Fairly innovative response to scram failure (dumped the

moderator).

• NRU Chalk River

- Refueling accident led to burning fuel element.

- Interlocks prevented appropriate recovery actions.

- Interlocks were overcome through time-consuming efforts.
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• Bhopal

- Non-procedural action within 15 minutes to direct fire hoses at
the stack to knock down as much vapor as possible.

• Today many different support groups would be available

- Well prepared lines of communication and the ability to get help
to the plant staff.

- Ideas and knowledge base of the support group are highly vari-
able, some drills have gone well, others quite poorly.

• Work with operations staff on other PRAs has shown an awareness of
some very innovative actions. Staggering pumps to prevent overheati-
ng. Opening lines to restore blocked cooling. Establishing
temporary cooling with alternate piping pathways.

• PRAs generally have not given a great amount of credit to innovative
recovery actions, although some have.

- Millstone IREP. Failure to recover isolation condenser by
manually opening failed valve (P[failure] = 0.01)

- Big Rock Point. Failure to repair instrument air. Recovery
based on fault tree model of likely faults (P[failure - 03.5 h]
= 1.0, P[failure - 35 h = 1, P[failure - 35-10 h = .01)

- Big Rock Point. Failure to connect trailer mounted diesel
already on site. Wiring had to be done, crew estimate 6 h after
decision was made. (P[failure - h 66, P[failure - 1 h]
0.1, P[failure - 24 h = )

- Indian Point 3 Failure to crosstie buses between units in 6 h
(P[failure - 6 h = 0)

- Grand Gulf RSSMAP. Failure to take corrective action in 28 h.
Non-specific recovery. (P[failure - 28 h] 023)

- Oconee PRA. Failure to crosstie service water to another unit
(P[failure - 2 h] = .01)

- Oconee PRA. Failure to refill the BWST (P[failure - 26 h]
0.5)

- Oconee PRA. Failure to bypass or otherwise overcome a failed
closed manual valve (P[failure - h] = .1)

- Oconee PRA. Failure to refill the HPSW tank using portable
equipment (P[failure - h] 002)
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Synthesis of the Evidence for Innovative Recovery

• There is a large uncertainty in the assignment of tese recovery
factors.

• The evidence is rather lacking, although there have been cases
of highly competent recovery and cases of incompetent post-
accident action.

• There has been considerable lack of understanding associated
with some of the most severe accidents.

• The fact that we are giving thought to these types of events may
affect the probability of successful response, but a major
accident could have an element of surprise or a response that is
not understood.

• A realistic PRA should give some credit to these actions.

Initial ranges for the non-recovery factors (before other evidence) are
given below. Expert A does not believe that the actions are independent
of other innovative actions, although they may be independent of some
repair actions. Do not assign more than one innovative and one repair
action to a cut set. The values given are central estimates.

Cross-Tie Electrical Buses

5 h 10 h 15 h 20 h 25 h 30 h 35 h 40 h 45 h

0 .3 .5 .7 .9 .9 .9 .9 .95

Cumulative probability of performing the action. The numbers reflect the
fact that there may be reluctance to perform the action for fear of caus-
ing loss of the other bus. Without detailed examination, it is not
possible to address the difficulty of the action. There is also the
possibility the action is delayed while another recovery is first
attempted.

Bring in and Connect Offsite Diesel

5 h 10 h 15 h 20 h 25 h 30 h 35 h 40 h 45 h

0 .1 .2 .4 .6 .7 .8 .9 .95

Cumulative probability of performing the action. The time reflects the
fact that it will take at least 6 to 8 h after a decision is made to
accomplish the act. There could very easily be problems encountered in
connecting the diesel. It is likely that a severe event may not be
recognized as being severe until some time into the incident. A very
severe power shortage could lead to a lack of personnel to attempt all
the recoveries that might be possible. There could be a reluctance to
recognize early on how bad the event might be and how long it could be
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before power is restored. Other recovery options could appear very
promising, only to take longer than expected.

Bring in Pump for Refilling Tanks

2 h 5 h 10 h 15 h 20 h 25 h

.1 .6 .7 .9 .9 .99

Cumulative probability of performing the action. This assumes that no
special pump is required.

3. Replace Failed Equipment

Expert A does not believe this can be assessed, and that the repair
actions include major repairs. The valve repair includes the possibility
of replacing the motor operator. Replacement of a pump is a very
specific thing, and it is probably not worthwhile trying to assess this
given all of the other uncertainties in PRA.

4. Limitations

There is great danger here of assessing only positive actions of the
operations staff and their support. There are no doubt ill-advised
attempts at recovery that are probably too incredible to predict before
they happen. In addition, some innovative recoveries could put the plant
in worse shape relative to risk if they fail. Some innovative recoveries
might, for example, violate containment integrity. PRA is on rather weak
footing here, and the weakness in being able to predict operations staff
response to severe events should be discussed in the limitations section
of the report. In addition, recovery is applied to PRA models at the cut
set level, and one at a time any cut set appears recoverable. A real
event (such as Davis Besse) is likely to be complicated by other failures
which are not accounted for in cut sets.

It is appropriate to assign recoveries to be realistic, but it is likely
that a portion of te risk is missing--that due to scenarios that are
misunderstood, are complicated by unrelated failures and which are
accompanied by bad judgment.

Research Sources
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Expert B. Expert B followed the suggested decomposition quite closely
and presents estimates for percent of component failures which require
destructive repair, and probability of repair versus time for components
on Table C.5-3. Estimates for the innovative recovery actions based on
Table C.5-2 are listed on Table C.5-4. Expert B stresses that these
estimates should serve only as guidance. Plant staff should be consulted
for development of plant-specific analyses.
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Table C.5-2

Innovative Actions

1. Cross-tie electrical buses, no procedure, no hard-wired connections.

2. Bring in an offsite diesel generator and hook it up.

(a) LaSalle is within 90 miles of Chicago but has no explicit
procedures.

(b) Peach Bottom performed a drill where they simulated a blackout
on Sunday and tried to contact nearby DG manufacturers. They
determined that they could get a DC on site within h.
However they have no procedure for hooking it up.

(c) Surry has no procedures but is I h from Norfolk Naval base and
could get power from a ship or other portable source.

(d) Grand Gulf has access to National Guard portable power sources
but has no procedures.

3. Bring in an offsite pump or set-up some local pump to refill empty
tanks (i.e., CST tank). No procedures.

(a) LaSalle: well onsitecould hook up a fire pump.

(b) Peach Bottom: fire truck could pump water from river.

(c) Grand Gulf: could hook up fire pump from well.

(d) Surry, Sequoyah: no information.

4. Replace as opposed to repair any of the equipment on the equipment
list in Table C.5-1. Use the same groupings as in the repair case.
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Table C.5-3

Common Component Failure Recovery Estimates-
Expert 

Type and Percent Requiring Cumulative Probability
Non-Destructive Repair Repair Vs. Time

MOV Local Fault 15% 0.05 � I h, .95 � 8 h
MOV Control Fault 80% 0.05 � I h, .95 � 6 h
AOV Local Fault 15% 0.05 � 1 h, .95 � 8 h
AOV Control Circuit 80% 0.05 � 1 h, .90 � 6 h
Check Valve, Local Fault < 5% 0.01 � I h, .90 � 4 h
Manual Valve, Local Fault < 5% 0.05 � I h, .90 � 4 h
Pumps Local Fault < 10% 0.05 � 1 h, .80 � 24 h
Pumps Control Circuit 80% 0.05 � 1 h, .90 � 6 h
Pumps, Maintenance 50% 0.05 � 1 h, .90 � 4 h
Breakers Local Fault > 80% 0.05 � 1 h, .90 � 6 h
Breakers Control Circuit > 80% 0.05 � 1 h, .90 � 6 h
Breakers Maintenance 50% 0.10 � 1 h, .90 � 4 h
DGs Local Fault 15% 0.10 � 2 h, .80 � 24 h
DGs Maintenance 50% 0.10 � 1 h, .90 � 6 h
DGs Control Circuit 80% 0.05 � 1 h, .90 � 6 h
Fans Local Fault 80% 0.10 � 1 h, .90 � 6 h
Fans Maintenance 50% 0.10 � 1 h, .90 � 4 h
MCC Local Fault 15% 0.10 � 1 h, .90 � 4 h
MCC Maintenance 50% 0.10 � I h, .90 � 4 h
Relays Local Fault 100% 0.10 � I h, .80 � 3 h
Strainer/Filter Local Fault < 5% 0.10 � 1 h, .90 � 4 h
Heat Exchanger Local Fault < 5% 0.05 � 1 h, .80 � 8 h
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Table C.5-4

Innovative Recovery Actions Vs. Time--Expert 

Time (h) 1 5 10 15 20 25 30 35 40 45 50

1. Electrical Bus Crosstie .05 .25 .90 1.00

2. Offsite Diesel Hookup

Normal Weather 0.00 0.00 .10 .20 .25 .40 .60 .80 1.00
Severe Weather 0.00 0.00 0.00 0.00 .10 .20 .25 .40 .60 .80 1.0

3. Pump Replaced from .25 .30 .40 .50 .65 .75 .90 1.00
Offsite



Expert C. Expert C gave distributions for restoration of component
failures with time for several component failure modes. These are shown
on Table C.5-5. Expert C supplied the following comments:

When analysts consider recovery actions on a scenario basis, it is
likely that overall diagnosis and decision will be more significant
than the times required for completing specific repairs. The analyst
must consider the number of repair/operations people available,
competing demands on them (how many "operator actions" are buried in
fault trees) confusing information (including the probability of
extraneous alarms and failures that can divert attention), disagree-
ment/vascillation/misdirection among the accident management team
including shift-to-shift alternations in emphasis. Furthermore, the
success criteria for repair may be a function of the specific failure
scenarios, e.g., on one case a valve need only be repositioned, while
in another full operability may need to be restored.

Recovery actions, indeed all human actions, cannot be considered
independently. When recovery is modeled, the analyst should consider
the entire failure--recovery scenario as a whole. The distributions
that are given here in response to Issue are meaningful only under
the following assumptions:

• The required maintenance/operations personnel are onsite and
immediately available;

• The "accident manager" has decided exactly what should be done
and has directed specific personnel to carry out the specific
tasks evaluated;

• The workers are given no competing tasks or contradictory
instructions;

• For valve/pump invasive (destructive) repair, isolation has been
established;

• The time distributions are for flanged components, if welds must
be cut and laid down, add one day.

Expert D. Expert D developed assessments within the context of very

specific scenarios:

1. Hookup of a large offsite diesel
2. Hookup of a small offsite diesel
3. Repairing a pump
4. Repairing a valve
5. Repairing or replacing other equipment (e.g., onsite diesel).

Expert D cautioned that all of the distributions he developed should be
evaluated within the context of his assumptions. Actual application of
innovative recovery should involve plant-specific details. The distribu-
tions do not apply to recovery of common cause events. Expert D feels
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Table C.5-5

Time to Repair or Replace Components--Expert C

Check Valves - Time (h) 4 8 12
Fail to Open Prob. .05 .5 .95
(Must be Accessible)

MOV

• Hand Operate Time (min) 5 15 30 60
Prob. .01 .50 .90 .99

• Repair or Replace Time (h) 4 8 12 24
Prob. .05 .5 .9 .99

• MOV Inaccessible Time (h) 1 2 4
Try a Spare Prob. .05 .90 .99
Contactor

Pump

• Control Failure Time (h) 0.1 1 4
Switch Breaker or Prob. .01 .95 .99
Local Start

• Electrical Failure Time (h) 1 4
Prob. .05 .95

• Repair or Replace Time (h) 16 24 60
Prob. .05 .50 .95

• Convolve the complements of these three distributions to assess
failure to recover.

Circuit Breaker Time (h) 0.1 1 4
Prob. .01 .95 .99

Diesel Generator Time (h) 0.5 4 8 24 48 12
(FTSFTR) Prob. .05 .5 .8 .9 .95 .9

Strainers and Filters Time (min) 15 30 60
Prob. .1 .5 .9

Plugged Heat Exchanger Time (h) 8 24 36 60
Prob. .05 .25 .5 .95
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Table .5-5 (Continued)

Time to Repair or Replace Components--Expert C

AOV - Accessible

Repair Time (h) 0.1 0.5 2 6 16
Prob. .01 .6 .9 .95 .99

Electrical Crossties Time (h) 5 6 8 12 24
Prob. .01 .05 .25 .5 .965

Hookup of Offsite Time (h) 16 24 36 48 72 95
Diesel Generator Prob. .1 .5 .8 .9 .95 .99

Hookup of Offsite Pump Time (h) 1 2 6 12 24
or Alternate Local Prob. .1 .25 .5 .75 .95
Water Supply
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that these events can be recoverable, but that too little is understood
to establish estimates for recovery of common cause events. Expert D's
assessments are given below.

Hookup of Large Offsite Diesel Generator

Expert D's assessment is based on an analysis performed in the Pickard,
Lowe and Carrick probabilistic safety study of Seabrook (Reference
C.5-1). This recovery action involves bringing a replacement 4160 V
diesel generator to the plant site, and successfully hooking it up to an
emergency bus. The probability for this event is shown in Table C.5-6,
which is a copy of Table 318 from PLG-0432. A major assumption in this
assessment is that the plant has established the location of the diesel
generator and developed procedures for bringing it to the site.
Seabrook, which is approximately 60 miles north of Boston, is located
more than 250 miles from an available large portable generator near New
York City,

Small Diesel Generator Hookup

Expert D developed this assessment based on the large offsite diesel
generator analysis in the Seabrook PRA (PLC-0432). The results are shown
in Table C.5-7. An important assumption is that preliminary arrangements
have been made by the plant to pickup and deliver to the site a suitable
diesel generator which in this case requires 4160 V output at 1200 amps
for start and operation of the containment spray, service water and
component cooling water pumps.

Component Recovery (Pumps, Valves, Other Components)

The results for Expert D's assessments are shown in Table C.5-7.
Important assumptions are:

• A decision to attempt to restore a particular component has
already been made.

• Stress effects, positive (incentive) and negative (pressure) are
incorporated as the optimistic and pessimistic distributions.

• Non-hazardous environments are assumed.
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Table C.5-6

Recovery of AC Power Via on Offsite 4160 V Diesel Generator
Taken From PL&C Seabrook PRA--Expert D

Cumulative Probability of Recovery of Containment Spray and
recirculation of Additional Independent Sources Within t Hours

After a Loss of All AC Power 00ther(t)]

5th 50th 95th
t(hours) 41� Other Mean Percentile Percentile Percentile

18 0.0
24 0.0
48 0.0
72 0.3 0.1 0.30 0.50
96 0.4 0.2 0.40 0.60

120 0.5 0.3 0.50 0.70
144 0.6 0.4 0.60 0.80
168 0.7 0.5 0.70 0.90

Table C.5-7

Component Recovery and Offsite Small Diesel Hookup--Expert D

Offsite Small Diesel .05 .5 .95

Time (h) Optimistic 2 6 12
Base Case 4 8 24
Pessimistic 6 12 48

Pumps Time (h) Optimistic 0.5 2 10
Base Case 1 4 18
Pessimistic 4 10 35

Valves Time (h) Optimistic 0.4 1 4
Base Case 0.7 2.7 9
Pessimistic 1 5 24

Other Equipment Time (h) Optimistic 0.3 1.5 11
Base Case 0.5 3.5 20.2
Pessimistic 1.5 7 40
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C.6 Issue 6 Zion CCWS Pipe Rupture Frequency

Applicability: Zion

Panel Members:

Joseph Murphy, NRC
Gareth Parry, NUS Corporation
Karl Fleming, PLG

Discussion

This issue concerns the frequency with which, under normal operating
conditions, the component cooling water system (CCWS) serving the Zion
units would fail due to a pipe rupture event. It was selected as an
expert elicitation issue due to the potentially significant impact of the
CCWS pipe rupture rate upon the overall core damage frequency at Zion
Unit 1. Details of the technical background can be found in Appendix B.

The following summarizes the information elicited from the three NREG-
1150 front-end expert review group members involved directly in the
issue. It reflects the opinions rendered at the elicitation meeting and
in subsequent, confirmatory communications. Where a probability
distribution was specified completely by an expert, then that distribu-
tion is used to facilitate the characterization of uncertainty. Where
only probabilistic quantile constraints were provided, then the entropy
maximization code IMPAGE (Reference C.6-1) is used to generate the
required distributions. This technique conforms to the approach adopted
as part of UREG-1150 methodology. For comparison of the three sets of
responses, they are each processed in terms of the following measure:
the pipe rupture rate per Zion CCW system year for piping of the specifi-
cations described in Appendix B and discussed with the experts sub-
sequently 12 in. diameter). At the front-end elicitation meeting, the
consensus was that the reference leak rate by which to define pipe
rupture should be set at 800 gpm, i.e., the capacity for CCWS makeup.

Elicitation

Expert This expert provided a simple algebraic expression for evalua-
tion of the Zion CCWS pipe rupture frequency for the pipe specifications
delineated in Appendix B. This expression is:

Occw OABF e F e FQ

where

Occw - pipe rupture rate per CCW system year
OABF - annual frequency of auxiliary building flooding
Fccw - fraction of auxiliary building piping that belongs to the

CCWS
FQ - relative quality of CCWS piping.

C-171



The expert provided the 0.05, and 095 quantile levels of the quantity
OABF. These values were based upon a flooding analysis for the Oconee
PRA and set to 1.94E-4, 11E-2, and 1.2E-1, respectively. He noted that
uncertainty regarding OABF accounts for sparseness of data and plant-to-
plant variability. The expert set Fccw to 025 using Table 7 of
NUREG/CR-4407, (Reference C.6-2) based upon the estimation that the Zion
auxiliary building contains 6940 ft of pipe and about 1640 ft of this
belongs to the CCWS. Assessment of the relative quality of CCWS piping,
FQ, was based upon the observation that no auxiliary building flooding
events have been due to the CCWS and upon evidence made available to the
panel. In the view of this expert, the available information strongly
supports the thesis that GCWS piping is of a much higher quality (i.e.,
ductility, strength) than much of that typically found in auxiliary
buildings and known to have caused flooding. The expert characterized
uncertainty regarding FQ by a lognormal distribution with a median of
1.0E-2 and and error factor of 10.

To implement the entropy maximization procedure for the parameter OABF,

0.0 and 1.0 quantile levels are required. These were not provided by the
expert. To acquire these limits, it is observed that the entropy maximi-
zation principle, for a logarithmic metric, results in a piecewise

uniform density over the log-frequency axis when constrained purely by
quantile levels. To establish the 1.0 quantile level, the uniform
density between the 0.5 and 095 quantile levels is analytically
continued at a constant level beyond the 095 quantile to the 1.0
quantile. This results in a .0 quantile level of 1.56E-1. Similarly,
the density between the 0.05 and 0.5 quantile levels is continued down to
the 0.0 quantile level. This level is established at 1.21E-4.

The probability distribution over FQ was provided in full by the expert.
Convolution of the two distributions via the expert's equation is
achieved by a Monte Carlo analysis based upon a Latin hypercube sample of
1000. The resultant probability distribution is displayed in Figure
c.6-1.

Expert B. This expert provided reasoning for evaluation of various
probabilistic quantile levels of the Zion CCWS annual pipe rupture rate
per foot of piping, for pipes of the specifications delineated in
Appendix B. He also provided a conversion factor to units of annual
rupture rate per pipe section, although this information was not utilized
since there appears to be some diversity among analyses in the definition

of a pipe section.

At the 0.5 quantile level, the expert adopted the average normal opera-
tion CCWS pipe rupture rate per system year of 2.OE-7 as provided in
Figure A-2 of NUREG/CR-4407. To translate into units of ruptures per
year per foot of pipe (of the relevant specification) he divided 2.OE-7
by the mean PWR footage of CCWS piping > 6-in. diameter). This number
is provided in Table 7 of NUREG/CR-4407 and was approximated by the
expert to 2.9E+3 ft. To translate the resultant quantity into units of

rupture rate per Zion CCW system year, this figure must be multiplied by
the length of piping of the provided specifications > 12-in. diameter)
in the Zion CCWS. This length is equated here with the mean length of
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Figure C.6-1. Zion CCWS Pipe Rupture Frequency.
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piping (of greater than 6 in. diameter) for Westinghouse CCW systems as
provided in Table 6 of NUREG/CR-4407: 3152 ft. Use of this figure may
be viewed as conservative in that it includes piping in the 6 to 12 in.
diameter range, but non-conservative in that, since the Zion CCWS serves
two units, the length of piping would exceed the mean Westinghouse value.
These factors combine to provide a reasonable estimate of the required
measure. Hence, for the 0.5 quantile frequency, the figure adopted is:

2.OE-7 x 3152 = 2.2E-7
2.9E+3

At the 1.0 quantile level, the expert based his judgment upon hypothesis
of a single PWR surprise rupture event occurring in a non-primary section

of PWR piping of greater than 6-in. diameter. He extracted the mean
length of PWR non-primary piping > 6-in.diameter) from Table 7 of
NUREG/CR-4407: 14,021 ft. Based upon 485 PWR years of experience he
then set the 1.0 quantile rupture rate per foot of piping per year to the
reciprocal of 14021 x 485. Again, the 3152 ft factor is used to render
the measure in units of ruptures per Zion CCW system year, yielding for
the 1.0 quantile rupture rate:

3152-
=4.6E-4

14021 x 485

This expert then defined additional quantile levels as multiples of the
0.5 and 1.0 quantile levels. The 0.05 and 07 quantile levels were
judged to be factors of 0.5 and 10, respectively, multiplied by the 0.5
quantile level. The 095 quantile level was judged to be a factor of 0.1
multiplied by the 1.0 quantile level.

In order to use the entropy maximization algorithm, the 0.0 quantile
level is required. This was not provided by the expert. From the
perspective of the Zion sequence models, the value of this quantile is
unimportant since other CCWS failure modes dominate at low pipe rupture
frequencies. Given the rather squat nature of the lower end of the
distribution as viewed in logarithmic frequency space, the 0.0 quantile
is set to one half of the 0.05 quantile level. To summarize the final
constraints for this expert:

Quantile Frequency (per system year)
0.0 5.5E-8
0.05 1AE-7
0.5 2.2E-7
0.7 2.2E-6
0.95 4.6E-5
1.0 4.6E-4

The entropy maximization algorithm is implemented with a logarithmic
metric in the parameter space by use of the code IMPAGE to acquire the
probability distribution displayed in Figure C.6-1.
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ExRert C. This expert considered three causes of CCWS system failure:

1. Pre-existing defects in pipework and growth of a defect into a
crack sufficiently quickly to preclude detection.

2. Sudden impact on pipework from an external agent.

3. Failures of valves: external leakage by maintenance errors or
material failure.

He observed from UREC/CR-4407 that there have been four PWR non-primary
system pipe leak events with leak rates exceeding 15 gpm in 485 PWR plant
years of operation. He divided the resultant maximum likelihood estimate
rupture rate of 8.OE-3 per plant year by 10 (assuming 10 systems per
plant) to acquire a rupture per system year rate of 8.OE-4. Since all
four events were transient-related, and since the expert judged that the
CCWS would not be susceptible to such events, he then emplaced a 095
quantile bound upon the rupture rate per Zion CCW system year of 1.OE-4.

This expert noted that for low pressure systems such as the CCWS,
fracture mechanics calculations suggest that defects cannot grow quickly.
He observed also that the CCWS is in an area where leaks would be noticed
fairly readily. Thus, he deduced that rupture through defects would be
less frequent by a factor of 100 to 1000 or more than those rupture
events observed. He noted that the resultant defect-rupture frequency
would match the fracture mechanics calculations if no account were taken
for leak discovery. Further, he observed that valves would probably not
rupture at the low pressures of this system. At the 0.5 quantile level,
the relevant frequency was set by the expert to 1.OE-6 to account for
unidentified human error that could lead to large leaks. The 0. 1
quantile level was set by the expert to a value associated with RPV
failure: 1.OE-7.

For the distribution extremes, the expert set the 0.0 and 099 quantiles
to 1E-10 and E-2, respectively. The latter is adopted as an upper
boundary of the distribution for implementation of the entropy
maximization procedure. To summarize the final constraints for this
expert:

Quantile Freguency (per system year)

0.0 1E-10
0.1 IE-7
0.5 1E-6
0.95 1E-4
1.0 1E-2

Adopting a logarithmic metric in the parameter space, the entropy maximi-
zation algorithm is implemented by use of the code IMPAGE to acquire the
probability displayed in the figure.
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Aggregation

The algorithm adopted for aggregation of the three expert distributions
conforms to the procedure established as part of the NUREC-1150 elicita-
tion aggregation approach. That is, the aggregate cumulative probability
at a given frequency level is equal simply to the arithmetic average of
the three expert-specific cumulative probabilities at that level. In
cumulative form, Figure C.6-1 displays the three expert probability
distributions and the aggregate distribution over the annual CCWS pipe
rupture frequency at Zion.
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C.7 Issue 7 Electrical Power Cross-Tie

Applicability: Grand Gulf

Discussion

This issue was resolved before the expert panel meeting. Refer to
Appendix for a description of the issue and its resolution.
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C.8 Issue 8. HPCS Seal/Bearing Failure at LaSalle

Applicability: LaSalle

Panel Members:

Robert Budnitz, FRA
Joseph Murphy, NRC
Dennis Bley, PLC

Discussion

For certain sequences where containment heat removal and venting have
failed or are inadequate, the suppression pool temperature will continue
to rise to the point where the HPCS pump seals or bearings might fail in
a manner which would result in pump failure. The cooling for the HPCS
pump seals/bearings is provided by the working fluid. Discussions with
Commonwealth Edison personnel indicate that testing of a similarly
designed LPCS pump by Borg-Warner showed that the seals/bearings worked
without problems for 4 h at water temperatures of 350'F. At another
plant (Grand Gulf) which has a HPCS pump (Byron-Jackson manufacturer),
the bearings are designed to operate with water temperatures of 330'F for
24 h.

