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1, INTRODUCTION

This document, the Technical Summary Report of the probabilistic risk
assessment of TMI-1, is intended to provide an overview of the PRA
performed by Pickard, Lowe and Garrick, Inc., and General Public
Utilities Nuclear Corporation of the Three Mile Island Nuclear Station
Unit 1. This section describes the background and the objectives of the
study. Also described briefly is the approach followed in performing the
PRA., The section ends with a summary of the contents of this document
and of the individual sections and & treatment of current industry safety
issues.

1.1 GACKGROUND

The TMI-1 PRA was undertaken by GPUN in the fall of 1983, The consulting
firm of PLG was retained as the primary contractor for the conduct of the
study. Its terms of reference were a Level 1 PRA, as defined by tr: PRA
Procedures Guide (Reference 1-1), and treatment of external events.
GPUN's motivation for undertaking such a study was the desire to adopt
the PRA as a risk management tool in management decision making that
would address issues of multiple objectives, including safety, plant
availability, and economic costs and benefits,

1.2 OBJECTIYES
The overall objectives of the TMI-1 PRA were to:

¢ Perform an independent and plant-specific assessment of the level of
safety of the operation of TMI-1 to ensure that GPUN is carrying out
its corporate responsibility to generate electricity in a manner that
affords adequate protection for the health and safety of its
employees and the public.

¢ Improve GPU Nuclear's functional capabilities tc use PRA as a :00)
for decision making and resource allocation for possible

modifications to the plant configuration, operation, maintenance, and
emergency planning.

¢ Provide a quantitative measure of risk independent of regulatory
criteria with the documentation of results and methods in a form
suitable for detailed technical review and public presentation.

To meet these objectives, specific goals in the course of the PRA have
been to:

¢ Develop a quantitative assessment of the safety of TMI-1 in terms of
accident sequences, their consequences, and the associated
uncertainty.

¢ Identify the significant contributors to risk, considering accident
precursors both internal and external to the plant,

® Rank plant systems and components quantitatively in terms of their
impact on overall plant safety.

1-1
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o Develop a plant risk model (including system models) ard the tools
for its eventual modification by GPUN in future TMI-1 risk management
applications.

e Develcp and organize a data base, with provisions for periodic
updating, consistrat with the requirements of the plant risk mode!l
and its tools.

e Establish a plan whereby GPUN can periodically update the TMI-1 risk
assessment indene dently,

e Establish a plan by which GPUN, using in-house resources, can
formally incorporate the methods and results of the risk assessment
in the decision-making and resou-ce allocation process for TMI-1,

1.3 SCOPE QF PRA

The TMI-1 probabilistic risk as-essment is a plant-specific assessment of
c re damage and plant damage state frequency including simple initiators
such as pipe breaks as well as the effect of floods, earthquakes, fires,
and other more complex initiating events. It includes consideration of
all alleviating* systems and all systems whose performance might
adversely impact the consequences of an initiating event. Both so-called
safety and nonsafety systems were considered for any favorable or
unfavorable contribution they might make to influence the freguency of
core damage at TMI-1 during normal operations. Containment safety
features were included as well, The support systems, including
ventilation, ccoling water, and electric power systems, were given
particular attention because of their gieater risk potential.

Current emergency, operating, and maintenance procedures were analyzed in
detail to ensure accurate predictions of the likelihood of both
beneficial and deleterious operator actions. Both normal mitigating
actions and actions to recover failed systems were considered along with
a few errors of commission; i.e., instances wherein misleading
indications might cause an operator to intrude and make things worse.

A1l analysis assumptions were reviewed with GPUN personnel prior to their
incorporation into the PRA model. The nominal performance of the plant
in respcnse to all initiating events was reviewed in detail on the basis
of event sequence diagrams by personnel from GPUN over a number of
montns, All assumptions about operator response included in the human
actions analysis were also reviewed extensively at TMI. Plant-specific
data were gathered from the TMI archives on operating logs, tag-out
records, and the like to ensure that the data base used for estimating
system performance and initiating event frequency reflected TMI's
operating history,

*The term "alleviating” is used throughrut the TMI-1 PRA reports in
Webster's New Collegiate Dictionary sense of "b., to partially remove or
correct.” Other synonymous terms such as "mitigate" are reserved for
other special applications, such as, “to mitigate the consequences of
core damage."

1-2
0666G100287TSR



-
X ’ 4 "+ . . Y a + - S 7 v . . ’
| ' v f i £ A Va |k " ¥
rawlnm { fAr ' o ama N . "ot N ante +4
. Y + - 3 ) | .
ant "+ ) v F . 2y - ’ y ad fay S
b : ’ i . y 3 y
3 r *anes y 3 " " ’ i ¢+ + ) ) ¥ !
: i > X o LA 5 cy i CAPE ™ Y
lant T ™ 1 =} + in) e 5y 14+ € $ 4 " y 4
+ b { ¢ 3 ¥ 3 lant +} + } me
) 3 v thar ) ) X A ¢
Y s *y ’ ant o 1 4 ri ek o e o nt ) . + b - carl
. * ) + ’ * . finminant vi r " $ A
¢ Y ¢ w L i X - 1T p
. ’ < ¢ * n $ +hie A : v . b - | y
Ve . v W A b 1S ¢ ¢ ¢
y ¢ - $ arnina TMT.L] e ¢ 1 F£4 iaetAr s A ’ watd P
+44 . v g y ne $e ¥ { . . $4 Ay A 3T
y d | 4 y '
3 & ¢ 3 ¢ WA 3 ] Y V 3 £ £
’ 4 4 a0 . ¢ i1 14¢a+ y iandad ’ + b
o ) ’ > é 1 . * 4 . - . r imat
A S ¢ f L4 r ¢ y y y X Y ¥
+ .y ey £ +} +ar " 7 - -1 1p *1Ar *
Y Yy wdad L y |
m § st s - mnal N PO, - . h :
- y 3 y y pta ) ¥ y r
t ) r Ty + ) 3 . i £ Ay * a9 *
. . i iy | ’
ntd1at ' $ar 3 Fs v + v )
Y v ’ y Y i t ¢ Y 1
1 . - . ¢ Y14+41 - r ’ . - i+ £ 5 ]
. i i ’ i L L v “
§ v camn ) ' 4 e * w & {1 + ae nAt r ’ 1 A
. ’ ¥ y s i i ’ w K W i
+ 3 . + * . .+ s+ +amr At - ” P B
v ’ ¥
- § * y 1+ ¢ b & ! y 4 - *
' " 4 t ’ ¥ r y t+ r Y Y + ’ £ +he .
’ y y 1 ) | 4 + v y v $ ’
Tant N + S+ 4 1¢4 - ] ¢ - $
y f 3 T ¢ atar ' '
e ‘r ¢ a 4 . : N + 1 . 4+ »
Y 3 ¥ y ' y +
y : i i ¥ ¢ t XLE
rEny 3 v - b v ™ ' .
. . i ¥ 2 i
B y £ 4 P | " . 1 " - . ’ .
artm ’ 4 + * N * . $ady * .
. . ’ M {
’ * ’ . ’ y * " + + ’ ¢ ¢ ] .
. * 4 * * v 4 {9 1
r 1t f ¢ y + ’ + b ¢ ‘)
T hi trar + r + A ¢ r 1 ’ ] 1 + ) $ 1
+ y - ¢ " + + ¢ + 5 ’ r
\ Y ¢ { f [
. J £ W ey £
¢ " $ 4 ¢ * o ’ £ + ™1 A
" . * g + . . +y v ¢ y ) +* ) ; y £+ T
r . ' y y ’ 4 + + é
* y \ X £
’ Y 4 y ' + b "t $ * 4 , . ) T B 1 4
» : + ¢ + r . * £ + , £y r .
, ¥ y { '
r 3 r R "+t $ v + nedé iy + ) T T "4
y ¥ i v
1 & k r 1 y y ] Yy ' v + b v ’
¥ ; v ]
T » . + v ' 2 T ’ » . i+
i ¥ il " v | v X
"ty . * ' ¢ s 7+ + LT ¢ . y nd +) v 4
¥ v { ¢ \
M » $ + i s ) £ 4 b ” ¢ A 3 -
$ . . v . i nt sy | 3 Ay i + ‘ y
+ y . - £y ' +y + ¥ $ y y nt +














































e Authors who have special skills in communicating highly technical and
scientific work,

The most {mportant consideration for verifying the quality of a PRA is to
perform the work correctly in the first place. Quality assurance is
enhanced by segmenting the study into stages so that the analyst has
checkpoints on his progress. Internal procedures require the analyst to
present his work to his associates and defend the results., This
technique is very effective in creating a sense of responsibility and
professionalism, In addition, a different analyst checks the mode) and
duplicates the key calculations, The work is subject to detailed review
by senior members of the study team and by a technica) review hoard,
This review checks on the overall methods employed, makes spot checks of
detailed models and calculations, questions all assumptions, carefully
reviews all documentation, and fdentifies the weakest and strongest
points in the analysis.

1.5.8,2 TMI-1 Specific Quality Assurance Procedures

The objective of the TMI-1 PRA quality assurance program developed by PLG
was to ensure that the services provided were reliable, traceable, and in
full compliance with all applicable Federal regulations anrd industry
standards., For this project, additional emphasis was placed on technical
review, A description of the technical review levels is provided in
Ta?1e 1-2, A brief description of the quality assurance procedures
follows:

¢ The document control system .pecified procedures for identifying and
logging documents transmitted and received and for storing and
retrieving project files.

¢ C(Corrective action procedures established requirements for controlling
corrective actions for quality assurance program deficiencies
discovered during technical analysis and reviews or quality assurance
program audits, The precedures addressed the responsibility for
detection and correction of the deficiency, the filing of Corrective
Action Reports, and the tracking of report status.

¢ Quality assurance program audit procedures established quidelines for
the frequency, scope, and documentation of internal audits and the
responsibilities of the company officers and managers. The interna)
audits were made to ascertain that the specified quality assurance

procedures were being followed and to uncover any deficiencies in the
procedures,

e Independent technical review guidelines established the scope of the
reviews and the responsibility of the project managers in these
reviews,

e The computer code quality assurance program established the
responsibilities of the prcject manager, computer coordinator,
computer code author, and code verifier, The program also set
guidelines to ensure that the codes performed as intanded and were
properly documented,

0566G100287TSR



¢ The document change control defined procedures for processing and
approving changes to project documents. Project documents included
the project plan, quality assurance manual, and any other documents
affecting control of the project.

¢ Subcontractor selection procedures set responsibilities and selection
and documentation guidelines to ensure that subcontractors met the
same technical and quality assurance standards set forth i» the
manual,

o Federal regulation compliance procedures set guidelines to ensure
that the appropriate lawful actions would be taken shculd significant
safety defects in the plant be revealed.

1.6 REFERENCE

1-1. American Nuclear Society and Institute of Elestrical and
Electronics Engineers, "PRA Procedures Guide; A Guide to the
Performance of Probabilistic Risk Assessments for Nuclear Power
Plants,” U.S. Nuclear Regulatory Commission, NUREG/CR-2300, 1983,

1-19
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TABLE 1-1, DISPOSITION OF ISSUES OF CURRENT COWNCERN

Issue

Reference

Common Cause Failure
Common Mode Failure
System Interactions
Environmental Effects

Steam Generator Tube Rupture‘
Loss of River Water

“External Events"”

Missiles

Tornados

Earthquakes

Events from Other than Full
Power

Check Yalye "V" Sequence

Loss of 1CS/Instrumentation

Anticipite ! Transient Without
Scram

RCP Seal LOCA

PSYs/PORYs (Primary vValves)
Fail to Reclose

8leed and Feed Cooling
Pressurized Thermal Shock
Station Blackout

Cold Shutdown

Human Errors
Uncertainty

Probability Versus Frequency

Success Criteria

Section 1,5.1,

Section 1.5.2,

Dependence

Special

Inftiating Events

Section 1.5.3,

Section 1.5.4,
Section 1.5.5,

Section 1.5.6,
and Frequency

Section 1.5.7,

Special Scenarios

Human Errors
Uncertainty

Probabfility

Success Criteris

1-20
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TABLE 1-2. REVIEW RESPONSIBILITIES

Review 0Objective

Person Responsible

Check all calculations, computer
input and output; proofread
documents prepared by publications
department for technical accuracy.

Double=ch.ck all calculations; review

; documentation for technical accuracy;
. ensure consistency of documentation

. within technical area (e.g., systems);
. ensure that the right tools are used,

. Review all deliverables; ensure

project objectives are met; ensure

. consistency among technical areas

and documentation; be responsibie for
resolution of all review comments

and assignment of work needed to
resolve review issues,

. Assure that all parts of the project
' team perform their assigned

responsibilities; review results

| and conclusions of key deliverables.

Review all deliverables for correctness
of interpretation of plant design and
planned operation, documentation,

. safety analyses, and moc2ling of

plant and site unique characteristics.

| Perform quality assurance audits;

conduct quality assurance training;

. maintain quality assurance records,

Perform overall independent review
of the report section deliverables
in early draft form, particularly
methods and results.

Analyst/Author

Task Leader

Project Manager

Pruject Director

Client (GPUN)

PLG Quality
Assurance
“anager

Technical Review
Board

0567100287:2TSR 1-21



2. HISTORICAL PERSPECTIVE

Nuclear safety has been a visible and fundamental concern in the
development and commercialization of nuclear power. From the beginning
of the nuclear industry, safety design philosophy has centered around the
“defense in-depth" characterized by the multiple fission product barrier
concept supported by upper bound, deterministic calculations. This
approach has served the cause of nuclear safety well, Carried to an
extreme, however, it can lead to the wasteful use of resources and the
unnecessary introduction of equipment complexity, which can actually
reduce safety, With the growth of experience of operating nuclear power
plants, the upper bound calculations have been supplemented with an
analytical approach that assesses nuclear power plant safety more
realistically by putting such upper bound results into cuntext, PRA is
the approach, PRA is both a systematic identification of the levels of
damage that could result from nuclear plant operation and a rigorous
assessment of the likelihood of such occurrences,

The upper bound deterministic approach for assessing nuclear power plant
safety is specified in the Code of Federal Regulations, The Code
requires the analysis of a fixed set of predefined accidents for the
reactor plant. Originally, the most severe of these accidents, the
maximum hypothetical accidents, were selected to establish required
distance factors from the plant (Reference 2-1). The somewhat arbitrary
nature of these distance factors began to stir interest., In the early
1960s, F. R, Farmer of Lhe United Kingdom proposed a new approach to
power plant safety based on the reliability of consequence limiting
equipment (Reference 2-2). At the time, the United Kingdom, facing a
need to bring nuclear power plants closer to large populations, began to
abandon the somewhat arbitrary notions of plant safety and espoused a
more realistic and quantitative definition of risk to public health,
Meanwhile, in the United States, a series of studies sponsored by the
V.S, Atomic Ener?y Commission was undertaken in the early and mid-1960s
to probe the merits of using reliability techniques in the safety
analysis of American nuclear power plants, These studies (References 2-1
and 2-2) identified the need for special data and analytical tools, such
as fault tree analysis, to perform meaningful quantitative risk anmalysis,

Interest in probabilistic risk assessment continued to grow during the
1960s, Analysis techniques were borrowed from statisticians and
reliability engineers (References 2-3 through 2-5) and were developed
into tools suitable for predicting failure frequencies for large, complex
nuclear power plant systems. The benefits in terms -f safety contro) and
understanding were documented in Reference 2-3, (This reference
developed a methodology for attacking thu problem of probabilistic risk
assessment of complex plants,) With the evolution of reliability
techniques, people began to believe that it was possible to estimate the
1ikelihood of low frequency, high consequence accidents at nuclear
plants, In 1972, the U.S. Atomic Energy Commission undertook the Reactor
Safety Study under the direction of Professor N, C. Rasmussen of the
Massachusetts Institute of Technology (Reference 2-6). This project took
3 years to complete and marked a turning point in attitudes toward
measuring nuclear safety, It was the most thorough investigation of

2~1
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reactor safety of its time and, as such, it set the stage for the
understanding of safety for years to come. It calculated the risk from .
the operation of 100 U.S, 1ight water reactors of then current design

operating at base power. The report showed the way to derive and present

risk results meaningfully to technical specialists and policy makers

alike. The finished document formed a basis for thorough discussion of

risk methodology, thereby focusing criticism, review, and improvement,

Three important findings of the study were that: (1) the risk associated

with the operation of selected nuclear power plants was indeed small,

(2) the dominant contributor to risk was not the large loss of co.lant

accident, as previously emphasized in the Code of Federal Regulations,

but (3) it was the transients and the small LOCAs that often make up most

of the contribution to risk.

Although seminal in nature, the Re.ctor Safety Study was criticized
extensively., Between release of the draft report in August 1974 and the
final version in October 1975, comments were received from

87 organizations and individuals representing government, industry,
environmental groups, and universities, Many of these comments had a
significant impact on the final report. For example, the American
Physical Society Study Group on Reactor Safety pointed out serious
omissions in the consequence calculations. The Union of Concerned
Scientists, released its review of the study in 1977 (Reference 2-7)., It
criticized all aspects of the report-~-its objectivity, the accident
analysis, and the consequence analysis,

The most complete and even-handed review of the WASH=1400 report was
conducted by the Risk Assessment Review Group chaired by

Professor M, W. Lewis of the University of California, Santa Barbara
(Reference 2-8), The group was organized by the U.S. Nuclear Regulatory
Commission on July 1, 1977, at the request of Congressman Morris K,
Udall, Chairman of the Committee on Interior and Insular Affairs, who had
held hearings on (he Reactor Safety Study.

Following the release of the Lewis Report, the NRC fssued a press release
(Reference 2-9) withdrawing its endorsement of the WASH=1400. This
announcement has since caused great misunderstanding of the criticism
offered by Lewis, et al,, and of the validity of WASH-1400 itself. It is
important to note, however, that neither the Lewis Report nor the NRC
press release disavowed the fault tree/event tree methodology.

The most astounding statement by the NRC was that "the Commission does
not regard as reliable the Reactor Safety Study's numerical estimate of
the overall risk of reactor accidents." This action was based upon the
Lewis Report conclusion that “absolute values of the risks prese-ted by
WASH=1400 should not be used uncritically.” The leap from this cautious
caveat to rejection was a large one indeed, The Lewis Report found that
the RSS error bands were understated, thus misrepresenting the
uncertainties associatea with a potentially inadequate data base with the
occasfonal use of weak statistical methods and with some calculational
inconsistencies. In particular, the Lewis Report urged caution in the
use of the numbers, but did not reject them completely, In summary, the
general methodology was strongly supported and recommended for future .
use, Care in stating the bounds of knowledge, however, is necessary,

2-2
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The accident that occurred at the Three Mile Island Nuclear Generating
Station, Unit 2 in March 1979 (Reference 2-10) had a profound impact on
the nuclear industry and on the concept of risk assessment, Portions cof
the TMI-2 sequence of events were not included in detail in the RSS
analysis, causing many to question the validity of the analyses.

In truth, the transient at TMI did fit the RSS sequences, albeit not
exactly, The transient fit in the sense that a small LOCA with failure
of high pressure injection was included as one of the RSS sequences.
However, it did not fit exactly because the numerical probabilitfes that
the RSS placed on this scenario represented an accident progression coing
all the way to core melt, What the RSS did not estimate was the
1ikelihood that an operator would interrupt the core damage.

The initial reaction to the ™I accident was negative with respect to thre
value and role of probabilistic risk assessment; on reflection, the
attitude soon changed. Two important post-TMI independent studies
recommended greater use of probabilistic analysis techniques in assessing
nuclear plant risks and in making decisions about nuclear safety., They
were the report of the President’'s Commission on the Three Mile Island
accident (Reference 2-11) and the so-called Rogovin Report

(Reference 2-12). Following the lead of the reports of these
commissions, several post-TMI NRC reports also noted the value of
quantitative risk analysis (References 2-13 through 2-16),

Evidently, the use of probabilistic methods in nuclear safety analysis
received a singular boost from the RSS, However, as a result of the many
controversies surrounding the RSS and the TMI-2 accident, 1t became
obvious that certain areas of the methodology used in the RSS would have
to be enhanced for probabilistic risk assessment to be better understood;
1.e.; to be more scrutable. in particular, it would be necessary to
provide:

o A better executive summary.