At LaSalle, containment failure is expected to occur at approximately 200
psig corresponding to a saturation temperature of 385'F. It is also
likely that the failure will occur as a "leak" and therefore containment
pressure could remain high (in the 150 to 200 psig range) for some period
of time: 6 h or more. However, there is a possibility that rupture
could occur and the different temperature effects must also be assessed.

Pump Information

The HPCS pump has a GE model No. 5K6357XC8B motor and an Ingersol-Rand
model No. 2lA9243CK12X20KD pump. It is a 300 hp, 1780 rpm, 4160 VAC
pump. The room cooling is necessary for pump operation and will be
operating for the sequences of interest. The HPCS pump is located in a
small corner room low in the reactor building and has an 18,000 cfm

emergency HVAC system.

Elicitation Statement

In the accident sequence cut sets for the pertinent sequences and in the
containment event tree are events and questions which ask:

What is the probability that the HPCS system continues to work with
high suppression pool temperature vs. time?

This question is asked for nine basic scenarios described below. Based

on the thermal-hydraulic code predictions, one can assume that the
temperature changes can be represented as approximately linear with time
for those times of interest. Also, the pump seals and bearings should be
in equilibrium with the pool temperature since the heatup is slow. Some
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of the scenarios such as 3 and 4 and 5, or 2 and 6 are very similar
and might be grouped together in order to reduce the number of
assessments.

Scenarios:

1. The transient case where the water temperature reaches 385'F in
40 h the containment leaks and the pool temperature remain in
the range of 350'F to 385'F for about 6 h (the temperature will
decrease as the pressure slowly drops).

2. Same as except that the containment ruptures at 40 h and the
pool temperature decreases to about 212'F in about I h and then
remains there.

3. The transient case where the operator vents the containment at 60
psig (pool temperature of about 300'F) at 22 h and the pool
temperature decreases to 212'F in about I h.

4. The SORV or small LOCA case where the operator vents at about
14.5 h at 60 psig and the pool temperature decreases to 212'F in
about h.

5. Same as 4 except venting cannot occur so that the pressure
continues to rise until the containment "leaks" at about 35 h and
the temperature remains high (the temperature will decrease as
the pressure slowly drops).

6. Same as except that the containment ruptures at about 35 h and
the temperature decreases to 212'F in about h.

7. The ATWS case where the operator vents at 7 h and the pressure
peaks at about 127 psia then decreases to about 100 psig. The
temperature in the suppression pool peaks at 336'F at 73 h then
decreases to 328'F where it remains constant.

8. The ATWS case where venting cannot occur so the pressure and
temperature continue to increase until containment failure at
about 200 psig (at about 35 h). The containment "leaks" and the
pressure and temperature remain high.

9. Same as case No. 8, except that the containment ruptures and the
temperature decreases to 212'F in about I h.

The suggested decomposition for this issue was to elicit a time related
cumulative probability distribution for each scenario. However, all
three experts felt tat time was not an important factor. The scenarios
were disregarded, and each expert analyzed the issue as a function of
temperature and specific failure modes identified by the experts.
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Elicitation

Expert A. The analysis provided by Expert A modeled the HPCS pump
failure through failure rates due to temperature dependent tolerances of
shafts and bearings (bushings) and temperature dependent oil breakdown.
The decomposition used is

= b + (1 - b) Pt (1 b) � (1 Pt) Po

where P is the overall temperature dependent failure rate, b the
NUREG/CR-4550 base failure rate for HPCS pumps under normal operating
conditions, Pt is the temperature dependent failure rate due to toler-
ances of the shaft and bearings, and Po is the temperature dependent
failure rate due to oil boiling. Because air, oil, and bearing temper-
atures will equalize within approximately 15 minutes of reaching a
temperature, failure was thought to occur about 15 minutes after the
temperature was reached. If at a given temperature, the pump had not
failed, then there would be no further degradation over time at that
temperature.

The distribution for b the base failure rate, is lognormal with a mean
of 3.OE-5/h and an error factor of 10. This is the base distribution
used in NUREC-1150 for HPCS pumps. This base distribution derives from
values provided by IPRDS, WASH-1400, IREP, IANL FRAC, and GE studies.

The value Pt, the failure rate due to closed tolerances was assessed
directly from Expert A. This value is a function of the temperature and
is shown as a graph in Figure C.8-1. Expert A commented that direct
engineering analysis could be used to examine the likelihood of failure
due to closing of tolerances by thermal expansion, but that such an
analysis was not presently available. Expert A stated that at 2500F it
is known with certainty that there are no tolerance problems. For a high
end estimate, Expert A felt that tolerance problems would be possible but
unlikely even at 400'F, which was a sufficient high temperature limit for

this issue.

The failure probability due to oil boiling is also in graphical form and
is shown in Figure C.8-2. Expert A cited Mobil Oil's boiling temperature
of 341'F as a basis for estimating the probability of failure due to oil
boiling. This information was provided at the elicitation meeting by
Commonwealth Edison personnel who are familiar with the oil in question.
The expert believes that the manufacturer's specifications are usually
conservative lower bounds and therefore failure because of loss of
lubrication was unlikely below 341'F.

Combining the failure probabilities b Pt, and Po gives the recomposed
relation in Figure C.8-3. This curve provides the mean or point prob-
ability of failure as a function of the highest room temperature reached.
No attempt was made to capture stochastic variation about the mean curve
and there is no dependence on the time of operation of the pump in the

environments above 250'F. The term (1. - b) was taken to be 1. 0 in the
equation for P. The nominal failure rate for a HPCS pump is 1E-3/h.
The scenario durations for this issue are sufficiently short to approxi-

mate (lPb) as 1.0.
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Expert B. Expert B's assessment of the HPCS pump failure is based on the
consideration of three hypothesized failure mechanisms. In each scenario
the failure probability is dependent on the room air temperature. There
is no dependence on the time of operation since the failure mechanisms
are thought to act very quickly, producing failure within five minutes.
Thus, each of the scenarios applies to both continuous and intermittent
operation. The mechanisms or scenarios are:

1. The failure rate remains at the random or nominal value until the
room temperature reaches 341'F. At this temperature the oil will
boil and fail the pump within five minutes. Because there is no
evidence of difficulties caused by inadequate tolerances, at
least at 250'F, this scenario does not consider failure due to
the closing of the bearing gaps.

2. In the second scenario, degradation begins to occur at 300'F
because of expansion and the ensuing closing of tolerances. The
probability of failure increases exponentially beginning at 300'F
and reaches 1.0 at 341'F. This scenario is thought to be the
most likely.

3. Alternatively, thermal expansion may begin at 260'F and the
probability of failure may increase exponentially until binding
of the pump occurs. In two versions of this scenario, binding
occurs at: (a) 320'F, and (b) 341'F, respectively.

The variation from scenario to scenario is quite wide. The expert
reported that this is due to lack of information on the relative
importance of bearing gap closure and failure of lubrication.

Four probabilities or weights were assigned to the scenarios reflecting
their relative likelihoods. The first scenario was given a probability
of 02, the second a probability of 07, and the two versions of the
third scenario were given probabilities of 03 and 07 corresponding to
certain failure at 320'F and 341'F, respectively.

Figure C.8-4 displays the four failure probability-temperature relations
described in the scenarios. The recomposed distribution is shown in
Figure C.8-5. This relation is a weighted average of the relations given
in Figure C.8-4.

Expert C. Expert C judged that the primary mode of failure would be
binding of the pump. Binding or seizing would occur at some uncertain
temperature Tb where Tb was likely to be below the oil boiling
temperature of 341'F. The probability of failure of the HPCS pump would
rise very sharply in the vicinity of Tb, and failure would be very likely
above Tb even though the period of operation may be short, 10 or 
minutes. The conditional probability of failure at a temperature equal
to Tb was thought to be 95. The value of Tb is apt to vary from pump to
pump and is the driving uncertainty for the expert. The expert expressed
relative confidence that this failure mechanism would cause failure
before the oil boiling point of 341'F was reached.
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Expert C delineated four possible ranges of Tb and assigned probabilities
to these ranges. They are:

Range Probability

1. 250OF to 275OF .10
2. 275OF to 300'F .50
3. 300OF to 325'F .35
4. 325'F to 350'F .05

Below 250'F, the failure rate is judged to be the nominal failure rate
used for other motor-driven pumps in the NUREG-1150 process.

Expert C provided a probability of failure due to temperature effects
conditional on each of the four ranges of Tb- These four curves are
presented in Figure C.8-6.

The four curves were recombined using the probabilities of the various
temperature ranges for Tb' Denoting the four failure probability rela-
tions by F(tlTbi), where i=1,2,3,4 and the probabilities of the ranges of
temperatures by P(Tbi), the ensemble of functions F(t) yields the average
relation given by

F(t) = (Tb.L)F(tlTbl) + P(Tb2)F(tlTb2) + P(Tb3)F(tlTb3) +

P(Tb4)F(tlTb4)

The resulting recomposed relation is given in Figure C.8-7.

The overall aggregated results are shown in Figure C.8-8. This curve
should be used whenever the temperature is above 250'F. The curve is the
arithmetic average of the overall temperature-related failure rates for
each expert from Figures C.8-3, C.8-5, and C.8-7. The linear scales on
Figure C.8-8 cause the failure probability to appear as though it goes to
0.0 as the air temperature drops to 250'F. Actually, the elicitees all
felt that below a temperature of 250'F the NUREG/CR-4550 nominal failure
rate for pumps of 3.OE-5/h should apply. For temperatures below 250'F,
the analyst should use this failure rate with whatever sequence time is
relevant to calculate the probability of HPCS pump failure to run.
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CA Issue 9 The Frequency of RWST Refill and Spray Injection at Zion

Applicability: Zion

Discussion

The scenario underlying the current issue is one in which, given a LOCA
initiator followed by RWST depletion at Zion Unit 1, there is a failure
to establish coolant recirculation due either to hardware failures or to
operator error. The elicitation parameter is that of the relative
frequency with which operators would successfully refill the RWST and
inject the containment sprays. A description of the related accident
sequences and the relevant spray success criteria is provided in Appendix

B.

At the NUREG-1150 front-end expert review panel elicitation meeting,
George Klopp, Commonwealth Edison Company, commented upon this issue. He
stated that, subsequent to a LOCA initiator, if the pressure in the
containment building does not threaten containment integrity and if there
is not a significant level of radiation in the containment, then the
operators would not actuate the containment sprays. Furthermore, if the
sprays had been actuated automatically subsequent to a LOCA, and if the
containment pressure drops to a low level, and if there is not a
significant level of radiation in the containment, then the operators
would turn off the containment sprays.

Reference C.9-1 identifies as dominant contributors to offsite risk those
scenarios in which there is early containment failure (i.e., coincident
with vessel breach) as a result of energetic phenomena such as high
pressure melt ejection (direct heating), hydrogen deflagration, and rapid
steam pressurization. Hence, performance of the sprays before vessel
breach and their subsequent radiological decontamination function at
containment failure are issues of primary importance from a risk perspec-
tive. These considerations largely motivated formulation of the current
elicitation issue. Given lopp's comments, however, the possibility was
recognized that for certain of the risk-dominant scenarios under con-
sideration, the question of spray operability may be rendered moot by
procedures that seek to ensure the sprays are either unactuated or
deactivated before vessel failure. The consensus of the panel was that
the analysis for Zion should assume that prolonged use of the injection
sprays before vessel breach is not an option for the dominant LOCA plant
damage states.
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C.10 Issue 10. Hip-h Pressure Service Water--Injection or Spray

Applicability: Peach Bottom

Panel Members:

Gareth Parry, NUS Corporation

Robert Budnitz, FRA
Barbara Bell, BPNL

Discussion

This issue addresses the use of the HPSW system after vessel failure in a
station blackout scenario. If AG power is subsequently restored, the
issue is whether the operator would: (1) spray the drywell 2 inject
water into the failed vessel in an attempt to cool the corium on the
drywell floor, or 3 do both.

Peach Bottom's procedures often address the need for drywell spray to
maintain low containment pressure. They do not specifically address the
need or benefits of sprays as a radioactivity removal mechanism although
it is believed this benefit may be covered as part of te operators'
training. The use of HPSW as a spray is not specifically mentioned in
the procedures, but it is recognized by the operator that HPSW can be
used for this purpose.

One of the difficulties in this scenario is that vessel level cannot be
determined because of vessel failure. Whenever level cannot be
determined, Emergency Procedure T116 is invoked. This requires injec-
tion by (in order of preference) LPCS, LPCI, Condensate, CRD, PSW, ECCS
stay-fill, etc. until level can be restored to acceptable limits. In the
meantime, Emergency Procedure T102 (included in Appendix B) would also
be called upon to reduce containment temperatures and pressure if: (1)
the pool temperature is above 95'F 2 the torus level is high or low,
(3) the drywell pressure is greater than 2 psig, or 4 the drywell
temperature is above 145'F. A number of these thresholds would be
exceeded for the station blackout scenarios of interest.

In Emergency Procedure T102, there are times at which the operator is
instructed to actuate: (1) torus pray--the first time when containment
pressure reaches 10 psig, and 2 drywell spray at higher temperatures
and pressure. References to torus and drywell spray often refer to RHR
but no specific mention is ever made to HPSW as a spray system. The
specific bases for T102 are included in Appendix B.

Our understanding of operator response using Emergency Procedures T116
and T102 is summarized below:

(1) When containment pressure is high, the operator attempts (per T-
116) to reflood the vessel using LPCS, PI, Condensate, CRD,
and HPSW in that order. At the same time, the operator will
attempt to initiate the torus and drywell sprays because of the
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high containment pressure (per T102), but only RHR is mentioned
which is assumed failed in this scenario.

(2) When containment is vented or failed, the operator attempts to
reflood the vessel using the same systems as above, but LPCS and
LPCI are failed on low NPSH. At the same time, the operator
will attempt to initiate first suppression pool cooling, then
drywell cooling, and finally torus and drywell sprays if
temperatures exceed 281'F in the drywell (per T102)--but only
RHR is mentioned.

Elicitation Statement

The following circumstances are to be assessed within the context shown
in Figure C.10-1. The tree is composed of seven decision points or
questions. Three of the questions involve the availability of injection
and spray systems. These are systems analysis questions which are not
part of the elicitation issue. Probabilities for these decision points
are to be supplied by the plant analysis staff. This elicitation is
concerned only with the questions about operational decisions regarding
the use of the HPSW as an injection or spray source. The resulting prob-
abilities for the end states in Figure C.10-1 will be conditional on the
systems analysis.

Will the operator attempt to use the HPSW as an injection source into the
failed vessel and/or as a drywell spray under the following scenarios.

(1) Containment pressure is high and:

A. LPCS, LPCI, Condensate, and CRD are unavailable for injec-
tion and RHR is unavailable for spray;*

B. LPCS, LPCI, Condensate, and CRD are unavailable for injec-
tion and RHR is unavailable for all modes of cooling;

C. LPCS, LPCI, Condensate, or CRD are available for injection
and RHR is unavailable for spray;*

D. LPCS, LPCI, Condensate, or CRD are available for injection
and RHR is available for all modes of cooling.

(2) Containment has failed or been vented and the drywell temper-
ature is below 281'F and:

A. LPCS, LPCI, Condensate, and CRD are unavailable for injec-
tion and RHR is unavailable for all modes of cooling;

B. LPCS and LPCI are unavailable for injection and Condensate
or CRD are available for injection and RHR is unavailable
for all modes of cooling.

*RHR is available for suppression pool cooling.
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(3) Containment has failed or been vented and the drywell temper-
ature is above 281'F and:

A. LPCS, LPCI, Condensate and CRD are unavailable for injection
and RHR is unavailable for all modes of cooling.

B. LPCS and LPCI are unavailable for injection and Condensate
or CRD are available for injection and RHR is unavailable
for all modes of cooling.

Since Emergency Procedure T102 is very complicated, it is included for
information in Appendix B. All necessary operations pumps starting and
opening valves) can be performed from the control room.

Elicitation

Expert A. Expert A decomposed the probabilities of various operator
actions by considering the length of time available for diagnosis of the
vessel condition, and the availability of instrumentation. Thus, the
decision to use the HPSW system was treated as a diagnostic task. The
arguments taken into account in performing the diagnosis were:

Given a choice between protecting the core and protecting the con-
tainment integrity, containment protection will be selected;

Other experts believe that if the vessel is still intact, the core
will be the first concern;

Some experts say control actions will not be affected by knowledge of
vessel status;

Another viewpoint holds that the sequences' timings will determine
what actions are taken.

Expert A postulated two accident scenarios, one short term and the other
long term. In the short-term scenario, core damage begins 1 h after
blackout. Vessel failure follows to 2 h after core damage begins, at
which time the power is restored. in the long-term scenario, battery
depletion occurs 6 h after blackout followed by core damage 3 h later.
Vessel failure occurs 2 to 3 h after the beginning of core damage at
which time power is restored. Commencement of spray and/or injection
within 1 h of vessel failure is used as the time for success.

The short-term scenario was further subdivided into instances where
instrumentation is available and instances where instrumentation is not
available. In the cases where instrumentation is available, the prob-
ability of the operator taking a "correct" action, that is initiating
either spray or injection or both spray and injection, was thought to be
the same as in the long-term scenario where more than 1 h was available
for diagnosis. The probability of the operator failing to decide to
initiate either the spray or the injection system under either of these
circumstances was assessed as .0001. In the short-term scenario without
instrumentation, less time will be available for diagnosis. The

C-194



probability of correct diagnosis increases with time. The expert pro-
vided the following probabilities for the operator failing to take either
action as a function of time for diagnosis.

Minutes Probability
for of

Diagnosis Error

5 .2000
10 .1000
30 .0010
45 .0008
60 .0001

The probabilities of an incorrect action (no action on the part of the
operators) are low because the time from blackout to core damage is long
enough for an emergency management team to be in place. Furthermore, the
emphasis with BWRs is pressure and temperature, so the focus will be on
the very parameters which will lead to proper diagnosis for sprays or
injection.

The final stage of the decomposition used by Expert A is the choice among
three actions--spray only, inject only, and both spray and inject. Two
conditional probability distributions over these three actions were
assessed, the condition being whether or not instrumentation is avail-
able. For sequences with instrumentation, whether long or short in time,
the first inclination of the operator would be to add as much water as
possible from as many sources as possible--thus the action of both
spraying and injecting is most likely. Without instrumentation, Expert A
judged that injection would be most likely. The elicited probability
distributions are shown in the following table with ranges that reflect
the expert's uncertainty about the values.

With Without
Instrumentation Instrumentation
Best Best

Estimate Rany-e Estimate Ranae

Spray Only .35 .20-.50 .05 .04-.30
Injection Only .15 .05-.40 .70 .40-.80
Spray Injection .50 .40-.80 .25 .20-.90

Expert A's elicitation was adapted to the logic tree in Figure C.10-1.
The Expert gave, in effect, assessments for only the first event of the
tree for the two conditions: Instrumentation Available, and Instrumenta-
tion Not Available. The branch options for questions 2 3 and 4 on the
tree are assigned either probabilities of 1.0 or O.O. For example,
according to Expert A's assessment, if instrumentation is available,
there is a probability of 0.15 that the operators inject only. Given

this, question 2 of the "injection" part of the tree is assigned a
probability of 1.0 for the "no spray" option. Thus, only end states 6
and 9 have probabilities greater than 0.0 for the "injection" part of the
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the tree. The tree is solved in this manner for the two cases, with and
without instrumentation and the results are combined based on the prob-
ability of having instrumentation. The probabilities of having instru-
mentation were supplied by the Peach Bottom staff team and are shown

below:

Scenarios I(ABCD) Scenarios 2(AB) and 3(AB)

0.95 0.5

The results of the elicitation for Expert A are shown on Table C.10-1.
Note that the results for Expert A show a difference between Scenario 
and Scenarios 2 and 3 Expert A did not distinguish between the
scenarios; however, the probability of having instrumentation readings in
the control room does change for the scenarios. Thus, the distinction of
scenarios is imposed on the results for Expert A by the information
provided by the plant analysis.

Expert B. Expert B did not choose to use the suggested decomposition of
the HPSW decision tree in Figure C.10-1, but he did analyze the problem
in the context of the suggested scenarios. Instead, this expert chose to
decompose the decision into situations where the emergency management
team (EMT) is in place and those situations where the EMT is not in
place. The probability that the EMT is not in place was assessed at
0.05. This is to account for the possibility of bad weather or communi-
cations breakdown. In general, the expert was highly confident that the
EMT would be in place.

If the EMT is not present, the licensed operators will surely follow
their written procedures as stated. This means that the operators will
not spray the drywell if the temperature is below 281'F since this will
violate the written procedures, and they will spray if the drywell
temperature is above 281'F.

Both the operators and the EMT will follow the desired order of sources
for injection: LPCS, PI, condensate, CRD, and only then will HPSW be
used.

If the drywell pressure is either high or unknown, the EMT or the
operators will spray the drywell and also use injection. In Scenario 
they will spray with HPSW and will inject with HPSW only if all other
preferred sources of injection are unavailable as in Scenarios 1A and 1B.

In Scenarios 2 and 3 Expert B judged that the EMT would not honor the
281'F drywell temperature requirement. In both Scenarios 2A and 2B, the
EMT will spray the drywell and inject into the vessel because HPSW has
enough water for both and there are clear advantages to both, even if
drywell pressure is low. Injection will cool the remaining core either
in-vessel or ex-vessel, and drywell spray will also help in the cooling.
In Scenarios 2 ad 3B, the EMT will spray the drywell using the HPSW but
will not use the HPSW for injection because other sources are available
for vessel injection.
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Table C.10-1

Elicitation Results for Expert A

Scenario
End State l(A.BC.D) 2(A.B) 3(AB)

1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0.18 0.43
7 0 0
8 0 0
9 0.18 0.43

10 0 0
11 0 0
12 0 0
13 0 0
14 0 0
15 0.35 0.20
16 0 0
17 0 0
18 0.35 0.20
19 0.46 0.375
20 0.46 0.375
21 0.46 0.375
22 0.46 0.375
23 1.OE-4 1.OE-4
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In the absence of the EMT, the operators will use the HPSW for injection
but not spray in Scenario 2A as is required by the procedures. In
Scenario 2B, they will not use HPSW for either function since spray is
not called for by the procedures and other sources are available for
inj ection. The operators will use HPSW to spray the drywell in Scenario
3A because of the procedures, and they will also use HPSW for injection
because it is common sense to do so. Finally, in Scenario 3A, the
operators will follow procedures and use HPSW for spray, but they will
use other sources for injection.

Expert B's judgments are based on the reasoning that there is no logical
reason not to spray and inject with HPSW given the failure of other
sources, and given that the HPSW has sufficient capacity. The only
reason the operators would not spray is because of procedures that use
281'F as the criterion for initiating spray. If the EMT is present, the
procedure would be overridden.

Some other possibilities that were given consideration were that the
operators were not aware that the capacity of the HPSW (1500 gpm is
sufficient for both spray and injection, and that the EMT might adhere to
the 281'F rule and not spray at a lower drywell temperature. Expert 
thought that the probability of either of these occurring was so low as
to be ignored. Further, if the EMT erroneously believed that the vessel
was intact when it had failed, none of the actions would be different.

Expert B's assessments were adapted to the suggested decomposition in a
manner similar to Expert A. The logic for applying Expert B's assess-
ments to the tree is based on his evaluation of the various scenarios:

Spray or Inject
Scenario With EMT Without EMT

I(AB) Both Both
l(CD) Spray Only Spray Only

2A Both Inject Only
2B Spray Only Neither
3A Both Both
3B Spray Only Spray Only

Thus, when considering Scenario 2B, for example, the probability for the
t1spray" option of event is 0 95 (EMT in place), and the probability of
option "neither" is 005 (EMT not in place) Event 3 of the "spray"
option sub-tree is then assigned a probability of 1.0 for the "no injec-
tion" option. The results of Expert B's elicitation are shown on Table
C.10-2.