¢ A quantitative expression of the uncertainty in the risk results and
in all the input variables, data, etc,, that are used.

o A full display of the events and hardware contributing to risk in
such a way that the impact on risk of changes in design and
operations could be easily seen,

¢ Documentation that allows all models, boundary conditions, accident
scenarios, and supporting data to be easily traced,

¢ A full treatment of all accident initiators, including those due to
earthquakes, fires, floods, and winds,

o Detailed analysis of accident phenomena, including in-vessel and
ex-vesse)l degraded core behavior, transient analysis, containment
response, and source term definition.

e Consequence analysis based on plant-specific/site-specific weather
and evacuation models,

2=3
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The first study to be completed after the RSS to include many of these
new reatures was the "OPSA, Oyster Creek Probabilistic Safety Analysis,”
a draft report which was completed in 1979 (Reference 2-17). The Zion
(Reference 2-18) and Indian Point PRAs (Reference 2-19) and others
performed by PLG for various utilities built on the Oyster Creek PRA
methods and 2dded important improvements, including: expanded cormon
cause failure analysis, uncertainty quantification methods, methods for
assembling and dissecting the results, analysis of dependent failures and
human interactions, containment and core response analysis, modeling of
external events (earthquakes, fires, floods, etc.) and incorporation of
the site-specific topoyraphy, emergency preparedness plans, and changing
weather patterns in the consequence model. In this report, a PRA
incorporating all these features is termed a “full-scope PRA." One
impact of the above advances has been a m re accurate specification of
the contributors to risk, The methodoloyy now allows us to identify the
contributors to risk and to observe in increasing detail what is driving
the risk level. This is vital for making decisions on design
modifications, procedural options, or any other risk management action on
the part of the utility, Knowledge of the risk and its structure enables
effective risk management.

In adaition to the advances made by these recent PRAs, a very significant
sign of the developing maturity of risk assessment was the publication of
a PRA Procedures Guide (Reference 2-20), Developed by experienced
practitioners in private industry and in national laboratories, this
guide defines what is meant by a PRA and describes some of the
alternative methods available for performing each of its aspects.

Another impact of these advances has been to enhance the usefulness of
PRA in risk management and in the regulatory process. The latter
includes conformance with regquiatory safety goals (Reference 2-21),
post=TMI-2 accident licensing requirements (Reference 2-22),
environmental impact reports, and emergency preparedness plans
(Reference 2-23).

A1l of these impacts are precisely what is intended to be achieved by the
T™I=1 PRA, The risk profiles from other PRAs cannot be used for the
TMI-1 Station, Recent experience indicates that risk profiles are even
more plant specific than was realized following the early PRAs, A
striking exampla is the difference in risk levels and dominant
contributors between the Indian Point Units 2 and 3, which are similar
units located on the same site (Reference 2-24),

In conclusion, it is becoming clear that the ultimate reason for doing a
risk assessment s that there is an underlying decision [or many
decisions) to be made. The risk assessment provides vital input to the
decision-making process formalized by decision analysis. 1In this
section, we give a brief review of the well-known decision theory diagram
(Figure 2-1) and therefore, of tiie context for using risk assessment,

At the left in this diagram, the point of decision is represented with
various ftems of {nformation as input. On the basis of this information,
we need to choose between options A, B, ... N.

2-4
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If we knew for certain what would be the outcome of each option, the
decision, of course, would be easy. What makes the situation interesting
is uncertainty. The uncertainty is represented in the diagram by showing
a set of possible outcomes (e.o., Ay, A2...) for each option. The

best we can do, standing at the dec*sion point, 1s to look ahead and
assign a probability to each of the possible outcomes, assuming we choose
the corresponding cption. These probability values represent our state
of knowledge at the point of decision, based upon all the information
available there.

Associated with each outcome is a set of “impacts,"” which we regard as
listed in a linear array called the impact "vector" to denote the fact
that, in general, there are many different impacts or categories of
impact associated with a given outcome,

Next, we must feed into the decision process the notion of “preference”;
that is, we must say which sets of impacts we prefer to which others and
by how much, Analytically, this is done by establishing a "utility”
function which makes each impact vector into a single scalar, an ordinary
number that expresses our preference value for that set ot impacts, This
being done, we may now calculate the "expected utility" associated with
each option as the sum, over the possible outcomes of that option, of the
product of the probability of that outcome multiplied by its utility.

According to this model of the decision process, then, the optimum
decision is that option having the largest expected utility., This is the
fundamental model of a decision situation, It is necessary to remark
that in order for the model to represent a real=-life decision situation,
it must include all the options present in that situation, including, for
example, the option of not deciding~=which is itself a decision, althouch
rarely the optimum one. Similarly, 1t should include the option of
delaying the decision while we gather further information. Both of these
cptions have probabilities, outcomes, impacts, and utilities 1ike any
other option and should be included explicity in the decision diagram,

Figure 2-2 gives an alternate formulation of the decision diacram that is
better suited to our needs here., For this purpose, we define impacts so
that there are only three components in our impact vectors, namely,
“cost,” ¢, "benefit," b, and "damage,"” x. We consider, moreover, the
simplest case in which our uncertainties about the magnitude of cost,
benefit, and damage are independent of each other. We may then draw the
decision diacram in the form of Figure 2-2,

In this figure, we allow Ca, the cost of option A, to stand for the
entire probability density function (pdf) Pplc); similarly, we allow

Bas the benefit of A, to stand for the pdf Pp(b). In the case of

damage (in keeping with current convention), we show the probability
curve drawn in complementary cumulative form, and we denote this curve by
Ralx), the risk ~f A,

We now think of the triplet <Cp, Bp, Rp> as characterizine
option A, Similarly, <Cy, By, Ry> characterizes N, etc., The
utility function now becomes a mapping from such triplets to scalars.
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Thus,
Up = U (<Cp, Bpy Rp2) +o¢ Uy = U (<Cy, By, Ry2)

where the scalar Up now expresses our degree of preference for the
triplet <Cy, Bp, Rp>, etc, The optimum decision 1s then that
option having the largest ut‘lity value,

The purpose of risk analysis, as shown in Figure 2-2, is to provide the
curve Ry, For a valid decision analysis, similar curves,

Rgs <+« Ry, should be calculated for each option, Only the risk
assessment is addressed in this report.

A PRA can put a decision into perspective about whether to modify a plant
or its procedures for operation and maintenance by comparison with other
sources of risk and with various proposed safety goals or acceptable risk
criteria, After the final results have been assembled, the methodulogy
permits a clear examination of risk contributors from several different
perspectives. The structure of the risk mode! allews us to determine
risk contributors in successive levels of detail, With this detail, we
are ir a position to identify options that can be most effective in
reducing risk, Thus, quantified risk before and after any proposed
change allows us to define the effectiveness of the change,

Risk reduction may result from changes in specific plant components,
personnel training, procedures, safeguards, containment, or emergency
plans. The plant and site-specific risk mode! developed in this project
is designed to accommodate this leve) of decision analysis,

In constructing a plant-specific risk model for TMI-1, the risk
assessment team has taken advantage of lessons learned from previous PRAs
(Reference 2-24), Some highlights of these lessons are:

¢ Important scenarios, such as those that occurred at the Salem plant
(automatic scram failure), can be identified and their like)ihood
anticipated in advance of their occurrences. This tends to validate
the whole idea of deriving risk estimates from risk models.

® Nuclear plants are much more able to cope with a damaged core or even
a core meltdown than had been generally perceived in the past, As a
result, the likelihood of the owner/operator experiencing a loss
associated with damage to the plant is much greater than the
Tikelihood of experiencing damage to public health and property.

¢ Contributors to risk vary, depending on the type of consequence
considered. Hence, a risk management strategy that focuses on core
melt frequency is not likely to result in the same set of actions as
a strategy that focuses on the risk of early fatalities or one that
focuses on the risk of latent fatalities.

o Core melt progression studies done in support of PRAs have moved a
long way toward dispelling certain perceptions regarding the "China
Syndrome" scenario. The evidence is very strong that containment
basemat melt-through is not an inevitable consequence of a core
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meltdown accident, Studies that have been made relative to liquid
pathways for radicactive material have indicated little or no
consequence with respect to health and safety even when basemat
melt-ihrough is postulated to occur.

Full scope PRAs have indicated the imporiance of including the
analysis of such external events as earthquakes, fires, flood, and
high intensity winds. In a number of cases, the external events have
been shown to be the major contributors to risk.

The emphasis in new plants on independence and separation of safety
system equipment trains has not necessarily reduced risk, While such
designs reduce the risk contributions from such rare events as pipe
ruptures, large fires, and extensive flooding, they make it more
difficult to protect the plant against frequently occurring failures.
That is, the absence of crossties between systems denies access, for
example, to alternate supplies of cooling water, Because of their
higher frequency, such events as normal challenges to these systems
often turn out to be more important contributors to risk than the
less frequent energetic evants,
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3. PLANT PERSPECTIVE

This section describes the TMI-1 plant, its safety functions, and the
relationship of the PRA model to the plant, as built,

3.1 DESCRIPTION OF PLANT AND SITE

The Three Mile Island Nuclear Station Unit 1 is located on Three Mile
Island in the Susquehanna River, Londonderry Township, Dauphin County,
about 10 miles south of Harrisburg, Pennsylvania, TMI-l1 is rated at

871 MWe (gross), and is licensed for a core power of 2,535 MWt., It went
into commercial operation in September 1974,

The TMI-1 NSSS was supplied by Babcock & Wilcox Company, and the turbine
generator was supplied by General Electric. Gilbert Associates, Inc.,
was the architect-engineer,

TMI-1 is owned jointly by Jersey Central Power and Light Company, 25%;
Metropolitan Edison Company, 50%; and Pennsylvania Electric Company, 25%;
all owners are operating companies of the General Public Utilities
Corporation. It is operated by GPU Nuclear, also a GPU subsidiary.

Three Mile Island is located approximately 2-1/2 miles south of
Middletown, Pennsylvania, at longitude 76°F 43'-30" west and at latitude
40°F 8' north. It is one of the largest of a group of several islands in
the Susquehanna River and is situated about 900 feet from the east bank.
[t is elongated parallel to the flow of the river, with its longer axis
oriented approximately due north and south, The island is about

11,000 feet in length and 1,700 feet in width, This unit is located in
the northern one-third of the island.

The exclusion area includes portions of Three Mile [sland, the river
surface arcund it, and a portion of Metropolitan Edison Company=-owned
Shelley Island. Metropolitan Zdison Company directly owns the site and
all but a small portion on the southern end of Shelley Island. The

remaincer of Three Mile Island is held by a wholly owned subsidiary of
Metropolitan Edison Company,

The following sections contain a brief description of the reactor, the
reactor coolant system, and the reactor building, A1l the individual
systems analyzed in the PRA are described in Appendix A.

3.1.1 REACTOR AND REACTOR COOLANT SYSTEM

The TMI-1 reactor is licensed for operation at 2,535 MWt, (A1l ratings
in this description are used for reference only, and may not be exact or
up-to-date.) The core contains 177 fuel assemblies arranged in a square
latvice approximating the shape of a cylinder with an equivalent diameter
of 128.9 inches and an active fuel length of 142,25 inches,

Each fuel assembly contains 208 fuel rods, 16 control rod guide tubes,
and 1 central instrumentation tube arranged in * 15' x 15' array.
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Power control is achieved with 61 control rod assemblies, 8 axial power .
shaping rod assemblies, and soluble poison, Each assembly consists of

16 rods held by a spiuer and coupled to a sealed roller nut and

leadscrew-type control rod drive. On a scram, the 61 control rod

assemblies drop into the core by gravity when current is removed from the

drives,

The reactor coolant sys.em consists of the reactor vessel, pressurizer,
four reactor coolant pumps and two once-through steam generators. The
reactor coolant system removes the heat generated in the reactor and
delivers it to the steam generators. The pressurizer provides an
overpressure to ensure a subcooled condition in the reactor coolant
system, a surge tank for volumetric changes, and pressure control
flexibility for all combinations of reactor operations,

The system is arranged in two heat transport loops, as shown in

Figure 3-1., Each loop has one steam generator and two reactor coolant
pumps. The reactor coolant is transported through piping connecting the
reactor vessel to the steam generators and flows downward through the
steam generator tubes, transferring heat to the steam and water on the
shell side of the steam generator, In each loop, the coolant is returned
to the reactor vessel through two 1ines each containing a coolant pump.

The reactor vessel is carbon steel with stainless clad, 40 feet
8=3/4 inches high overall and 171 inches in diameter. A1l major
penetrations are located above the level of the top of the core,

The four reactor coolant pumps are vertical single stage centrifugal-type
pumps with controlled leakage seal assemblies. Seal water is provided by
high pressure water from the makeup pumps. Intermediate closed cooling
water is supplied to the thermal barrier cooling coils., Each reactor
coolant pump is rated at 88,000 gpm,

The two steam generators are vertical, straight-tube, once-through shell
and tube type, which produce superheated steam at constant pressure
throughout the power range, At full load, each generator produces

5.6 x 100 pounds of steam per hour at 910 psig and 570°F, Emergency
feedwater is provided to the generators through dedicated auxiliary
feedwater rings at the cop of the generators.

The pressurizer is connected to the reactor coolant piping by a surge
line and a spray line. Two co”s safety valves and one pilot-operated
relief vaive connected to the pressurizer protect all reacteor coolant
system components from exceeding the design pressure,

The reactor coolant system pressure is maintained by a pressure control
system that energizes the pressurizer heater banks in sequence as
pressure decreases below normal and opens the spray valve and pilot
actuated relief valve when the pressure increases above normal,

A1l the plant systems analyzed in detail for the PRA are described in
Appendix A, These are: electric power (Section A.1), engineered
safeguards actuation (Section A.2), nuclear services river and closed
cooling water systems (Section A.3), decay heat river and closed cooling
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water systems (Section A.4), control building ventilation system
(Section A.5), reactor protection system (Section A.6), turbine trip
(Section A.7), main steam system (Section A.8), main feedwater and ICS

(Section A.9), emergency feedwater (Section A.10), pressure control
(Section A.11), high pressure injection and makeup and purification
(Section A,12), and low pressure injection and decay heat removal
(Section A.13).

3.1,2 REACTOR BUILDING SYSTEM

The reactor building is a reinforced concrete cylinder with a flat
foundation and a shallow dome roof. The inside diameter is 130 feet and
the cylinder height is 157 feet. The wall is prestressed with a
post-tensioning system in two directions, while the roof is prestressed
in three directions., There is a 3/8-inch carbon steel liner on the wall
and dome, and a 1/4-inch liner in the base. The -afety features systems
designed to protect containment integrity and reduce the amount of
radioactivity lost from the reactor building in case of the loss of its
integrity are described in Appendix A, Section A.14 (Reactor Building
Isolation), Section A.15 (Reactor Building Emergency Cooling System), and
Section A.16 (Reactor Building Spray System).

3.2 SAFETY FUNCTIONS AND HAZARDS FOR THE TMI UNIT 1 PLANT

Webster's dictionary defines risk as "the chance of injury, damage or
loss." It defines hazard as "peril; danger." Hazard, therefore, can be
thought of as a source., Risk is the likelihood that this source, or
hazard, produces an injury or damage. This is the sense in which these
words are used in this study. This idea can be expressed in the form of
a symbolic equation

Risk = 22ard
Safeguards

This equation also incorporates the idea that risk can never be zero as
long as a hazard is present, but it can be very small., The radiocactive
material produced at TMI-1 is the hazard; the 1ikelihood of .oreading
this radioactivity through the surrounding population is the risk.

Most of the radioactivity produced in the plant remains at its source,
namely, the fuel pellets. The largest quantity of radioactivity is
located at the reactor core and the spent fuel storage pool, Smaller
sources of radiocactivity are normally present at the plant in the waste
gas and liquid waste streams,

The reactor core, although a hazard, need not be a significant risk if
the probability of a release of radioactivity into the environment is
sufficiently small. The potential for releases varies, depending on the
degree of disturbance to the core and the subsequent operation of the
systems that are designed to return the plant to a safe condition. The
largest risk presented by the TMI Unit 1 plant is from the release of
large fractions of the radioactive material in the core, Large fractions
of the radioactive material in the reactor core can only be released as a
result of extensive core damage. In the absence of extensive core

3=3
0569G100237TSR



damage, the fission product release that takes place is associated with
initial cladding rupture, This release consists mostly of radioactivity
that escaped from the fuel pellets to void spaces within the fuel rods
during normal reactor operation. During the rapid depressurization of
the contained gases in the void spaces following cladding rupture,
additional radicactive fission procucts are driven from the fuel pellets
to the void spaces. The fractio. of the core that is released in this
manner is several orders of magni _ude lower than that associated with
extensive core damage, Thus, extensive core damage is the central
undesired event for this risk assessment,

For extensive core damage to occur, it is necessary to create a severe
imbalance between the amount of energy generated by the fission process
(or by residual heat from fission products) and the capacity of the plant
to remove heat, Explosions and other exothermic chemical reactions
between the cladding and the steam may create sufficient energy to damage
the cladding and release radioactivity. The functions that must be
performed in order to control the sources of energy in the nuclear power
plant and the hazard embodied in the radioactive material in the core are
called safety functions.

The concept of safety functions forms the basis for choosing scenario
initiators and for delineating the actions either required or possible to
alleviate the consequence of each initiator; i.e., for initial

structuring of a 1ist of core damage scenarios (see Sectiuns 4.1 and 4,2
for more about structuring this list)., Safety functions are defined as
groups of actions that prevent extensive core damage, prevent reactor
building failure, or minimize direct radioactivity releases, Actions may
result from the automatic or manual actuation of a system, from passive
system performance, or from natural feedback inherent in the plant design.

There are 10 safety functions that must be maintained at all times to
alleviate initiating events and thereby contain stored radioactivity,
These safety functions are listed with their purposes in Table 3-1,
These safety functions may be divided into three classes:

l. Core protection safety functions,
2. Containment integrity safety functions.
3. Direct radioactive material release safety functions.

The relationship between these classes is shown on Figure 3-2. The plus
signs indicate that it is necessary to protect the core, maintain
containment integrity, and control direct radicactivity releases in order
to Timit the release of radioactivity to the general public., In all
safety functions, the word control means accomplishment of the safety
function so that extensive core damage is prevented or radioactive
releases are kept within acceptable limits.

3.3 RELATIONSHIP OF THE PRA MODEL TO THE TMI~1 AS=BUILT PLANT

Ouring the course of the development of the TMI-1 PRA, the plant was been
modified to comply with requlatory requirements and to increase the
availability/maintainability of the unit, Some of the modifications have
been followed closely by the PRA team and incorporated into the plant
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model even before they have been installed, For example, the PRA
includes the emergency fcedwater and heat sink protection systems
modifications made during the 1986-1987 refueling outage.

In the early stages of the PRA, the instrument air dryer transfer valve
was identified as a major contributor to the loss of instrument air, The
complete air dryer assembly has since been replaced and includes a new
type of transfer mechanism, This new mechanism has been included in the
air system model but still remains as a single failure point fo~ the
instrument air system,

As described in Section 5.2.3. of this summary, the ioss of the control
building ventilation system is the sequence tnat dcminates the total
frequency of core damage. During the first phase of this PRA, a loss of
control building ventilation was seen as a major contributor to core
damage, and, as a rosult, a study was undertaken to better understand the
time available to the operators if the loss occurred. [t was determined
that a system of portable ventilation fans and ducts could be used iV the
normal system failed. This system of portable fans and a procedure for
installing the fans is included in the PRA even though the s stem is not
yet fully operational.