ExRert C. The suggested decomposition was followed by Expert C who
provided separate analyses for several groupings of the scenarios. In
analyzing the response to the accident conditions, the procedures were
not taken as being rules for operations to follow. This is a long-term
accident sequence and decisions are being made by a much broader group of
people. The procedures are more an indication of the philosophy the
industry has adopted to deal with such accidents. Four branches in the
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Table C.10-2

Elicitation Results for Expert 

End State l(A.B) l(C.D) 2A 2B 3A 3B

1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 0
4 0 0 0 0 0 0
5 0 0 0 0 0 0
6 0 0 0.05 0 0 0
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0.05 0 0 0
10 0 0 0 0 0 0
11 0 0 0 0 0 0
12 0 0 0 0 0 0
13 0 0 0 0 0 0
14 0 0 0 0 0 0
15 0 1 0 0.95 0 1
16 0 0 0 0 0 0
17 0 0 0 0 0 0
18 0 1 0 0.95 0 1
19 1 0 0.95 0 1 0
20 1 0 0.95 0 1 0
21 1 0 0.95 0 1 0
22 1 0 0 0 1 0
23 0 0 0 0 0 0

suggested decomposition were treated consistently across all scenarios.
These branches are Event 2--branches d and e, Event 3--branches a and b,
and Event 4--branches a and b. Each of these branches corresponds to
selecting spray (injection) given the failure of injection (spray). The
branch indicating positive action was assigned a probability of 99 in
each case resulting in a 01 probability of failure to act. The ration-
ale is that given a choice is taken away by failure, the alternative is
highly likely to be attempted.

Expert C collapsed Scenarios IA and IB as did Expert B. This expert
thought that the pressure rise may be more due to non-condensible gas
generation than to decay heat, in which case RHR is not as effective for
pressure reduction. The path labelled "both" was not explicitly
evaluated. Instead, Expert C felt that this path was covered under the
11spray" option of Event closely followed by injection once spray has
been established (initially at 700 gpm). The first branching, Event ,
was analyzed using the following rationale.
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A large fraction of the pressure rise is due to H2 production and maybe
Co production and it is not clear that spraying the containment is the
optimum thing to do as it would be if the pressure rise were due to decay
heat. The best thing would be to stop production of non-condensible gas
by quenching the core debris. If the vessel were not failed, injection
would be better. If the vessel were failed then spraying would put water
on the f loor to quench the core as well as scrub the atmosphere.
However, there is no clear indication of when the vessel has failed.
When so many decision makers are involved, it is not clear that one path
would be preferred over the others. Therefore, probabilities of
approximately .5 were assigned to the injection and spray actions and a
small probability, .001, was assigned to the action of neither spray nor
injection.

After successful injection, given that injection is chosen first, the
decision to spray either with or without injection must be made. This is
Event 2--options a, b, and c. Expert C stated that pressure will remain
in the containment and may still increase and, since the initial restric-
tion of spray is to 700 gpm, both spray and injection are possible simul-
taneously and this is most likely. It is very unlikely that spray will
not be used at all. A probability of 9 was assigned to spray with
injection. The probability could be higher than 9 for Scenario 1B, but
the expert did not think that any substantial distinction should be made.

Event 3 options c, d, and e, of the suggested decomposition relate to
the action taken given that spray was selected first and the spray was
successful. Expert C's assessments are based on the rationale that the
procedures are geared to saving containment at the expense of the core,
if necessary. Thus, option e should not be given a negligible prob-
ability. However, it is likely that it will be realized that the core
still needs to be quenched to prevent non-condensible production. Expert
C assigned a probability of 7 to injection with spray after successful
spray, .1 to injection without spray after successful spray, and 2 to no
injection after successful spray.

In Scenarios and 1D, Expert C thought that spraying was more likely as
the first choice. This is in contrast to Scenarios 1A and 1B. It was
also stated that it is probable that subsequent injection with HPSW would
continue since there will be no level indication and the procedures say
to flood the vessel with all possible injection sources. Expert C gave
probabilities of 009 to initial injection, 9 to initial spray, and .001
to neither spray nor injection. In Event 2 since the injection has been
successful and there are in any case other systems available, it was
considered that the only relevant question was whether there was a sub-
sequent decision to spray and whether the injection of HPSW was turned
off did not matter. Because of the conditions, a very high likelihood of
spray was considered.

Expert C feels that Event 3 should probably be reworded as "does the
operator continue spraying or does he divert all flow to injection." For
the reason above, the decision not to inject was irrelevant. The
response to injection after successful spray was a probability of 9 that
injection would be attempted along with either full or partial spray and
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.1 that injection would be attempted without spray. The remaining prob-
abilities are identical to those given for Scenarios 1A and 1B. Perhaps
some distinction could have been made between and as regards the
use of HPSW to spray, but the use of an external cold source of water as
being preferable to the hot suppression pool water was assumed to over-
ride other considerations.

Scenarios 2A and 3A were treated identically by Expert C because, once
the containment is open, the temperature criterion is irrelevant. It is
there to prevent under pressure failure as the sprays lower the pressure
inside containment. Therefore the only reason to spray is to reduce
radionuclides. The uncertainty therefore has to do with the judgment of
whether the team realizes the value of spraying. The probabilities are
similar to those given for Scenarios 1A and 1B, but the rationale is
different. The approximate 50/50 probabilities of initially selecting
spray or injection arise because it may not be obvious that the vessel
has failed. If the vessel has failed, then spray is at least as
effective as injection. For Event 3 branches c, d, and e in Figure
C.10-1 were assigned probabilities of 98, .01, and .01, respectively.
The rationale is that it is very unlikely that the sprays will be turned
off knowing that some injection can be done, while still leaving some
flow to the vessel in order to cover the bases in the uncertainty of
knowing whether the vessel has failed.

Scenarios 2B and 3B were treated identically to each other and in a
manner similar to Scenarios and ID. In these scenarios, however, the
expert thought that there would be greater awareness of radionuclide
releases than in Scenarios and D Thus, the probability of keeping
the spray on and initiating injection (Event 3--option c) was raised to
.99. The results for Expert C are shown on Table C.10-3.

Aggregation

The elicitations of the experts for the various probabilities were aggre-
gated for each scenario. The probabilities for the end states, condi-
tional on systems analysis, in Figure C.10-1 were calculated for each
Expert by solving each pathway with the probabilities for each scenario
as shown in Tables C.10-1, C.10-2, and C.10-3. The aggregated results
are shown on Table C.10-4 and are the average probabilities for the
Experts.

Table C.10-4 shows the conditional probability of each of the terminal
branches on the tree for Issue 10. To obtain the unconditional probabil-
ity, multiply by the system failure and success probabilities correspond-
ing to that branch and scenario. For example, consider the questions in
the logic tree, Successful Injection, and Successful Spray. The prob-
abilities for these events will be supplied from the systems analysis of
the plant safety systems to adjust the probabilities on Table C.10-4 to
reflect overall end state probabilities.
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Table C.10-3

Elicitation Results for Expert C

End State l(AB) l(C.D) 2A.3A 2B.3B

1 .4491 0 .4491 0
2 .4491 0 .4491 0
3 .0449 .0980 .0449 .9801
4 .0445 .0970 .0045 .0970
5 .0045 9.8E-4 .0045 9.8E-4
6 .0050 9.9E-4 .0050 9.9E-4
7 .4940 .0980 .4940 .0980
8 .4940 .0980 .4940 .0980
9 .0050 9.9E-4 .0050 9.9E-4
10 .3500 .8100 .4900 .8910
11 .3500 .8100 .4900 .8910
12 .0500 .0900 .0050 .0090
13 .0495 .0891 .0050 .0090
14 .0005 9.OE-4 5.OE-5 9.OE-5
15 .1000 0 .0050 0
16 .4950 .8910 .4950 .8910
17 .4950 .8910 .4950 .8910
18 .0050 .0090 .0050 .0090
19 0 0 0 0
20 0 0 0 0
21 0 0 0 0
22 0 0 0 0
23 1.OE-3 1.OE-3 1.OE-3 1.OE-3
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Table C.10-4

Aggregated Results for Issue 

Scenario

End State 1A & 1B 1C & 1D 2A 2B 3A 3B
1 .14970 0 .0279 0 .02970 0
2 .14970 .02790 .0279 0 .02970 0
3 .01497 .03267 .0030 .03267 .00300 .03267
4 .01482 .03234 .0030 .03234 .00300 .03234
5 .00015 .00033 2.97E-5 .00033 2.97E-5 .00033
6 .11324 .11191 .08361 .06694 .06694 .06694
7 .16467 .03267 .03267 .03267 .03267 .03267
8 .16467 .03267 .03267 .03267 .03267 .03267
9 .11324 .11191 .08361 .06694 .06694 .06694

10 .11667 .27000 .29400 .29700 .29400 .29700
11 .11667 .27000 .29400 .29700 .29400 .29700
12 .01667 .03000 .00300 .00300 .00300 .00300
13 .01650 .02970 .00297 .00297 .00297 .00297
14 .00017 .00030 .00003 .00003 .00003 .00003
15 .09245 .39245 .14455 .45822 .14455 .47489
16 .16500 .29700 .29700 .29700 .29700 .29700
17 .16500 .29700 .29700 .29700 .29700 .29700
18 .06079 .39545 .14455 .46122 .14455 .47789
19 .49570 .16237 .44157 .12490 .45823 .12490
20 .49570 .16237 .44157 .12490 .45823 .12490
21 .49570 .16237 .44157 .12490 .45823 .12490
22 .49570 .16237 .44157 .12490 .45823 .12490
23 .00060 .00060 .00060 .01727 .00060 .00060
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APPENDIX D
RESUMES OF THE EXPERT PANEL

Summaries of the resumes of each of the panel experts are presented here
since their background bears directly on the opinions they have offered.
Each of the resumes given here was submitted by the expert and vary con-
siderably in detail. Our objective is to present a reasonable perspec-
tive on the background and qualifications of the expert panel.

Expert Panel Affiliation

Barbara J. Bell Battelle Columbus Division, BPNL
Dennis C. Bley Pickard, Lowe Garrick
Gary J. Boyd SAROS, Inc.
Robert J. Budnitz Future Resources Associates
Larry D. Bustard Sandia National Laboratories
Karl N. Fleming Pickard, Lowe Garrick
Mike Hitchler Westinghouse Electric Corporation
Jerry E. Jackson Nuclear Regulatory Commission
Joseph A. Murphy Nuclear Regulatory Commission
David B. Rhodes Atomic Energy of Canada, Limited
Gareth W. Parry NUS Corporation

D-]





BARBARA JEAN BELL

Affiliation: Battelle Columbus Division, BPNL

Education:

B.A., Languages, Texas AM
M.S., Industrial Engineering, Texas AM

Qualifications:

Ms. Bell is a specialist in human reliability analysis. She has
performed and reviewed human reliability analyses as part of
probabilistic risk assessments for nuclear power plants and has
developed and taught courses on human reliability analysis. She has
also evaluated human factors aspects of various military systems,
making recommendations for changes in equipment design, tooling,
procedures, and process control. She is the prime author of Chapter
4, "Human Reliability Analysis," of the PRA Procedures Guide.

Relevant Experience:

Nuclear Power Plant fterations. Visited a variety of plants
including Arkansas Nuclear One, Calvert Cliffs, LaSalle, and
Monticello. Attended 5-day training course on Black Fox simulator.
Participated in review and analysis of several aspects of nuclear
power operations for sensitivity analysis and human factors
evaluation purposes. Included review procedures, maintenance, normal
operations, tagging, administrative control, safeguards and security,
materials accountability, and chemical protection.

Human Reliability Analysis. Performed the human reliability analysis
for Arkansas Nuclear One-Unit as part of the Interim Reliability
Evaluation Program; visited plant site to perform control room and
administrative control system reviews; interviewed operators and
performed task analyses; used human performance models to estimate
the likelihood of several types of human errors; interfaced with
system analysts in incorporating these estimates into the PRA.

Reviewed IREP human reliability analyses for the Browns Ferry and

Millstone PRAs.

Performed sensitivity analysis of the effects of the Safety Parameter
Display System and NRC regulation requiring increased control room
staffing on the core melt frequencies estimated for the ANO-1 PRA.

Served as Quality Control peer reviewer of the human reliability
analyses for the five plant-specific PRAs performed in the Accident
Sequence Evaluation Program.
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Performed the comparative evaluation and application of HRA
techniques in the Risk Methods Integration and Evaluation Program.
Served as Quality Assurance peer reviewer of the human reliability
analysis portion of the Risk Methods Integration and Evaluation
Program from 1983 to 1985. Performed systematic evaluation of
quantitative methods. Applied methods to selected accident
sequences. Recommended methods to be used in risk studies.

Reviewed LERs and other accident/incident reports to evaluate the
effectiveness of current human reliability analysis techniques as
screening tools.

Documented the step-by-step procedure for performing human
reliability analysis as called for in NUREG/CR-1278; presented
document in two forms: as companion NUREG to NREG/CR-1278 and as
chapter in PRA Procedures Guide; performed survey of human
reliability analysis techniques used in PRA. Served as reviewer for
both drafts and final version of NUREG/CR-1278.

Developed and taught sections of course on human reliability analysis
for PRA. Presented course for U.S. Nuclear Regulatory Commission six
times, privately for the University of Wisconsin three times, for
international corporation in Norway one time, and for independent
agent two times.

Human Factors Engineering. Had primary responsibility for human
factors aspects in designing assembly, test, maintenance, inspection,
and disassembly of portions of nuclear weapons systems; evaluated
preliminary design of systems and components and recommended changes
to effect greater user ease; provided input at intra-interagency
design reviews; evaluated contractor and military hardware and
procedures; spent considerable time at contractor facilities to
observe and make recommendations on assembly;disassembly; attended
weapon assembler operator training course; supported documentation
process for weapon design; instructed new employees in weapon
evaluation.

Performed human factors design review of laboratory clean room
production facility; assessed suitability of layout, equipment
access, lighting, and effect of laminar flow on work in process;
visited similar facilities to judge applicability of recommendations;
performed task analysis on assembly; wrote assembly procedure for
small electrical components.

Professional Recognition and Affiliations:

Secretary-Treasurer, Executive Committee of Human Factors Division of
the American Nuclear Society; member, Human Factors Society.
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DENNIS C. BLEY

Affiliation: Pickard, Lowe Carrick

Education:

Ph.D. Nuclear Reactor Engineering, Massachusetts Institute of
Technology, 1979.

Courses in Nuclear Engineering and Computer Science, Cornell
University, 1972-1974.

U.S. Navy Nuclear Power Training Program and Officer Candidate
School, 1967-1969.

BSEE, University of Cincinnati, 1967.

Courses in Mathematics and Physics, Centre College of Kentucky, 1961-
1963.

Employers and Experience:

1979-Present Pickard, Lowe and Garrick, Inc. Consultant with
experience in reliability and availability analysis,
plant modelling for risk assessment, decision
analysis, and expert systems. Worked on probabilistic
risk assessments (PRAs) for more than 10 nuclear power
plants. Principal investigator for the Zion, Indian
Point, and Diablo Canyon full-scope PRA projects and
the Seabrook and South Texas Project first phase,
limited-scope efforts. Primary utility probabilistic
risk assessment witness during the 1983 Indian Point
hearings. Member of Senior Consultant Group for the
U.S. Nuclear Regulatory Commission (NRC) ASEP program
and member of the Oak Ridge Associated Universities
Advisory Committee on PRA Training for the NRC. Has
been a major contributor to other PL&G projects and to
methods development in risk analysis, decision
analysis, and artificial intelligence. Lecturer at
PL&G and University of California, Los Angeles, of
short courses in probabilistic risk assessment and
power plant availability.

1974-1979 Massachusetts Institute of Technology. Research
assistant for Department of Energy light water reactor
assessment project. Teaching assistant in engineering
of nuclear reactors.

Summer 1976 Northeast Utilities. Engineer: economy studies,
plant startup, analysis of physics tests.
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1967-1974 U.S. Naval Reserve, active duty. Instructor of Naval
Science, Cornell University, 1971 to 1974. Reactor
Department of USS Enterprise, 1969 to 1971 
Propulsion Plant Watch Officer, Engineering Officer of
the Watch, and Plant Engineer, responsible for all
equipment and personnel in one propulsion plant during
deployment and refueling overhaul; Reactor Training
Assistant, responsible for technical training of
approximately 400 nuclear-trained officers and men
prior to annual safeguards examination.

1964-1967 Cincinnati Bell. Work-study program trainee during
alternate 3-month periods while a student at the
University of Cincinnati, and plant staff assistant
following graduation.

Memberships, Licenses, and Honors:

Registered Nuclear Engineer, State of California
U.S. Naval Reserve, Commander
Sherman R. Knapp Fellowship (Northeast Utilities), 1975-1976
Sloan Research Traineeship, 1974-1975
Sigma Xi (National Science Honors Society)
Eta Kappa Nu (National Electrical Engineering Honors Society)
American Association for the Advancement of Science
American Association for Artificial Intelligence
American Nuclear Society
Institute of Electrical and Electronics Engineers
The New York Academy of Sciences
The Society for Risk Assessment
Town Hall of California
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GARY J. BOYD

Affiliation: SAROS, Inc.

Education:

University of Illinois, B.S., Physics 1977)
University of Illinois, M.S., Nuclear Engineering 1978)

Summary of ExRerience:

Mr. Boyd is a principal partner of Safety and Reliability
Optimization Services (SAROS), Inc., a consulting firm specializing
in the engineering application of risk assessment and reliability
analysis techniques. His current projects include conducting a
quality-assurance review of the LaSalle PRA, assisting in the
integration of the technical efforts comprising the Severe Accident
Risk Reduction Program, and participating as an expert reviewer for
the Accident Sequence Evaluation Program, all for Sandia National
Laboratories; conducting a probabilistic risk assessment (PRA in
conjunction with the development of requirements for advanced light
water reactors for the Electric Power Research Institute (EPRI); and
independently reviewing the Davis-Besse PRA for the Toledo Edison
Company. Mr. Boyd is also currently assisting IT Corporation in
their risk-based analyses as part of the Advanced Reactor Severe
Accident Program. Among other projects at SAROS, Mr. Boyd has also
performed a detailed reliability analysis for a Sun Oil Company
refinery; reviewed the Catawba PRA for Duke Power Company and the
Kuosheng PRA for EPRI; contributed to the development of the In-Plant
Reliability Data system; and developed and conducted a training
course in chemical plant safety for the Occupational Safety and
Health Administration. Mr. Boyd has also recently been responsible
for a review of the Department of Energy's PRA of the High Flux
Isotope Reactor.

Previously, Mr. Boyd was the manager of the Probabilistic Risk
Assessment Department at Technology for Energy Corporation (TEC).
That department was responsible for tasks involving the modeling and
quantification of complex systems for PRAs, reliability assessments,
value/impact analyses, and special safety issues requiring
integrative approaches. Mr. Boyd was the project manager for the
McGuire PRA, completed for Duke Power Company, and for the Clinch
River Breeder Reactor Plant PRA, which was performed for the
Department of Energy.

He also served as Deputy Director of the Oconee PRA sponsored by the
Nuclear Safety Analysis Center (NSAC) and Duke Power. He was
responsible for the systems analysis tasks for that project,
including failure data review and application, and was a principal
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investigator in several other areas, including the analysis of
internal plant flooding.

Other projects while at TEC included a mini-PRA for the McGuire
plant, use of PRA techniques for the selection of parameters for a
nuclear plant emergency response facility, analysis of the station-
blackout issue, and assessment of an emergency system for a DuPont
chemical plant.

Prior to joining TEC, Mr. Boyd was Principal Investigator in the
Nuclear Fuel Cycle Systems Safety Division at Sandia National
Laboratories. In this capacity, he was an analyst for the following
projects: Systems Interaction Methodology Development Program,
Reactor Safety Study Methodology Applications Program, DC Power
Study, Integrated Reliability Evaluation Program Methods Development,
the NRC Zion/Indian Point Study, and the Vent-Filter Containment
Systems Study. All of these programs involved the development and
application of methods for safety research funded by the NRC.

Professional Activities:

American Nuclear Society, Nuclear Reactor Safety Division
American Institute of Chemical Engineers
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ROBERT J. BUDNITZ

Affiliation: Future Resources Associates

Education:

Yale University, New Haven, Connecticut, B.A., Physics 1961)

Harvard University, Cambridge, Massachusetts, M.A. Physics 1962),
Ph.D. Physics 1968)

Present Professional Position:

Principal Post: President, Future Resources Associates, Inc. (since
1981)

Concurrently: Visiting Research Engineer, University of California
at Los Angeles, UCLA School of Engineering and Applied
Science (since 1984)

Affiliated Research Faculty, University of California
at Berkeley, Energy and Resources Group (since 1980)

Past Professional Positions:

Teknekron, Inc., Berkeley, California, 1980-1981, Vice President, and
Director of the Environmental Technologies Division

U.S. Nuclear Regulatory Commission, Washington, DC, 1979-1980,
Director, Office of Nuclear Regulatory Research; 1978-1979, Deputy
Director, Office of Nuclear Regulatory Research

Lawrence Berkeley Laboratory, University of California, Berkeley,
California, 1978-1980, Leave of Absence Status; 1975-1978, Associate
Director of LBL, and Head, Energy Environment Division; 1974-1975,
Program Leader, LBL Environmental Research Program; 1971-1974,
Physicist, LBL Environmental Research Program; 1967-1971, Post-
Doctoral Physicist, LBL High-Energy Physics Program

Congressional Testimony:

96th Congress, Hearing before Subcommittee on Environment, Energy,
and Natural Resources of the House Committee on Government
Operations: "Nuclear Regulatory Commission - The Rogovin Report,"
February 13, 1980, p. 167.

96th Congress, Hearing before Subcommittee on Energy and Power of the
House Committee on Interstate and Foreign Commerce, "Nuclear
Regulatory Commission Authorization for Fiscal Year 1981," February
22, 1980, p. 124-170.
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96th Congress, Hearing before Subcommittee on Nuclear Regulation of
the Senate Committee on Environment and Public Works, "Nuclear
Regulatory Commission Fiscal Year 1981 Authorizations," March 24,
1980, p. 36-82.

96th Congress, Hearing before Subcommittee on Energy Research and
Production of the House Committee on Science and Technology, "Nuclear
Safety Research and Development Act of 1980," June 19, 1980, p. 43-
63.

96th Congress, Hearing before Subcommittee on Energy Research and
Development of the Senate Committee on Energy and Natural Resources,
"Nuclear Safety Research and Development Act of 1980," July 22, 1980,
p. 15-29.