Ouring the 1986-1987 refueling outage, major modifications occurred to
upgrade the routing and protection of cables to comply with the
requirements of 10CFRS0, Appendix R, Revision 7 of the GPUN Fire Hazards
Analysis report was used as a basis for developing the fire scenarics in
the PRA, Other modifications that changed cable routing after this
revision of the FHA report have not been incorporated in this revision of
the PRA,

As the PRA project progressed toward completion, the TMI-1 operating
procedures were being modified and upgraded to conform to the B&W Owners
Group Abnormal Transient QOperating Guidelines. The PRA team has
monitored the evolution of these procedures closeiy and included their
impact in the development of the human acticn failure probabilities.

Each core protection safety function has a priority relative to the
others, as shown in Figure 3-3, In general, reactivity control is the
foremost function because the amount of heat that must be removed from
the .ore is determined by how well this function is performed. Next in
precedence are those functions for appropriately maintaining a core
cooling medium, To achieve this, actions must be accomplished to
maintain an adequate reactor coolant system inventory and an appropriate
reactor coolant system state, Finally, if core heat removal is not
carried out, reactor coolant system heat removal is irrelevant. Not only
should this hierarchy be kept in mind, but the need for the vital support
systems to carry out these safety functions should be recognized.

A1l safety functions must be accomplished to a degree commensurate with
the extent to which they are challenged. Only Ly doing so can the risk
from the hazards of direct or indirect radioactivity release be
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maintained at an acceptable level, For this reason, safety functions
were used in three ways in the probabilistic risk assessment process: .

l. To organize the process of determining those initiating events that
could threaten the release, either directly or indirectly, of
radioactivity as discussed in the Plant Model Report, Section 2.

2. To organize the search for alleviating systems for each infitiator, as
shown in the event sequence diagrams described in the Plant Model
Report, Section 4,

3. To organize an initial set of event tree top events, as described in
the Plant Model Report, Section 4,
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TABLE 3-1. DEFINITION OF SAFETY FUNCTIONS PURPOSES

SAFETY FUNCTION

PURPOSE

REACTIVITY CONTROL
REACTOR COOLANT SYSTEM
INVENTORY CONTROL

REACTOR COOLANT SYSTEM
PRESSURE CONTROL

CORE HEAT REMOVAL

REACTOR COOLANT SYSTEM
HEAT REMOVAL

CONTAINMENT ISOLATION
CONTAINMENT TEMPERATURE
AND PRESSURE CONTROL
COMBUSTIBLE GAS CONTROL
MAINTENANCE OF VITAL
SUPPORT SYSTEMS

DIRECT RADIOACTIVITY
RELEASE CONTROL

SHUT REACTOR DOWN TO REDUCE HEAT
PRODUCTION

MAINTAIN A COOLANT MEDIUM AROUND CORE

MAINTAIN THE COOLANT IN THE PROPER
STATE

TRANSFER HEAT FROM CORE TO A COOLANT
TRANSFER HEAT FROM THE CORE COOLANT

CLOSE OPENINGS IN CONTAINMENT TO
PREVENT RADIATION RELEASES

KEEP FROM DAMAGING CONTAINMENT AND
EQUIPMENT

REMOVE AND REDISTRIBUTE HYDP.OGEN TO
PREVENT EXPLOSION INSIDE CONTAINMENT

MAINTAIN OPERABILITY OF SYSTEMS
NEEDED TO SUPPORT FRONT LINE SYSTEMS

CONTAIN MISCELLANEGUS STORED RADIO-
ACTIVITY TO PROTECT PUBLIC AND AVOID
DISTRACTING OPERATORS FROM
PROTECTION OF LARGER SOURCES
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4. PRA METHODOLOGY OVERVIEW

The PRA methodology overview is presented in five sections. In the
first four, a presentation is made of the general PLG approach to PRA,
highlighting certain aspects of the approach to which we refer in
subsequent discussions. These sections are included to agree on terms
and thus to facilitate understandina. In general, the methodology
described relates to the third level of the three levels of risk
assessment defined in the NRC Procedures Guide (Reference 4-1) and
presented below:

o Level 1. Corresponds to developing and quantifying the plant systems
model with or without considering external events.

o Level 2, Includes both the plant and containment model with or
without considering external events.

o Level 3. Includes all three models (plant, containment, and
weather-evacuation site) with or without external events.

Section 4.5 describes the PRA process used for TMI-1, This process would
be classified, according to the NRC Procedures Guide, as "Level 1,
including external events."

4,1 GENERAL PRA PROCESS

In assessing the risk from operating a nuclear power plant, we are
attempting to predict the outcome of operating that plant in terms of
several measures of damage. Sources of possible damage are c2lled
"hazards." Thus, the radioactivity in a nuclear plant may be said to b2
a hazard to the public. It is not necessarily a "risk," however, since
the idea of risk also involves the idea of the likelihood that the hazard
will be converted into an actual delivery or realization of damage.

Thus, a "risk analysis" can be viewed as consisting of answering the
following three questions:

o What can go wrong; i.e., by what scenarios or sequences of events
might damage from the hazard be actuailized?

o How likely are these scenarios?

e What are the consequences of these scenarios; i.e., how severe is the
damage?

To answer these three questions for a nuclear power plant, a structured
thinking process was employed that begins with a systematic
identification and categorization of all scenarios that might lead to
significant damage to the plant or to the public health. Each scenario
is then analyzed to determine its frequency of occurrence and magnitude
of its consequent damage, as measured by several damage indices.

4-1
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In calculating these frequencies and damage magnitudes, it is important

to explicitly quantify the uncertainty, as any competent scientist does

when presenting results. In the case of risk assessment, it is ‘
especially important to quantify uncertainty since we are dealing with

rare events and with a skeptical audience of regulators, intervenors, and

the general public. Therefore, we incorporate uncertainty into the PRA

from the beginning, from each piece of input data up to the final results.

The uncertainty in the risk comes from a lack of prior knowledge about
exactly how frequently each scenario will occur and exactly what
consequences it will produce. Both of these sources of uncertainty are
carefully tracked throughout a PRA in order to specify, as accurately as
possible, the risk from operating the plant.

Table 4-1 conceptualizes the results of a risk assessment in tabular
form, including uncertainty. The likelihood or recurrence interval is
expressed as a frequency, ». Consequence magnitude is denoted by X,
Uncertainty about frequency ard consequences will be expressed by a
probability distribution, P(4,X). This probability distribution is a
function where 4 and X are the independent variables and P is the
dependent variable.

The group of scenarios in Table 4-1 can be represented as a set denoted
by braces { }. Each scenario and its risk (i.e., each line in the
table) can be put into brackets < >, The total set of scenarios (the
risk, R) can then be expressed as

R o= {<S¢,Pi(a,X)>}, for i = 1,2,...,N (4.1) ‘
where
Sy = a scenarfo identifier or description.

P(aj,X4) = joint probability distribution on the frequency
of occurrence, (44), and the coniequences, Xy,
of scenario Sj.

The form typically used in presenting risk assessment results today

fs the cumulative or frequency of exceedance form., In the frequency of
exceedance form, the freaquencies of all scenarios exceeding a particular
level of damage are summed. Curves that are the 1ocus of all s; points
for a given damage type, t, and probability, P(st X ), are the family of
risk curves in frequency of exceedance format foff tﬁat damage type (see
Fiqures 4-1a through 4-1g).

4.2 QUALITATIVE DEFINITION OF SCENARIOS AND THEIR CONSEQUENCES

Each scenario consists of an initiator or something that starts a

sequence of events., This might be a system failing, a pipe breaking, a

fire, or a human error (something that perturbs the reactor cooling

system) The rest of the scenario consists of manually and automatically

actuated actions or passive processes that determine the consequences of

the scenarfo. These actions, or events, consist of systems, working or

not; bufldings and pipes, remaining intact or not; the direction and .
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speed of the wind when the scenario extends to a release; whether it
rains during a release; how people move away from the plume, etc.

In the PRA, all scenarios were defined by a combination of deductive and
inductive processes. First, a set of all possible initiating events was
4educed. Then, the events that occur in each scenario subsequent to the
initiator were characterized inductively, using event trees and a
meteorological sampling process.

In principle, it is desirable to make this process as thorough as
possible; i.e., to 1ist in great detail all pos ible scenarios and
determine the consequences of each one individually. In a plant such as
TM1, however, this could make the 1ist run into millions of scenarios.
Methods are used to group similar scenarios into a manageable number of
scenario categories.

This grouping will be done by dividing each scenaric into four parts:
1. The initiating event.

2. The subsequent events that are determined by th¢ perfurmance of the
plant systems.

3. The phenomenological events that occur in the core and containment
after the initiation of core damage.

4, The weather and evacuation-related events.

Each of these types of events for each scenario becomes par: of a plant
or site performance model. All events in the scenario will be modeled
either in the plant model, the containment model, or the site (really
offsite) model. This means that each scenario when finally assembled
consists of three scenario fragments, one from each of these three
models. The events in each one of these fragments were defined as being
conditional on a certain set of events having previously occurred.
Therefore, after a set of interfaces or "pinch points” between model:. has
been agreed on, each model can be developed separately. It also means
that the scenarios have to exit each model in one of a certain predefined
set of states. After being assigned to this pinch point state, the
scenario 10 longer has its own identity; it is just one member of a group
and is treated in the same way as all other members of that group in the
succeeding models. These pinch point states define the initiating
events, or crucial conditions, for the succeeding model. Therefore, they
will contain only the information that must be transferred from the
preceding model to the next model because that information is important
to what happens in the next model.

4.3 QUANTIFICATION OF SCENARIO FREQUENCY

4.3.1 SCENARIC FRAGMENT FREQUENCIES

Once the possible scenarios have been qualitatively defined, it becomes
necessary to calculate the frequency with which they occur. In the
simplest terms, this process consists of combining the 1ikelihood of the
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initiating event with the conditional likelihood that each successive
event occurs, given all of the preceding events. The resulting overall
scenario frequency can be expressed by the equation

5, ® sl e FILIT) o F(211,1) ¢ £(311,1,2) ovn F(MIT,1,2...,M-1)  (4.2)

where
sl = the initiating event frequency.
f(111) = the conditional frequency of the first

subsequent event in the scenario, given that the
initiating event, I, has occurred.

f(M|I,1,2...,M=1) = the conditional frequency of the last event, M,
in the scenario, given that the initiating event
and the first M-1 subsequent events have
occurred.

The frequencies, f, are called conditional split fractions of top events
because they represent the likelihood that a scenario branches one way or
the other in an event tree, given that certain previous events have
occurred. The events in event trees are described at the top; thus, they
are called top events. A scenario splits and follows either a success or
a failure branch. Depending on which branch it follows, a different
scenario will evolve.

The conditional split fractions in Equation (4.2) come from the model in
which the event is defined. For instance, events 1 and 2 (with
frequencies f(111) and f(2|1,1)) might be quantified in the plant model,
event 3 in the containment model, and event M in the site model. This
leads to the establishment of a conditional frequency or split fraction
for the whole scenario fragment corresponding to a particular model;
e.q., f(PLANT MODEL FRAGMENTII) = f(1|I) * f(2]/1,1). The concept of
such scenario fragment frequencies is extremely useful because it allows
the overall scenario likelihood to be calculated in three independent
parts, which can then be assembled. If one frequency changed, the others
would not be affected; only the assembly would have to be redone. Most
imporcant, perhaps, is the ability to characterize the dependence of the
total risk on interesting intermediate points in the scenario; for
instance, to decompose the risk of early fatalities to show how it
depe??s on the responses of the plant systems (the output of the plant
model ).

4.3.2 THE MATRIX VIEW

The process of decomposing the risk into its contributors is greatly
aided by viewing the frequencies in each model in a matrix context. Thig
point of view is 11lustrated in Figure 4-2,
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Each model in this figure may be regarded as a transition operator, or
matrix, which defines the 1ikelihood that various entering scenarios will
exit in pcrticular states; that is, the likelihood that a given entering
scenario will end up passing through a particular set o€ events in the
mode}. The idea of such a transition matrix is that the identities of
the exact events in the scenario are not as important as the condition of
the plant when the scenario exits to the next model. This is saying that
knowing whether system A or B failed is not as important to the
containment model as knowing whether the RCS pressure was high when the
plant model scenario resulted in core damage and whether the containment
heat removal systems are still operating.

[f the initiat}ng events are ?rouped, their frequencies can be represented
by a vector, »°, where each element 4| is the total frequency of that

group measured in occurrences per year.

For example, the scenarios enter the plant model after their initiating
event, I, and exit in state j with conditional frequeniy Mjj, which is
equal to the sum of the frequencies f;(PLANT MODEL FRAGMEN??I1) for

all plant model fragments going to exft state j from initiator I. The
set of these Mjj may now be reprasented as a matrix, which will be
called the plan% matrix.

The frequencies of the individual scenarios that enter from initiator i
and exit in state j are no longer distinct. The product 4iMj4 is
the total frequency of all such scenarios. However, the probfem ha; been
considerably simplified. Instead of dealin) with hundreds of scenarios
that might make this transition, it is only necessary to deal with one
group represented by one scenario. The initiating events that were used
for TM] entering the plant model are listed in Table 4-2, and the exit
states are the plant damage states 1isted in Table 4-3.

Plant damage states reflect the degree to which plant systems function
properly in response to an initiating event. If all systems necessary to
prevent core damage during the scenario operate properly, the scenario
does not qo to a PDS but, rather, to a success state.

The frequencies of the plant damage states have been computed. The next
step in the risk assessment/scenario definition process is only performed
for a level 2 or level 3 PRA. This step is to translate information on
how well the alleviating systems work into information about how
radioactive materials may be released. This release will come from the
reactor core and go to the area surrounding the plant, depending on the
plant system performance. A conditional containment and degraded core
model or, simply, containment model will be used to perform this task.

This model treats core damage progression phenomena and the physical
processes that are involved. The analysis for the containment mode)
reaches deep into the plant activities, particularly with respect to core
behavior and the impact of the containment engineered safety systems
following core damage. Many studies, experiments, and analyses are
examined to provide a strong technical basis for quantifying containment
response. Central to the containment analysis is identifying the
response of the containment to the progression of a degraded core
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accident. Supporting the model are the results of numerous analyses and
studies of physical processes. For example, analyses of degraded core
phenomena (including in-vessel effects, vessel failure, and ex-vessel
effects) and experiments and studies on steam explosions and hydrogen
generation and combustion were all used as input to the model.

The containment model can be represented as a containment matrix, C,
where the elements, Cjx, would represent the conditional frequency of
emerging from the conlainment model in release category k, given that we
enter it in plant damage state j.

Typical release categories are listed in Table 4-4, It is expected that
similar ones may be developed for TMI-1 if a level 2 or level 3 PRA is
performed in the future. These release categories represent different
characteristics of releases that impact the extent and kind of damage the
releases will inflict on the surrounding population. Among these
characteristics are whether the release begins early or late, whether it
leaves through the top or side of tne containment building or through the
basemat, and whether the sprays are operating to scrub radioactivity from
the air when the release begins.

The site model estimates the potential for producing a particular level
of damage among the surrounding population due to each of the containment
release categories. The damage indices that are usually used in PRAs are
listed in Table 4-5. To determine the health effects from a release, a
distribution of airborne and deposited radioactive material in the
environment will be defined as a function of time. There are many
factors that determine the nature and extent of health effects. The most
important are the evacuation strategy and the weather conditions that
exist during the release. The approach that is taken in a PRA is to
study a large number of individual weather scenarios for each particular
type of release. Any plume that is projected to leave the site area is
assumed to be influenced according to weather data taken from the nearest
measurement statifon; i.e., hourly data taken from multiple sites. The
models employed permit the plume to vary in direction according to the
wind direction. Other important factors are the population distribution
and the evacuation conditions. A variable direction evacuation scheme is
u?ed :o build into the analysis the ability to depict actual emergency
planning.

As with the plant and containment, the site model can be represented by a
site matrix, S, where the elements Sy x, represent the conditional
frequency of magnitude X of damage type 't, given that a release in
category k has occurred.

Using these three matrices (M, C, and S), the risk calculation can be
symbolically represented by combinations of matrix operations.

Starting at the left side of Figure 4-3, the assembly process then
consists of the following steps. The product of the initiating event
vector with the plant matrix, M, yields a new vector, »Y:

4Y = alpM
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The elements of 4Y, are the unconditional frequency of occurrence of
each plant damage state, Yi (measured in occurrences per reactor
year). &Y is called the uhconditional plant damage state frequency
vector.

If this vector, in turn, is now multiplied by the containment matrix, C,
the vector 4° is obtained.

A0 = 4YC

The elements of 40 are the frequency of occurrence of release
category k (measured in occurrences per reactor year). 47 is
referred to as the unconditional release category frequency vector.

Finally, multiplying »° by the site matrix, S, yields
pt = 408

The elements of 4T are the frequency of occurrence of level X of
damage type t (measured in occurrences per reactor year).

Substituting each previous vector equation into the next one, we obtain
the relationship between 4% and 51, "as follows:

st = 495 = (870)s = ((a'M)C)S = s'MCS

This equation shows how the results of the plant, containment, and site
models are assembled with the initiating event frequencies to yield risk
results. The assembly process proposed for TMI-1 only goes through the
unconditional plant damage state frequencies.

4.3.3 DECOMPOSING THE SCENARIO FREQUENCIES

An important result of using the matrix formalism is the ability to
decompose the final results through matrix manipulations to determine the
contributions of each pinch point scenario group to the total risk. For
instance, the dominant plant model scenarios contributing to public
health risk could be determined by finding the dominant plant damage
states contributing to a particular offsite consequence type (e.g., early
fatalities) and then finding the highest frequency plant model scenarios
going to these PDSs.

The key to this process is the formation of a square diagonal matrix from
the frequency vectors for the pinch point groups. In the case of the
dominant plant model scenario fragments, the vector &7 is made into a
square matrix

[3Y0...0 "
1
) 0 5{ 0
4y = U 0 sus O
b: : . ;:—
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which, if multiplied by the product of the containment and site ’
matrices, C and S, yields

Y
QDCS

a matrix whose elements are the contributions of each PDS to each uamage
level (e.qg., the frequency with which POS 3B produces 100 or more varly
fatalities).

Similarly, the contributions of initiating events to POS:
Frequency (@éM)

Release Category Frequency (@éMC)
and

Offsite Damage Frequency (oéMCS)

may also be calculated in this way. Also PDS contributions to release
category frequency (ABC) and release category contributions to offsite
damage level exceedance frequency (4%HS) may be determined in the same
manner. The results of the decomposition process performed in the TMI-l
PRA is describec in Section 5 of this report and in even more depth in
Section 6 of the Plant Model Report.

4.4 UNCERTAINTY

The process of identifying each member of the scenario 1ist and
quantifying its point estimate frequency has now been described. It
remains only to describe how to express our state of knowledge about
these frequencies. Our state of knowledge about any frequency from that
of a basic component on up to core damage frequency is expressed in
"probability of trequency" format. This format is defined and described
in Section 1.5.6. The following process is used:

1. A1l possible scenario initiators (initiating events) are identified,
and their probability of frequency distributions, Pl(44), are
calculated.

2. A mode' of the respgonse of the plant and site to each initiator is
developed, and the conditional frequency with which the plant would
respond in each specified way (given that the initiating event
occurred) is characterized by using probability distributions.

3. A1l the combinations of inftiating event probability of frequency
distributions and the conditional plant response probability
distributions are then combined to first generate a probability curve
characterizing the state of knowledge about the frequency of each
scenario and then to find the probability of frequency distribution ‘
of the PDS; then, the PDS curves are combined to produce a core
damage frequency curve.
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of frequency curves, just as was done with the matrices, but this time
representing the uncertainty with its whole curve instead of just with
the mean value of the curve.

4,4.1 INITIATING EVENTS

As will be explained in Section 4.5.2.1, the initiating events are
first defined and grouped by similar effects;, then, a probability of
frequency distribution

P(s})

is calculated for each initiator group 1.* This type of distr1ogtion is
represented by curve e:> at pinch point I in Figure 4-4 and is given by

N

1y !
Plag) = I Plagy)

where

Ny = the number of initiating events producing effects to
be represented by group 1.

ﬁ:k = the frequency of the kth initfator in initiator group i.

The distribution P(d}; can be ca1cy1ated from the probability
distributions for the i1ndividual 44k, aiven by P(44x), according to
the instructions given 1n Appendix B, Section B.Z2.

4.4,2 PLANT SYSTEMS MODEL

The plant model translates the probability of frequancy distributicas for
the initiating event groups given by P(sl) (curve at pinch point |

in Fiqure 4-4) into probability 9f frequénc distributions for the

plant damage states given by P(s%) (curve (C) at pinch point I1 in

Figure 4-4), This process is acéomplished using probability
distributions for the conditional frequencies of transition from each
fnitiatina event group to each plant damage state. The probanility

*Throughout this discussion, notation of the form P(4) will be used to
derote the probability distribution of frequency 4. P(sl), for instance,
refers to the probability of frequency distribution for fn‘tiating event
group 1. It does not refer to the function P evaluated at a specific
numericzal value of that frequency.
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distribution for the frequency of transition from initiator group i %Q
plant damage state j is represented by F(M1J) and is shown as curve
in Figure 4-4.

Actually, the transition frequency from initiator group i to plant damage
state j is calculated by combining the frequencies of all plant model
scenarios making this transition. These individual scenarios can be
thought of as the plant model doublets,

p .
<S1.m,P(4~1.m.PDSJ )>

where
S?m = the mth plant model scenario in initiator group 1.
P(%

im ,PDS.) = the joint probability distribution for the frequency

i and resulting plant damage state of that scenario.
Hundreds of such scenarios may originate from initiator group i, and
their conditional frequencies must be combined to develcp the
distribution, F(M;j3). These scenarios are identified on event trees.
The probability of frequency distribution for each scenario is developed
by combining the distributions for each of the events in that scenario.

The probability of frequency distribution for plant damage state j is
given by

N
P (s} 1‘;_,‘i Plag) F (M)

where N; is the tota! number of initiating event groups that can

result Qn plant damage state j. This distribution can belcalculated from
the individual probability of freouency distributions P(47) and

F(M;;) according to the procedures spelled out in Appendix B. However,
tho rocess wjill be somewhat more complicated than the process for
gygg*ting P(43) because P(bg) is a sum of products rather than a

The plant model was quantified in two steps. The first step was to
identify the plant scenarios of highest frequency for each plant damage
state. This was done using a single value, usually the mean, to
characterize each distribution. (The mean was chosen because it contains
information about the high frequency tail of the probability
distribution.) These mean values were then combined and propagated
through the entire risk model, as described under the matrix formalism
above. Based on these point estimate results, the risk dominant plant
damage states and the highest frequency scenarios in each were chosen.
In the second stage of the analysis, probability distributions were
propagated through the plant systems model for these dominant scenarios.

0571G100587TSR



This two-step process necessitated keeping track of all the high
frequency scenarios leading to each plant damage state. The identity of
these scenarios was maintained to be able to write logical expressions
for the probability of frequency distributions of the plant damage states
(curve in Figure 4-4) in terms of the probability of frequency
distributions for the system failures and initiatin) events.

With risk defined fundamentally as a 1ist of scenarios or event
sequences, the key requirement of a risk assessment methodology is an
orderly procedure for defining the scenarios. For this purpose, we use a
number of logical methods, most notably the master logic diagram, event
sequence diagrams, event trees, fault trees, cause tables, and
environmental tables. These methods are described in the Plant Model
Report, and their development is described in the tasks in Section 4.5 of
this report. Underlying the logical methods used for organizing results
are fundamental engineering analyses reflected in the Plant Model Report
and in all the other TMI-1 PRA reports.

4.5 TMI-1 PRA PROCESS

Based on our PRA experience, the TMI-1 PRA was conducted in two phases
which consist of a "mini" or “focusing” PRA prior to starting detailed
work followed by a subsequent detailed risk assessment. This two-phase
approach allowed the early use of PRA results and facilitated the
development of the detailed risk model.

During Phase 1, those systems or initiating events likely to be important
to the overall plant risk were identified, thus giving early warning of
further required analysis and/or * .formation; the particularly
troublesome physical processes that called for more detailed analysis in
Phase [1 were revealed before development of final event trees. The
approach adopted in Phase Il was based on our findings during Phase 1.
The Phase | results were documented in a senarate report, PLG-0354
(Reference 4-2).

The approach used during the development of the TMI-1 PRA is described in
detail in the individual TMI-1 reports that make up the documentation of
this PRA and whose tasks are summarized in the following sections.

4.5.1 PHASE 1 PROCESS

4,5.1.1 Plant Familiarization

This task was conducted to identify information sources and to gather
specific plant design and operation information specific to Three Mile
[sland Unit 1. This information heliped in the 2arly identification of
major potential risk contributors, which led to the definition of a
detailed project schedule and a rational allocation of project resources.

4.5.1.2 Initiating Event Identification

A small set of initiating events was chosen to define scenarios
representative of major risk contributors. This effort reduced the
number of scenarios considered, while ensuring concentration on issues of
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major relevance for Phase Il. All possible initiating events were
included in one of six initiating event groups. The frequency of each
group was calculated from the sum of all the initiating events. The
initiating event groups used were:

1. Turbine Trip. Used to represent transients with main feedwater
available.

2. Loss of Offsite Power.

3. Loss of Main Feedwater.

4. Medium Loss of RCS Inventory. Used to represent small as well as
Targe Toss of RLS Inventory.

5. Steam Generator Tube Rupture. Used to represent very small LOCAs
aiso.

6. Loss of iver Water to the Pumphouse Intake Basin.

4.5.1.3 Preliminary Systems Analysis

The preliminary systems analysis was conducted in two parts. The first
part was an initial screening that encompassed all TMI-1 systems. System
summaries were developed to determine the normal and alleviating actions
of each system, Alleviating actions are those performed to reduce the
consequences of an initiating evant. Success requirements were
identified for all alleviating actions, as discussed in the next section;
i.e., the plant model. Each system was also classified as to whether
further analysis was required. Those requiring no further analysis were
s0 noted, and their system summaries were filed. (It is important to
understand that although systems analysis is discussed here first, that
plant modeling and systems analysis are iterative tasks.)

The second part of the systems analysis task was an analysis of those
systems that passed the initial screening and therefore needed to be
analyzed in sufficient detail to estimate their availability and to
develop event tree top events. The estimation was conducted in one of
two ways, depending on the system involved:

l. For those systems that are very similar to their Midland or Seabrook
counterparts and whose models were not significantly different
(i.e., similar logic, success criteria, and support systems states),
the conditional split fractions from the Midland or Seabrook PRA were
used.

2. When significant differences in system logic were noted, block
diagram logic modeis were used that includec independent hardware
failure, maintenance, testing, human error, and common cause failure
terms. The unavailability expressions were then quantified using
data fro- :ither the Midland or Seabrook PRA data bases.
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4,5.1.4 Phase | Plant Model

A plant model was developed to represent the scenarios, progressing from
the si» initiating events through to the plant damage states. For
calculational convenience, the plant model was split into three
submodels; namely, a frontline systems model for early response, a
frontline systems model for late response and for resporse of the
containment safety features, and a support system model. These event
trees represented all the important alleviating systems and dependencies
between systems.

4.5.1.5 Phase | Analysis of External Events and Spatial Interactions

The objective of this task was to identify externally initiated events
(such as aircraft crashes, floods, earthquakes, e%c.) and spatial
interactions that may result from internally initiated accidents, such as
fires, pipe breaks, missiles, etc., that were most relevant to TMI-l

This preliminary stucdy determined the level of study effort in Phase I1.

4,5.1.6 Preliminary Plant Damage States

A preliminary set of plant damage states was developed to estimate the
severity of each scenario. A plant damage state defines the conditions
in the RCS and the availability of the containment safety features at the
time of core damage. Such PDSs were developed to perform a containment
analysis on the core damage scenarios if it is desired in the future.

4.5.1.7 Assembly Process

The objective of this task was to put together the cequences from the
three sets of event trees in the plant model and to estimate the
frequencies of occurrence of the most important scenarios for the TM]-1
PRA. These frequencies determined the relative importance of scenarios
for their contribution to severe core damage; these frequencies and the
scenarin PDSs determined their contribution to risk. To a large extent,
this task relied on PLG's previous PRA experience.

4.5.2 PHASE 1] PROCESS

4.5.2.1 Detailed Definition and Grouping of Initiating Events

The dual objective of this task was to complete a 1ist of all the
in‘tiating events for consideration in the TMI-1 PRA and, for
calculational convenience, to group them into a reduced set according to
plant impact.

A detailed definition of initiating events was then performed by means of
a raster logic diagram, which enabled us to categorize initiating events
according to the safety functions threatened, the threatening effect, and
the cause of threat., This resulted in identifying 46 initiators. We
then further grouped these initiators into 18 groups when their impact on
the plant initiated identical plant response sequences within the plant
model event trees. The selection of inftiating events was based on those
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initiating events having tr - Jreatest number of top events envisioned in
the course of developing the event tree for the initiating event in
question. A complete treatment of the definition of initiating events
may be found in Sectian 2 of the Plant Model Report, and the calculation
of their frequency is found in the Data Analysis Report.

4,5.2.2 Development of Detailed List of Internally Initiated Accident
SCenarios

As in Phase I, the internally initiated scenarios were developed by means
of three models: the support system event tree model, the frontline
system early response models, and the frontline system late response
event tree models. This task refined the Phase | plant model in which
many issues concerning scenario development were intentionally left
undetailed.

The many support system success and failure permutations (6,513) were
reduced to a smaller number for calculational and modeling convenience.
The reduction was made on the basis of the impact that these seéquences
would have on the frontline systems. This process yielded 1,104 unique
sets of event tree sconarios that produce identical frontline system
impacts called impact vectors. These impact vectors were grouped further
by putting all very luw frequency impact vectors into a single group with
an enveloping impact. This effort produced 145 impact vectors. In an
effort to further reduce these vectors to a more manageable number of
corresponding runs of tne frontline system event tree model, we further
grouped these impact vectors according to similarity of impact and
frequency into 39 common support system states with enveloping impacts.

Although grouping was done conservatively, care was taken to ensure that
the degree of conservatism introduced was minimal. This was accomplished
by ensuring that impact vectors with l1ittle impact on frontline systems,
but with relatively high frequencies, were not combined with low
frequency impact vecturs having substantially more impact on the
frontline systems. Tre support systems event tree and the combining
according to impact a~e both described in Section 3 of the Plant Model
Report.

Also, part of this task was the development of event trees for

20 additional initiating events. These event trees included recovery
actions and one set of split fractions for each support system state to
properly account for the boundary conditions placed on the frontline
systems by the support system availability. Fifty unique early and late
response frontline event trees were produced. A detailed description of
the development of the frontline event trees is contained in Section 4 of
the Plant Mode! Report.

The Phase Il plant model consists of three segments, one for all the
support systems and one each for the ear.y and late response frontline
systems. The early response frontline event trees were called "main”
trees, and the late res;onse frontline trees were called subtrees. The
scenarios in the main trees resulted in either success or input to
subtrees; the end states of the subtrees were success or plant damage
states. A version of each main and subtree was made for each support
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system state. Each plant model scenario was then constructed by ‘
combining a scenario fragment from each of the three trees. A scenario

fragment is a particular path or sequence in one ~f these three

consecutive trees., The three types of trees are sequential and represent

one large plant model event tree that would go from initiating event to

plant damage state.

4,5.2.3 Data Analysis

This task was performed to provide failure rates and component repair
times required in the conduct of the systems analysis that follows and
initiating event frequencies for the quantification of scenario
frequencies in the event trees.

The data unalysis consisted of the four major work elements described
below*

e Definition of Data Requirements, The first step was to ensure
compatibility between the data analysis and the systems analysis
tasks. Data requirements for each system model were reviewed, A
common level of detail was fixed and component failure moces were
s¢’ yed for each model, This intertask review served to focus both
the data base development effort and the systems modeling tasks
toward a level of detail commensurate with the available data.

¢ Generic Data Base Development., PLG had developed a computerized
gener;c data base for probabilistic risk assessments that they have
performed in the past. The information in this data base inc¢cludes
data collected for other plants for which PLG has performed PRAs, as
well as data from WASH-1400 and other sources. This data base served
as the starting point for the TMI-1 plant-specific data analysis.
The generic data base was reviewed to ensure applicability to TMI-1,
and new failure and success information was incorporated to update
the generic data base. The failure rate estimates and the assigned
weights were combined to obtain new generic state-of-knowledge
distributions. The result was a probability distribution for each
parameter that reflects the range of information embodied within the
literature. The types of data included in the data base were:

- Component Failure Rate Data., The available generic data were
reviewed to ensure consistency witn the needs of the TMI-1 PRA,
Subjective weighting factors were assianed to each piece of data,
based on the compatibility of the source with the way the data
were useu in the PRA, In many cases the failure rate data
obtained from power plants examined in previous PLG risk
assessments provided important input to these relative weights.

=  Component Maintenance Data, Generic component maintenance data
were accumulated from other power plants. Information about both
frequency and duration of maintenance is necessary to determine
component unavailability., The frequency of maintenance defines
the rate that components are removed from service; the duration
defines the time the components are out of service, Separate .
distributions were developod to represent the uncertainty in the
frequency and duration of maintenance,
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- Common Cause Failure Data PLG's data base includes beta factor
distributions for several key components. These distributions
were based on review and classification of reported nuclear power
plant dependent and independent failure incidents.

- Human Error Rates. The chief sources of generic data on human
error rates were the NRC Human Reliability Handbook
(Reference 4-3). Along with other sources, this document was
used to provide human error rates in numernus situations. The
uncertainty associated with these data was also represented as a
distribution.

- Initiating Event Frequency. The plants included in the generic
initiating event data base were selected on the basis of
similarity to the TMI-1 plant and on the data availability. The
data in Reference 4-4 (EPRI NP-2230) were supplemented by data
from monthly operating reports, the Nuciear Regulatory
Commission's "Licensed Operating Reactors Status Summary Reports"
(the "Grey Books," Reference 4-5), and Nuclear Power Experience
reparts.

o Plant-Specific Data. Based on our Phase | site visit, a large volume
of valuable information about TMI-1 equipment operating history was
extracted from plant records. The amount of information available in
TMI-1 control room operating logs, test reports, maintenance records,
etc., about the number of equipment failures, operating hours, and
component demands determined the degree of influence of
plant-specific data. This required failure and success event data
records.

Similariy, plant-specific component maintenance freguency and
duration data were extracted by reviewing the history of repair and
maintenance activities at TMI-1. For initiating events, we sought
the number of occurrences and the number of operating years.

¢ Bayesian Combination of Generic Data Base and Plant-Specific Data.
The plant-specific data were combined with generic information, using
Bayes' theorem to provide a TMI-l-specific data base that includes
all available data and their uncertainty.

The Data Analysis Report offers an in-depth description of all the data
base development.

4.5.2.4 Systems Analyses

A system analysis was performed for each of the 17 systems listed in
Table 4-6. The objective was to develop a model of system performance to
be used for the quantification of each top event conditional frequency,
i.e., split fraction. The analysis of each system split fractions is
described in the Systems Analysis Report.

In each systems analysis, the first part consisted of a definition of the
analysis. In this section, the functions being a.alyzed were described
and a brief presentation was made of the top events and the split
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fractions pertaining to the analysis. Based on this information, the top .
events were defined in detail with the success criteria for each of the

split fractions. As a final step, the boundaries of the equipment

included in the system analysis were described.

The second part of the system analysis was a description of the logic
models used for the quantification of top event split fractions. The
logic model description consists of:

¢ Support Systems Needed

e Systems Supported

o Equipment Shared with Other Systems

o Automatic Actions

¢ Manual Actions

¢ Operator Emergency/Recovery Actions

e Controlling Station Locations, Indications, and Alarms
¢ Testing and Maintenance Requirements

¢ Technical Specifications, Limiting Conditions for Operation, and

Surveillance .

A block diagram model was constructed showing the success logic for the
system in several alignments, including normal, test, maintenance, and
misalignments. Based on the<e block diagrams, fault trees were developed
on the block level to convert the success logic of the block to failure
Togic and to include common cause failures; the main function of the
fault trees was to allow computerized sorting of the minimal cutsets to
develop algebraic equations for calculation of split fraction
frequencies.

Third, an algebraic equation was developed for each alignment, based on
the minimal cutsets for that alignment. Each minimal cutset frequency
was determined by algebraic equations that combine basic event
frequencies; then, by combining the equations for each alignment, an
equation for the split fraction frequency was produced. Finally, each
sogit fraction frequency equation was quantified using the computer code
RISKMAN3.

4.5.2.5 Human Actions Reliability Analysis

The objective of this task was to evaluate operator performance during
accident scenarios. The scope of the analysis was to quantify the
effectiveness of selected human actions to delineate the human
contribution to the frequency of core damage and plant damage states.
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Only selected human actions were analyzed, In the first part of the
study, we separated human actions by type to include routine, inadvertent
initiators, dynamic human actions, and recovery actions,

® Routine Actions, These include those actions performed prior to the
accident Tnitiator, typically involving testing and maintenance,
which may result in inadvertent system miec.lignments. Routine
actions may affect the operation of the system in question by way of
either partial degradation or complete disablement., In either case,
however, the effect of routine actions was included in the system's
performance as part of the systems analysis. .

e Inadvertent Initiators. These include actions that inadvertently
initiate plant events; e.g., cause a reactor trip. These events are
an implicit part of the historical data base used for the estimation
of initiating event frequencies. Therefore, the quantification of
these human actions was not incluced here,

¢ Dynamic Human Actions. These include (1) actions performed during a
scenario to suppiement the automatic response of plant systems to
mitigate the event, (2) actions that may change cur detract from the
automatic response of plant systems, and (3) specific actions that
restore previously failed systems by realignment. Oynamic actions
were identified when called out by the plant procezures, which were
reviewed during the development of the event sequence diagrams,

¢ Recovery Actions, These refer to more complex activities to restore
previously failed systems or to start systems where automatic
actuatien is not available, Recovery actions were chosen to address
accident sequences whose significance became clear only after
preliminary rounds of quantification. Recovery actions were
evaluated by means of recovery models, which simulate situations of
decision making under conditions of high stress and 1ittle time for
detailed planning., The results from the recovery models were in the
form of a frequency of recovery, given a particular set of boundary
conditions, This frequency of recovery formed the split fraction of
the top event "system recovery" that was incorporated into the system
event tree,

The Human Actions Analysis Report describes the methodology, the
analysis, ard the results of the evaluation for all the types of operator
actions described in this section.

4.5.2.6 Environmental and External Hazards Analysis

The objective of the environmental hazards analysis was to estau'ish the

risk from internally generated hazards, such as fire, interna)l flooding,

steam, smoke, etc, The objective of the external hazards analysis, on

the other hand, was to determine the risk from external hazards,

igCI#?:ng external floods, tornadoes, aircraft crashes, earthquakes, and
e e.

The environmental hazards analysis was divided into two parts: (1) the
identification of environmental hazard scenarios in a process called
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spatial interactions analysis and (2) the assessment of their importance
compared to other contributors to risk by inclusion in the PRA assembly
process.