Other Professional Activities (Current):

Chairman, Expert Panel on Seismic Design Margins, U.S. Nuclear
Regulatory Commission (1984-present)

Chairman, Advanced Reactor Peer Review Group, U.S. Nuclear Regulatory
Commission (1987-present)

Chairman, Peer Review Expert Panel on Plant Aging, Battelle Pacific
Northwest Laboratory for U.S. Nuclear Regulatory Commission (1987-
present)

U.S. Coordinator, Case Studies Preparation Task for "Manual on
Probabilistic Safety Assessment and Its Application in Safety
Decisions," International Atomic Energy Agency, Vienna (1984-present)

Member, Performance Assessment Peer Review Panel, DOE Waste Isolation
Pilot Plant, Sandia National Laboratories (1987-present)

Member, Review Group on Nuclear Reactor Research Integration, Idaho
National Engineering Laboratory/EG&G-Idaho (1987-present)

Member, U.S. Army Chemical Munitions Disposal Risk Assessment Review
Panel, GA Technologies, Inc. (1987-present)

Member, Advisory Group on Treatment of Hazards in Probabilistic
Safety Assessment, International Atomic Energy Agency, Vienna (1986-
present)

Member, Advisory Panel on Seismic Component Fragilities, Brookhaven
National Laboratory (1986-present)

Member, Board of Directors, Pacific Energy and Resources Center
[formerly Golden Gate Energy Center] Ft. Cronkhite, California
(1985-present)
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other Professional Activities (Past):

Member, Panel on Energetic Events, Review Group on Uncertainties in
Source Term Estimates from Severe Accidents in Nuclear Power Plants,
U.S. Nuclear Regulatory Commission 1987)

Member, Technical Program Committee, International ANS/ENS Topical
Conference on Probabilistic Safety Assessment and Risk Management,
Zurich 1987)

Chairman, Panel to Review EPRI's Seismic Margin Methodology, U.S.
Nuclear Regulatory Commission 1987)

Chairman, Peer Review Group, Maine Yankee Seismic Margin Study, U.S.
Nuclear Regulatory Commission 1986-1987)

Chairman, Seabrook Emergency Planning Zone Study peer Review Group,
New Hampshire Yankee Division, Public Service Company of New
Hampshire 1985-1986)

Member, Chernobyl Advisory Panel, Electric Power Research Institute
(1986-1987)

Member, Improved Confinement Review Panel, Savannah River Laboratory,
EI DuPont de Nemours, Inc. 1986-1987)

Member, Board of Directors, Northern California Chapter, Society of
Risk Analysis 1986-1987)

Member, Senior Committee on Environmental, Safety, and Economic
Aspects of Fusion Energy, U.S. Department of Energy 1985-1987)

Member, Technical Program Committee, International ANS/ENS Topical
Meeting on Probabilistic Safety Methods and Applications, San
Francisco 1985)

Liaison from Energy Engineering Board to Committee on Nuclear Safety
Research, National Academy of Sciences 1985-1986)

Member, Exploratory Committee on the Future of Nuclear Power
Generation, National Academy of Sciences 1984)

Consultant on Comparative Risks in the Nuclear Fuel Cycle, to the
Nuclear Energy Agency of the Organization for Economic Cooperation
and Development, Paris 1984)

Organizer, First Seminar on Excellence in Energy Management,
Association of Professional Energy Managers, San Francisco 1984)
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Member, Independent Review Panel for Environmental Assessments, Roy
F. Weston Inc., for the Office of Civilian Radioactive Waste
Management, U.S. Department of Energy 1984)

Member, National Academy of Sciences, Energy Engineering Board (1983-
1986)

Chairman, Peer Review Group, DOE Office of Crystalline Repository
Development, Battelle Project Management Division 1983-1986)

Consultant, Study Group on Radionuclide Releases from Severe Nuclear
power Plant Accidents, American Physical Society 1983-1985)

Member, U.S. Environmental Protection Agency Science Advisory Board,
Subcommittee on High-Level Radioactive Waste Disposal 1983-1984)

Member and OECD/NEA Liaison Representative, Programme Group, Second
Specialist Meeting on Probabilistic Methods in Seismic Risk
Assessment for Nuclear Power Plants, OECD Nuclear Energy Agency, at
Lawrence Livermore National Laboratory 1983)

Member, TMI Mass Balance Project Review Committee, NUS Corporation,
for U.S. Department of Energy 1982-1983)

Invited ParticiRant, Workshop on Technological and Regulatory Changes
in Nuclear Power, U.S. Congress Office of Technology Assessment
(1982)

Member, Advisory Committee to Review the Agency's Nuclear Safety
Activities, International Atomic Energy Agency, Vienna 1982)

Member, Peer Review Committee to Review the International Atomic
Energy Agency's Transportation Dose Model INTERTRAN, sponsored by
U.S. Department of Energy 1981-1982)

Technical Coordinator, Special Inquiry Group into the Three Mile
Island Accident (the 'Rogovin Inquiry'), U.S. Nuclear Regulatory
Commission 1979-1980)

U.S. ReRresentative, Committee on the Safety of Nuclear
Installations, Nuclear Energy Agency of the Organization for Economic
Cooperation and Development, Paris 1979-1980)

Member, Panel on Public Affairs, American Physical Society (1978-

1981)

SReaker, ENERGY-2020 Lecture Series, sponsored by National Science

Foundation 1978)

Member, Editorial Advisory Group, "Electric Power Systems Research,"
journal published by Elsevier 1977-1985)
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Member, Risk Assessment Review Group (the 'Lewis Committee'), U.S.
Nuclear Regulatory Commission 1977-1979)

Editor-in-Chief, CRC Forums on Energy," CRC Press, West Palm Beach,
Florida 1976-1980)

Member, Panel on Sources and Control Techniques, Environmental
Research Assessment Committee of the National Academy of Sciences
(1975-1977)

Co-organizer (with T. H. Pigford), University of California Extension
Courses on Environmental Impacts of Electricity Generation," week-
long course given in 1974, 1975, 1976, 1977

Member, Reactor Hazards Committee, Berkeley Research Reactor,
University of California, Berkeley 1974-1978)

SubRanel on Energy, U.S. Atomic Energy Commission High Energy Physics
Advisory Panel 1974)

Member, Reactor Safety Study Group, American Physical Society (1974-
1975)
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LARRY D. BUSTARD

Affiliation: Sandia National Laboratories

Education:

B.S., Physics and Mathematics, Dickinson College, 1973.

Ph.D, Physics, Cornell University, 1979.

Experience:

Sandia National Laboratories in Albuquerque, New Mexico since 1978.

Dr. Bustard has spent the last eight years actively engaged in
research and technology associated with nuclear power plant safety.
His activities have included: 1) research regarding the operability
of safety-related equipment in harsh environments, 2 research
regarding the risk significance of equipment qualification issues, 3)
technical support to the Nuclear Regulatory Commission during their
inspections regarding the adequacy of utility, A/E, NSSS, and
manufacturer equipment qualification efforts, 4 technical
participation in DOE-sponsored nuclear plant life extension efforts,
5) and participation in several industry standards groups associated
with either equipment qualification or plant life extension.

Memberships:

Member of IEEE's Nuclear Power Engineering Committee, Subcommittee 2
(Qualification) and ASME BPV, Section XI Special Working Group on
Plant Life Extension.
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KARL N. FLEMING

Affiliation: Pickard, Lowe Carrick

Education:

M.S., Nuclear Science and Engineering, Carnegie Mellon, 1974

B.S., Physics, Pennsylvania State University, 1969, with distinction

Nuclear Plant Engineer Certificate, U.S. Army Reactors Group, 1972

Basic and Advanced German, U.S. Defense Department Language
Institute, 1970

Employers and Experience:

1980-Present Pickard, Lowe and Garrick, Inc. Senior Consultant.
Responsible for project management and technical
direction of projects at PL&G in risk assessment and
reliability evaluation. Project manager of the
Seabrook Station, South Texas Project, and Salem
probabilistic risk assessments; manager of several
applied risk management projects for utilities for
design enhancement, technical specification
improvement, and emergency planning optimization.
Principal author of the Seabrook probabilistic risk
assessment report and management plan. Project
manager of several major projects for Electric Power
Research Institute on dependent events, with
internationally recognized expertise in this area.
Made significant advances in the assurance of
completeness in selecting initiating events and in
defining appropriate procedures for qualifying the
risk of multi-unit stations. Made major contributions
to the development of the modularized event
tree/impact vector method of modelling functional
dependencies in probabilistic risk assessment event
sequence models. Developed parametric models for
system-level common cause failure analysis, including
the beta factor, multiple Greek letter and basic
parameter models. Author of the "ANS/IEEE PRA
Procedures Guide" sections on dependent and external
events analysis in the Risk Methods Integration and
Evaluation Program (RMIEP).

1979-1980 General Atomic Company. Manager, Safety and
Reliability Branch. Responsible for resource
management of a technical staff of 20 who were
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actively engaged in projects in risk assessment and
reliability evaluation of light water reactor systems,
radwaste storage facilities, fusion and hybrid
(fission-fusion reactors), and synfuels plants.
Performed one of the first probabilistic risk
assessment evaluations of financial risk of accidents,
a study for American Nuclear Insurers on Three Mile
Island Unit 2 cleanup operations.

1974-1979 General Atomic Company. Engineer, Senior Engineer,
Staff Engineer. Principal Investigator of the high
temperature gas-cooled reactor risk assessment study.
Made major contributions to the development of
probabilistic risk assessment methodology.
Responsible for the development of the beta factor
method of common cause failure analysis and the first
risk assessment of accidents caused by internal fires.
Author of the STADIC computer program for Monte Carlo
error propagation used in probabilistic risk
assessment uncertainty analysis. Developed a Monte
Carlo procedure for qualifying uncertainties in the
source term. Directed and performed all plant and
system analysis activities in this pioneering
probabilistic risk assessment. Responsible for
evaluating risk significance of design changes to the
high temperature gas-cooled reactor.

1973-1974 Finished graduate school after Army Service.

1971-1973 Instructor, Nuclear Power Plant Operators School, U.S.
Army Reactors Group. Fort Belvoir, Virginia. Taught
reactor physics, basic physics, and mathematics to
nuclear power plant operators, nuclear power plant
engineering staff, and officers in charge of training
programs. Commendation for outstanding performance.

Memberships, Licenses, and Honors:

Who's Who in Frontier Science and Technology (first edition)
Dudley Memorial Scholarship, Pennsylvania State University
Phi Kappa Phi, National Scholastic Honors Society
Sigma Pi Sigma, National Physics Honor Society
Pi Mu Epsilon, National Mathematics Honor Society
American Nuclear Society
American Association for the Advancement of Science
Referee, Institute of Electrical and Electronic Engineers

Transactions on Reliability
Session Chairman, Probabilistic Risk Assessment, American

Nuclear Society Winter Meeting, Washington, DC, 1983
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Session Chairman, Dependent Events - Applications and Case
Studies, American Nuclear Society Topical Meeting on
Probabilistic Risk Assessment, San Francisco, 1985

Member, RMIEP QA Review Team 1985-1986
Chairman, Department of Energy Committee for Peer Review of

Graphite Stress Criteria
Team Leader, U.S. Contribution to International Common Cause

Failure-Reliability Benchmark Exercise 1985-1986.
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MICHAEL HITCHLER

Affiliation: Westinghouse

Resume requested but not received.
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JERRY E. JACKSON

Affiliation: Nuclear Regulatory Commission

Education:

B.S., Mech. Engr., Auburn University 1960)

M.S., Mech. Engr. (Heat Transfer Fluid Mechanics), Auburn University
(1961)

Employment Experience:

1975-Present Generic Safety Issues Task Manager, U.S. Nuclear
Regulatory Commission

1973-1975 Senior Analytical Engineer, Pratt Whitney Aircraft,
Florida Research and Development Center

1969-1973 Senior Engineer, Martin Marietta Corporation
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safety issue.

Prior to joining the Engineering Issues Branch in November 1986 he
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Equipment Qualification Branch in the Division of Engineering which
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Mechanical Engineer include review and evaluation of the integrity,
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assistance programs in support of the licensing review effort under
contract with the national laboratories, performing studies and
analyses of technical issues within the branch's area of review, ad
providing specialized technical assistance and advice to other NRC
divisions and offices. He provided the branch technical support of
Generic Issue 23, "Reactor Coolant Pump Seal Failures" and became
Task Manager for this issue in June 1984.
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1981, Mr. Jackson was in the Transportation Certification Branch in
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materials exceeding Type A quantity limits, in accordance with the
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Reports provided by applicants in support of approval requests under
10 CFR Part 71. In addition to his primary technical functions of
heat transfer specialist, his responsibilities also included: 1)
coordination of the technical evaluations of the various disciplines
involved in issuance of a certificate of compliance and preparation
of a staff position; 2 review of containment performance of packages
from the standpoint of thermodynamics; 3) evaluation of operating
procedures proposed for the handling of packages (i.e. loading,
unloading, etc.) 4 evaluation of specific test procedures
determined to be significant to safety; 5) initiation and direction
of licensing research programs in the heat transfer area; and 6)
participation in NRC hearings as an expert witness in the heat
transfer area.

Mr. Jackson was employed by Pratt and Whitney Aircraft at their
Florida Research and Development Center from March 1973 until joining
the U.S. Nuclear Regulatory Commission. He was employed as a Senior
Analytical Engineer in the Systems Analysis Department. Various
assignments included work in the high energy laser group, the RL-10
rocket engine program, and the F100 air breathing engine program. He
performed thermodynamic, thermochemical and heat transfer analysis of
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responsible for Pratt Whitney's first HF-DF chemical laser test
program conducted at the United Aircraft Research Laboratories. He
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Prior to his employment at Pratt and Whitney Aircraft, Mr. Jackson
was employed as a Senior Engineer with Martin Marietta Corporation
from January 1969 until March 1973. He was assigned to the
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vehicle. He constructed an analytical thermal model of the complete
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Experience:

1. Integration of Internal and External Program/Policy Issues

Mr. Murphy served as the leader of a multi-disciplinary team of
NRC employees, representatives of the Department of Energy
National Laboratories, and private contractors to develop the
Reactor Risk Reference Document, NUREG-1150. This study was
conducted to provide the information on the risks associated
with severe accidents at U.S. nuclear power plants necessary for
the implementation of severe accident and safety goal policies
for nuclear power plant regulation. This effort required close
coordination between Mr. Murphy's team of analysts and the
offices of Nuclear Reactor Regulation and other branches and
divisions within the Office of Nuclear Regulatory Research, and
required discussions of policy issues with the Executive
Director for Operations of the USNRC. It was also necessary to
integrate effectively the talents and work products over 100
individuals in the various offices, laboratories, and consulting
companies involved, developing methods such that the final
results would assist the USNRC Commissioners in developing and
implementing policies regarding the adequacy of safety of
existing plants and the treatment of the potential for severe
accidents in the regulatory framework. The report was published
for comment in February 1987 and is undergoing peer review. The
methods and insights gained are providing a framework for
continuing NRC implementation of these policies.

In a broader vein, one of Mr. Murphy's primary duties during his
four year tenure as Technical Advisor to his Division Director
was the development of positions on a wide variety of internal
and external issues dealing with probabilistic risk analysis and
the safety of nuclear power plants. These required him to
analyze the issues, develop a consensus opinion of the Division
Director and Branch Chiefs and present and define the positions
before other offices of the USNRC and various review boards such
as the internal Committee for the Review of Generic Requirements
and the external, congressionally mandated, Advisory Committee
on Reactor Safeguards.
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2. Organizational Representations and Liaison

For several years, Mr. Murphy has represented the USNRC as a
technical expert on probabilistic risk analysis. He has made
lengthy presentations on the subject to the Commissioners of the
USNRC, the Advisory Committee on Reactor Safeguards, the
National Science Foundation, and numerous electrical utilities.
He has also served on the Executive Committee of the Nuclear
Reactor Safety Division of the American Nuclear Society for four
years, being elected by the members of the society. More
recently, in conjunction with the publication of the Reactor
Risk Reference Document, he has given several in-depth
interviews on the subject of reactor risk and USNRC policy to
the press, including the Associated Press, United Press
International, The Baltimore Sun, the Boston Globe, and National
Public Radio.

Mr. Murphy also has served as the lead of the USNRC team which
participated in the Cooperative Agreement on Probabilistic Risk
Analysis between the USNRC and the American Institute in Taiwan
and the corresponding agreement between the American Institute
in Taiwan and the Coordination Council for North American
Affairs. In this role, Mr. Murphy provided technical assistance
to the people of Taiwan and obtained USNRC access to
probabilistic risk assessments of two plants of U.S. design
located in Taiwan. Duplication of these studies for sister
reactors located in the U.S. would have cost the USNRC well over
$2 million. Because of the close liaison with Taiwan, these
studies were obtained at minimum cost to the government (less
than $50,000).

3. Direction of Programs, Projects, or Policy Development

Throughout his assignments as Acting Branch Chief, Technical
Advisor and Senior Reactor Engineer, Mr. Murphy has directed

several complex projects effectively. These included the four
simultaneous probabilistic risk assessments of the Interim
Reliability Evaluation Program, the development of the
Probabilistic Risk Analysis Reference Document, and the
direction of the study leading to the Reactor Risk Reference
Document. In each case, Mr. Murphy was responsible for the
development of objectives and goals for the project, the
development of tracking of the associated budget, and strong
technical and policy leadership of the contractors and staff
involved. Results were obtained in a timely manner and without
excessive cost overruns. These studies, in toto, provide the
basis for most of the information independently available to the
USNRC on the risks associated with nuclear power reactors and
provide a firm basis for policy development regarding safety
goals and severe accidents.
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As Technical Advisor, Mr. Murphy was responsible for the
independent evaluation and critique of policy issues being
developed within the Division and commenting on and discussing
policy issues under development in other Offices to obtain an
overall staff consensus. These comments materially assisted the
development of several regulatory positions currently in place
today. He also developed many of the program and policy goals
of the Division and successfully prepared supporting
documentation for senior management review and approval.

4. Resource Acguisition and Administration

As noted above, Mr. Murphy has directed several major research
programs (the Interim Reliability Evaluation Program, the
preparation of the Probabilistic Risk Analysis Reference
Document, and the overall direction of research efforts leading
to the Reactor Risk Reference Document). Each was technically
complex, inter-disciplinary, and required expenditures over 
million. Mr. Murphy's careful forecasting, allocation, and
utilization of funds made the success of these projects
possible. This required a careful monitoring of contractor
performance, detailed technical negotiations on methodology, and
close evaluation of contractor performance. These activities
led to timely termination of a contract in one instance with
emergency steps taken to produce the needed regulatory product
in the time frame necessary.

As Technical Advisor, Mr. Murphy had primary responsibility for
the development of preliminary budget formulations and
narratives for the Division ($30-40 million) for four years and
the preparation of on-range plans for the Division. These plans
and formulations formed the basis for all NRC research into the
analysis of the risk associated with nuclear power reactors.

5. Utilization of Human Resources

The recent research efforts associated with the risk analysis of
five reactors presented in the Reactor Risk Reference Document
and supporting reports, were technically complex and performed
to an extremely demanding schedule, requiring extensive overtime
efforts by the more than 100 NRC staff and contractor personnel
involved. Through Mr. Murphy's efforts, team morale was
maintained, staff members were encouraged to show initiative and
become responsible for independent portions of the analysis, and
close interactions were required so that the various elements
functioned coherently as an integral team. Through Mr. Murphy's
skills, good interpersonal relations were maintained with all
contractors while exerting firm control over contractor efforts.
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During his limited tenure as Acting Branch Chief, Mr. Murphy has
encouraged staff to participate in upper mobility programs, and
encouraged his staff to improve their capability through
training. Immediately upon entry into his present position as
Acting Branch Chief, he evaluated the duties of the staff and
successfully petitioned management for the promotion of two
individuals to GS-15 based on the accretion of their duties, one
of which was a minority employee. The branch he now leads as
Acting Branch Chief has one of the highest percentages of
minority employees GS-14 and above in the USNRC. Throughout his
career at USNRC, and previously at U.S. Atomic Energy
Commission, Mr. Murphy has participated in on-the-job training
and development of entry level engineers.

6. Review of ImRlementation of Results

Mr. Murphy's duties as Technical Advisor included the
independent verification that technical programs conducted by
the Division were technically sound, fiscally responsible, and
properly directed at programmatic goals. In managing the
Interim Reliability Evaluation Program, Mr. Murphy established a
four person Quality Control team, which he led, which
periodically (about 6 week intervals) assessed the technical
adequacy of the work in progress in four diverse studies. As a
result, unacceptable performance by a subcontractor was detected
early, the contract was terminated, and a detailed "get-well"
plan was established, with the research completed in time to
satisfy programmatic needs. Similarly, for the complex analyses
supporting the development of the Reactor Risk Reference
Document, Mr. Murphy required the prime contractor to establish
a comprehensive quality control effort, and also required
independent audit efforts by NRC staff. These efforts, far more
comprehensive than ever performed previously on a nuclear power
plant probabilistic risk assessment, were well integrated with
the project activities so that they had minimum impact on
project schedule and contributed significantly to the technical
quality of the product. In addition, Mr. Murphy has established
an independent peer review group to review the Reactor Risk
Reference Document, comprised of noted experts in reactor safety
and the related sciences drawn from academia, the nuclear
industry, consulting engineering firms, and foreign governments
and organizations. The review of this committee is in progress.

In addition, under the terms of the Cooperative Agreement on
Probabilistic Risk Analysis between the American Institute in
Taiwan (AIT) and the Coordination Council for North American
Affairs, and the corresponding agreement between AIT and NRC,
Mr. Murphy has conducted periodic reviews of the adequacy of the
probabilistic risk analysis program of the Atomic Energy Council
in Taiwan. This has resulted in a significant improvement in
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the analyses available to the USNRC under this agreement,
permitting the insights gained to be combined with those from
U.S. studies in developing severe accident policy.
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Developed multi-dimensional computer codes for predicting the
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Wrote a computer program to predict the performance of end face
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Hardrock Mining

Developed techniques for detecting loose rocks that could fall
onto miners.

D-27



GARETH W. PARRY

Affiliation: NUS Corporation

Education:

Imperial College, London University, Ph.D., Theoretical Physics, 1972

Imperial College, London University, B.Sc., Physics, 1969

Experience:

NUS Corporation - 1980-Present

United Kingdom Atomic Energy Authority, 1975-1980

University of Durham, England, 1973-1975

International Center for Theoretical Physical, Trieste, Italy, 1972-
1973

NUS - As a member of the Risk and Reliability Department,
participates in the probabilistic studies carried out by that
department. Is currently managing a project in which NUS personnel
are participating in a probabilistic risk assessment (PRA) of the
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technology transfer in the performance of a level PRA. Is
participating in the writing of an EPRI/NRC-sponsored guidebook on
how to perform common cause failure analysis. Is a member of a
review group assessing Revision 4 of the BWR owners group Emergency
Operating Procedure Guidelines with respect to their value in
prevention and mitigation of severe accidents.

Is a member of the QC team for the NRC-sponsored Risk Methods
Integration and Evaluation Program (RMIEP) with responsibility for
the parameter estimation and uncertainty analysis aspects, and was a
member of the QC team reviewing four level PRAs performed as part
of the NUREG-1150 Project.

Was assistant project manager, and task advisor for parameter

estimation, uncertainty analysis and external hazards analysis for
the PRA performed by the Atomic Energy Council of the Republic of
China (ROCAEC) under NUS guidance and supervision, for the Kuosheng
BWR 6 Mark III reactor. Is currently a reviewer for and advisor to
the ROCAEC in their performance of a PRA on the Maanshan PWR.

Was responsible for data base development and uncertainty analysis
for both the Susquehanna (BWR) level 3 PRA, and the level 2 PRA of
the Ringhals 2 PWR.
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Was project manager for the Limerick Generating Station Severe
Accident Risk Assessment which integrated the results of the
previously performed Limerick PRA with an external hazards risk study
which addressed earthquakes, f looding, f i r e s , tornados,
transportation accidents, and turbine missiles, and a revised
consequence and uncertainty analysis. Is currently managing a
project to revise the event trees of the Limerick PRA to incorporate
the symptom-based emergency operating procedures.

Was an instructor on a course entitled "Issues in Reviewing and
Evaluating a PRA,` given to NRC staff as part of the NRC PRA training
program. Has participated in reviews of several PRAs.
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review for the Commission of European Communities (CEC) on the
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sponsored by the NEA-CEC, was involved in the evaluation and
interpretation for the results of trials designed to establish the
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University of Durham - Lectured in applied mathematics and carried
out research theoretical high energy physics.

International Center for Theoretical Physics - Performed research in
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Research Fellow.
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APPENDIX E

DOCUMENTATION FORMS USED IN THE EXPERT OPINION ELICITATION

This appendix includes the blank forms used to document the ssues,
questions within the issue, subquestions, decomposition, rationale and
results. The initial objective was to obtain either a cumulative
distribution function (CDF) or split fraction for each question or
subquestion with a nearly identical decomposition matrix or tree for that
question. The aggregation of results would then be a simple averaging.
What actually happened was that the normative experts, to allow the panel
experts the freedom to express their opinions in the way most comfortable
to them, permitted a wide variety of decompositions and results.

Each issue has a top form plus a CDF or split fraction form with
additional rationale forms as needed for each subquestion. Needless to
say, by the end of the elicitation, there was a substantial volume of
paper. As will be observed, every page leaves spaces for numbering,
which is essential to assure the information accumulated is clearly
identified.

The forms were used by the normative and substantive experts, in addition
to the panel members, to take notes during the elicitation. Further,
audio tapes were made for each of the elicitation sessions to assist in
later documentation of the expert's rationale.
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NUREC-1150 FRONT-END EXPERT OPINION ELICITATION

Issue - Session Expert Page of

Substantive Expert Normative Expert

Issue Name:

Question Question:

Decomposition Matrix or Tree:

Rationale for Decomposition:
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NUREG-1150 FRONT-END EXPERT OPINION ELICITATION

Issue Session Expert . Page of

Question Subquestion Branch

Subquestion:

Cumulative Distribution Function

0-
1

Lower Upper
Bound Bound

Variable Units

P

V

Probability (P) or Variable (V) may have linear or Multiple Log Cycles
(Please clearly show scales).

Rational for SF or CDF Option:

(Use additional pages as needed - please number)
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NUREG-1150 FRONT-END EXPERT OPINION ELICITATION

Issue Session Expert . Page . of

Question Subquestion Branch

Subquestion:

Split Fractions

Probability:

sum + + +

Description:

Rationale for the split fractions given above:

(Use additional pages as needed - please number)
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NUREG-1150 FRONT-END EXPERT OPINION ELICITATION

Issue Session Expert . Page . of

Question Subquestion # Branch 

Additional Rationale:
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NUREG-1150 FRONT-END EXPERT OPINION ELICITATION

Issue Session Expert Page . of

Question Subquestion# Branch 

Substantive or Normative Expert

Comments:
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1. INTRODUCTION

The United States Nuclear Regulatory Commission (NRC) has prepared NUREG-
11501 to examine the risk from a selected group of nuclear power plants.
The following are objectives of NUREG-1150.

1. Provide a current assessment of the severe accident risks of
five nuclear power plants which would:

• Provide a "snapshot" of risks reflecting plant design and
operational characteristics, related failure data, and
severe accident phenomenological information extant in
March 1988;

• Update the estimates of NRC's 1975 risk assessment, the
Reactor Safety Study;

• Include quantitative estimates of risk uncertainty in
response to the principal criticism of the Reactor Safety
Study; and

• Identify plant-specific risk vulnerabilities, in the
context of the NRC's individual plant examination
process.