To determine the significant spatial interactions, it was necessary to
know the component inventory at each location in the plant., The
critical equipment, piping, and cables vital to alleviating accident
scenarios in each of the "fire locations" from the GPUN analysis
(Reference 4-6) for 10CFRS0, Appendix R (Reference 4-7), and the possible
propagation of hazards among these locations were identified. Then, &n
exhaustive 1ist was male of the sources of environmental hazards existing
at each location,

In the second step, the spatial interaction scenarios were incorporated
into the general PRA assembly process. To do this, the spatial
interaction scenarios were divided into three categories: those giving
rise to an initiating event, those disabling one system, and those giving
rise to an initiating event and simultaneously disabling one or more
systems. The contribution to risk from the scenarios of the first two
categories was accounted for in either the quantification of the
initiating event frequency or in the analysis of the split fraction
frequency for the particular system being disabled,

The scenarios giving rise to an initiating event, while also impacting
one or more of the systems required to alleviate the impact of that
initiator, were further subdivided into those leadirg directly %o core
damage and those not doing so. For those that ¢id not lead directly to
core damage, we developed separate event trees to establish their
importance. The event tree for the one such scenario found, a fire, 1%
presented in Section 4 of the Plant Mode) Report. These spatial
interaction scenarios that produced core damage without any other
independent systems faflure and therefore did not require an evant tree
for definition or quantification were included directly in the 1ist of
core damage scenarios discussed in Section 5 of this report,

The seismic analysis described in Section 2 of the Environmental and
External Hazards Report comprised several steps. The ohjective of this
task was to assess the sefsmicity of the site at Three Mile Island, the
fragility of key buildings and equipment when exposed to earthquakes, and
the possible consequences of damaging them, First, we determined annual
frequency of exceedance for peak ground accelerations at the site on the
basis of site-specific seismicity data, Second, for selected plant
components particularly susceptible to earthquake damace, we assessed
their design and design criteria; i.e., their fragility, Earthquakes can
directly fail compunents by knocking their cabinets over, for instance,
or indirectly by dropping block walls on the components., Event trees
were developed to descrihe seismically initiated accident sequences and
to determine dominant plant damage states relative to the results of the
event trees of other inftiating events. The sefsmic event trees are
described in Section 4 of the Plant Mode)l Report.

Winds can affect critical structures at the plant site in at least two
ways and are discussed in Section § of the Environmental and External
Hazards Report. If wind forces exceed the load capacity of a building or
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aiother external facility, either the walls or framing might collapse or
the structure overturn from the excessive loading. If the wind is strong
enough (such as in a tornado), it might be capable of 1ifting materials
and thrusting them against some of these critical facilities. Critical
comporients or other contents of facilities not designed to resist missile
penetration might be damaged and lose their function.

The analysis of the risk from aircraft crashes into the TMI-1 plant
described in Section 7 was built on analysis previously performed ior
GPUN as reported in Reference 4-8. The analysis of the risk from toxic
chemical accidents at or near the TMI-1 plant described in Section 8 was
built on analysis previously performed for GPUN as reported in
Reference 4-9.

Missiles generated in the event of turbine failure can potentially damage
safety-related systems. The analysis of turbine-generated missiles is
described in Section 6. Although highly unlikely, serious damage to a
series of pieces of critical equipment in combination with a plant trip
may lead to considerable consequences.

4,5.,2.7 Plant Damage States

The plant damage states developed and used in Phase Il of the TMI-1 PRA
are shown in Table 4-3 as a 1ist. Although the TMI-1 PRA did not include
a containment and degqraded core analysis, PDSs were assigned to each
scenario to make an estimate of the importance of the scenario to risk
and enable future use of these scenarios with a containment model. The
plant mode] event tree structures are profoundly affected by inclusion of
plant damage scenario end states. If core damage were the only end state
of importance, with no more information specified, the event tree
structures would be much simpler; for instance, no containment safety
features would need to appear. However, no information would be gained
about the importance of the containment safety features or about the
importance of any system to public health risk. Furthermore, if PDSs
were not included but were needed later, the event trees would have to be
drastically restructured.

As in previous PLG PRAs, the plant damage states were defined by
considering the following six factors:

1. Availability of containment heat removal for preventing long-term
containment overpressure failure after core damage.

2., Availability of fission product removal to reduce the containment
atmosphere source term potentially available for release upon
containment failure.

3. Whether the BWST water is accumulated in the cantainment before or
shortly after reactor vessel melt-through. This is to distinguish
"wet" containment sequences in which the containment atmosphere is
always saturated from "dry" containment sequences in which
superheating of the atmosphere and higher temperatures are possible.
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4. NWhether the vessel penetration takes place at high or low RCS
pressure. The pressure in the RCS dictates the distribution of core
melt debris following vessel penetration.

5. Whether the containment is isolated at the time of core damage. If
the containment is already bypassed by, for instance, a stuck-open
containment isolation valve when core damage occurs, the source term
cannot be contained and an early release will occur,

6. Whether the opening in containment produces a large or a small leak
path, For small leak paths, those of less than 15 square-inch
cquivalent orifice area, the release duration extends over several
hours and would be treated as a continuous release in the offsite
consequence model, For larger openings in containment 1ike the
48-inch diame*er purge valves, the relese would be treated as a
"puff",

The distinction between early and late core damage has been found to not
significantly impact offsite health consequences (Reference 4-10,
Section 6).

4,5.2.8 Assembly of Results

The objective of this task was to put together the scenarios from the
three sets of event trees and calculate the frequencies of all the
scenarios for the TMI-1 PRA, By determining these frequencies, judgments
were made about the relative importance of specific scenarios and systems
for reducing the predicted core damage fraguency.

The frequencies of all scenarios were calculated as follows. The
conditional probabilities of the top events (i.e., split fractions) that
were defined and estimated iteratively by the systems analysis and plant
modeling were input to the various event trees, which we evaluated
numerically by use of the ETC9 computer program, Results from al) event
tree runs were input to the MAXIMA program, MAXIMA produced (1) a 1ist
of scenarios ordered by their core damage frequency and a separate 1ist
to each plant damage state, (2) the conditional probability of going from
each initiator to each plant damage states, the plant matrix described in
Section 4.2, (3) the total frequency of core damage, and (4) the
contribution of particular systems and plant model segmsnts to overall
core damage.
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TABLE 4-1., SCENARIO TABLE IN ABSTRACT FORM
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TABLE 4-2. PINCH POINT I - TMI-1l

INITIATING EVENT GROUPS

Initiator |

Initiator Group

10

12
13
14
15
16
17

18

19

\

Large LOCA

Medium LOCA

Small LOCA

Very Small LOCA

Inadvertent Opening of DHR Valves

Steam Line Break in Intermediate
Building

Steam Line Break in Turbine Building
Steam Generator Tube Rupture
Excessive Feedwater Flow

Total Loss of Main Feedwater

Reactor Trip

Turbine Trip

Loss of Air System

Loss of Control Building VYentilation
Loss of ATA Power (ICS)

Loss of DC Power Train A

Loss of Offsite Power

Loss of Nuclear Services Closed
Cooling Water

Loss of River Water
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TABLE 4-3. PINCH POINT II - TMI-1 PLANT DAMAGE STATES

|

Description of Conditions at Time of Care Damage

{ !
: | '
| ; o T T {
| Plant | ‘ ‘ | Reactor | Reactor | y
! r
: :nmaqe ;Ahbrev!ation: n:s: ::ﬁec:1on{ RCS Pressure | PRuilding ? Building i :::fgﬁn }
| tate | | elative to | at | Inteqrity at | Fission " 9 !
! !  Reactor Vessel | Melt-Through | Core Melt | Product eat |
1 f | Mete=Tareuph | | Inftfation | Remova) | trove!
| i | | | |
| - . L \ i I L i
1 14 | Never | Low | Yes ‘ Yes | Yes
2 1 ' Never | Low | Yes I Ne | Ne
3 10 | Never 1 Low l Smal) | Yes | Yes t
: 4 17 | Never Low i Small | No | No
‘ £ M , Never Low : Large No | .- |
' A 2A Rafore » Low | Yes Yes | Yes 5
? 28 | Before , Low Yes | Yes | Neo {
8 2C | Refore | Low | Yes No ! No J
) 2n Refore Low | Smal) Yes Yes ‘
10 2f ? Refore Low | Small | Yes | No ‘
N 2F { Rafore Low : EM” l;o | Yo
12 26 | Refore Low ‘ arge es | -
13 2H | Refore Low | Large NO | .e |
14 2 . Never High ; Yes ' Yes Yes <
1§ k{o Never Hiqh Yes { No | No |
16 kls) Never _ High Smal) Yes Yes
17 I Never High | Small No No
18 M | Never High i Large No -
| 19 4A ‘ After Hiah i Yes Yes Yes
~ 20 ap | After High ‘ Yes Yes No
! F ac { After High ‘ Yes | No NoO
| 22 an After High ! Small Yes | Yes {
| 22 4 | Aftar | High Small Yes | NO ‘
w 24 AF Af ter Hiah Smal) No No
2% 5 After , Hiah ‘ Large | Yes | .-
26 4H After High Large | No -
2?7 5A Rafore Hioh Yes Yes ‘ Yes
2R cR Refore Hiah Yes Yes No
29 5C Refpre High Yes No | No
30 sn Refore High j Smal) | Yes Yes
N 5E ’ Befare High Smal) . Yes No
32 SF Refore ! Hiah Small No No
33 56 RPafore Hiah Larae Yes : .-
24 SH Refore Hiah | Large | No ‘ el
Legend:

-=" indicates that heat removal takes place through the 1arge hole in the reactor building,

High PCS pressure at melt-throyugh means > 400 psi3; Yow oressure means < 400 psiqg.

“Larae” means hole of > 15 square-inch equivalent orifice area produced only hy leaving the
containment ourge valve(s) open; "small" means a hole < 15 square inches produced by
1eaving any other penetration or combination of penetrations unisolated; "yes" means the
containment {5 intact,
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. TABLE 4-4. PINCH POINT II1 = EXAMPLE RELEASE CATEGORIES

Cii;g:i: K ; Description of Release Conditions ;
i 4
1 ;Steam Explosion with Containment Spray
2 iSteam Explosion without Containment Spray ‘
3 }Ear]y Overpressure with Containment Spray :
4 !Eaﬂy Overpressure without Containment Spray |
; 5 jDelayed Overpressure with Containment Spray ‘
| 6 :De'layed Overpressure without Containment Spray i
7 iBasemat Melt-Through with Containment Spray :
8 EBa,eemat Me1t=-Through without Containment Spray |
9 | Containment Intact with Containment Spray
' 10 ;Contaw.nent Intact without Containment Spray

v i
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TABLE 4-5. PINCH POINT IV « EXAMPLE DAMAGE TYPES

Damage :
Type L Description
l Acute Fatalities
2 Injuries
3 ' Thyroid Cancer Cases
4 Cancer Fatalities (other than thyroid)
5 whole Body Man-Rem Exposure
4-28
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TABLE 4-6, SYSTEMS ANALYZED

Electric Power System

Engineered Safeguards Actuation System

Nuclear Services River Water and Closed Cooling Water Systems

Decay Heat River Hater and Closed Cooling Water Systems

Control Building Yentilation System

Reactor Protection System

Turbine Trip System

Main Steam System

Main Feedwater and Integrated Control Systems
Emergency Feedwater System

Pressure Control System

High Pressure Injection System

Low Pressure [njection/Decay Heat Removal System
Reactor Building Isolation System

Reactor Building Emergency Cooling System
Reactor Building Spray System

Instrument Air System

0572G100587TSR:6 4-29



TABLE 4-6, SYSTEMS ANALYZED

L Electric Power System

|
l
i 2. Engineered Safeguards Actuation System
] 3. Nuclear Services River Water and Closed Cooling Water Systems
| 4. Decay Heat River Water and Closed Cooling Water Systems
: 5. Control Building Ventilation System
| 6. Reactor Protection System
7. Turbine Trip Sys*em
8, Main Steam System
9. Main Feedwater and Integrated Control Systems
10, Emergency Feedwater System
l1. Pressure Control System
12, High Pressure Injection System
13, Low Pressure Injection/Decay Heat Removal System
14, Reactor Building Isolation System
15, Reactor Building Emergency Cooling Svstem
16, Reactor Building Spray System

17. Instrument Air System
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5. SUMMARY OF RESULTS

Section 4,1 described how the risk from operating TMI-1 could be
characterized by a set of risk curves, as shown in Figures 4-1 and 4-4,
The assembly process for TPRA cunsisted of using unconditional initiating
event frequency curves like curve A in Figure 4-4 and combining them with
conditional scenario frequency curves like curve B to produce
unconditional plant damage state frequency curves like curve C.

This section summarizes the results of the PRA by first showing the core
damage frequency curve and then working backward to unravel the
contributors to this curve (more detailed results are presented in
Section 6 of the Plant Model Report). The contributors to be examined
first will be the initiating event groups (Section 5.2), which are pinch
point I in Figure 4-4, Next, these results will be unraveled further in
Section 5.3 to examine the scenarios contributing to core damage
frequzncy. In Section 5.4, the scenarios will be summed down the event
tree top events to find the most important systems. Finally, each of
these important systems will be further unraveled in Section 5.5 to
identify the most important component failures contributing to the
unavailability of each important system., Operator-initiated system
actions are described in Section 5.6.

A1l of the sequences described in this section contribute signficantly to
the core damage frequency, but they would not all necessarily contribute
significantly to the public health risk of operating TMI-1. A1l core
damage scenarios contribute to the economic risk to GPUN of operating
TMI-1, but some do not contribute to the risk of offsite ccnsequences.
Some information about the contribution of each scenario to public health
risk may be gleaned from the plant damage state of the scenario. Plant
Jamage states are discussed in Section 5 of the Plant Model Report.

5.1 CORE DAMAGE FREQUENCY

Figures 5-1 and 5-2 present the probability of frequency curve for core
damage. This is one of the key results of the TPRA, The frequency of
core damage represents the 1ikelihood that some scenarios could get
sufficiently out of control to damage the core.

The core damage frequency curve is presented in probability of frequency
fcrmat., This format was used to express our state of knowledge about
this freguency. As explainea . Section 4.4, each parameter involved in
the calculation of the core damage frequency has uncertainty associated
with it. A1l of the uncertainties that went into calculating the
frequency of each scenario were combined to calculate a frequency
distribution for the scenario. Then, the probability of frequency
distribution for each scenario was combined to calculate the uncertainty
associated with the core damage frequency.

Figures 5-1 and 5-2 divide the core damage frequency into broad
categories according to the source of the initiating event. The “total
externals” curve represents the contribution from all externally
initiated scenarios and the "total internals" from all internally
initiated scenarios. The "total" curves represent the sum of these two.

5-1
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The probability of core damage frequency curves in Figure 5-1 expresses
uncertainty using the cumulative frequency format, Figure 5-2 expresses
the same information in the probability density format. These figures
both say that the TMI-1 PRA team is 952 confident that the total core
damage frequency from all sources (both internal and external; see next
section) is no more thtn 9.4 x 10°% and 95% confident that it is really
greater than 2.6 x 10, These figures also indicate that our best
estimate of the core damage frequency, the median (or 50th percentile),
is 4.5 x 107", The mean 2f the total core damage frequency

distribution is 5.5 x 1C°9,

The greater range between the 5th and 95th percentile values “total
external” curve in Figures 5-1 and 5-2 indicates the greater uncertainty
in calculating the frequency of externally initiated scenarios compared
to that involved with calculating the frequency of the internally
initiated scenarios. The span is about an order of magnitude for the
externals as compared to about half that for the internals,

The point estimate mean value shown in Figure 5-1, 5.5 x 10°4, has a
special significance to the results presentea for this study. This mean
value is the product of the means of the system reliability and
initiating event frequencies used for choosing the most important
scenarios. Most results presented in the first three volumes of this
study are presented in terms of products of means, and their contribution
or importance is compared to 5.5 x 10”4, The most important use of the
product of the means was in determining which scenarios were sufficiently
important to have their own mean and distribution calculated, The most
important scenarios were chosen from the event tree calculations using
rean values for the split fractions, Tie split fraction mean values were
used for screening because they are single values that characterize the
shape of the probabi’’ty of frequency distribution and therefore help
ensure that the corre.t “"important" scenarios were chosen.

5.2 INITIATING EVENTS CONTRIBUTING TO CORE DAMAGE FREQUENCY

This section discusses the initiating events that contributed the liighest
frequency scenarios to the total probability of core damage frequercy
curve presented in Figures 5-1 and 5-2, All of the initiating event
groups used in the TPRA are shown in Table 5-1, Table 5-2 shows the
contribution of the initiating events in Table 5-1 grouped according to
whether they originate within, internal, or outside the plant systems,
external, All the internal initiating events contribute 81% of the core
damage frequency, while the external contribute 19%2. Most of the
contributions (16%) from external events come from the six firec listed
in Table 6-1. The calculation of the fire and other external event
frequencies is presented in the Environmental and External Hazards
Report., One fire, F04, and the four earthquakes, E15, £25, E40, and £60,
were analysed using event trees as described in the Plant Model Report.
As seen in Table 5-1, core damage results 36% of the time from scenarios
initiated by loss of control building ventilation, 7% of the time from
steam generator tube rupture, 6% of the time from fires in the auxiliary
building MCC area (AB-FZ-6) and 5% of the time from loss of offsite
power, 4% of the time from reactor trip, fires in switchgear room 1S
(CB-FA=2b), fires in the ESAS cabinet area (CB-FA-3¢), loss of instrument

52
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air, medium LOCA, and excessive main feedwater and very small break
LOCA. No other initiators contribute more than 3%.

The fire-initiating events listed in Table 5-1, except for the fire in
the 1D switchgear room (CB-FA-3a, hazird scenario 2), lead directly to
core damage because none of the alleviating systems that are still
available after the fire can prevent core damage, In most of these
fires, loss of the RCP seal cooling and unavailability of the high
pressure injection pumps produces core damage., The core uncovers because
the RCP seals fail and water is then lost through the seals, There is no
way to replace the lost reactor coolant since the high pressure injection
pumps do not work, It will not happen right away, but core damage is
inevitable unleis either power is recovered to the HPI pumps or, in fact,
the seals somehtw remain intact,

In all of these fires, power or control cables are burnt in low
probability fire  of higher intensity than those for which 10CFRSO,
Appendix R (Refe ence 5-1) protection was designed, The frequency of
such fires is ve'y low, but the possible impact on the plant is so great
that they became .mportant risk contributors, The fire in the control
building 1D switchgear room (CB-FA=3a), hazard scenario 2 shown in

Table 5-1 required an additional nonfire-related failure to produce core
damage and did not produce any important scenarios., Therefore, this
initiating event contributed relatively little to the total core damage
frequency (<1%),

5.3 SCENARIOS CONTRIBUTING TO CORE DAMAGE FREQUENCY

This section discusses the plant model scenarios which dominate the total
frequency of core damage curve presented in Figure 5-1, As listed in
Table 5-3, the core damage scenario with the highest frequency (33%) is
one initiated by loss of control building ventilation, The next three
highest frequency scenarios at 6%, 4%, and 4%, respectively, are fires in
three different areas of the plant, The first one is in the auxiliary
building and the next two are in two different areas of the control
building. The next highest frequency scenario at 2.4% is a medium LOCA
scenario in which the operator fails to establish recirculation flow from
the reactor building sump, The next scenario at 2% is initiated by
excessive main feedwater, which actuates high pressure injection, The
operator fails to reestablish minimum=-flow recirculation when he
throttles the HPI flow, which fails the operating high pressure injection
pumps, Then, the RCP seal cooling fails independently, Failure of seal
injection from the HPI pumps and of seal covling together result in
extensive leakage from the RCP seals, The seventh scenario at 2. is
another fire, this one in the 1E switchgear room in the control

building. The next scenario at 14 also is a seal LOCA but initiated by a
loss of air with subsequent failure of the seal injection valves and of
seai cooling, The eighth most frecuent scenario is 1ike the fifth, a
failure of sump recirculation, but, in this case, following a large
instead of a medium LOCA, The next 3 scenarios and the 14th, all at
about 1% each, result in core damage because of failures of decay heat
removal either by failing the DHR system itself or by failing the decay
heat cooling water system or combinations of one train of each. Al
other scenarios contribute less than 1% each, These scenariss are the
first of an almost continuous series of scenarios, In fact, in this

§=-3
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continuum of scenarios closely spaced in frequency, the first 10 contain

only 55% and the first 100 only 74% of the total likelihood of core
damage,

Based on the scenarios shown in Table 5-3 with “*" and "*= "
approximately 54% of the core damage frequency involves scenarios in
which reactor coolant is being loct through the reactor coolant pump
seals because neither seal cooling from the intermediate closed cooling
water system nor seal injection is available from the makeup system. In
addition, this loss of reactor coolant cannot be properly alleviated
since high pressure injection is also unavailable, In some of these
cases, long-term decay heat removal is also not available (those marked
with “*"), The 1oss of inventory through the seals dictates the time
available for recovering support systems that are lost, If seal cooling
and injection failures did not lead to large losses of RCS coolant, as
assumed i2 this PRA, then the Tgl-l core damage frequency would be cnly
4.5 x 107" instead of 5.5 x 107" in the "**" cases and, in the "*"
cases, the likelihood of recovering DHR capability would be higher,

Another interesting conclusion from looking down the list of scenarios is
that 42% of the core damage frequency comes from scenarios in which
long-term core heat removal/inventory control is involved, Failures in
sump recirculation and decay heat removal are included in this group.
This means that core uncovery would take a relatively long time to occur;
therefore, more time is available to fix damaged systems, Some advantage
has already been taken of these enhanced repair and recovery
opportunities in this PRA. LOCAs (other than seal LOCAs) with failure of
the HPI are not important contributors in this plant,

5.4 PLANT SYSTEMS CONTRIBUTING TO CORE DAMAGE FREQUENCY

This section discusses the plant systems that are most important to the
total frequency of core damage curve presented in Figure 5-1, The
scenarios in Table 5-3 were further decomposed to find the system action
failures that dominate the frequency of severe core damage; these syste
action failures are shown in Table 5-4, The systems in Table 5-4 are
indicated by underlined uppercase letters that correspond to individual
systems analyses in the Systems Analysis Report, The appropriate section
numbers are indicated in this table. Under each systems analysis
heading, the actions that each system performs are grouped by categories
that correspond to the event tree top events, Under each category title
indicated by a bullet (“0") are specific system actions or events
initiated by failures with the system, (These specific system actions
are roferrec to above as split fractions in Section 4.) The first
numerical column to the right of the titles is the decomposition of the
total core damage frequency into contributors. This decomposition is
made by adding the frequency of all scenarios in which each system
failure occurs, The total percentage of all contributing systems may
exceed 100% because more than one system failure may occur in each core

5-4
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darage scenario.* Such a "vertical cut" measures the cumulative effect
uf many low frequency scenarios that, due to their large number, would be
prohibitive to examine individually.