2. Summarize the perspectives gained in performing these risk
analyses, with respect to:

• Issues significant to severe accident frequencies,
consequences, and risks;

• Risk significant uncertainties which may merit further
research;

• Comparisons with NRC's safety goals;
• The potential benefit of other plant modifications in

reducing risk.

3. Provide a set of methods for the prioritization of potential
safety issues and related research.

In support of NUREG-1150 and as part of the Accident Sequence Evaluation
Program (ASEP), Sandia National Laboratories (SNL) has directed the
development of Level Probabilistic Risk Assessments (PRAs) for the
Surry, Sequoyah, Peach Bottom, and Grand Gulf nuclear power plants. A
PRA for the fifth NUREG-1150 plant, Zion, is being prepared by Idaho
National Engineering Laboratory (INEL). A PRA for a sixth plant,
LaSalle, will be issued by SNL soon after the NUREG-1150 is completed.
The issues addressed in this report are limited to consideration of
internal initiators.

The use of expert judgment is a very important constituent of the methods
used to produce the PRAs in support of NUREG-1150. Expert judgment is
typically used where data and detailed analyses are unavailable or in an
unusable format. Situations such as this are common in the analysis of
unusual and rare events. The expert judgment process can address highly
formalized quantitative issues such as the probability distributions of
specific events, or it may be used to resolve more general judgments
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commonly made in PRA, such as to what extent and how should operator
recovery be included in the accident sequence models.

Part of this document describes the more formal process of expert
judgment methodology using a panel of expert analysts convened from the
whole of the reactor safety community. Part 2 details the issues and
results of the expert judgment as done by a group of analysts internal to
the NREG-1150 front-end plant analyses. This project staff expert
judgment process was applied to those issues which, according to the
criteria in Section 33 of Part 1, were screened out of the expert panel
elicitations but were still considered important. The project staff
expert judgment was a less formal application of the same expert judgment
process used by the expert panel. The same principles of normative
training, issue review, and elicitation of judgment were adhered to. The
purpose of the project staff elicitation was to extend the application of
expert judgment technique so that all crucial issues were resolved by the
same traceable, supportable method.

During the draft analyses of the internal events leading to core damage,
expert judgment was provided by each plant analysis team leader
individually and in consultation with the other team leaders, and from
participating project personnel. The answers were reasonable, but the
approach was not always traceable. In the final analyses in support of
NUREG-1150, the list of issues for expert judgment has changed with
respect to the draft analysis because some issues are no longer
applicable as a result of plant and modeling changes and because some
issues have been resolved by technical analyses. Nevertheless, there are
still safety issues that can only be addressed using expert judgment.
The purpose of this report is to describe the safety issues considered,
and to provide the results obtained by the project staff elicitation.

The NUREG/CR-4550 project staff judgment elicitation process includes
five plants:

Surry Westinghouse Three-Loop PWR Subatmospheric
Containment

Sequoyah Westinghouse Four-Loop PWR Ice Condenser
Containment

Peach Bottom General Electric BWR-4 Mark I
LaSalle General Electric BWR-5 Mark II
Grand Gulf General Electric BWR-6 Mark III.

LaSalle is actually the subject of the Risk Methods Integration and
Evaluation Program (RMIEP), which is being performed concurrently with
NUREG-1150. Zion is officially part of NUREG-1150; however, the front-
end internal analysis is an abbreviated update of the SNL analysis
performed several years ago.2 Zion was not included in the internal
elicitation process.

The issue selection process for the internal elicitation evolved from the
expert panel elicitation issue selection described in Part 1. Those
issues screened from the expert panel meetings were reviewed by the
internal analysts for inclusion in the internal elicitation.
Additionally, any new issues which arose in the plant analyses after the
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Additionally, any new issues which arose in the plant analyses after the
expert panel process was held were considered. Finally, two sets of
"issues" were developed: one of non-issues--those items considered for
elicitation but screened out, and one of issues to be elicited. Table
A-1 in Appendix A of Part 2 lists the non-issues screened from both the
expert panel and project staff processes. In Part 1, there is a similar
table (Table A-1, Part 1) which lists the issues screened from the expert
panel process. Certain of those issues were included in the project
staff elicitations described here. Many of the ion-issues in Table A-1
had been resolved as part of the expert panel issue selection process,
and did not merit intense evaluation by the project staff elicitation
group. The resolution of each non-issue is described in Appendix A.

There were nine issues considered important enough to be the subject of
the project staff elicitations. Table 1-1 is a list of these issues.
The issues are presented in more detail in Section 4 of this report.
Issues 5 6 and 9 were resolved in the course of discussions by the
internal panel without elicitation. For general information, these items
are also discussed in Section 4.

Section 2 of this report identifies the internal panel members. A resume
of each panel member is included in Appendix B. Section 3 presents a
description of the internal elicitation process. This is a general
discussion of how the internal elicitation process followed the methods
and principles of the more formal expert judgment process, yet was
significantly scaled down in magnitude of resources and effort. The
reader should refer to Section 3 of Part I for a discussion of the theory
and methods of expert judgment elicitation. In Section 4 the issue
descriptions, elicitations, and results are discussed.
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Table 1-1

Internal Staff Elicitation Issues

Applicable
Issue Plants

1. Common Cause Beta Factor All
Uncertainty Ranges

2. Common Cause Factors for Air- All
Operated Valves AVs)

3. Station Battery Depletion All
Times

4. Diesel Generator Field All
Flashing

5. Hydrogen Ignition Upon AC Power Grand Gulf
Restoration at Grand Gulf

6. Boiling Water Reactor (BWR) BWRs
Anticipated Transient Without Scram (ATWS)
Stable Sequences

7. Conowingo Dam - AC Power Peach Bottom
Restoration - Peach Bottom

8. Secondary Safety Valve PWRs
Demand and Failure Rates--Steam Generator
Tube Rupture

9. Depressurization of Primary PWRs
System During Core Damage
Sequences
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2. INTERNAL ELICITATION PANEL

The internal elicitation process was a modified version of the expert
judgment process which used a panel of experts convened from the
community of PRA analysts and consultants. The purpose of the internal
elicitation process was to establish the same defensible and traceable
process of issue resolution as was employed in the expert judgment
process.

The internal panel was composed of the team leaders for each of the
NUREC-1150 plant analyses and one member of the NUREC-1150 Quality
Assurance team who works closely with the other panel members. No
representative from the Zion team was included, as there were no issues
directly affecting the limited Level I Zion reanalysis described in
Section 1. All participants of the internal panel had attended the
normative training session or reviewed tapes on that session for the
expert panel meetings, and most had participated as substantive experts
in several of the expert judgment elicitations. They also had
participated in the issue presentations and discussions for the expert
judgment process. The internal panel members were well acquainted with
the application of the expert judgment process to technical issues.

The internal panel members were:

Robert Bertucio Surry and Sequoyah Team Leader
EI Services

Mary Drouin Grand Gulf Team Leader
Science Applications
International Corporation
(SAIC)

Alan Kolaczkowski Peach Bottom Team Leader
SAIC

David Kunsman NUREG-1150 Quality Control
SNL Team Member

Arthur Payne LaSalle Team Leader
SNL
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3. PROJECT STAFF EXPERT JUDGMENT METHODOLOGY

The project staff expert judgment process adhered to the same general
rules as applied to the expert judgment process described in Part 1. The
application of this process for the purpose of issue resolution by the
project staff is as valid as the expert panel judgment process. The
expert panel could not study and resolve all of the issues facing the
NUREG/CR-4550 core damage analysis, so the project staff had to resolve
certain issues. Expert judgment would have been utilized either formally
or informally, as in all large scientific and engineering endeavors. By
applying the techniques of expert judgment on a panel of project staff
members, the process of resolving certain issues is formally documented,
and the resolutions of the issues benefit from the open exchange of
thoughts and knowledge of several experienced analysts. The expert
judgment process enhances the resolution of these issues.

The project staff panel members had been trained to understand the
normative process by which opinion and ideas would be elicited from them.
The issues were presented to the panel members several days before the
elicitation sessions. The issues were then presented to the panel at a
meeting, discussion was allowed, and then the panel members were elicited
for their assessments of the issues. The issues were presented and
elicited one at a time at meetings held over the course of two weeks.

Because the project staff elicitation process was modified down compared
to the expert panel process, guidelines were developed to streamline the
elicitation process to meet the constraints on resources. These
guidelines were as follows:

1. Issue descriptions should be only one to two pages unless
more treatment is absolutely required.

2. The standardized elicitation forms from the Expert
meetings will be used to record the elicitations
(Appendix E, Part 1).

3. The panel members were to work towards a consensus
elicitation, if at all possible. This would eliminate
the need to aggregate results and accelerate the process.
However, if strong differences existed among the panel
members, a consensus was not to be forced.

4. All elicitation results were to be documented immediately
upon completion of the session.

5. The elicitations were done on a rolling schedule, a few
at a time, instead of having one or two entire days set
aside.

6. Two or more people were to be elicited for each issue, if
possible. For issues where the plant leader was the only
person qualified to assess the issue with respect to his
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plant, that person was the only member with respect to
their plant.

The normative expert role for the project staff elicitations was filled
by two members of the NUREG-1150 analysis staff. These two individuals
are not actual experts in the field of normative elicitation and decision
analysis, but they had attended the normative training sessions for the
expert opinion meetings of Volume 1, and had worked closely with the
normative experts as substantive experts during the elicitation sessions
with the expert panel members. The normative expert role for the
internal elicitations was done by:

Allen Camp SNL
Timothy Wheeler SNL

These individuals performed both the normative and substantive expert
roles in the elicitations. However, the panel members, by nature of
their involvement in the plant analyses, also had strong substantive
backgrounds for the issues.

Panel members were assigned to the various project staff elicitation
issues according to the applicability of the issue to their plant
analyses, general knowledge and experience of certain issues, and
interest. Table 31 shows the assignment of panel members and normative
experts to the various issues.
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Table 31

Internal Elicitation Assignments

Issue Normative-Substantive Panel Members

1. Common Cause Factors Uncertainty Timothy Wheeler (SNL) Alan Kolaczkowski (SAIC)
Arthur Payne (SNQ

2. Common Cause Factors for AVs Timothy Wheeler Mary Drouin (SAIC)
Alan Kolaczkowski (SAIC)

3. Station Battery Depletion Times Timothy Wheeler Robert Bertucio (EI Services)
Mary Drouin (SAIQ
Alan Kolaczkowski (SAIC)
Arthur Payne (SNL)

4. Diesel Generator Field Flashing Timothy Wheeler Robert Bertucio (EI Services)
Allen Camp (SNQ Mary Drouin (SAIC)

Alan Kolaczkowski (SAIC)
Arthur Payne (SNL)

5. Hydrogen Ignition Upon AC Power No Elicitation Mary Drouin (SAIC
Restoration at Grand Gulf

6. BWR ATWS Stable Sequences No Elicitation Mary Drouin (SAIC)
Alan Kolaczkowski (SAIC)
Arthur Payne (SNL)

7. Conowingo Dam--AC Power Timothy Wheeler Mary Drouin (SAIQ
Restoration--Peach Bottom Allen Camp Alan Kolaczkowski (SAIC)

Arthur Payne (SNL)

8. Secondary Safety Valve Demand and Allen Camp Robert Bertucio (EI Services)
Failure Rates--SGTR David M. Kunsman (SNL)

9. Depressurization of Primary No Elicitation Robert Bertucio (EI Services)
Sequences System after Core Damage





4. ISSUE DESCRIPTIONS AND ELICITATION

The issue descriptions for the project staff elicitations generally are
brief compared with the issue descriptions for the expert panel
elicitations in Part 1. The amount of time spent preparing the issues
for elicitation was considerably less for the project staff elicitations
than for the expert panel elicitations because the project staff already
had significant familiarity with the issues.

The elicitations for each panel member and the aggregated results or
consensus resolution for each issue follows the description of each

issue.

4.1 Issue 1. Common Cause Beta Factor Uncertainty Ranges

Applicability: All Plants

Panel Members:

Alan Kolaczkowski, SAIC
Arthur Payne, SNL

Discussion

The quality control team (QCT) for NUREG/CR-4550 has expressed concern
regarding the data used to quantify the beta factors from the Fleming
report. There is a general concern among the CT that much of the data
have been improperly categorized. Specific concerns regarding particular
events have not been provided by the QCT, but QCT members did not feel
that many event descriptions in EPRI-NP-39673 provided sufficient proof
of common cause failures. The QCT recommended that the uncertainty
ranges for the beta factors be included as a project staff elicitation
issue.

In response to the CT's recommendation, a sensitivity analysis was done
to determine if the uncertainty ranges of the beta factor models was
sufficient to account for possible misclassification of the data.

The scope of this issue is the group of common cause beta factors for the
NUREG-1150 analysis which were based on the data and model in EPRI-NP-
3967. A beta factor represents the fraction of component faults which
occur in multiple faults for a specific type of component. It is the
conditional probability of one or more of the components failing given
that a similar component has failed. The failures are concurrent or
approximately so and are due to a shared cause. This shared cause is of
a root cause nature and not due to any other component fault.

Not all common cause beta factors are based on the Fleming report. This
is because either a more component-specific analysis existed elsewhere or
the Fleming report did not analyze data for certain components. The
NUREC/CR-4550 beta factors not based on Fleming's work, and not relevant
to this issue, are:
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Batteries
AOVs
Diesel Generators (DGs)
Standby Liquid Control Pumps (SLCPs)

EPRI-NP-3967 was used as a basis for Beta factors for common cause events
involving the failure of two out of two components. Higher order common
cause factors, such as three of three or four of four, were calculated
using multiple common cause failure rate multipliers developed by
Atwood.4 These failure rate multipliers were applied to the beta factors
to calculate the higher order common cause factors. They are not treated
specifically in this issue, but as they are functions of the Fleming-
based beta factors, the treatment of the beta factors here will also
affect the higher order factors.

The data in the Fleming report were reviewed to determine if the events
were properly categorized for common cause analysis. As a result of this
review, no changes were made to the categorization of the data. The
nature of the event descriptions inhibited clear understanding of the
events, and there were insufficient grounds to eliminate any information
from the data base.

In view of the QCT's concerns about the common cause data base and the

difficulty of interpreting the event descriptions, the uncertainty bounds
of certain common cause factors will be established by elicitation.
Should the panel members feel that new means should be established due to
changes in uncertainty bounds, the elicitation will generate new point
estimates as well as uncertainty bounds for the common cause factors.

The results of the common cause Beta factor statistical. analysis of the
Fleming3 data base are shown in Table 41 for pumps and Table 42 for

valves. With the use of Fleming's model, 5th, 50th, and 95th binomial

confidence intervals were calculated to measure the uncertainty in the

data. The data used in the quantifications are shown on te tables as:

Nac number of actual component failures due to common

cause in the data base

NPC: number of potential* component failures due to common

cause in the data base

Nai: number of actual independent component failures in

the data base

Npi: number of potential independent component failures in

the data base.

Potential failures involve components which are capable of performing

their functions, but exhibit a degraded performance or an incipient

condition which, if not corrected, could lead to failure.
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Table 41

Beta Factor Analysis for Pumps Based on Fleming Data

Binomial Confidence Intervals Data*
Pumps 5 50 95 Nac N2c N.. NP.

LPCI/LPCS/RHR 0.10 0.15 0.250 7 4 40 27
Pa 0.16
Pd 0.13

PWR Safety 0.15 0.21 0.260 15 4 59 18
Injection P. 0.20

fid 0.21

PWR AFW 0.036 0.056 0.093 9 6 107 11
0.079

Pd 0.053

PWR Cont. 0.047 0.11 0.250 2 2 25 7
Spray 0.14

Od 0.11

SWS/CCW 0.012 0.026 0.065 2 10 ill 48
Pa 0.075
fid 0.026

Beta factor
P,, Beta factor calculated by weighing all potential failures (N,,i, N,,,,) at 1.0
Pd Beta factor calculated by deleting all potential failures from the model

*See text for definition of terms.



Table 42

Beta Factor Analysis for Valves Based on Fleming Data

Binomial Confidence Intervals Data*
Valves 5 50 95 Nac NPC Nai Npi

MOV .08 .09 .11 72 43 778 64
MOV .12

MOV fid .08

SOV (PWR) .022 0.07 .30 0 0 11 19
SOV (PWR) 0.03
SOV (PWR d 0.08

RV (BWR) .16 0.22 .28 27 23 107 29
RV (BWR) 0.27
RV (BWR d 0.21

Beta Factor
Beta Factor calculated by weighing all potential failures (N,,.,, Nac) at 1.0

Od Optimistic Beta Factor calculated by deleting all potential failures from the
model

*See text for definition of terms.



The equation for the Beta factor is:

= A/(A )

where

N.c + WrN + 1

_ PC

= N,,i + WNp I

The Fleming model weights the potential failures by a factor of 0. WC
and W) and adds this weighted value to the number of actual failures. A
sensitivity analysis of this model was done to investigate the
significance of the weighting factor on the median values in Tables 41
and 42. fla was quantified without discounting the potential failures.
All data were treated as actual failures in the model. fid was quantified
by deleting the potential failures completely. As can be seen on the
tables, the P. and fid are not always respectively higher or lower than
the base case Beta. This is because the assumption to delete or fully
count potential events also effects the denominator of the Fleming model,
which includes terms for potential common cause and independent failures
as well.

Table 43 contains a list of the NUREG-1150 Beta factor models which are
based on the Fleming data base. All of the Beta factor distributions are
modeled as lognormal. EPRI-NP-3967 does not develop or discuss
distributions for use in uncertainty analysis.

Elicitation

It is the consensus of both panel members that the uncertainty in the
Beta factor parameter estimates due to potential misclassification of
data is accounted for adequately in the current models. Their rationale
is as follows:

a. Inclusion of Potential Failures in Data Base

The Oa and fid beta factors on Tables 41 and 42 indicate
that the inclusion of potential common cause and
independent failures in the data base does not represent
a significant source of model uncertainty. The most
significant impact of assuming that all potential events
in the data are actual failures (i.e. using the Oa
model) was an increase of a factor of 29 for service
water system (SWS) pump beta factor. There was almost no
impact of deleting all potential failures from the data
base (i.e., using the fid model).

b. Classification of Independent Failures

The Beta factor model is highly sensitive to the number
of independent failures. This number dominates the
denominator of the beta factor equation. A factor of n
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Table 43

NUREG/CR-4550 Beta Factor Models From EPRI-NP-3967

Error
Pumps Mean Factor Valves Mean EF

Low Pressure Coolant 0.15 3 Motor- 0.088 3
Injection Operated
Low Pressure Core Spray Valves
Residual Heat Removal

High Pressure Safety 0.21 3 Safety Relief 0.07 3
(PWR)

PWR Auxiliary Feedwater 0.056 3 Relief Valve 0.22 3
(Motor Driven) (BWR)

PWR Containment Spray 0.11 3

Service Water System 0.026 3
Component Cooling Water
System

All distributions are assumed to be lognormal



increase in the number of independent failures would
result roughly in a factor of n decrease in the Beta
factor. A factor of n decrease in independent failures
would have the inverse effect. It seems highly unlikely
that the data classification could be so erroneous that
enough independent failures could have been
miscategorized to create significant error in the
parameter estimates.

C. Classification of Common Cause Failures

The quantification for two Beta factors were studied by
the panel members as a sensitivity analysis to observe
the impact of reclassifying the common cause data. The
Beta factors were selected to analyze a large body of
data for motor-operated valves (MOVs) and a small body of
data for (BWR SRV).

The Fleming data for MOV common cause consists of:

Common cause failures
Actual--72, Potential--43

Independent failures
Actual--778, Potential--64

The data for BWR relief valve is:

Common cause failures
Actual--27, Potential--23

Independent failures
Actual--107, Potential--29.

As seen in Table 44, even by assuming that common cause data have
been miscategorized by a factor of two, the resulting Beta factor
values fall well within the uncertainty ranges of the current models.
The confidence intervals in Table 44 account for statistical
uncertainty of the data and do not necessarily imply any information
regarding the shape of te Beta factor probability distribution. The
Beta factor distributions are assumed to be lognormal. The purpose
of comparing the lognormal quantiles to the statistical confidence
limits on Table 44 is to show that the lognormal models were
deliberately chosen to be broad enough to incorporate both
statistical uncertainty and modeling uncertainty (i.e., event
classification).

The panel members felt it unreasonable that the data could have been
misinterpreted to such an extent that the current models would
inadequately represent uncertainty.
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Table 44

Beta Factor Sensitivity Analysis

Lognormal Distribution
From Table 43 1/2 x ac. . 2 X Nac .

Beta Confidence Beta Confidence Beta
Quantiles Factor Tntervals Factor Intervals Factor

Movs .95 .27 .95 .054 .95 0.16
.50 .09 .50 .045 .50 0.14
.05 .03 .05 .03 .05 0.08

RVs(BWR" 66 .95 .16 .95 .4000
.50 .22 .50 .11 .50 .31
.05 .073 .05 .07 .05 .25



d. Conclusion

Because it is unlikely that such great misclassifications of
events are probable, the panel members believed that the
distributions for common cause factors are peaked near the
median, and fall off rapidly from the median. Given the lack of
information and historical insensitivities of the accident
sequence analysis results to the actual distributions selected,
the panel members believe that the current lognormal
distributions from Table 43 are adequate.

4.2 Issue 2 Common Cause Factor for AVs

Applicability: All Plants

Panel Members:

Mary Drouin, SAIC
Alan Kolaczkowski, SAIC

Discussion

Common cause failures for AVs are being modeled in the NUREG/CR-4550
analysis. No data exist on AVs in the Flemings3 common cause analysis,
so a Beta factor of 0.1 was selected as a screening value. This is the
generic Beta factor suggested by the Fleming report, for screening
purposes. Higher order common cause factors are quantified using a model
similar to that used for batteries and described in the NUREG/CR-4550
methodology document.5

The AEOD case study report, Air Systems Problems at U.S. Light Water
Reactors, AEOD/C701,6 is a review of potential safety implications due to
air system failure and degradation. Twenty-nine failures of safety-
related systems are reviewed in the report. The general conclusions of
the report are that the air systems are not sufficiently maintained, and
current regulations do not ensure that proper attention is paid to these
systems in view of their critical nature.

The report cites a potential for common cause failure of redundant
equipment which relies on air system. System failures and various
component failures are discussed. AOVs are not a focus of the report;
however, AOV failures are frequently cited. The system failures reviewed
in the report were not analyzed in a manner comparable to the Fleming
common cause data base. Specific, actual, or potential AOV failures were
not identified. A survey of the twenty-nine failures does suggest a
strong argument for the potential for common cause failure of AVs. The
failures were grouped by the systems affected by the events. No
intersystem failures were discussed.

Many of the events suggest that air systems are a source of numerous

problems. Dirt or moisture in the air, or loss of the air system
altogether can cause AVs to fail as well as other components and
systems. Summary material from the AEOD report is given in Table 45.
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Table 45

Root Causes of Air Systems Problems--Section 70 of AEOD/C701

1. Mismatched equipment. The air quality capability of the
instrument air A) system filters and dryers does not always
match the design requirements of the equipment using the air
(particulate size, moisture content, oil content, etc.).

2. Maintenance of IA systems is not always performed in accordance
with the air dryer and air filter manufacturer's recommendations
(e.g. inadequate frequency of filter and desiccant stack
changeout).

3. Air quality is not usually monitored periodically to ensure that
the IA system dryers and filters are working properly.

4. Plant operations and maintenance personnel frequently do not
understand the potential consequences of degraded air systems.
They are often unaware of the potential for simultaneous or
common mode failures of redundant safety-related equipment which
rely upon air systems.

5. In many plants, operators are not well trained to respond to
losses of IA, and the emergency operating procedures for such
events are frequently inadequate.

6. At many plants, the response of key equipment to a loss of IA
(slow and rapid losses of IA) has not been verified as
consistent with the final safety analysis reports (FSARs).

7. Inspections of several plants found that safety-related backup
accumulators do not undergo surveillance testing or monitoring
to confirm their readiness to perform their function when
needed.

8. The size and the seismic capability of safety-related backup
accumulators (including connecting piping) at several plants
have been found to be inadequate.

In view of the nature of the air system failures in the report, it is
suggested that the internal elicitation consider the following questions.
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Are the redundant AOV failures actually dependent
failures due to failure of the supporting air system
rather than common cause failures of the actual AOV
components? An important point here is that many of the
system failures in the report involve success of some
AOVs and failure of others. Unlike loss of an electrical
power source which affects all components supported by
the source, air system problems can affect only some of
the components supported by the system.

2. Are the common cause failures discussed in the report
included in the data base for independent AOV failures?

3. If AOV redundant failures are due to common cause
component failures, is the current Beta factor of 0.1
appropriate?

4. Does the NUREG/CR-4550 MOV Beta factor of 009 represent
a good estimate for an AOV Beta factor?

Elicitation

The panel members reached a consensus on the following points.