The second column to the right in Table 5-4 represents the system
contribution that comes from each system action category. The numbers in
the second column in square brackets (“[ 1") indicate the contributions
from split fractions other than 0.0 or 1.0. The numbers in curly braces,
“{ }" indicate the contribution of scenmarios that have both of two
redundant trains failed (the so-called "cross terms"). The contribution
from these two train failure cases have been subtracted from the total
system contribution in the first numerical column because, otherwise, the
system actions would be double counted when compared to an action that
contains both trains. The third column represents the fraction of the
system action category contribution that comes from each specific action.

When failures that initiate events, as well as those that alleviate the
consequences of initiating events, are considered, the control building
ventilation system at 43% is seen to be very important. Most of the
scenarios that lead to core damage and have CBVS failures (98%) are
initiated by loss of control building ventilation.

Failures of the decay heat removal system appears in scenarios sustaining
37% of the core damage frequency. Failure of this system is important
because it is necessary for the long-tern success of core heat removal
through either open (sump) or closed loop recirculation. Recirculation
from the reactor buildina sump is an important part of this system, This
system also contains low pressure injection actions. The decay heat
cooling water system that cools the DHR heat exchangers is also important
figuring in 21% of the core damage scenarios.

The high pressure injection system also figures in scenarios with 37% of
the core damage frequency. As can be seen by the square bracket terms,
however, the HP1 system is usually important not because of faiiures
within itself but because surport system failures make it unavailable.
The important exceptions to this are the throttling and mininum-flow
recirculation system action categories.

*The importance percentage calculated in this way usually indicates the
percentage reduction in core damage frequercy that would result if the
system were made perfect; i.e., unable to fail. For instance, if

system A (which contributes to 10% of the core damage frequency) vere
made perfect, the total core damage frequency would be reduced by 10%,

An exception to this rule is for cases for which the system does not
contribute to core damage but merely to the PDS damage state in which the
scenario appears. Fixing a containment safety feature will not reduce
core damage frequency; therefore, when such a system is made perfect, the
frequency of one PDS is decreased, while that of another is increased by
the same amount, leaving total core damage frequency unchanged. Another
exception is when there are two systems failed in the scenario, eithe~
one of which would in itself lead to core damage. Fixing one such system
would reduce the frequency of the scenario with the pair of failures and
increase the frequency of the scenario containing failuce of the unfixed
system.

5-5
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Electric power systems failures account for 24% of the core damage '
frequency. These include all of the AC and DC power and offsite power
systems that are important to accident initiation or alleviation.

Main steam and feedwater system failures, although they do not lead
directly to core damage, occur in scenarios that have 23% of the core

damage frequency.

RCS pressure control system failures appear in about 22% of the core
damage frequency. These are system actions to open and close RCS relief
valves and to use the RCS sprays to depressurize the RCS during
cooldown. Again, only failure of the cooldown actions would lead
directly to core damage, but the other pressure control system failures,
if eliminated, would reduce the ccre damage frequency.

No other systems contribute to in more than 10% of the core damage
frequency.

5.5 SYSTEM COMPONENT FAILURES CONTRIBUTING TO CORE DAMAGE FREQUENCY

The most important of the system action categories in Table 5-4 were

further decomposed to show the most important specific system actions

that contributed to each category and the system component failures that
contribute to the failure of each specific action, This further

decomposition is shown in Table 5-5. Each page of Table 5-5 contains the

most impor.ant of the action categories as they appeared in Table 5-4 for

a particular system., Use Table 5-4 as a quide for plowing tnrough the ‘
more extensive and complicated Table 5-5.

The left-hand three columns in Table 5-5 are the same as those in

Table 5-4, The three right-hand numerical columns are different. The
first numerical column in Table 5-5 15 the same as the second one in
Table 5-4, [t {s the system action category (top event) contribution to
core damaae frequency. The second column in Table 5-5 is the same as the
third in Table 5+4, it is the fraction of the total contribution to the
category from eacn specific system acvion (split fraction). The third
right-hand column in Table £-5 is the fraction of each system action
failure that is caused by a particular component or set of components
(blocks in the reliability block diagram for the system). Only the most
important component failures are shown, not all of them. Extreme caution
should be used if one is tempted to multiply these three columns
together, but they do give some idea of which components to work on to
reduce the core dama?e frequency. This table also indicates the
contribution from initiating events and the cases in which the system
unavailability was dictated hy dependence on supnort system or other
preceding failures instead of failures within the system itself. Such
cases are indicated by specific system actions that are labeled
“guaranteed failure.” An example of this is DHR system specific action
SA<1.0 (SAE). The number in the second column to the right of SA-1.0,
8%, indicates that 8% of the 15% contribution to the SA system action
category or about 1% of the 15% is not due to failure of the sump or
operator, but due to dependence on the failure of some preceding system.

5-6
0573G100787TSR



No attempt has been made to sum across components of a particular type
except for operator actions. The operator actions extracted from
Table 5-5 are Adiscussed in the next section.

5.6 OPERATOR ACTIONS CONTRIBUTING TO CORE DAMAGE FREQUENCY

Many operator actions are important in the TMI-1 PRA, and contribute
significantly to reducing the calculated core damage frequency. However,
the failure of the operators to successfully perform certain actions
contributes to core damage in some of the scenarios. Table 5-6
summarizes the contribution of the most important of the operator actions
to core damage frequency. The actions in Table 5-6 are grouped into
three categories:

e Operator Restoration and Recovery Actions
o Manual Actions To Actuate Systems
e Manual Backups To Automatic Actions

Inclusion in these categories is somewhat arbitrary; some actions might
logicaliy fit into two categories, but have only been put into one. Al]l
of the operator actions in Table 5-5 were put into one of these three
categories. These actions included those from recovery (RE) top events,
from initiating events that had operator actions to prevent the plant
tripping, and from s-/stems analyses, but no maintenance contribution was
included. The numbers in the second right-hand coiJumn have had the
specific system action contribution to core damage frequency multiplied
by the fraction of that failure that was estimated to be attributadble to
the operator. A1l such products were summed to get the number in the
first right-hand column; then, the first right-hand column was divided
into each specific action contribution to get the fractions in the second
column., Table 5-6 had to be prepared at the level of specific operator
actions because only at this level could the operator's contribution be
calculatad, No generalities could be made zbout h's contribution across
all operator actions in any particular 2ctior categury.

The most important category of operator actions were those classified as
restoration and recovery (38%). By far the most important action of
these was what the operator did after 10sing the contro! building fans or
chillers to restore ventilation before plant trip (58% of the 38%).

The next most important category comprised the manual actions to actuate
systems (12%). In this category, the operator was almost equally
important to reestablishing minimum-flow recirculation after throttling
HP1 flow (47% of 12%) and switching low pressure pump suction from the
BWST to the sump following a large LOCA (39% of 12%).

The last category, manual backup to automatic actuations, was less
important at 8% and contained no single important action that contributed
more than 25% of this 8%,

5.7. REFERENCES

5-1, Code of Federal Regulations, 10CFR Parts O to 199, Revision of
January 1, 1986, Office of the Federal Register, National Archives
and Records Administration.
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TABLE 5-1. INITIATING EVENT CON/RIBUTIONS TO CORE DAMAGE FREQUENCY

Sheet | of 2
| | Contribution f Mean |
: il Description , Cowns;:::;o ; i i !
| ""1‘”; | Frequency, Por:m!l pcrv:::ctor ;
. | 1 ' . |
\%' I ? of 5,5 x 10 Jﬁ ' )
| AC {Loss of Lontro! Building Ventilation ' 36.4 [ 200210 |
| TR Stesm Generator Tube Rupture { 7.0 | 3.84 x 10°
FO! iﬂro in Auxiliary Building MCC Area : 5.5 | 3,00 x 10°8
| (AB<FZ-6, hazard ' 1) | |
AC Loss of Offsite Power I 5.3 2,90 x 1078 |
RT ihlctor Trip : 3.8 , 2,10 x 1078 :
Gl R R L B
FOE  Fire fn Control Building ESAS Cabinet | 1.6 | 2,00 x100% |
‘Area (CB-FA-3c; hazard scenarfo 1) ; ’
LA [Loss of Instrument Afr ' 1,6 | e xr0d |
MU Medium LOCA A 1.6 1,97 2108
EXC | Excessfve Main Feedwater 1.1 . 1,80 1 10°5
¥SB | Very Small LOCA f 1.2 Lo e x 008 |
LR ;Lou of River Water to the Pump House | 2.9 1,68 1 10°8
T |Turbine Trip . 2.4 1,28 x 1078
ATA |Loss of ATA Power 2.3 \ 1.22 & 10°8
FO8 Fire in Control Building Switchgear | 1.8 1,00 » 10°% ‘
| Room 1€ (CB-FA-3b; hazard scenario 1) |
A1) Other Fires and Floods <2,0 | € 1,00 x 10°8 ;
0 Loss of Ome Train of OC Power 1.8 ; 9.80 x 106 |
(L | Large LOCA 1.6 a8 w106 |
$3 Small LOCA | 1.4 L a2t x0t |
’Lnrqe Externa) Floods | 1.4 7.50 x 10°6
$L1 team or Feedwater Line Breaks in the | 1.1 6.32 x 10°¢ |
| Turbine or Intermediate Building ; |
o R B, v | ot | i
LNS  |Loss of Nuclear Services Cooling Water 0.7 } 3,56 x 1076 |
Fo4 Fire {n Control Building Switchgear " 0.3 | 1.36 x 1076 | ‘
| Room 1D (CB-FA-3a; hazard scenario 2) | ‘ I |
Fu ;?ou1 Loss of Main Feedwater | 0.6 SR [T | :
€60 | 0.69 Earthouake | 0.8 248w we | |

0574810128778R: 1 5.8




TABLc 5-1 (continued)

Sheet 2 of 2
o T 1
l [' Contribution | s ‘
i Abbre- | | to Severe | Frequency
viationi Description Core Damage | e Mesctor
! ' | Freguency, Percent Year
! | of 5,5 x 104
— - -
| E25 quake < 0.1 1.22 x 107
r !
|‘ | B Opening of the DHR [ .7
‘ | solation Yalves | < 0,1 { 1.00 x 10 |
| e Lo nquake < 0.1 | 7.62x10°% |
| |
| F15 | 0.15g Earthquake ; < 0.1 | 2.76 x 10°8
| | | |
057461012877SR: 2 5-9



TABLE 5-2.

INITIATING EVENT CATEGORIES CONTRIBUTING
SIGNIFICANTLY TO CORE DAMAGE FREQUENCY

|
{
|

Mean
Description g::z;;gugion. Frequency
bt a per Reactor
5.5 x 10 Year
INTERNAL 80 6 4,43 x 10-4
Loss of Support Systems: 52.8
Loss of CBY 36.4 2,00 x 1074
Others 8.2 4,53 x 1075
Loss of Offsite Power* 5.3 2.90 x 10-5
Loss of River Water to Pumphouse 2.9 1,58 x 1075
| A1l Other Transients 11,1 6.09 x 10°5
l Yery Small LOCAs (including
E steam generator tube rupture) 10.1 §.58 x 1075
{ A1l Larger LOCAs 6.5 3.58 x 1075
LOCA outside Containment < 0,1 1.00 x 10~7
|
| EXTERNAL 19.4 1.07 x 10-4
Fires Explicitly Modeled** 15,7 8.64 x 10°5
A1l Other Fires and A1l
Internal Floods L. 2 1.00 x 1075
Earthquakes 0.5 2.70 x 10-6
External Flood 1.4 7.5 x 10-6
Tornado << 0,1 1.2 x 108
Turbine Missile <0,1 2.3 x 1077
Aircraft Crash < 0,1 1.0 x 1077
Toxic Chemical < 0,1 2.6 x 1077

|
|

*Loss of offsite power could also be included in the external category,
**Fires, though internal to the plant, are usually categorized as
external events,

0574G102987TSR: 3
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TABLE 5-3. SCENARIOS CONTRIBUTING SIGNIFICANTLY TO CORE DAMAGE FREQUENCY

Sheet 1 of 4
Cortribution |
RCP to Severe Mean
Order L Seal Core Damage Freauency
Number Description Fail- Frequency, fer Reactor
ure Percent of Year
5.5 x 10-4

1 | Loss of control building ventilation and failure » 33.3 1.83 x 1074
to establish alternate room cooling.

2 Fire in auxiliary building MCC area (AB-FZ-6; e el 3.00 x 10°5
hazard scenario 1).

3 Fire in control building switchgear room 1S ok 3.6 2.00 x 10~5
(CB-FA-2b; hazard scenario la).

4 Fire in control building ESAS cabinet area ok 3.6 2.00 x 10-5
(CB-FA-3c; hazard scenario 1), and the operator
fails to use the clternative shutdown system
correctly.

5 Medium LOCA and failure to establish sump 2.4 1.30 x 10-5
recirculation.

6 Excessive main feedwater, leading to HPI actuation; kk 1.9 1.02 x 10~°
failure to provide HPI minimum-flow recirculation
after H”I flow throttling, leading to HPI pump
failure; and failure of RCP seal cooling leading
to seal LOCA with no HPI available.

7 Fire in control building 1E switchgear room (CB-FA-3b; b 1.8 1.00 x 10-5
hiazard scenario 1).

*Long-term DFR? h: ' re¢ -val is also unavailable.

**Seal cooling and injection ar~ both failed.

0574G102687TSR:4
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TABLE 5-3 (continued)

Sheet 2 of 4
Contribution
RCP to Severe Mean
Order - Seal Core Damage Frequency
Number Description Fail- Freauency, per Reactor
ure Percent of Year
5.5 X 10-4
8 Loss of air; failure of RCP seal injection and ek 1.1 6.26 x 1076
cooling.
9 Large LOCA and failure to establish sump 1.1 5.95 x 1076
recivculation.
10 Steam generator tube rupture and failure of 1.1 5.88 x 1076
one train of decay heat removal and the opposite
train of decay heat cooling water, leading to
loss of long-term decay heat removal capability.
11 Very small LOCA and failure of both trains of 1.1 5.78 x 1076
decay heat cooling water, leading to joss of
long-term decay heat removal capability.
12 Steam generator tube rupture and one train of 1.0 5.36 x 106
electric power leading to failure to cool down
RCS and stop RCS inventory loss so that
recirculation is not necded.
13 Fire in contryl building battery room B > 1.0 5.00 x 10~F
(CB-FA-2d; hazard scenario 1), leading to seal
LOCA with no HPI.

*Long-term DHR heat removal is also unavailable.
**Seal cooling and injection are both failed.

05‘2687TSR:5
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TABLE 5-3 (continued)

Sheet 3 of 4
[ Contribution
RCP to Severe Mean
Order P Seal Core Damage Freaquency
Number Description Fail- Frequency, per Reactor
Lre Percent of Year
5.5 % 10-%
14 Very small continued loss of RCS inventory, 0.7 3.90 x 10-6
failure of one train of decay heat cooling, and
failure to align other train of decay heat
removal.
15 Loss of river water; loss of EFW, thus reducing * 0.7 3.90 x 1076
available recovery time; and failure to recover
river water prior to core damage.
16 Loss of river water with EFN available and * 0.6 3.51 x 1076
failure to recover river water, even with more
time available.
17 Steam gererator tube rupture and failure of 0.6 3.21 x 1075
decay heat removal.
18 Steam generator tube rupture and failure of the 0.6 3.12 x 1076
necessary closed-loop recirculation because
there is no water in the sump.
19 Station blackout; failure of EFW, thus reducing x 0.5 2.77 x 1076
available recovery time; and failure to recover
AC power prior to core damage.
20 Small LOCA and failure of both trains of decay 6.5 2.70 x 1075
heat cooling water. :
|

*Long-term DHR heat removal is also unavailable
**Seal cooling and injection are both failed.

0574G1026387TSR:6
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TABLE 5-3 (continued)

Sheet 4 of 4

Contribution
RCP to Severe Mean
Order excrintisn Seal Core Damage Frequency
Number ‘ p Fail- Frequency, per Reactor
ure Percent of Year
5.5 x 10-4
21 Steam generator tube rupture and failure to 0.4 2.48 x 1076
cool down prior to BWST exhaustion, leading to
continuing inventory loss with no makeup available.
22 Loss of one train of DC power, failure of EFW, 0.4 2.00 x 1076
and failure of operator to start HPI cooling.
23 Reactor trip, continued small RCS inventory loss, 0.4 1.88 x 1076
failure of both trains of decay heat cooling
water, and failure of the operator to get decay
heat removal back prior to core damage.
24 Loss of one train of DC power, failure of EFW, 0.4 1.88 x 1076
failure of the opposite train of decay heat
ccoling water, leading to unavailability of high
pressure recirculation.
25 Very small break and failure to establish high 0.4 1.86 x 106

pressure sump recirculation.
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TABLE 5-4. SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUENCY OF CORE DAMAGE
Sheet 1 of 5
Sys tem* »
Speci fic aben Total :cmn specific
System System Fr:ction/ System (SAR Section; Sys tem Category Sys tem
Ac tion Action Inftiatin Component Table Number) Contribution Contribition Action
Category [split fraction/ Event 9 System Action Category to Core Aot Contribution
(top event) initiating e Specific System Action Damage D to Top
essat (1.5.33 Abbreviation Frequency amage Fount
T Frequency
Control Building 431
Ventilation (6; 5-5A)
cv Control Building Ventilation 43% [11]
5L LC e Loss of CBV Initiating Event 981
CV-1(NS) Ccvb e Control Building Ventilation 2%
Failure
Decay Heat Removal (6; 5-78) 372
SA Decay Heat Removal - Reactor 15% [52]
Building Sump Train A
SB Decay Heat Removal - Reac tor 12% [5%] (5%)
Building Sump Train B
DH Decay Heat Removal - Pumps 81 [81]
and Heat Exchangers
HL Decay Heat Removal - High
Pressure Recirculation 43 [21]
LP Low Pressure Injection Mode 21 [.21)
BW Borated Water Storage Tank 1%
High Pressure Injection 3
(13; 5-5C)
HPB High Pressure injection 163 [.32] (03)
Train B - Pump
HPA High Pres_ure Injection
Train 4 - Pumps A and B 9% [1%]
TH Throttle nigh Pressure 8% [52]
Injection Flow
MR Minimum-Flow Recirculation 7% [62]
HI High Pressure Injection Valves 21 [.2%]
INJ RCP Seal Injection Valves 2%

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

0574G100987TSR:8

Contributors to other results were not included.



91-§

TABLE 5-4 (continued)

Sheet 2 of 5
s tem*
Specific - Total S{cmn specific
Sys tem Sys tem p System (SAR Section; Sys tem System
Fraction/ Category
Action Action Ini tiatin Component Table Number) Contribution Casibiiisition Action
Category [split fraction/ T 9 System Action Category to Core Db Contribution
to To
( top event) i:itt::t;n?] trevistisn] ® Specific System Ac tion Frza::ce T Emmtp
o o 9 y Frequency
Electric Power (2; 5-5E) 24%
op 0ffsite Power 61 [.2%]
LE. AC e Loss of Offsite Power 9631
Initiating Event from
Operating History Data
oP-1 OPA e Loss of Offsite Power after 41
Plant Tri
GA Emergency AC Power - Train A 5%
GB Emergency AC Power - Train B 4% {13}
1C 480V AC Motor Control 32
Center-1C ESV
D8 Emergency DC Power - Train B 2
AA ATA bus 2% [.12]
DA Emergency DC Power - Train A 22
Main Steam and Feedwater 231
(8, 9, 10; none)
ME- Main Feedwater - Enough 141 [.n]
ic Main Steam Safety Valves Reclose 8% [61]
MF+ Main Feedwater - Too Much 1%
1T Turbine Trip < .02%
SD Secondary System Relief < .02%
Valves Open
SL Steam Line Rupture Detection < .02%
Sys tem
SI Main Steam Isolation Valves < ,02%
Close

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

‘4610078718!!:9

Contributors to other results were not included.
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TABLE 5-4 (continued)

Sheet 3 of 5
-~
Specific split Total S‘x:::n Specific
System Sys tem £ g tion/ System (SAR Section; Sys tem Catesor System
Action Action In :::a t?: Component Table Number) Contribution Con:rizz tfon Action
Category [split fraction/ lEv'mt ’ System Action Category to Core - Cooid Contribution
{ top event) initiating ) e Specific System Action Damage to Top
Abbreviation Damage
event (I.E.)] Frequency Event
Frequency
2CS Pressure Control (12; none ) 22%
Fo PORY Opens ng [.2z]
RC Primacy Relief Valves Reclose 8%
CE Cooldown during an SGTR 3% [12]
cD Cooldown after a Small Leak 2%
PV Primary Relief Valves Open < .02%
Decay Heat Cooling 213
Water (5; 5-58B)
HA Decay Heat Cooling Water - 123 [9%)
Train A
HB Decay Heat Cooling Water - Nz [(8z] (2%}
Train B
Intermediate Closed Cooling 97
water (13; 5-5D)
SE Intermediate Closed Cooling 9% [52]
Water
Emergency Feedwater (11; 5-5F) 6%
EF- Emergency Feedwater - Not 6%
Enough
EF+ Eaerzency Feedwater - Too < 023
Muc

*These are percentages of the total core dama
event tree results assembled with MAXIMA (see PMR, Section 1).

0574G100787TSR: 10

ge frequency calculated from the internal events plus one fire contained in the
Contributors to other resuits were not included.
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TABLE 5-4 (continued)

Water Initiating Event

|

Sheet 4 of 5
Sys tem* :
Specific Total Specific
Split Ac tion
Sys tem Sys tem Feaction System (SAR Section; Sys tem Categery System
Ac tion Action Component Table Number) Contribution Action
Initiating Contribution
Category [split fraction/ Feant System Action Category to Core % T Contribution
T
( top event) i:itt:;t::m;;] Nbeasistiond ™ Specific System Action Frt:am?: Sutigs gm?
e s - Frequency
Instrument Air (18; 5-5G) 4%
AM Instrument Air 4z [.22]
1.E. LA e Loss of Instrument Air 95%
Initiating Event - From
Operating History Data
AM-1(0OP.GA/GB) AMD e Given Emergency AC 41
Train A or B and Offsite
Power Unavailable
Nuclear Services Cooling 41
Water (4; 5-5H)
NS Nuclear Services Cooling Weter 43 [.22)
| (& LR e Loss of River Water 76%
Initiating Event From
Operating History Data
i E LNS e Loss of Nuclear Services 172
Cooling Water Initiating
Event
NS-1 NSA o One Train Operates for 4%
24 Hours
NS-1.0 NSG e Guaranteed Failure Cooling 2%

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

’46]00787YSR: n

Contributors to other results were not included.
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TABLE 5-4 (continued)

NP S P I . T i Sheet 5 of 5
*
Spec ific s Total 5:2:‘::" specific
Sys tem Sys tem v System (SAR Section; Sy: tem System
Fraction/ - Category
Ac tion Action Component Table Number) Contribution Action
Initiating Contribution
Category [split fraction/ Event System Ac tion Category to Core to Cove Contribution
(top event) initiating ® Specific System Action Damage to Top
Abbreviation Damage
event (1.E.)] Frequency Event
Frequency
Engineered Safeguards 2%
Actuation (3; none)
EA ESAS - Train A 1%
EB ESAS - Train B 12
Reac tor Protection (7; none) 1%
RT Reac tor Trip 1%

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

0574G100787TSR: 12

Contributors to other results were not included.
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TABLE 5-5a. SYSTEMS ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUENCY OF CORE DAMAGE
FROM THE COWTROL BUILDING VENTILATION SYSTEM
Sheet 1 of 2
ifi Comnonen t/
i System* specific :
Sys tem ) Opera tor
System Ssnbes Split B_ejrription_o_f: Action Sys tem Sction
Action [split Fraction/ | System Action Category ( top event) Category Ac tion Fasitediitian
Category frp Sent Initiating | @ Specific System Action (top event) Split Fraction/ 0 Selit
{ top ini:‘i: t‘i): Event (initiating event/split fraction) Contribution Initiating Event Fracz{on/
event) eve:t 9 Abbreviation - Component or Operator Action to Core Damage Contribution Initiating
3 Top E
1.E)] requenc y to Top Event Kl
cv Control Buildin? Ventilation 433 (2]
1.k LC e Loss of CBV Initiating Event 98%
- CCF of Chillers or Chilled 443
Water Pumps and Outside
Air Temperature > 95°F
- CCF of Ventilation Booster 192
or Exhaust Fans and Failure of
erator To Establish
A ternate Cooling
- Chilled Water Train
Maintenance and Failure of 10%
Operator To Establish Al ternate
Cooling
- Failure of Both Trains
of Chilled Water and 8%
Outside Air Temperature
> 95°F
- Failure Closed of 1 of 19 i
%

Fire Dampers and of
Operator To Establish
Alternate Cooling

Key: CCF = common cause failure.
[ ] = contribution from failures within the system itself.

“These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see MR, Section 1).

‘746] 00787TSR:13

Contributors to other results were not included.
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TABLE 5-5a (continued)

Sheet 2 of
e .
Sgec :lc Sys tem* Specific qu;::et::/
Sys tem Acystion Split Description of: Action Sys tem :ction
Action [split Fraction/ | System Action Category (top event) Cateqory Action Contribution
Category frsct‘o“/ Initiating | e Specific System Action (tup event) Split Fraction/ g
( top tnf tiatin Event (initiating event/split fraction) Contribution Initiating Event Fraction/
event) RS 9 Abbreviation - Component or Operator Action to Core Damage Contribution Ini tiating
F T
(1.E.)] requency to Top Event Evant
- Failure of Both Ventilation
Booster or Exhaust Fans and 3%
Failure of Operator To
Establish Al ternate Cooling
- Exhaust Fan Maintenance and
Failure of Operator To 3%
Establish Alternate Cooling
- Booster Fan Maintenance and
Failure of Operator To 31
Establish Alternate Cooling
CV-1(NS) CcvD e Contiol Building Ventilation
Failure, Given Failure of 2%
Nuclear Services Water
- Outside Air Temperature
> 95°F 943
- Operator Fails To Realign
Once-Through Cooling or 3=
Establish Alternate
Ventilation
-~ Maintenance 2%

Key: CCF = common cause failure.
[ ] = contribution from failures within the system itself.

“These are percentages of the total core damzge frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

0574G100787TSR:14

Contributors to other resul ts were not included.
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TABLE 5-5b. SYSTEMS ACTIONS CONTRIBUTING SIGNIFICANTLY 7O THE FREQUENCY
OF CORE DAMAGE FROM THE DECAY HEAT REMOVAL SYSTEM
Sheet 1 of 3
: Specifi Component/
|S)ec :2: Sys tem* Speci”ic Operater
System Acyiion Split Description of: Ac tion Sys tem P
Action [(split Fraction/ | System Action Category (top event) Category Ac tion Contribution
Category P Initiating | ¢ Specific System Action (top event) Split Fraction/
fraction/ ; : to Split
( top tnitiatin Event (initiating event/split fraction) Contribution Initiating Event Fraction/
event) eve:t 9 Abbreviation - Component or Operator Action to Core Damage Contribution Ini tiating
F T
{1.E.1] reglncy PSS Yo Event
SA Decay Heat Removal - Reactor 15% (61]
Building Sump Train A
SA-1(GA}=] SAB e Guaranteed Failure due to
Failure of Electric Power 531
Train A
SA-1 SAA e Recirculation Available and
Initiated within 1 Minute 323
during a Large LOCA
- Operator Fails To Initiate 931
- Sump Clogs or DH-V6 Fails
To Open 6%
SA-1.0 SAE e Guaranteed Failure 8%
SA-2 SAC e Recirculation Available and
Initiated within 10 Minutes 7%
during a Small or Very Small
LOCA
- DH-V6 Fails To Open 821
- CCF Failure 7%
- Sump Clogs 3z
- Operator Fails To Initiate 3
DH Decay Heat Removal - Pumps and 8% [81]
Heat Exchangers
DH-1 DHA e At Least One Train Starts and
Runs 20%
~ CCF of Both Pumps To Start 17%
- Pump Maintenance 8%
- Piggy-Back Strainer Maintenance 41
- Pump Operability Testing 31

Key: CCF = common cause failure.
] = contribution from failures within the system itself.

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

‘momsnsn: 15

Contributors to other resul ts were not included.
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TABLE 5-5b (continued)

Sheet 2 of
I .
' S;Sueclt:ic Sys tem* Specific C;:::/
System B Split Description of: Ac tion Sys tem
Action — Action
Action [split Fraction/ | System Action Category (top event) Category Action A
Category fsp tion/ Initiating | e Specific System Action (top event) Split Fraction/ to Split
{ top § ?i t‘:n Event (initiating event/split fraction) Contribution Initiating Event Fracti /
event) “e:e:t "5 | abbreviation - Component or Operator Action to Core Damage Contribution lniti.t(i):g
(1.E.)] Frequency to Top Event Event
DH-1(HA_HB) DHF e At Least One Train Starts and
Runs, and One Train of Decay 14%
Heat Cooling Is Recovered
in 6 Hours
DH-1(GA) DHK e At lLeast One Train Starts and
Runs, and One Train of Onsite 141
AC Power is Recovered
in 6 Hours
HL Decay Heat Removal - High Pressure
Recirculation 4y [2z]
HL-1.0 HLC o Guaranteed Failure 42%
HL-1 HLA e Align Closed Loop 20%
- Maintenance on DH-V3 35%
- Operator Fails To Open Valves 29%
- Misalignment after Testing 26%
HL-2(SR) HLE e Align from Reactor Building
Sump, Given Sump Suction
Train A Failed 20%
- Failure of DH-V7B To Open and
Remain Open 90%
- CCF of Two Motor-Operated
Valves 81
- Failure of Y-Strainer 2%
HL-2 HLB e Align from Reactor Building Sump 18%
- CCF of DH-VIA and DH-V7B 961
- Failure of Y-Strainer and
Opposite DH-V7 Valve 2%

Key:
" X1

CCF = common cause failure.
contribution from failures within the system itself.

* jese are percentages of the total core damage frequency calculated from the internal evente plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

0574G100787TSR: 16

Contributors to other results were not included.
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TABLE 5-5c. SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUENCY

OF CORE DAMAGE FROM HIGH PRESSURE INJECTION SYSTEM

Sheet 1 of 2
[ Component/
S:“:'c System* specific s o
System Az; ; Split Description of : Ac tion Sys tem e
Action [ ”: Fraction/ | System Action C .egory (top event) Category Ac tion Contribution !
Category fSp chont Initiating | e Specific System Action (top event) Split Fraction/ to Selit
( top ; ::j t:m Event (initiating event/split fraction) Contribution Initiating Event Frac':ion/
event) neve:t "3 Abbreviation - Component or Operator Action to Core Damage Contribution Initiating
(1L.E.)] Frequency to Top Event Cak
HPA Higlh Pressure Injection Train A -
Pump. A and B 9%z %)
HP-1.0 HPI e Guaranteed failure B84z
H?-1(0P/NS) HPK o One of Two Pumps Work af ter
0ffsite Power or Nuclear 10%
Services Fail
- Unscheduled Maintenance of
Both Pumps 491
- Failure of Pump C To Start 192
o - Cailure of Pump C To Run
o for 24 Hours 132
on - Failure of One of Seven
Isolation Check Valves To Open 10%
- CCF of Pump C To Start and 4%
P~ for 24 Hours
- railure of Discharge Check 3%
Valve MU-V74C To n
HP -] HPA e Orne of Two Pumps Work To Provide
Flow 32
- Failure of Suction Valve 541
MU-VI4A
- Unscheduled Maintenance of
Both Pumps 38%
- CCF of Both Motor-Operated
Suction Valves (MU-V14s) S 4
- CCF of Both Mckeup Pumps 61

*These are percentages of the total core damage frequency calculated from the internal events plus cne fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

0574G1007877TSk. 18

Contributors to other results were not included.
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TABLE 5-5d.

SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUENCY

OF CORE DAMAGE FROM INTERMEDIATE CLOSED COOL ING WATER SYSTEM

f C n
S:e::ﬂ:c Sys tem* Specific 3”:,,::/
Sys tom A:tion Split Description of: Ac tion Sys tem ::“o"
Action [split Fraction/ | System Action Category (top event) Category Ac tion Contribution
Category P Initiating | @ Specific System Action (top event) Split Fraction/
fraction/ to Split
( top ini tiatin Event (initiating event/split fraction) Contribution Initiating Event i
event) 9 Abbreviation - Component or Operator Action to Core Damage Contribution
event Fahttnae o Tin Eviit Initiating
(1.€£.)] Phey o» Event
SE Intermediate Closed Cooling Water 9% {5%]
SE -1 SEA e Seal Cooli Is Maintained to
all Four RCPs 341
- Failure of Either
Air-Operated Valve 44
- Failure of Seal Cooling Heat
Exchanger 312
- Fatlure of Both ICCW Pumps 1z
- Unscheduled Pump Maintenance 8%
- Failure of One of Five Motor-
Operated Valves 3%
SE-1.0 SEC e Guaranteed Failure 413
SE-1(0P. SEE e Seal Cooling Is Maintained to
AM_GA) All Four RCPs, Given Offsite 212
Power and Diesel A Failure
and Instrument Air Success
- Reverse Leakage of Check Valve 44y
- Unscreduled Pump Maintenance 27%
- Failure of Pumps To Start 18%
- Failure of Check Valves To Open 52
- Failure of RCP Seal Cooler 3
SE-1 SEB e “=~al Cooling Is Maintained to
(GA/GB) A1l Four RCPs, Given One Train a3
of AC Power Is Failed
- Reverse Leakage of Check Valve 443
- Unscheduled Pump Maintenance 272
- Failure of Pumps To Start 18%
- Failure of Check Valves To Open 5%
- Failure of RCP Seal Cooler 3%

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).

0574G100987TSR: 20

Contributors to other results were not included.
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TABLE 5-5e. SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUENCY
OF CORE DAMAGE FROM THE ELECTRIC POWER SYSTEM
Sheet 1 of 2
1 Specifi C nent/
:e:mc Sys tem* Specific (;.::ator
Sys tem AZtion Split Description of: Action System Action
Action [spl it Fraction/ | System Action Category (top event) Category Action Cohtribution
Category fr:ction/ Initiating | @ Specific System Action (top event) Split Fraction/ o Solit
( top tattfats Event (initiating event/split fraction) Contribution Initiating Event Frac‘t..lon/
event) eve:t "9 | abbreviation - Component ¢r Operator Action to Core Damage Contribution Initiating
Frequ
(1.£.)] . R Event
op 0ffsite Power 67 [.21]
.E. AC e Loss of Offsite Power
Initiating Event - From Operating 901
mstori Data
oP -1 0PA e Loss of Offsite Power after
Plant Trip 4
- Failure of Offsite Grid on
Demand 461
- Failure of Offsite Grid during
24-Hour Mission Time 33z
- Failure of Either of ‘wo 102
Ay iliary Power Transformers
- Failu >~ of Either of Two
Circuit Breakers 7%
- Failure of Either of Two Buses 4%
during Operation
GA Emergency AC Power - Train A 58 [ %]
GA-1({0P) GAR ¢ Provide AC Power from Diesel
Generator A for 6 Hours 57%
- Unscheduled Maintenance of
Diesel Generator Set 473
- Failure of Diesel To Start
on Demand 21%
- Failure of Diesel Generator To 172
Continue To Run After First Hour
- Failure of Diesel Generator To 9%
Run for the First Hour
- Diesel Generator Breaker Failure 4%
1

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).
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Contributors to other resul ts were not included.
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TABLE 5-5e (continued)

Sheet 2 of 2
o 1 e 5oy 0 gl : Wﬁ B Component/
Sge: :::C Sys tem* Specific ;N "
Sysiem AZtion Split Description of: Ac tion Sys tem Action
Actiun (split Fraction/ | System Action Category (top event) Category Action Contritation
Categury P Initiating | @ Specific System Action (top event) Split Fraction/
fraction/ ) to Split
( top Sul tkattn Event (initiating event/split fraction) Contribution Initiating Event Fenctiont
event) S 9 | Abbreviation - Component or Operator Action to Core Damage Contribution Inftiating
(1.£.)] Frequency to Top Event o
GA-1 GAA e Provide AC Power From Diesel
Generator A or From Offsite 38%
- One of Nine Circuit Breakers
Transfers Open 57%
- Failure of One of Seven
Electric Buses 27%
- Failure of One of Three
Transformers during Operation 10%
-~ Circuit Breaker 158B-D2
Transfers Open 6%
GA-1.0 GAC e Guaranteed failure 5%

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).
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Contributors to other results were not included.
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Train of Emergency AC Power
Available

TABLE 5-5f. SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFJCANTLY TO THE FREQUENCY
OF CORE DAMACE FROM THL EMERGENCY FEEDWATER SYSTEM
Sheet 1 of 2
I c
Sg’“::‘ system* | Specific (;:’::::j
Sys tem Acy:ion Split Description of: Action Sys tem detion
Action Fraction/ | System Action Category (top event) Categoiy Ac tion
[split Contribution
Category Srnc bl Initiating | e Specific System Action { top event) Split Fraction/ to Split
( top iM:(f: tin Event (initiating eveat/split fraction) Contribution Initiating Event Fraction/
event) eve:t 9 Abbreviation - Component or Operator Action to Core Damage Contribution Initiating
F
(1.E.)] requency to Top Event Eunnt
EF- E-ergency Feedwater - Not Enough 61
EF-1(0P. EFE At Least One Pump Started, Given 411
AM.GA/SB) No Offsite Power, No Instrument
Air, and Only One Train of
Ene y AC Power Available
- Faillure of Operator To
Replenish the 2-Hour Air 632
Bottles and To Locally
Control the EFW Flow
- Failure of the 2-Hour Air
and of the Operator To 18%
Locelly Control The EFW
Flow
- Failure of the Turbine-Driven
Pump and of the Remaining 9y
M~tor-Driven Pump To Start
or Run
- Failure of the Turbine-Driven
Pump, while the Remaining 8%
Motor-Driven Pump Is in
Maintenance
EF-1(0P. EFF At Least One Pump Started, Given 33%
GA/GB) No Offsite Power, and Only One

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).
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Contributors to other results were not included.