1. Common Cause Failure of AVs

The AEOD report gives strong evidence for common cause failure of AVs.
The report also indicates that dependent failures due to loss of air
systems are important failure mechanisms for AVs, but common cause
failures cannot be dismissed.

2. Inclusion of Common Cause Failures in AOV Data Base

The panel members expressed concern that some of the events included in
the licensee event reports (LER) and in-plant reliability data base
(IPRD) data surveys for AVs may include the common cause failures in the
AEOD report thereby introducing double counting of events for the
independent failure of AVs. This should be noted as a source of
uncertainty in the AOV independent failure estimates.

3. Common Cause Model for AVs

The Fleming report proposes a generic screening Beta factor of 0.1 for
all components when data are unavailable. This value is calculated by
taking the arithmetic mean of the component specific Beta factors
quantified from the Fleming common cause data base. Taking the mean of
all valve Beta factors (MOVs, Relief Valves, Safety Relief Valves) yields
a component family Beta factor for valves of 013. The individual valve
Beta factors are:

MOV: 0.09
SRV: 007

RV: 022.
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In view of the above information, the panel members feel that the
screening Beta of 0.1 (mean) modeled as a lognormal random variable with
error factor of three is an adequate model for AOV common cause Beta
factor. Higher order common cause factors should be quantified as is
done for batteries discussed in Volume 1, Chapter 6 of NUREG/CR-4550.5

4.3 ssue 3 Station Battery Depletion Time

Applicability: All Plants

Panel Members:

Robert Bertucio, EI Services
Mary Drouin, SAIC
Alan Kolaczkowski, SAIC
Arthur Payne, SNL

Discussion

The duration of safety systems operation during a station blackout
occurrence is limited by the length of time the station batteries can
supply sufficient power to the plant loads. This time is affected by a

number of variables such as battery size, shedding of non-vital loads by
the operators, and condition of the batteries at the time of the
incident.

The nature of this issue is highly plant-specific. For this reason, the
following question for elicitation is asked for each plant:

Given that the station batteries initially operate at station
blackout occurrence, what is the probability with time that
the batteries fail to deliver sufficient power to operate dc
loads necessary to mitigate the station blackout accident?

Elicitation

It was decided that each plant analysis team leader was the best
qualified to assess the probability of failure of batteries for their own
plant. For each plant, battery maintenance practices, procedures for
shedding loads, operator capabilities to shed loads, vital loads for the
sequences, and utility tests and analyses of dc power capacity are
estimated by the plant specialist. The results for each plant are shown
in Table 46 and Figure 41.
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Table 46

Battery Depletion Elicitation Results

Probability of Battery Depletion
Time to Battery

Depletion Peach Sequoyah/
(h) Bottom Surry LaSalle Grand Gulf

0 0 0 0 0
1.0 0 0 0
1.5 0 0 0
2.0 0 .05 0
3.0 .05
4.0 .50 .25 .01
6.0 .95 .50
8.0 .25 .75 .05

10.0 .50 1.00
12.0 .95 .10
15.0 .80
16.0 1.00
18.0 .50
24.0 1.00 1.00

1.0 I I

Sequoyah/Surry
0.9 -

0.8 -

0.7 -
le

M 0.6 -
.0
0

0.5 -

0.4 -

E
0.3 - each BottomU

0.2 -

Gulf
0.1

0.0 -

0 3 6 9 12 15 18 21 24

Time (h)

Figure 41. Battery Depletion Probabilities.
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Peach Bottom

Figure 41 shows the probability with time for battery failure elicited
from the plant leader for each plant. Utility officials feel confident
that the batteries at Peach Bottom are capable of lasting at least 6 h in
a station blackout. They have revised their station blackout procedure
to address concerns specifically raised by this issue. The specific de
power loads which are to be stripped early in a blackout situation are
listed in the procedures. The operation of the high pressure coolant
injection (HPCI) and reactor core isolation cooling (RCIC) systems have
been revised so that RCIC is operated first. When the RCIC battery
becomes depleted, HPCI operation will be started. Philadelphia Electric
Company (PECO) has performed preliminary analyses on battery life with
the new blackout procedures. A calculation in compliance to 10 CFR 50,
Appendix R, (NRC rule requiring d power systems to be evaluated for fire
scenarios) indicates h for battery life, but more realistic
calculations suggest that 1 h may be possible. The plant leader
assigned the distribution on Figure 41 based on his belief that some of
the batteries would probably be in less than perfect condition for
maximum reliability, and that stress on the operators may inhibit proper
and timely shedding of unessential loads. In addition, typical
calculations on battery life often treat conservatively certain unknowns
such as load shedding. Therefore, the team leader felt that there was
some probability that battery life would be extended even beyond the 1 h
of PECO's calculations.

Sequoyah/Surry

The utilities for Sequoyah and Surry believe that the batteries at these
two plants could last for 4 h. However, the batteries are designed and
tested for a 2-h time period. Furthermore, the batteries have never been
tested or analyzed for a time period longer than 2 h. No personnel for
either plant would establish a priority for shedding loads. Based on
this information, the plant leader felt that 4 h was a very unlikely time
period for the batteries to successfully function. His feeling was that
the batteries are highly reliable for 2 h since they are designed and
tested for that period. His concern about the operator's ability to shed
non-vital loads led him to believe that the failure rate with time
increases rapidly after 2 h.

LaSalle

The General Electric Company's probabilistic safety analysis on LaSalle,7
battery capacity estimates were based on the FSAR load tables, IEEE-485
cell size, and load shedding by the operators. Without load shedding,
battery life was estimated at 63 h for the 125 VDC system and h for
the 250 VDC system. With load shedding, both systems are expected to
remain energized for more than 10 h. LaSalle procedures for abnormal
conditions instruct the operators to shed certain loads early in an
accident situation, then to shed more loads when the 125 VDC system
voltage drops below 110 VDC.
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The LaSalle analysis team leader felt that 6 h was a good nominal
estimate for battery life. He thought that the probability of dc power
failure would start to increase from the nominal battery failure rate at
about 4 h due to potentially degraded states of the batteries at the
onset of the accident and load shedding errors. He felt that 16 h was a
good estimate for the absolute maximum battery life.

Grand Gulf

The Grand Gulf battery life estimate for station blackout is based on
Grand Gulf supplied calculations. Grand Gulf reviewed their battery
sizing calculations and reevaluated the maximum battery life more
realistically by removing from the battery sizing calculations two
limiting assumptions. In the original calculations it was assumed that
the Power Supply Inverters would draw 150 amps in a design base accident.
Fifty amps is a more accurate estimate of the actual current for station
blackout, and this value was used in the new calculations. An aging
factor of 125 was also removed from the Grand Gulf calculations.

The original FSAR battery sizing calculations were for a design basis
loss-of-coolant accident (LOCA). The estimated battery life was 4 h.
The new Grand Gulf calculations are for a station blackout accident, and
with the new assumptions, 12 h is the estimated battery life. The team
leader believes that the change in the battery calculations is reasonable
and better reflects the capabilities of the dc power systems and the
demands on that system. Furthermore, the new Grand Gulf calculations do
not include any credit for load shedding. Grand Gulf has procedures for
load shedding. For these reasons, the team leader feels that the
batteries will be highly reliable for up to 12 h of loading. After 12 h,
the batteries will become unreliable as their expected capacity is
exceeded. However, by taking advantage of load shedding, the life of the
batteries may be extended significantly, out to 24 h.

4.4 Issue 4 Diesel Generator Field Flashin

ARRlicability: All plants

Panel Members:

Alan Kolaczkowski, SAIC
Mary Drouin, SAIC
Arthur Payne, SNL
Robert Bertucio, EI Services

Discussion

The diesel generators require dc power to flash the generator field
before electrical generation can commence. There are two basic
configurations for dc power for the generator field:

4-15



1. de power is supplied by the plant batteries
2. d power is supplied by special batteries dedicated to the diesel

generator.

In neither case are the batteries used to start the diesel engines. All
diesel engines are started by compressed air reservoirs. However, de
power is required to energize certain components on the diesel generators
such as oil pumps, valving circuit breakers, control components, and
flashing the generator field.

Three questions have been raised regarding the capability of batteries to
flash the generator field.

1. If the batteries become partially depleted over time, would there
be sufficient power in the batteries to flash the generator field
or operate crucial diesel generator components?

2. If the answer to Question is no, can repeated, unsuccessful
attempts to start the diesel engines cause the batteries to
become too degraded to start the diesel generators or energize
diesel generator components?

3. Are the battery failure events in NUREG-0666 A Probabilistic
Safety Analysis of DC Power Supply Reguirements for Nuclear Power
Plants,8 appropriately categorized for application to failure to
start the diesel generators?

Elicitation

Question 

Experience at Grand Gulf with diesel tests and NUREG/CR-4550 authors
knowledge of electrical motors and magnetism were both used as a base of
information here. The amount of energy required to flash the field is a
very small fraction of the amount normally available. Grand Gulf staff
have commented that the generator field will occasionally flash due to
residual magnetism in the generator winding during testing of the diesel
engines. NUREG/CR-4550 authors with backgrounds in electric motors and
physics also stated their belief that residual magnetism from the initial
attempts to start the diesel generators should last throughout the
accident sequence. The consensus opinion among the panel members was
that the capability of depleted batteries to flash the generator field is
not a concern. The residual magnetism in the generator should be
sufficient, but if not, only very little power is required. However,
certain components which are required to start or control the diesel
generators may be adversely affected by depleted batteries. The plant
analysts must review their systems for any such components which could
fail due to depleted batteries. If such components are found, the diesel
should be assumed to fail in any sequence involving depleted batteries.
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Question 2

Information supplied by Grand Gulf indicates that failed attempts to
start the diesel generators will not deplete the batteries. Grand Gulf
has done analyses which predict that the batteries can withstand as many
as ten attempts to start the diesel generators while remaining within
technical specifications for the design basis accident.

Grand Gulf calculations were based on five failed starts within one
minute of loss of ac power, followed 2 h later by five more failed
starts. After these 2 h during which the batteries have been supplying
LOCA design basis loads, the batteries still meet technical specifica-
tions for the design base accident. Based on this information from Grand
Gulf, the panel members feel that there is little danger that the
batteries at any of the plants would become depleted by repeated attempts
to start the diesel generators and this failure is assumed to be of
negligible probability.

Question 3

The battery failure data in NUREG-06668 were scrutinized for applicabi-
lity to diesel generator failures. Alan Kolaczkowski (SAIC), a co-author
of the report, participated in this elicitation and provided insights
regarding the selection of battery events in the report.

Eight events were categorized as battery failures in NUREG-0666. Of
these events, all four panel members felt that two should not be included
for diesel generator dependency on batteries. It is believed that these
two events would be easily detectable and would not have been left
unrepaired until a demand or test for the diesel generators. One panel
member felt that several more of the eight events might also be easily
detectable. However, he was unable to justify his belief based on the
event descriptions in NUREG-0666, so he agreed with the consensus vote to
eliminate two events from the data. It should be noted that there is a
general concern that several of the battery failures in NUREG-0666 may
not actually constitute failure of the batteries to deliver sufficient
power. This issue was not addressed here. The two events eliminated are
from Table C-4 of NUREG-0666 are:

Low voltage due to charger failure--Vermont Yankee 10-13-74)

Battery fire--H. B. Robinson-2 716-78).

The NUREG/CR-4550 generic data base5 has a value of 1.2E-3 per demand for
quarterly tested batteries. This elimination of two out of eight events
in the data represents a 25% decrease in battery failures. Applying this
factor to the generic value yields 9.OE-4/d. One panel member felt the
mean was probably higher, citing an opinion that batteries are inherently
more unreliable than this value would indicate. Another felt that the
mean value was probably lower because more battery failures should be
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easily detectable, and the other two panel members thought that this was
a good estimate of the mean. So the panel members decided that this
value is an acceptable consensus estimate for the mean.

The uncertainty of the battery failure probability was elicited as
follows:

One member felt that 5.OE-3/d was a good high end value.

Another member felt that 1.OE-5/d was a good low end value.

The other two members felt that a lognormal distribution with an
error factor of 10 and a mean of 9.OE-4, was adequate.

The 5th and 95th quantiles of the lognormal distribution would be 3.4E-
5/d and 3.4E-3/d. The high and low end values elicited from the other
two members are very close to these quantiles. The panel members decided
to accept 9.OE-4/d as the mean of a lognormal distribution with error
factors of 10 for quarterly tested batteries.

The value 9.OE-4 will be the generic value based on quarterly testing.
Plant-specific test intervals, t, will be used for each plant analysis
based on the hourly failure rate calculated from the generic quarterly
value. This hourly failure rate, A, is 8.3E-7/h. The equation which
relates these parameters to the battery failure probability is 12 At.
In all cases the plant-specific value will be the mean of a lognormal
distribution with an error factor of 10.

4.5 Issue 5. Hydrogen Ignition Upon AC Power Restoration at Grand
Gulf

Applicability: Grand Gulf

Panel Member:

Mary Drouin, SAIC

Discussion

Operators at Grand Gulf are trained to skip steps which they know will
not be effective during incidents of loss of offsite power (LOSP). Thus,
during a blackout, operators will skip any steps which call for actuating
the hydrogen igniters. If ac power is restored, operators are to review
the procedures and identify those not performed. Concern has been raised
regarding the likelihood that the operators could mistakenly not activate
hydrogen igniters upon restoration of AC power. This issue was not
analyzed by elicitation of judgment, but was resolved by human
reliability analysis (HRA) as described below.

In any scram condition, the operators will initiate the emergency
operating procedures EPs). The EPs at Grand Gulf are in a flowchart
format and are laminated. When the operator enters the procedures, he
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checks: (1) those steps he was able to perform, 2 any containment and
reactor conditions he deems important, and 3 any other items of
interest. When the operator knows that he cannot perform a step, he
skips that step and moves on through the procedures.

In the station blackout scenarios, the operator will be very much aware
that he does not have any ac power, and he will skip those steps in which
ac power is required, including actuating the hydrogen igniters. When ac
power is restored, he will go back through the procedures and attempt to
perform those steps which he skipped when he did not have any ac power.
This set of operator actions can easily be covered by the NUREG-1150 HRA
model and does not require any elicitation.

4.6 Issue 6 BWR ATWS Stable Sequences

Applicability: BWRs

Panel Members:

Mary Drouin, SAIC
Alan Kolaczkowski, SAIC
Arthur Payne, SNL

Discussion

There are ATWS scenarios where the core is being cooled by low pressure
systems, the containment has failed or has been vented, and makeup water
for core cooling is available. Failure to shut down the reactor at some
time in this scenario will eventually lead to core damage. Cooling of
the core by low pressure systems will create an oscillatory situation
where:

• Cooling water is injected into the core;

• The power level of the reactor increases as does the pressure;

• The cooling water injection shuts off;

• As the reactor water temperature rises, reactor power level drops;

• Reactor pressure gradually drops to the low pressure injection
cut-off point as the water boils off;

• Low pressure coolant injection reinjects water into the core.

A concern here is how likely are injection valve failures in these
situations where the valves are required to open and close repeatedly.
This issue also considers what actions could be taken to bring the
reactors to a shutdown, and what is the probability of success. The
various plant analyses have differing ATWS sequences. This issue was
carefully reviewed by the plant teams and resolved for each plant as
follows.
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LaSalle

A summary of ATWS sequences and relevant information for LaSalle is
discussed below.

1. With successful recirculation pump trip (RPT) and with the failure of
power conversion system (PCS), the feedwater system (FW) or the
condensate system (CDS) can deplete the main condenser in eight
minutes unless the operator controls the flow rate at the maximum
makeup rate from the condensate storage tank (CST), about 1800 gpm.
This is not sufficient to maintain reactor water level above the top
of the active fuel (TAF). The level would be at two-thirds of TAF.
With RPT and PCS success, the FW or CDS can operate indefinitely,
since the turbine bypass can handle up to 25% of full power. The
power should be below that level in these conditions. With no RPT
but with PCS working, FW or CDS will supply water at least at the
motor-driven FW pump rate, which is sufficient to handle 33% power.
However, since the bypass can only handle 25%, the EV or CDS system
will trip when the main condenser depletes unless the systems are
throttled back until less than 25% power is generated. With no
reactor scram, the operator is directed to lower water level to the
TAF or until 5% power is achieved, whichever comes first.

2. Operators are instructed by the EPs not to use the automatic
depressurization system (ADS) inhibit switch, but to reset the timer.

3. Long-Term Accident Simulation code (TAS)9 runs for the LaSalle PRA
show:

a. If only HPCS or FW is running, the reactor water level will
equilibrate at about two-thirds of the TAF and power will be
roughly constant until HPCS or W fail due to some secondary
cause.

b. If HPCS and some low pressure systems such as low pressure core
spray (LPCS) or low pressure core injection (LPCI) are working,
then the low pressure systems will come on only once and the
resulting increase in power will increase the pressure causing
the low pressure systems to shut off. Severe power oscillations
are not predicted to occur.

C. If only low pressure systems are working, then the systems inject
when pressure is below the shutoff head. Subsequently, the power
increases, the pressure rises, and the systems shut off. Then
the power decreases, and the systems inject again. A quasi
equilibrium oscillatory situation is reached.

4. In the containment:

a. With only HPCS or FW working, the containment pressure will
continue to increase up to the point of containment failure
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(about 200 psig), even if residual beat removal (RBR) works. If
containment venting is successful, the containment pressure will
level off at about 60 psig (below containment failure pressure)
whether or not RHR is working.

b. With HPCS and low pressure systems, the result is the same as in

4a.

C. With only low pressure systems operating, there are three cases:

i. RHR and venting--the suppression pool temperature
stabilizes at 321'F, and the pressure stabilizes at about
90 psia. The low pressure systems cycle.

ii. RHR only--the pressure cycles around 100 psia with the low
pressure systems cycling on and off. The temperature is
about 321'F.

iii. Venting only--the pressure levels off at about 90 psia,
with the temperature at about 3210F.

In all of the sequences described in 3 and 4 the core is being cooled
and a quasi-steady state has been reached. For the low pressure
sequences, the injection valves will cycle, but as long as the low
pressure systems work, the core will be cooled and no damage will occur.
However, the reactor building environment is harsh since either
containment failure or venting will release steam into the reactor
building at some time into the sequence. HPCS, LPCS, and LPCI systems
components are located in the reactor building and could potentially fail
because of the environment. An event is added to the ATWS sequence cut
sets to model the survival of the system components in the steam
environment. The quantification of this event will vary in the model
depending on the scenario of the sequence: venting, leak, or rupture of
the containment. This event represents failure of the systems cooling
the core. The addition of this event to the sequence model resolves the
sequence into core damage or no core damage. For those dominant
sequences which did not go to early or late core damage, another event
was added to the cut sets representing ultimate shutdown. Failure to
ultimately shut down the reactor was modeled as core damage (this is
conservative but none of these sequences remained dominant). For
sequences where the operation of low pressure systems and RHR resulted in
containment pressure equilibrium below containment failure pressure,
quantification of core damage frequency involved three elements:

• Number of demands per hour 16) on the low pressure system;

• Probability of an injection value to open on demand (3.OE-3/d);

• Probability of failure to achieve alternate boration.
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It was assumed that by 4 h into the sequence, the probability of
providing alternate boration was O.O. Thus, the equation for the event
is:

P(no alternative boration) = (1-t/4).

The number of demands per hour was multiplied by the valve failure rate
per demand to derive an hourly failure rate for an injection valve. This
failure rate and the probability of no alternative boration were combined
in a convolution integration to quantify at the probability of core
damage for these sequences. Details of the quantification will be
provided in the LaSalle PRA.

Grand Gulf

At Grand Gulf there are two types of ATWS sequences where boron injection
has failed, which further challenges the reactor and the containment. In
both sequences, RPT succeeded.

In the first sequence, the PCS is available and feedwater or condensate
is supplying coolant makeup. This is sufficient to maintain the reactor
water level above the TAF. However, the operator is directed to lower
the level to TAF. This reduces the power to approximately 17 to 20 of
full power. With RPT and PCS success, the feedwater or condensate system
can operate indefinitely because Grand Gulf's turbine bypass can handle
up to 35% of full power. The condenser is available, since the main
steam isolation valves (MSIVs) and turbine bypass valves are open. This
does require the operator to throttle flow (lower level) until less than
35% power is being generated. With RPT achieved, power will decrease to
at least 40%. RPT causes increased voiding in the core, which causes a
reduction in moderator effectiveness. The net result of RPT is a
reduction in power to 40%. If the reactor water level is lowered, the
power level is then reduced to 17 to 20%.

In the second type of sequence, PCS is lost (i.e., the MSIVs are closed)
but RPT succeeded. At reactor water level 2 HPCS and RCIC are demanded
and actuate. The reactor water level equilibrates at about two-thirds
core height (when the reactor is at high pressure) with a corresponding
power level of approximately 17 to 20%. HPCS and RCIC are initially
drawing from the CST, but switch automatically to the suppression pool on
high pool level. With the MSIVs closed, the power from the reactor (in
the form of steam) is directed to the suppression pool. Therefore, pool
temperature and containment pressure are increasing. At 25 psig in the
pool at the RCIC turbine exhaust outlet (corresponding to about 18 psig
in the containment), RCIC is automatically isolated. At 95'F in the pool
and 784 psig in containment, the operator is instructed to initiate
suppression pool cooling and containment spray modes of RHR,
respectively. However, the power level being directed to the containment
is far above the 5% capacity of RHR. RHR has negligible effect on the
rising pressure in containment.
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The containment ultimately overpressurizes and fails. Core cooling will
be maintained by the HPCS even after containment failure. The high pool
temperature (which peaks at approximately 300'F) is within the design
condition of the HPCS pump. With containment failure, the pool becomes
saturated, which is also within the design capability of the HPCS pump.
However, the pool inventory will steam out the break, and suppression
pool makeup (SPHU) will be required. With pool inventory supplied, the
situation is at equilibrium. Without SPMU, HPCS fails because of inade-
quate net positive suction head (NPSH) and the sequence goes to core
damage.

It should be noted that with HPCS injection into the reactor at high
pressure, the water level achieved is two-thirds of the core height.
Also, with the suppression pool temperature increasing, the operator is
directed to depressurize to stay within the safe region of the heat
capacity temperature limit. With the reactor now at low pressure, HPCS
can provide sufficient makeup to increase the level above TAF. However,
he is directed by his procedures to maintain level at TAF.

A subset of the above sequence is that HPCS has failed to operate when
required. With failure of HPCS (it is assumed that RCIC is insufficient
to prevent core damage) low pressure injection is required. The operator
depressurizes so that the low pressure systems are available. However,
when the low pressure systems actuate, the reactor water level increases.
(The low pressure systems are high capacity without the capability to
throttle flow.) The increased water level increases the power thereby
increasing the pressure. The pressure rises above the shutoff head of
the low pressure systems causing them to shut off. The water level is
lowered with a corresponding drop in power and pressure. Once pressure
decreases below the shutoff head, the low pressure systems start to
inject again. A quasi-equilibrium oscillating situation is reached. The
containment ultimately fails and the pool becomes saturated. The pool
conditions are within the design capability of LPCS. For LPCI, motor
cooling for the seals/bearings is required. Both systems draw from the
pool and therefore SPMU is also required. With SPMU failure, the low
pressure injection systems fail on inadequate NPSH and the sequence goes
to core damage. For sequences where SPMU does not fail, the primary
system would remain in an ocillatory situation with the low pressure
system cycling on and off. Core damage would result if the injection
valves failed. It was not necessary to exactly quantify the failure of
the injection valves for these sequences because a conservative screening
analysis yielded frequency estimates for these sequences well below
1.0E - 10/yr.

It should be noted that for all the above sequences, containment failure
does not create any adverse environmental conditions on the operating
systems. The break occurs at the spring line high in the containment and
the steam is released directly to the atmosphere.
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Peach Bottom

While presented in the draft NUREC-1150 analysis for Peach Bottom, the
reanalysis no longer has potentially important "stable" ATWS sequences
defined in the ATWS event tree. The event tree depicts three major types
of sequences: (1) those sequences in which standby liquid control (SLC)
operation has begun and core cooling is lost early, so core damage will
result, 2 those sequences in which SLC operation has begun, core
cooling is being provided but containment venting or failure is likely,
hence creating a core vulnerable condition, and 3 those sequences in
which SLC is not working.

For the first set of sequences, core damage will result by definition and
so these are not "stable" scenarios. The second set all have frequencies
of less than 1.OE-8 and since SLC is working, will ultimately result in
either plant shutdown (success) or core damage (if core cooling is not
recovered). The last set of sequences in nearly all cases will result in
core damage. This is because containment venting or failure is very
likely in these scenarios and the resulting survivability of core cooling
(with steam in the reactor building as a result of venting or containment
failure) is considered to be very low per the elicitation performed on
emergency core cooling system (ECCS) survivability (Issue 3, Part of
this report). Should the equipment survive, it is possible to achieve a
so-called stable state (i.e. the core continues to be cooled, but
subcriticality is not yet achieved). However, with such high failure
probabilities associated with the ECCS survivability issues (nearly 1.0),
the probabilities of the stable states are so low as to be unimportant,
and, hence, no longer are issues.

4.7 ssue 7 Conowingo Dam--Loss of Offsite Power Recovery at Peach
Bottom

Panel Members:

Arthur Payne, SNL
Alan Kolaczkowski, SAIC
Mary Drouin, SAIC

Discussion

Conowingo Dam is a hydroelectric plant in proximity to Peach Bottom. The
plant is capable of supplying electricity to Peach Bottom in the event of
a loss of power. Power lines which bypass the Peach Bottom switchyard
exist between the two plants. Conowingo can be used to restore power due
to switchyard problem and some grid losses.

Procedures exist at Peach Bottom to use Conowingo Dam in the event of a
loss of offsite power event. Training runs are held every three months.
The hydro plant can be started even if it is shut down for power
generation at the moment of loss of power at Peach Bottom. Peach Bottom
staff feel that 40 minutes is the time required to get power from
Conowingo to Peach Bottom.
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At issue for elicitation is:

What is the probability of failing to restore ac power to Peach
Bottom from Conowingo within 1 h after the plant experiences station

blackout?

The issue of using Conowingo for power restoration for long station
station blackout sequences is not considered in the plant analysis. Long
term station blackout is dominated by bad weather-related events. It is
assumed that Conowingo's capability of sending power to Peach Bottom
during extremely bad weather will be hindered along with the rest of the

grid.
Elicitation

It was noted that the generic loss of offsite power data base has some
"black start" recovery events where utilities used other generating
facilities in proximity to restore offsite power. Because the generic
data were incorporated into the ASEP plant-specific loss of offsite
recovery analyses, it was felt that the uncertainty in these analyses was
adequate to account for the inclusion of these black start events in the
data base. Plants with capabilities such as Peach Bottom are probably
modeled slightly conservatively, while plants without such capabilities
are most likely modeled nonconservatively.

However, due to the existence and quality of procedures and training at
Peach Bottom for using Conowingo, it was decided to allow for some
recovery potential beyond what is in the Peach Bottom loss of offsite
recovery analysis. The limiting value was set as the probability of
operators failing to properly start up Conowingo and energize the
appropriate buses and equipment at Peach Bottom. The probability of
human error for this type of activity under high stress with only 60
minutes to succeed is 0.1. The panel members used this as their minimum
possible value and then generated the following estimates.

1. One member felt that the stress level could be quite high.
Approximately a 0% chance of succeeding was expected:

P(NR - .50.

2. Another member felt that the stress would impair the plant staff,
but that the training was frequent enough that the staff would
succeed more often than not:

P(NR) - 033.

3. The last member had little faith that in only 1 h, with high
stress, the plant staff could succeed when it requires 40 minutes
without stress:

P(NR) 090.
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The average of these three values is the probability of failing to
recover offsite power via Conowingo within 1 h after station blackout:

P(NR = 060.

This probability is multiplied by the plant-centered non-recovery curve
for times greater than 40 minutes and less than 60 minutes. The limit of
60 minutes is because core damage occurs at this time for the relevant
sequences. Thus, it does not affect the long-term sequences that are
dominated by severe weather.

4.8 Issue 8. Secondary Safety Valve Demand and Failure Rates--SGTR

Panel Members:

David M. Kunsman, SNL
Robert Bertucio, EI Services

Discussion

In the event of a steam generator tube rupture (SGTR), the likelihood of
secondary safety valves being demanded open and then failing to reseat
becomes an important issue. Unlike the atmospheric dump valves (ADVs),
the safety valves are not provided with block valves. In the event that
a safety valve fails open, it cannot be isolated. The combination of a
SGTR and a failed open safety valve essentially becomes an interfacing
LOCA.

Failure of an ADV to reclose also constitutes an interfacing LOCA, but it
can be terminated by closure of the block valves. The ADV set point is
typically 50 to 75 psi lower than the safety valve set point. If the
ADVs are operable, safety valve demand likelihood is minimized. However,
in order to ensure integrity of the secondary loop, the operators must
act to bring the primary system pressure down to below the set point of
the secondary safety valves.

Another concern in the SGTR scenario is the likelihood that the safety
valves, if demanded, will pass water or a two-phase mixture, rather than
steam. The safety valves are not designed to pass water. Their
reliability under these conditions is unknown, but generally considered
to be poor.

The postulated scenario for the Sequoyah and Surry analyses is that steam
generator tube rupture of 600 gpm or less causes loss of primary system
coolant; the reactor is tripped (either manually or automatically) on a
low pressurizer pressure signal, and safety injection flow is
automatically initiated on low pressurizer pressure. The expected
operator response to a SGTR is to isolate the ruptured steam generator
and then cool down the primary system and reduce the RCS pressure to
below the ADV set point, which is typically 1050 psi.
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It should be noted that older Westinghouse plants such as Surry and
Sequoyah have loop stop valves istalled in the primary system. These
valves were originally designed so that a steam generator could be
isolated from the primary system by closing the loop stop valves.
However, these valves are no longer maintained in an operable manner. As
a result of problems related to te operation of these valves, they have
been locked open with power to them disconnected. They are not
considered as an isolation option by either the plant personnel or in the
NUREG/CR-4550 analysis.

The elicitation is divided into four issues:

1. What is the probability of a secondary safety valve demand?

2. What is the probability that, given a safety valve demand, liquid
or two-phase flow is experienced in the safety valves?

3. What is the probability of failure to reclose given that te
safety valves passed liquid or two-phase flow?

4. How often is the safety valve demanded should secondary pressure
reach the safety valve low set point? This question addresses
the phenomenon where secondary pressure hits the safety valve low
set point, pressure is relieved and drops below the set point,
then rises above the set point again. It is expected that this
oscillatory behavior will occur if the secondary pressure reaches
the safety valve set point.

The first question was decomposed into three key considerations which may
affect safety valve demand. The problem was then structured into eight
different cases based on the three considerations. The cases are
illustrated in Table 47. The conditional probability of each case is
determined by the system analyst exclusive of this elicitation. Here,
the interest is in the demand and failure probabilities given each case.
The first consideration involves the successful control of primary
pressure via the good steam generators and subsequent depressurization of
the RCS using pressurizer sprays or opening the pressurizer power-
operated relief valve (PORV). If the measures are not taken to
depressurize the primary system, the secondary side will pressurize to
the set point of the relief valves. Another important consideration is
that the operators must control safety injection. Otherwise, the safety
injection pumps will continue to pump water through the tube rupture and
thus raise pressure in the ruptured steam generator. The third
consideration is the status of the ADV. If the ADV is blocked or in
manual operation mode, it will not respond to secondary pressure rise,
thus leaving the safety valve as the only method of pressure relief. The
ADV is typically set at 50 to 75 psi below the lowest safety valve set
point. If the ADV is operable, it will be sufficient to mitigate
pressure rise without safety valve demand in many cases. However, due to
the uncertainty in valve settings, there is a small probability that the
safety valve will open before the ADV.
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Table 47

Steam Generator Tube Rupture Scenarios

Case

1 2 3 4 5 6 7 8

Primary Pressure Yes Yes No No Yes Yes No No
Controlled

Safety Injection Yes No Yes No Yes No Yes No
Controlled

ADVs Blocked Closed Yes Yes Yes Yes No No No No

Elicitation

Question 

The results for Cases 1 7 and of Table 47 are shown on Figure 42 as
cumulative probability distributions. The panel members had negligible
uncertainty regarding their elicitations for Cases 2 3 4 5, and 6.

Cases 2 and 6 were ruled as impossible by the panel members. Successful
control of the primary system pressure would not be possible without
control of safety injection flow. Thus, failure to control safety
injection is mutually eclusive of successful control of
depressurization.

For Cases 3 and 4 the difference between these two cases is whether or
not safety injection is being controlled. Both members felt that this
question is irrelevant since primary pressure is not being controlled.
Timing of the safety valve demand ay be affected by the safety injection
flow rate. Secondary pressure will eventually reach the safety valve set
point in these cases as the ADV is blocked closed:

Cases 3 and 4 Probability of Safety Valve Demand = 1.0.

Case represents successful mitigation of the situation. Both primary
depressurization and safety injection are properly managed by the
operators. The ADV is also available to relieve secondary pressure
before it rises to the safety valve set point:

Case Probability of Safety Valve Demand = O.O.

For Case 1, even though primary pressure and safety injection are
controlled, the blocked ADV presents a potential problem should the
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primary pressure not be lowered quickly enough to prevent the secondary
side from reaching the safety valve set points. Both members felt that
the operators should be able to use turbine bypass and the Auxiliary
Feedwater turbine driven pump to facilitate a prompt cooldown of the
primary system. However, there are many variables such as the pre-trip
power level, RCP operation, and alacrity of operation action, which lead
to uncertainty in the safety valve demand probability. The members
agreed to the consensus distribution on Figure 42. The consensus was
reached by averaging their individual assessments at various quantiles.
The members were fairly close for most quantiles, but diverged somewhat
for the lower 25 quantiles 012 and 006). However, they were quite
close at the 50th quantile 020 and 0.15) and both anchored the
distribution on the Oth quantile with 0.01:

Case Mean Probability of Safety Valve Demand - 28.

For Cases 7 and 8, the primary concern is not whether the ADV can relieve
the secondary pressure, but the probability of overlap in valve set point
drift. Both members felt that the ADV is sized sufficiently large to
keep secondary pressure below the safety valve set point. However,
anomalous operation of the ADV, pressure surges caused by valve closing
and drift in the set points, could cause the safety valve to open despite
the availability of the ADV. Both members agreed to the distribution in
Figure 42.

Cases 7 and Mean Probability of Safety Valve Demand = .15.

Question 2

The relief capacity of the safety valve is substantially larger than the
inf low due to any postulated tube rupture. The presence of dryers and
separators in the top of the steam generator ensure that only steam
enters the steam line as long as normal water levels are maintained in
the steam generator. It was decided that scenarios for water flow
through the safety valve must involve raising the water level above the
dryers and separators. It was further conjectured that this could only
occur if the water entering the steam generator was colder than the
saturation temperature at the safety valve set point pressure.

The members felt that in order to arrive at this condition, the operators
must fail to control both the primary system pressure and safety
injection flow. Consequently, only Cases 4 and present possibility of
liquid flow into the safety valves. It was not possible to assess the
degree of operator error, which would be necessary to overfill the steam
generator. Since the operator performance is only divided into success
and failure, the probability of liquid flow for each case was assessed as
1.0.
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Question 3

Given that liquid flow is present in the safety valves, both members felt
that the valves would fail with probability of 1.0. The valves are
designed for steam flow. Mechanical forces against the valve components
arising from liquid or two-phase flow could result in improper resealing
of the valves. The valves may be subjected to oscillatory surges of
pressure, causing repeated influx of water into the valves. The members
felt that the valves would eventually fail with certainty.

Question 4

The cyclical popping open of safety valves for high secondary pressure
was assessed at one demand per fifteen minutes. Once the operators take
actions to lower the secondary pressure, the demand rate will be zero.
The members believe that the oscillations in secondary pressure will in
no way be as frequent as every two or three minutes. Furthermore, with
time the decay heat of the reactor will decrease, eventually cycling the
pressure over long periods of close to an hour. Fifteen minutes was
agreed upon as a reasonable compromise. The analyst will use this demand
rate along with sequence timing information to estimate the total
probability of a stuck open safety valve.

4.9 Issue 9 Depressurization of RCS

The pressure at which the reactor coolant system is maintained during a
core meltdown accident plays an important role in the accident
progression phenomenology. It is therefore incumbent on a PRA analysis
to model all operator actions which may directly or indirectly affect the
RCS pressure, either before, during, or after postulated core meltdown
sequences.

The generic Westinghouse functional restoration procedures (symptom-based
procedures) specify operator actions at certain times during accident
sequences which could lower the primary system pressure. These actions
may allow the accumulators to inject, thereby delaying the onset of core
damage. If the sequence continues, these actions will result in the RCS
being at low pressure during core melt and vessel melt-through. Both the
Surry and Sequoyah plants have implemented the Westinghouse generic
procedures to some degree.

RCS depressurization via secondary side blowdown and later in the
sequence, by opening up the pressurizer PORVs and head vent values can be
postulated to occur at either of these plants and may have a pronounced
effect on core melt accident progression. The probability of the
operator failing to perform these actions at the appropriate time will be
evaluated in accordance with the standard NUREC/CR-4550 HRA procedures/
methodology. Both of these actions are directed by procedures and can be
analyzed by the NUREG/CR-4550 HRA methodology. This analysis will be
discussed with plant personnel and the relevant human error probabilities
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will be modified accordingly based on these discussions. The results are
shown in Section 48 of Volumes 3 for Surry, and 4 for Sequoyah of
NUREC/CR-4550.

There does not appear to be any reason to submit this issue to internal
elicitation.
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APPENDIX A

ISSUES NOT SELECTED FOR INCLUSION

The following are discussions of concerns and issues that were considered
for inclusion in the internal and expert panel elicitations. As with the
elicited issues, these issues were identified as a result of problems
encountered during the individual plant analyses and comments from
utility and peer review of the draft NUREC/CR-4550 reports. The issues
not selected for the elicitation process are summarized below to show how
they have either been resolved by further analysis and plant modifica-
tions, or by modeling changes. Table A-1 is a summarized list of the
issues not elicited.

A.1 Issues Affecting All Plants

Shift of Beta Factors to Higher and Lower Values. In the draf t
NUREG-1150, values for Beta factors were based on EPRI-NP 3967.A-1
During the initial phases of the program, there was uncertainty as to the
appropriate application of these values as Beta factors. The resolution
for draft NUREG-1150 was to consider the values for Beta factors pub-
lished in EPRI-NP-3967 to be 95% upper bounds. An error factor of three
on a lognormal distribution was assumed. As part of this resolution,
sensitivity studies were done which (a) eliminated beta factors alto-
gether (i.e., Beta - 0) and (b) used the EPRI values as mean values.

In the reanalysis, values for Beta factors were reviewed in much more
detail. Beta factors from multiple sources were examined for their
applicability. EPRI-NP-3967 was used as the basis for the common cause
analysis recognizing that a plant-specific estimation of Beta factors
would be preferable, but was beyond the scope for the UREG-1150 project.
It was therefore not considered necessary to poll the experts on this
issue. This issue was reviewed again as part of the internal elicitation
discussion in Volume II.

Uniform Shift of Human Error Probabilities. This issue was raised after
the recent concern about Peach Bottom control room operator attention
while on the night shift. Human error probabilities used in NUREG-1150
typically have error factors of to 10. This adequately handles
uncertainty in HRA values. It seems unjustified to define an issue that
suggests that all human errors at a plant might be higher than "average
ranges" to account for poor training and poor management attitude for all
shifts and all personnel. NUREG-1150 is analyzing plants in the condi-
tion in which they currently exist. It appears that the particular
problem at Peach Bottom has been corrected. To say that a particular
shift problem may be representative of all shifts now and in the near
future seems unreasonable and would require more justification before it
should be treated as an issue.
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Table A-1

Issues Not Selected for Elicitation

All Plants:

Shift of Beta Factors to Higher and Lower Values

Uniform Shift of Human Error Probabilities

Diagnosis Error with Symptom-Based Procedures

Separate Fail-to-Start from Failure-to-Run Scenarios

Correction of Failure Estimates

Common Cause Factors Across Systems with Similar Pumps

Diesel Generator Failure Rates

Operator Use of hydrogen inspection system (HIS) With or Without ac
Recovery

Check Valve Failure Rate

Modeling of Diversion Paths as a Result of Check Valve Failures

BWR:

Low Pressure Injection During ATWS

Venting With and Without ac Power

BWR ATWS Human Error Probabilities

PWR:

Probabilities for Recovery of Offsite Power at Surry and Sequoyah

Steambinding of AFW Pumps

PORV Success Criteria for Feed and Bleed

Secondary Blowdown for S2 LOCA
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Table A-1 (Continued)

Issues Not Selected for Elicitation

Grand Gulf:

Credit for Firewater System at Grand Gulf

Peach Bottom:

Maintenance Unavailability of Emergency Service Water (ESW) Valve

Need for Booster Pumps in ESW

Pump Cavitation of LPCS/LPCI Pumps

Sequoyah:

Recovery of Loss of CCW/Success Criteria for CCW

Need for Seal Cooling of Charging Pumps

Timing of Recirculation

Common Cause Failures for Multiple Pumps

Surry:

Credit for Gas Turbine

PORV Demand Rate

LaSalle and Zion:

No Additional Issues Were Identified
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Diagnosis Errors with SyLptom Based Procedures. The new procedures used
by all plants direct the operator's post-accident actions by recognition
of key parameter (e.g., levels and temperatures) symptoms as indicated in
the control room. As components fail, the procedures direct successive
actions depending on the new symptoms. For some sequences, a number of
potential operator actions can occur in succession leading to a string of
potential operator errors (or recovery). Questions were raised during
the Kastenberg panel revieWA-2 about the accuracy of linking multiple
operator actions together in a sequence (i.e., are they really inde-
pendent under the new symptom-based procedures?). The teams have decided
that .E-4, as a collective human error probability, will be used as a
minimum threshold value to see if the operator actions are being treated
too independently, thereby yielding a collective error probability that
is too low. If it can be justified, lower values will be allowed as long
as the justification is reviewed by the QC team and the item is docu-
mented in the final report. Since we have identified what we think is a
"reasonable" threshold or "test" value, and plan to review strings of
operator actions with a collective error value below that threshold, we
feel we have adequately addressed the Kastenberg review panel concerns.

Separate Fail-to-Start from Failure-to-Run Scenarios. These scenarios
have been separated in the reanalysis to account for important differ-
ences leading to early failure of cooling as opposed to a late failure
(e.g., diesels fail to start vs. diesels fail to run). Since it is being
included explicitly, the issue as to whether better modeling is needed in
the area is eliminated.

Correlation of Failure Parameter Estimates. The importance of correlat-
ing failure parameter estimates based on a common data source has been
addressed by performing a more complete correlation of the parameter
estimates in the revised uncertainty analysis. In the reanalysis we are
correlating basic events which are quantified from the same underlying
failure mode distributions.

Common Cause Factors Across Systems with Similar Pumps. At issue is
whether common cause factors should be applied across systems with
similar pumps using the same suction source. Events of this type (across
systems) have not occurred as far as it could be determined, and hence,
there is no strong indication that important failures of this type are
being missed. At one time, HPCI and RCIC systems did have problems with
high steam flow trips when they were first started due to the surge of
steam into the turbine. These were recoverable failures (the operator
simply had to manually restart the system again) and have been fixed by
putting short timers in the circuitry for high steam flow (i.e., the
condition must exist for a period of time indicating a real steamline
break and not just a momentary surge). We believe historical data
support that this not be made an issue in the analysis.

Diesel Generator Failure Rates. Diesel generator failure rates were
originally a sensitivity study for Grand Gulf, since blackout is the
dominant sequence, and plant-specific data were unavailable. However,
there are adequate generic data on Diesel Generator mean failure
frequencies and uncertainty bounds such that there is no need for
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assessment of this issue. Further, there is no technical basis to
deviate from the generic data in this instance.

Check Valve Failure Rate. This was suggested as an issue at one time
but, at present, the ASEP data base appears to be adequate to describe
the failure rate and uncertainty for check valves. The particular case
of Event V (interfacing systems LOCA) is treated by the Expert Panel as
Issue 2 in Part I of this report.

Modeling of Diversion Paths as a Result of Check Valve Failures Back-
Leakage). Diversion paths resulting from check valve failures are now
being modeled where deemed appropriate in the base case analyses. An
IREpA-3 based failure for back-leakage is being used (1.0-3/d). Since
this is being modeled explicitly, the issue of whether or not to treat
such failure is not applicable.

A.2 Issues Applicable to BWRs

Low Pressure Iniection During ATWS. This issue concerns the viability of
using low pressure cooling systems (e.g. LPCI, Condensate) as an injec-
tion source during ATWS without causing core damage. This becomes an
issue when high pressure systems fail (or are otherwise not used) and the
operator must go to a low pressure cooling system to maintain core cool-
ing. In such a case, the operator would attempt to keep the reactor at
low pressure (by use of ADS or SRVs) and maintain a "reasonable" water
level in the vessel. The problem is that the low pressure systems are
high capacity systems (typically 5000 to 10,000 gpm per pump or higher)
and almost an all or nothing proposition. Such sudden flows can cause
pressure, power, and level oscillations in the core, particularly when
containment pressure has risen sufficiently that the SRVs cannot be kept
open. In such cases, the pressure rises cause flow to decrease and then
as the water boils off from the core and pressure drops, water surges in
again. This results in an oscillatory effect which could cause mechan-
ical damage to the fuel bundles and cladding or even to the low pressure
systems/reactor vessel themselves such that the core cooling function is
defeated.

Thermal-hydraulic calculations of the pressure, power and level oscilla-
tions from both industry and NRC-sponsored analyseSA-4,A-5 have shown them
not to be dynamic and well within the design capability of the primary
system. Therefore, this is not considered to be an issue.

BWR ATWS Human Error Probabilities. Detailed analyses were conducted for
ATWS sequences. As part of those analyses, mean value ad uncertainty
distributions were defined. Since detailed analyses were performed, and
the uncertainties are considered well enough defined, no expert opinion
assessment needs to be performed. This was originally a sensitivity
study for Peach Bottom to investigate the sensitivity of ATWS results to
the human error probabilities.
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A.3 Issues Applicable to PWRs

Probabilities for Recovery of Offsite Power at Surry and Sequoyah.
Previously, probabilities for non-recovery of offsite power were taken to
be equal to those in "Cluster 7 of NREG-1032.A-6 This is an "average"
recovery curve and also is similar to the SERC data published in EPRI-NP-
2301.A-7 Both utilities claimed they were much better able to cope with
LOSP than the average grid. A sensitivity study was done in the draft
study to accommodate the possibility of lower non-recovery probabilities.

For the updated study, site-specific recovery probabilities have been
calculated by Sandia for each plant based on formulas in NUREG-1032, and
additional work on LOSP has been done by SNL and NRC.A-8 The new
calculations give consideration to parameters such as grid type, switch-
yard type, local weather, etc. The site-specific nature and the
analytical basis for the new calculation reduces the uncertainty. Thus,
selection of an "appropriate" power recovery curve is no longer an issue.

Steambinding of AFW Pumps. Previously, the probability of steambinding
in AFW systems was calculated to be 10-4 for Surry and 1.0-5 for
Sequoyah. A sensitivity study was done on Sequoyah to evaluate the
impact of a higher failure probability (a factor of 10). This sensitiv-
ity study result shows no effect on the risk profile, so it has been
eliminated as an expert opinion issue.

PORV Success Criteria for Feed and Bleed. Previously, success criteria
for feed and bleed required two PORVs to open. EPRI-NP-3835A-9 indicates
that one PORV is adequate at Surry and Sequoyah if feed and bleed is
initiated before the steam generator water level drops below 25%. A
sensitivity study was done to evaluate the effect of using the less
restrictive success criteria. The sensitivity study had a negligible
effect on core damage frequency. Thus, this is no longer an issue for
expert opinion elicitation. In the reanalysis, two PORVs will be
required for success as a conservatism.

Secondary Blowdown for S2 LOCA. In the draft UREG/CR-4550 no credit was
allowed for recovery of S2H2 sequences at Sequoyah via RCS depressuriza-
tion using secondary blowdown. S2H2 is a small LOCA with failure to
achieve ECCS high pressure recirculation. At some plants, a potential
recovery action for this sequence is to depressurize the primary system
via steam generator cooling, so that low pressure recirculation can be
accomplished. This recovery action was not considered for the Sequoyah
base case because of its early time to recirculation and the relatively
small capacity of the RHR heat exchangers. Activation of containment
spray occurs very early in S2 LOCAs at Sequoyah. The relatively high
capacity spray pumps drain the RWST at a rate which results in need for
recirculation in less than 12 h. At this time, the decay heat load is
too high for the RHR heat exchangers to maintain temperatures low enough
to continue depressurized conditions. A sensitivity study was done to
examine the impact of including this recovery action.
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This issue is being reevaluated in the reanalysis. The design parameters
of the plant are such that secondary depressurization is considered a
viable recovery action if procedural action is taken to delay the start
of recirculation. If these procedural actions are taken, then secondary
blowdown is a recognized recovery action and will be included using the
ASEP HRA methods. For the reanalysis, this issue will also be treated as
a safety option.

A.4 Plant-Specific Issues

Grand Gulf

Credit for Firewater Syste at Grand Gulf. Credit for using firewater
system as a core cooling was not given in the original analysis. This
was because, in order to use this system for injection, fire hoses needed
to be connected to ECCS or RCIC lines. This action requires adapters to
be made by the maintenance department which would take approximately
4.5 h. The Station Blackout procedures did not direct the operator to
use firewater as an injection source. Also, the firewater system pro-
cedure did not indicate to the operator where the connections on the line
are located, and these locations were not marked in the plant. The
procedural problem has been corrected at Grand Gulf. The adapters have
been made with the storage location noted in the procedure; the locations
in the plant where the hoses are to be connected have also been marked.
Therefore, this was not included as an uncertainty issue in the re-
analysis, but was incorporated as a viable recovery action in the base
case.

LaSalle

None.

Peach Bottom

Maintenance Unavailability of Emergency Service Water (ESW) Valve at
Peach Bottom. This was a sensitivity study in the original analysis.
Peach Bottom experience suggested that the maintenance unavailability of
a common discharge valve for the system was far lower than generic data
from the ASEP data base; hence, a sensitivity analysis was performed to
investigate the significance of the value used. Peach Bottom has since
changed the configuration and administrative controls of the system. The
unavailability of the common discharge valve is extremely unlikely and
even if it did occur, would no longer cause failure of the system, since
the booster pumps are not needed for system operation (see next issue).

Need for Booster PumRs in ESW. The original modeling of ESW showed a
need for the booster pumps in the emergency heat sink mode of ESW opera-
tion. Actual test results have since showed that without the booster
pumps, load temperatures do rise but not significantly. The new model
will show that the booster pumps are not needed. Since actual data
exist, further assessment of this issue is unnecessary.
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Pump Cavitation of LPCS/LPCI Pumps for Peach Bottom. The Peach Bottom
analysis assumes that once the containment fails or is vented in a TW-
type scenario, the PGS/LPCI pumps will fail on low NPSH as a result of
suppression pool boiling. Such an assumption was not critical to the
original analysis results. At issue is whether some probability of
success should be given. Since the current assumption does not drive any
results (because condensate, HPSW, and CRD are available for backup), it
is felt this issue is not important enough to be included in the
uncertainty analysis, and the original assumption will be retained.

Sequoyah

Recovery of Loss of CW at Sequoyah/Success Criteria for CCW. Pre-
viously, loss of CCW was a dominant contributor to risk. There were no
clear recovery actions allowable under the ASEP guidelines. A sensitiv-
ity study was done to examine the impact of possible recovery actions.

For the reanalysis, Tennessee Valley Authority (TVA) has made available
information which indicates that the charging pumps at Sequoyah do not
require seal cooling from the CCW system. Loss of CCW by itself no
longer leads to core damage. Therefore, we feel that the issue is
resolved, and the sequence has been eliminated.

Need for Seal Cooling of Charging: Pumps. Westinghouse and TVA have
determined that the charging pumps at Sequoyah do not require seal
cooling. Based on information received, this is no longer an issue.

Timiny, of Recirculation. The time at which ECCS recirculation is
required after a small LOCA is particularly important at Sequoyah,
because it has an impact on certain human error probabilities for this
event and it also determines the viability of certain recovery actions.
The timing of recirculation is heavily influenced by the operation of the
containment spray system (CSS). The CSS will activate shortly after a
small LOCA and will force recirculation in 25 minutes, if not curtailed.
This issue has been re-examined, resulting in the determination that
present procedures at Sequoyah do not provide a strong enough directive
on spray termination to result in extension of ECCS injection for a long
enough period to affect human error probabilities or recovery actions.
For the reanalysis, alternatives to the base model will be treated as a
safety option.

Surry

Credit for Gas Turbine at Surry. The gas turbine at the Surry site was
not included in the draft NUREG/CR-4550 case, since it was not under
Technical Specifications. For the reanalysis, it was learned that exist-
ing procedures are inadequate to be able to count on the gas turbine in a
station blackout. It will be included in the analysis as an innovative
recovery action and will also be evaluated as a safety option.
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PORV Demand Rate. Previously, for certain types of transients, the PORV
demand rate at Surry and Sequoyah was conservatively set at 1. O/tran-
sient. A sensitivity study was done to evaluate the effect of a demand
rate of .1/transient.

Upon reconsideration of the available dataA-10 the demand rate for these
transients was selected as .1/transient, EF=3 for the base case.

Zion

None.
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RESUMES OF PANEL MEMBERS

Robert C. Bertucio
Surry & Sequoyah Team Leader

EI Services, Member of Technical Staff - VII

Summary:

Mr. Bertucio has fourteen years experience in the disciplines of nuclear
reactor systems safety, reliability and risk analysis. Throughout his
career he has developed expertise in event tree analysis, fault tree
analyses, initiating event selection, and other techniques for analysis
of nuclear power plants in support of probabilistic risk assessments
(PRAs), safety assessments, and reliability evaluations. He has project
experience with General Electric, Westinghouse, Babcock Wilcox, and
Combustion Engineering reactor types, all light water reactor (WR) plant
systems, and many accident types, including LOCAs, transients, ATWS,
station blackouts, and non-core related accidents. He also has extensive
experience with fast reactor systems, components, and safety analyses
techniques. In addition to being a PRA team leader and practitioner, he
also has experience in methodology development. This includes develop-
ment of several system modeling techniques to provide frameworks for
evaluation of operating data as well as development of fault tree guides,
event tree guides and initiating event identification methods.

Education:

B.S.: Aerospace Engineering, Syracuse University, 1970
M.S.: Nuclear Engineering, Carnegie-Mellon University, 1971

Certification/Licenses:

Registered Nuclear Engineer, Washington State, 1982

Experience:

1. Team Leader for Surry and Sequoyah PRAs performed in support of
NUREG-1150. PRAs were performed on each plant, using insights from
other PRA studies, incorporating plant specific experience, as well
as results of the latest research and safety issue resolution.
Complete level-1 PRA was performed on internal initiators, including
evaluation of statistical uncertainty and impact of sensitivity
studies on key issues of modeling and data selection. Studies
published in NUREG/CR-5550.

2. Principal Investigator for probabilistic fire analysis study at a
BWR-4 MKI nuclear plant. PRA study was a detailed fire analysis done
as part of external events analysis for a complete level II PRA.
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Robert C. Bertucio (Continued)

Fire analysis was designed to be used in a licensing role in support
of Appendix R compliance. As such, it involved detailed cable trac-
ing of instrumentation and control cables, development of a plant
specific fire initiator frequencies and fire propagation models.

3. Principal Investigator for prioritization of NRC generic safety
issues. As part of NRC resolution of generic safety issues, proposed
Safety Issue Resolutions (SIR) were evaluated in accordance with
value-impact methods developed in NUREG/CR-2800. Results of value-
impact studies enable NRC to prioritize SIRs for future work and
implementation.

4. Developed INPO WR System Unavailability Manual. Project involved
development of a handbook containing generic unavailabilities for 20
PWR systems and 17 BWR systems, to be used in the INPO SEE-IN
program. The generic unavailabilities were based on a thorough
review of the system unavailability analysis of 13 PWR PRAs and 6 BWR
PRAs. Development of the manual required understanding of the
assumptions, methods and limitations of each PRA's systems analysis
as well as differences in each plant's system configurations.

5. Consultant to NRC ATWS Rulemaking Task Force. Principal reviewer of
the Utility Group Comments to the NRC Proposed ATWS Rulemaking.
Utility Group proposed resolutions to the ATWS Issue, and performed
value-impact analysis on each resolution. The review ascertained the
technical merit and accuracy of the utility sponsored ATWS analysis
for each reactor vendor type.

6. Principal Investigator for IDCOR PRA review tasks. Evaluations
involved review and correlation of core damage sequences from
fourteen published PAs to identify dominant functional failures and
system failures leading to core damage. Study also involved examina-
tion of key features of each PRA to identify limitations to the
comparison of PRA results. Results of PRA review were used to
identify plant modifications for risk reduction. Value-impact
analysis of modifications was performed.

7. Principal Investigator for Japanese Fast Breeder Reactor PRA.
Program involved PRA evaluation and comparison of two conceptual
designs for the Japanese commercial fast breeder reactor. Study
involved comparison of a pool type reactor and a loop type reactor.
Scope of study involved initiating event selection, event tree
analysis, accident progression phenomenology and containment event
tree analysis.

8. Principal Investigator for LMFBR component reliability project.
program identified necessary test data to ensure reliability of
fundamental 1FBR components. Existing data was evaluated for suit-
ability to indicate reliability of advanced components and thus out-
standing test data requirements were identified.
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Robert C. Bertucio (Continued)

9. Principal Investigator for risk evaluation of non-core related events
at the MONJU (Japanese) fast breeder reactor. Study involved identi-
fication of all non-core sources of radioactivity at plant, their
potential release pathway, accidents resulting in these releases, and
the radiological hazard involved with these releases.

10. PRA Analyst - Initiating event identification, event tree and fault
tree analysis for Brunswick-PRA, Browns Ferry IREP, Crystal River-3
IREP, and Yankee-Rowe PRA.

11. Reliability Analyst - General experience as reliability analyst in
DOE sponsored reliability program for the Shutdown Heat Removal
System of the Clinch River Breeder Reactor and Large Breeder Reactor.
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Alan M. Kolaczkowski
Peach Bottom Team Leader

Science Applications International Corporation

Education:

B.S.: Electrical Engineering, Worcester Polytechnic Institute, 1970
M.S.: Nuclear Egineering, Pennsylvania State University, 1972

Work Summary:

Mr. Kolaczkowski, who is currently manager of the Systems Analysis
Division, has 16 years experience in systems analysis and design-
primarily in the area of nuclear reactor safety. He has had key roles in
numerous reliability and safety assessment projects and is promoting the
expansion of the use of safety and availability analysis tools for space
power and non-nuclear applications. His areas of expertise include
technical program management, hazards analysis, system modeling, failure
analysis, data collection and management, plant response (sequence)
analysis, and regulatory reform activities. He has also been a safety
system designer, control room designer, a plant startup test engineer,
and a regulatory inspector. Mr. Kolaczkowski's nuclear experience covers
Light Water Reactors (LWRs), High Temperature Gas-Cooled Reactors
(HTGRs), Liquid Metal Fast Breeder Reactors (MFBRs), and Production
Reactors.

Professional Experience:

Science Applications International Corporation (SAIC) 1984 to Present

Responsible for directing the activities of the Systems Analysis
Division. The division is made up of two groups. One provides
general computer system support and the other performs reliability,
safety, and risk assessment analyses. Duties include marketing and
contracting, program management, technical supervision, and adminis-
tration for this $1.5 million revenue organization.

Technical team leader for confinement response analyses for N Reactor
in the Mini and Level 2 PRAs. Duties included creation of confine-
ment event trees, their quantification, and interfacing with both the
accident sequence analysis and the source term analysis.

Technical team leader of probabilistic risk assessment (PRA) effort
on a currently operating BWR for NUREG-1150. Responsibilities ranged
from schedule/cost control to technical leadership in all aspects of
the technical work (initiators, event trees, system analyses,
quantification and recovery... . Also assisted in the containment
event tree analyses performed for the study as a separate project.

Principal Investigator on a project to investigate the safety
importance of current regulations and licensing practices in order to
make recommendations for realignment/reduction of current require-
ments. Mr. Kolaczkowski was also a key analyst on another

B-6



Alan M. Kolaczkowski (Continued)

project to prioritize generic safety issues from a risk perspective
as an input to new regulatory policies.

Contributor to the EQ/PRA program investigating the potential
significance of environmentally-induced equipment failures and hence
the need for or possible dismissal of equipment qualification
requirements.

Principal Investigator for containment system electrical equipment
survivability program for LWRs. Technical responsibilities included
identifying electrical equipment important to preventing or mitigat-
ing accidents, comparing equipment qualification profiles with
potential accident environments, and assessing the potential for
equipment survivability.

Contributor and Technical Reviewer of report products generated in
the Accident Sequence Evaluation Program (ASEP) (which examined
greater than 80 LWRs). This work is aimed at defining the
potentially important accidents and their primary failure
contributors for all commercial light water reactors while developing
a mini-PRA concept.

Primary reviewer of a nuclear power plant fire analysis performed by
the utility as part of the Integrated Safety Assessment Program
(ISAP).

Contributor to comprehensive flood analysis on an operating WR.
Major products include the flood contribution to core damage
accidents and advancements in flood analysis methodology.

Contributor on a technical analysis of the potential for aircraft
crashes into a proposed waste repository site.

Has taught portions of the PRA Fundamentals Course for Inspection
Application provided to NRC inspection staff, and the PRA Applica-
tions Course and PRA Overview Course for all NRC staff.

Technology for Energy Corporation, 1983 to 1984

Manager of Reliability/Availability Analysis Department, responsible
for marketing, contracting, and providing technical direction of
safety and reliability assessments.

Technical Lead of phenomenological analyses on the Clinch River
Breeder Reactor Plant Probabilistic Risk Assessment. Scope of work
included development of event tree models and probabilities for core
damage an containment phenomena scenarios.

Investigator on a proprietary reliability assessment of fume scrubber
equipment at a chemical processing plant for a large chemical firm.
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Alan M. Kolaczkowski (Continued)

Work included system modeling, data collection and assessment, FMEA
and fault tree analysis, and reliability calculations.

Reported to Engineering Vice President on status of High Temperature
Reactor (HTR) conceptual work to support his budget review committee
role to Oak Ridge National Laboratory on their annual budget
planning.

Worked directly for the President in providing the company with
managerial training on program analysis and decision analysis
techniques.

Sandia National Laboratories, 1979 to 1983

Project Manager and/or Technical Lead of numerous PRA-related
programs involving up to multi-year, multi-million dollar efforts.
Topics included LWR PRA studies, Station Blackout and DC Power
Studies, and regulation effect studies.

Provided input to NRC-sponsored Equipment Qualification Research
Program studying the value of equipment qualification to reducing
plant risk. Input was primarily in the area of identifying that
equipment most important to risk based on PRA methodology.

Participated as a Principal Investigator in many programs including
the review of the Zion and Indian Point Probabilistic Safety Studies,
the IREP Procedures Guide development which identifies procedures for
doing PRA, and the Severe Accident Uncertainty Analysis study which
identifies and categorizes major uncertainties in our knowledge of
severe nuclear plant accidents.

Technical Reviewer of the 1REP risk assessments of four nuclear
plants, two of the RSSMAP plant safety studies, and other small
nuclear safety studies.

Bechtel Power Corporation, 1977 to 1979

Responsibilities included the design and layout of controls and
instrumentation for the control room complex of the Hope Creek
Nuclear Power Plant, a BWR. Served as primary liaison between
General Electric and Bechtel for coordinating the -nuclear related and
balance-of-plant related equipment in the control room, including
application of regulatory safety criteria.

US Nuclear Regulatory Commission, 1975 to 1977

Member of the inspection staff of the Office of Inspection and
Enforcement. Duties included Team Leader on quality assurance
inspections using auditing techniques for compliance with 10CFR50

Appendix B.
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Alan M. Kolaczkowski (Continued)

General Atomic Company, 1972 to 1975

Designed instrumentation safety system for the high temperature gas-

cooled reactor.

Spent 13 months as a startup test engineer at the Fort St. Vrain
Nuclear Generating Plant. Work involved testing and sign-over of
systems to the utility during the pre-op phase as well as day-to-day
troubleshooting of security problems.
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Mary T. Drouin
Grand Gulf Team Leader

Science Applications International Corporation

Education:

B.S.: Mechanical Engineering, University of Texas at Austin, 1976

Work Summary

Ms. Drouin, with over 12 years experience in nuclear and fossil power
plant engineering including eight years specializing in systems analysis,
is the supervisor for the Reliability and Safety Analysis section. Her
primary activities include program management and business development.
Her involvement in te technical area include systems analysis, failure
analysis, data collection and management, plant response (sequence)
analysis and regulatory reform activities. She is ultimately familiar
with both Boiling Water Reactors (BWRs) and Pressurized Water Reactor
(PWRs).

Professional Experience:

Science Applications International Corporation (SAIC), 1980 to Present

Ms. Drouin's current activity since joining SAIC is as the SAIC
Principal Investigator (PI) for the Accident Sequence Evaluation
Program (ASEP) for Sandia National Laboratories. As PI, her
responsibilities include overall management of the program
(scheduling, budgeting, etc.) and overall technical direction,
content and quality.

ASEP has two major tasks. The current task involves performing plant
specific analyses for six WRs. These analyses (NUREC/CR-4550 PRA
Updates) involve performing a PRA Level type of study on each plant
in order to define dominant accident sequences and their contributors
for all commercial light water reactors (WRs) as input to NUREG-
1150. Ms. Drouin is also Team Leader for the Grand Gulf (BWR 6 Mark
III) analysis and was responsible for writing the methodology of the
NUREG/CR-4550 PRAs.

The other major task of ASEP provided a comprehensive and generic
delineation of WR accident sequence likelihoods by examining 10 US
LWRs (approximately 60 PWRs and 40 BWRs).

Currently managing the SAIC PRA of River Bend (BWR 6 Mark III) which
is a Level analysis utilizing the NUREG/CR-4550 methodology.

Currently providing technology transfer on PRA methods regarding
Systems Analysis (i.e. fault tree construction and dependent
failures) and Accident Sequence Analysis (i.e., initiating events,
event trees, quantification) for New York Power Authority.
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Mary T. Drouin (Continued)

Participating in NRC program (for NRR) which is assessing plant
design features for safety and reliability; that is, determine
methods for identifying plant design vulnerabilities for plants

without PRAs.

Managed the Fire Analysis for the LaSalle PRA as part of RMIEP (Risk
Management Integration and Evaluation Program).

Developed course (in conjunction with University of New Mexico
Continuing Education) "Probabilistic Risk Assessment: Methods and
Applications: and is the principal instructor.

Primary Reviewer of te Connecticut Yankee Probabilistic Safety
Study.

Active in regulatory reform activities. Performing review of past
and ongoing programs regarding "Tech Specs."

Key Analyst in the Phase I study of the Ringhals-2 (a Westinghouse
PWR) PRA. She was responsible for the development of the LOCA
protection sequence diagrams and the LOCA event trees. She was also
responsible for some of the fault tree analysis.

Consequence Project Engineer on the Shoreham Risk Analysis (a BWR 4,
Mark II). As the Consequence Project Engineer, she managed the
consequence analysis which included modeling several generic
accidents to determine core melt, RPV melt, and concrete melt;
analyzing core/containment behavior (pressure and temperature
responses;and performing a sensitivity analysis, both of the
mentioned using the MARCH computer code. It also included determin-
ing the release fraction for the analyzed sequences. She was also
heavily involved in the systems analysis which including evaluating
the FMEAs and their incorporation into the study.

Lead systems analyst and consequence analyst for the Limerick PRA
(BWR 4 Mark II). She was responsible for several systems which
included evaluating the FMEAs and their effect on the system
availability.

Heavily involved in the ATWS activities:

Performed generic ATWS analyses for BWRs and PWRs as part of
ASEP,
Responsible for the Westinghouse ATWS analysis for the Utility
Owner' Group, and
Responsible for the fault tree analysis and operating experience
regarding CRD failures for an ATWS analysis for Commonwealth
Edison; this study involved plant specific ATWS analysis; (1)
LaSalle (BWR 5, Mark II), 2 Quad Cities (BWR 3 Mark I) and
(3) Dresden (BWR 3 Mark I).
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Mary T. Drouin (Continued)

Brown and Root, 1977 to 1980

Staff member of the South Texas Nuclear Project (STNP) Responsible
for the Auxiliary Feedwater and Steam Systems. Responsible for
containment behavior analysis for STNL, which involved various
analytical codes: CONTEMPT-LT, HEATING5, COMPARE.

Responsible for the preparation of Chapters 6 9 and 10 for the
Brown and Root Standard Safety Analysis Report.

Responsible for the Main Steam, Feedwater and Condensate Systems on
several fossil (oil and coal fired) projects and for calculating the
heat balance for these plants.

Houston Lighting and Power, 1974 to 1976

Work on both the Allens Creek Nuclear Project (a BWR 6 Mark III) and
the South Texas Nuclear Project, BOP mechanical. She was responsible
for reviewing specifications and drawings and coordinating different
department reviews on mechanical responsibility items.
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David M. Kunsman
NUREG-1150 QC Team Member

Sandia National Laboratories

Education:

B.S.: Nuclear Engineering, University of Virginia, 1971
K.S.: Nuclear Engineering, University of New Mexico, 1972

Work Experience:

Employed at SNL from 1983 to present. Currently the principal investi-
gator for the Level II/III PRA of N Reactor. In the analysis performed
in support of the draft NREG-1150, "Reactor Risk Reference Document," he
was a major contributor to the Level II/III PRAs for Surry, Sequoyah,
Peach Bottom, and Grand Gulf. For the analysis in support of the revised
NUREG-1150, Mr. Kunsman is heavily involved in the review of the work by
being a member of the Level I quality control team and heading the
quality control team for the Level II/III efforts. Earlier at SNL he
provided support for NUREG-0956,"Source Term Reassessment Document." In
addition, he reviewed industry PRAs, including those for Indian Point and
Zion, and taught PRA methods to the staff of the NRC. Furthermore, he
has contributed to applications of PRA methodology to safety issues rang-
ing from decay heat removal system diversity to the safety of hot vs.
cold shutdown.

Employed at Science Applications International Corporation from 1980 to
1983. Deputy Manager of 25-person division and led numerous PRA projects
as contractor to SNL. He examined Sizewell B design for its implications
for U.S. PWR safety technology and provided risk perspective support to
NRC's Systemic Evaluation Program. Mr. Kunsman was one of the two major
coauthors of the PRA of ANO-1 as part of the Interim Reliability
Evaluation Program. During that program, he developed the framework by
which operator recovery actions are considered in many current PRAs He
also provided systems interactions support for the Filtered-Vented
Containment System portion of the NRC-sponsored Zion/Indian Point
studies.

Employed at Falcon R&D from 1976 to 1980. He was supervisor of the
Energy and Environmental Assessment Division. He performed research in
both energy and defense-related programs. He led investigations of the
nuclear fuel cycle, including radioactive waste disposal, facility safe-
guards, and material transportation. He contributed to the long-term
safety assessment of the Waste Isolation Pilot Plant, specifically in the
areas of biosphere and terrestrial transport, dose calculations, and
sensitivity analyses. The safeguards work involved characterizing
nuclear fuel cycle facilities for critical systems and components,
principally in PWRs and LMFBRs. Mr. Kunsman also studied the public risk
arising from transportation accidents involving radioactive materials.
In the defense-related area, he analyzed the survivability/vulnerability
of physical system targets to the blast effects of nuclear weapons and
helped define economic measures of effectiveness for such targetting when
an assessment of functional vulnerability is necessary.
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Previously employed at the Air Force Weapons Laboratory.
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Arthur C. Payne Jr.
Plant Leader for Peach Bottom Level III Revised NUREG-1150 Analysis.

Sandia National Laboratories.

Education:

B. S. Physics, Stevens Institute of Technology, 1969.
M. S. Physics, Stevens Institute of Technology, 1972.
PhD. Theoretical Physics, Stevens Institute of Technology, 1979.
Modern Control Theory 2 yrs) University of Central Florida, 1982.

Work ExRerience:

Employed at Sandia National Laboratories (SNL) from 1982 to present.
Currently the principal investigator for the Level III Probabilistic Risk
Assessment (PRA) of the LaSalle Nuclear Power Plant. This includes the
Risk Methods Integration and Evaluation Program (RMIEP) and the
Phenomenology and Risk Uncertainty Evaluation Program (PRUEP). These
programs have both developed methods for PRA analysis that have been used
in the final NUREG-1150 analysis. In particular, the RMIEP program
contributed to the data development, the common cause analyses, new fault
tree solution techniques, LTAS and REPLAP BWR plant models and
calculations for BWR response, and developed the method used for the
external event analysis for fire and floods. The PRUEP program was
responsible for much of the development of the EVNTRE, RELTRAC, CLUSTER,
PARTITION, and PRAMIS codes, supporting thermal-hydraulic calculations
for BWRs, and techniques for uncertainty representation and propagation.
Member of the NUREG-1150 Level I QC team for both the original and
revised analysis, reviewed all aspects of the analysis. For the revised
NUREG-1150, Dr. Payne is the plant leader for the Peach Bottom Level III
analysis resposible for the accident progression event tree and final
evaluation of all results. Dr. Payne is also principal investigator for
the Generic Issue B-56, Diesel Reliability, Program which is developing a
DG reliability program and revised regulatory guide, standard review
plan, and inspection module in support of the TAP-A44, Station Blackout,
resolution. Earlier at SNL, he was principle investigator for the
Interim Reliability Evaluation Program (IREP) program and lead the
analysis of the Calvert Cliffs PRA. He performed an analysis of hydrogen
burns and mitigation options at N Reactor, he was principal investigator
for the TAP-A44, Station Blackout, resolution, and he was a member of the
Genaric ASEP QC team. Dr. Payne has taught PRA methods to both the NRC
staff and industry and is currently teaching a course in PRA methods at
the University of New Mexico.

Employed in USN from 1979 to 1982. Head of Physics Division (about 5
people) at Navy Nuclear Power School in Orlando, Florida. Dr. Payne
taught enlisted students Physics, Mathematics, and Reactor Principles.
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