TABLE 5-5f (continued)

Sheet 2 of 2
i C
S:" t:'c Sys tem* specific $:':::’
Sys tem Acyiion Split Oesc_v_'_lptlon of: Ac tion Sys tem Reiton
Action [split Fraction/ | System Action Category (top event) Category Action Contribation
Category fr:cﬂon/ Initiating | e Specific System Action ( top event) Split Fraction/ to Split
( top fni tiatin Event (initiating event/split fraction) Contribution Initiating Event Frac';ion/
event) I 9 Abbreviation - Component or Operator Action to Core Damage Contribution Initiating
F T
(1.£.)] requency to Top Event -
EF-1(0P EFD At Least One Pump Started, Given

1€-§

.AM) No Offsite Power and No 201

Instrument air

- Failure of Operator To
Replenish the 2-Hour Air 96%
Bottles and To Locally
Control the EFW Flow

- Failure of the Turbine-Driven
Pump and CCF of the Two 1%
Motor-Driven Pumps or CCF
of A1l Three

EF-1(0P. EFH e At least One Pump Started, Given 6%

AM.VA/VSB) No Offsite Power, No Instrument

Air, and Only One Train of Vital

| Instrument AC Power Available

- Failure of Operator To
Replienish the 2-Hour Air 75%
Bottles and To Locally
Control the EFW Flow

- Failure of the 2-Hour Air and
of the Operator To Locally 22%
Control the £FW Flow

- Failure of the Turbine-Driven
Pump and CCF of the Two 1%
Mo tor-Driven Pumps

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the
event tree results assembled with MAXIMA (see PMR, Section 1). Contributors to other results were not included.
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TABLE 5-5g9. SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUcNCY
OF CORE DAMAGE FROM THE INSTRUMENT AIR SYSTEM

Ll
Sg": :;‘.C Sys tems Specific co""’:::::/
System A:Non Split Description of: Ac tion Sys tem ztion
Ac tion [split Fraction/ | System Action Category (top event) Category Ac tion Contiibatinn
Category » Initiating | @ Specif.c System Action (top event) Split Fraction/
fraction/ . to Split
( top Event {initiating event/split fraction) Contribution Initiating Event
'initiating Fraction/
event) b Abbreviation - Component or Operator Action to Core Damage Contribution Initiating
(1.E)] Frequency to Top Event Event
AM Instrument Air 4 [.22)
1.E. LA e Loss of Instrument Air
Initiating Event - From 95%
Operating History Data
AM-1(OP. AMD e Given Emergency AC Train A or B ay
GA/GB) and Offsite Power Unavailable:
- Failure of Operator To
Restart Air Compressors 841
after Loss of Offsite Power
- Failure of Air Compressors
To Start and Run 8%
- CCF of Air Compressors To
Ctart and Run 4%
- Maintenance on The Air
Compressors 41

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the
event tree results assembled with MAXIMA (see PMR, Section 1). Contributors to other results were not included.
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TABLE 5-5h.

SYSTEMS AND ACTIONS CONTRIBUTING SIGNIFICANTLY TO THE FREQUENCY

OF CORE DAMAGE FROM THE NUCLEAR SERVICES COOLING WATER SYSTEM

Componen
S;)ec:fic Sys tem* Specific Operato:l
System k’i,:: Split Description of: Action Sys tem Neilin
Ac tion Lsd$ Fraction/ | System Action Category (top event) Category Action Cantributich
Category ": thont Initiating | @ Specific System Action (top event) Split Fraction/ to Solit
( top lnit‘i’: t?n Event (initiating event/split fraction) Contribution Initiating Event Fraczic /
event) eve:t 9 Abbreviation - Component or (Operator Action to Core Damage Contribution ! Initiati;ng
(1.E.)] dhacn . Sap-Eowne Event
NS Nuclear Services Cooltn? Water 4 [.21]
ks E. LR e Loss of River Water Initiating
Event - From Operating 76%
History Data
I. E. e Loss of Nuclear Services 172
Cooling Water lnitlating fvent
NS-1 NSA e One Train Operates for 24 iours 41
- Rupture of deat Exchanger, and
Operator Fails To Isolate 56%
- Failure of Closed Cooling
Water Pump To Operat> 8%
and Its Discharge Check
Valve To Reseat
- Maintenance on One River
Water Pump and Other Two 73
River Water Pumps Fail
- River Water Header Isolation
Valve Transfers Closed (4
- CCF of A1l Three River Water
Pumps 5%
- Maintenance on One Closed
Pump and Other Two 53
Closed Pumps Fail
NS-1.0 NSG o Guaranteed Failure Cooling
Water Initiating Event 2%
353

- Maintenance on DH-V3

*These are percentages of the total core damage frequency calculated from the internal events plus one fire contained in the

event tree results assembled with MAXIMA (see PMR, Section 1).
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Contributors to other results were n t included.
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TABLE 5-6. OPERATOR ACTION FAILURES CONTRIBUTING SIGNIFICANTLY
TO THE FREQUENCY OF CORE DAMAGE
Sheet 1 of 3
S 0SS, bl :
Specific
Speti:;: Operator Action Opera‘*ur
Ozet: Split Sa fictiom C Category Ac tion
[ c":n Fraction Opzra ?;' " tatez::{ . Contribution Contribution
P Abbreviation ALV Mo o to Core Damage to Total
fraction -
£ Frequency Contribution
(1.E. of Category
Operator Restoration and Recovery: 302
1.E. LC e Loss of CBV lnitiatin? Event 421
(includes rator failure to
establish alternate cooling)
DH-1(GA) DHK e At Least One Train of DHR Starts 18%
and Runs, and One Train of Onsite
AC Power Is Recovered in 6 Hour<
5.E. LR e Loss of River Water Initiating 10%
Event - From Operator History
Data (includes operator failure
to clear the screen befere
plant trip)
RE-2 REB e Recover River Water 5%
RE-2(EF) REF ® Recover River Water with Steam- 43
Driven EFW Pump Failed
RE-1(EF) REC e Recover Onsite or Offsite Power 31
during a Station Blackout with
Steam-Driven EFW Pump Failed
RE-3 REG e Recover Single Train of Onsite .32
Power or 0ffsite Power
CV-1(NS) cvD e Provide Alternate Ventilaticn .32
after Control Building Ventiistion
Failure, Given Failure of Nuclear
Services Water
RE-3(EF) REH e Recover Single Train of Onsite .
Power or Offsite Power With
Steam-Driven EFW Pump Failed
RE-1 REA e Recover Onsite or Offsite Power Jdz
during a Station Blackout
Manual Actions To Actuate Systems 133
MR-1 MRA ® Minimum-Flow Recirculation Is 471
Established after Successfully
Throttling HPI

*Indicates failure of the action described.
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TABLE 5-6 (continued)

Sheet 2 of 3
Specific
Specific Operator Action Operator
Operator
Ac tion ke Operator Action Category Catvguey .
oo Fraction ific Oper ;or Axthanh Contribution Contribution
e Abbreviation . - to Core Damage to Total
fraction "
(1.E.)] F requency Contribution
i of Category
SA-1 SAA e Recirculation Available and 391
Initiated within 1 Minute
of BWST Low Level Alarm
during a Large or Medium LOCA
BW-2 BWR e Operator Initiates HPI Cooling 6%
TH-2(GA) THG o Throttle Makeup Flow lUsing MUI-V16s 6%
before NDiesel Generator Train A
Fails
1n-? i e Operator Identifies SGIR 2%
TH-2 Tha e Throttle Makeup Flow Using MU-V16s 2%
cn-1 CDA e Operator Cools Down To Repair 6%
Small Leak
TH-1 THA o Throttle Makeup Flow Using MU-V217 .4z
SA-2 SAC e Recirculation Available and .32
Initiated within 10 Minutes
of BWST Low Level Alarm during a
Small or Very Small LOCA
TH-1(0P) THF e Throttle Makeup Flow Using .061
MJ-V217, Given that Offsite
Power Is Lost after Plant Trip
CE-] CEG ¢ Operator Cools Down during .06%
an SGTR Leak in RCS
Manual Backup To Automatic Actuations 81
EF-1{0P_AM. FFE e At Least Pump Started, Given 232
GA/GR) No Offsite Power, No Instrument
Air, and Only One Train of
Emergency AC Power Available
RC-3 RCC o Primary Safety Valves Reclose 192
after Passing Water and
Operator Throttles HPI Flow
EF-1(0P, EFF ® At ieast One Pump Started, Given 18%
GA/GB) No Offsite Power and Onl
One Train of Emergency Fower
Available
EF-1(0P_AM) EFD e At least Dne Pump Started, Given 132
No Offsite Power and No Instrument
Air

*Indicates failure of the action described.
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TABLE 5-6 (continued)

S - A= Sheet 3 of 3
[— Specific
(S)pp::.::;: Operator Action Operator
Ac tion SPERS Operator Action Categor Colgory g
[ cHt Fraction p; i#4 - P :ctiyon' Contribution Contribution
frwt’ - Abbreviation N S to Core Damage to Total
- .-o Frequency Contribution
(1.E.)]
of Category
—— >_._---_--T_-- ——, e — —
RC-6 RCF e PORV Recloses after Passin 9%
Water, and Operator Throtties
HPI Flow
AM-1{0P. AMD e Given Emergency AC Train A or B 2%
GA/GB) and Offsite Power Not Available
Total Contribution of All Manual Ac tions
to Core Damage Frequency 502

*Indicates failure of the action described.

0574G100787TSR:

29




LE-S

CUMULAT/VE PROBABILITY

1.0
1/”7 95%
TYPE 5% 50% 95% MEAN
TOTAL g 4 4 4 TOTAL
2.0x10~% | 3.5x10 7.7x10~4 | 4.4x10
il INTERNAL JOTAL >
INTERNAL
TOTAL
EXT%LANAL 3.2x1075 | 6.5x1075 | 2.6x1074 | 1.1x104
0.6
MEDIAN

TOTAL | 26x107% | 4.5x10% | 9.4x10~% | 5.5x10-4
0.4~
0.2-

TOTAL EXTERNAL =
5% |
i I / T
106 10°5 103 102
FREQUENCY OF CORE DAMAGE (EVENTS PER REACTOR YEAR)
FIGURE 5-1. TMI-1 PRA PROBABILITY OF CORE DAMAGE FREQUENCY DISTRIBUTIONS

(CUMULATIVE PROBABILITY FORMAT)
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APPENDIX A
SYSTEMS NESCRIPTION

This section provides a summary description of the 17 systems that were
analyzed and included in the TMI-1 PRA plant model, More details of each
system can be found in each system's section of the Systems Analysis
Report.

A.l ELECTRIC POWER SYSTEM

The primary function of the electric power system is to provide a source
of motive, control, and instrument power to various plant equipment,
This function is normally accomplished by supplying power from the
offsite network to the 230-kV electrical substation, which in turn
supplies power to plant loads through two auxiliary transformers.

A1l plant loads are normally supplied from offsite pover through the
auxiliary transformers and not directly from the Unit 1 main
turbine-generator and transformers. Therefore, when a plant trip occurs
due to an initiating event other than ¢ loss of offsite power, a fast
transfer from the main generator output to offsite power is not
required, If that power is lost from the output of an auxiliary
transformer, the nonengineered safeguards loads being supplied from that
auxiliary transformer will automatically transfer to the other auxiliary
transformer if power is available from it, At the same time, a diesel
generator will start and supply power to the train of engineered
safeguards loads that lost power.

If offsite power is lost, power will be supplied from two automatic,
fast-startup diesel engine generators. These are sized sc that either
one can carry the required engineered safeguards load, The ratings of
each emergency generator vary between 2,600 and 3,300 kW at 0.8 power
factor, depending on the annual maintenance period and the load
duration., Each emergency generator will feed one of the 4,160V
engineered safeguards buses. Each generator is capable of feeding the
safeguards loads of one 4,160¢ bus following required loss of coolant
accident as well as selected nonemergency loads.

The analysis of the electric power system is described in detail in
Saction 2 of the Systems Analysis Report.

A.2 ENGINEERED SAFEGUARDS ACTUATION SYSTEMS

The engineered safequards actuation systems monitors parameters to detect
loss of integrity in the reactor coolant system pressure boundary and
initiates operation of the high and low pressure injection systems, the
reactor building isolation, the reactor building cooling, and the reactor
building spray systems, In addition, the signal is used to start the
emergency diesel generators and to control load sequencing,

The reactor coolant pressure and reactor builaing pressure have been
selected as parameters to initiate engineered safequards action.
Pressure of 1,600 psig or 500 psig in the reactor coolant system an”

A-1
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4 psig or 30 psig in the reactor builcing are the levels at which .
injection and other engineered safety features are actuated. Each of

these actuation parameters is measured by three sensors. The output

signal of each sensor is monitored for each level by a bistable that has

two output relays, one for each of two channels.

The analysic of the enginecered safeguards actuation system is described
in detail in Section 3 of the Systems Analysis Report,

A.3 NUCLEAR SERVICES RIVER AND CLOSED COOLING WATER SYSTEMS

The nuclear services closed cooling water system consists of four
23%-capacity nuclear services coolers and three 50%-capacity nuclear
services closed cooling water pumps. This system, along with the
intermediate cooling system, satisfies the cooling requirements of all
nuclear-oriented services other than decay heat and reactor building
emergency cooling. In the event of a LOCA, 1007 redundancy of all
nuclear services equipment is obtained by isolating nonessential items so
that flow requirements are reduced to approximately half that of normal
operation, An elevated surge tank of 1,470-gallon liquid capacity
(1,600-gallon total capacity) provides storage of water for the nuclear
services closed cooling system, Makeup is added from the demineralized
water storage tank by remote manual actinn taken in the control room,

The nuclear services river water system, while having redundancy in
itself, can also be supplemented hy secondary services river water pumps,
by valving if required. The nuclear services river water pumps are sized
to coal the nuclear services coolers and also the intermediate service
cooclers, They are located in the intake screen and pump house. Each
pump is equipped with a booster pump, which supplies pressurized filtered
water to the pump shaft and the bearings.

River water is circulated through the tubes of the nuclear services
coolers located in the cooler vault. Closed cooling water is circulated
on the shell side. After passing through the coolers, the river water
can be used for emergency defcing purposes or diverted to the cooling
tower collecting sump or recurned to the river, Radioactive fluid
leakage will not be returned to the river from these systems unless a
tube leak occurs simultanevusly in a nuclear services cooler and in a
cooler served by the closed system,

The analysis of the nuclear services river and closed rooling water
systems are described in detail in Section 4 of the Systems Analysis
Report,

A.4 DECAY HEAT RIVER AND CLOSED COOLING WATER SYSTEMS

Decay heat removal cooling water is provided by two separate

100%-capacity trains from the decay hea* removal coolers back to the

ultimate heat sink (Susquehanna River). Each of these trains consists of

two separate Toops, one closed and one river water, Each decay heat

river water train consists of a 100%-capacity decay heat river water

pump, which cools a 100%-capacity decay heat services cooler. Fach .
closed cooling water ' -ain consists of a 100%-capacity decay heat closed

A=2
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cooling water pump, which circulates cooling water through a
100%-capacity decay heat removal cooler and through those pumps and
motors associated with the decay heat removal system that require
cooling. The 100% capacity referred to above is 100% of the cooling
required during a 10CFR50 LOCA scenario. Either of the two decay heat
trains will permit cooling down the plant under normal shutdown;
operating both will provide a faster cooldown,

The analysis of the decay heat river and closed cooling water systems are
described in detail in Section 5 of the Systems Analysis Report,

A.5 CONTROL BUILDING VENTILATION SYSTEM

The control bDuilding ventilation system is designed to continuously
maintain the conditions in the control building within limits of
temperature, humidity, and radiation so tnhat engineered safety features
will continue to function and to provide a ventilation rate sufficient
for healthful human occupancy.

The basic function of this system is to maintain 75°F dry bulb/50%
relative humidity inside when it is 95°F dry bulb/75% relative humidity
outside and all the engineered safety features required for a LOCA are
operating, The system is designed for automatic use of outside air for
codling whenever the outside air temperature is suitable for this purpose.

The control building ventilation system has also been designed to
function after a significant radiation release to place selected areas in
a recirculation mode and to place the chemical hood ir the nuclear sample
room and radiochemistry laboratory in a recirculating mode,

The control building ventilaticn system is a central system employing
electric reheat for zone temperature regulation, The supply duct carries
air from the conditioning equipment to the rooms on all four floors of
the building.

The following major compcnents are employed in the control building
ventilation system:

o Two normal-duty supply fans, each sized to handle 100% of the
“equired air supply.

o Two emergency-duty supply fans, each sized to handle 1002 of the
required air supply.

¢ Two cooling coil banks, each sized for 100% of the design load,
Coils are of a standard finned-tube type. They are cooled by chilled
water from mechanical water chillers. The coils are balanced to
remove heat to keep the building temperature and relative humidity in
the desired range.

¢ Two mechanical water chillers, each sized for 1002 of the desian
load. Each chiller is a factory-assembled unit complete with all
major components mounted on a base structure, Chiller compressors
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are of centrifugal design, and chiller condensers are of the
water-cooled type, These are supplied with cooling water from the
nuclear service closed water system,

¢ Two chilled-water pumps, each sized for 100% of the desiagn water
flow. These pumps are of the close-coupled, centrifugal type with
mechanical seal.

The emergency recirculation system for Elevation 306' 0" is designed to
recirculate, cool, and filter air through seiected areas during
emergencies that produce "11gh radiation levels outside the control
Suilding. The system goes into its emergency mode on a signal from the
engineered safeguard system of a design basis accident in the reactor
building or on a signal from one or more of the monitoring devices
protecting the system from the influx of contaminants carried by the
outside and/or the return air,

The analysis of the control building ventilation system is described in
detail in Sestion 6 of the Systems Analysis Report,

A.6 REACTOR PROTECTION SYSTEM

The reactor protection system monitors parameters related to safe
operation and trips the reactor to protect the reactor core against fuel
rod cladding damage., It also assists in protecting against reactor
coolant system damage caused by high system pressure by limiting energy
fnput to the system through reactor trip action.

The system consists of four identical protection channels, each
terminating in a trip relay within a reactor trip (RT) module. In the
normal untripped state, each protection channel functions as an AND cate,
passing current to the terminating relay and holding it energized as long
as all inputs are in the normal energized (untripped) state. Should any
one or more inputs become deenergized (tripped), the terminating relay in
that protective channel deenergizes (trips). Thus, for the trip sianals,
each protective channel becomes an OR gate,

Each of the four protection channels terminates in a channel trip relay
within a reactor trip module., There are four such modules., Each
protective channel trip relay has four logic-contrclling contacts, each
controlling a logic relay in one reactor trip module, Therefore, each
reactor trip module has four logic relays controlled by the four
protection channels. The four logic relays combine to form a two out of
four coincidence network in each reactor trip module, The coincidence
logics in all reactor trip modules trip whenever any two of the four
protection channels trip,

The four RPS protective channels are identical in their functions, They
are all combined in the system logic to trip the reactor automatically
and protect the reactor core for the following conditions:

1. when the rea’or power, as measured by neutron flux, exceeds a fixed
maximum limit,
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2. When the reactor power, as measured by neutron flux, exceeds the
Timit set by the reactor coolant flow and power imbalance.

3. When the reactor power exceeds the limit set by the number and
combination of reactor coolant pumps in operation,

4, When the reactor outlet temperature exceeds a fixed maximum limit,

5. When a specified reactor pressure-outlet temperature relationship is
‘xceeded,

6. When the reactor pressure falls below a fixed minimum limit or
exceeds a fixed maximum limit,

7. When reactor building pressure exceeds a fixed maximum limit.

In addition to the above protective trips, an anticipatory trip has been
added to the RPS to trip the reactor on loss of both main feedwater pumps
or a main steam turbine trip.

The analysis of the reactor protection system is described in detail in
Section 3 of the Systems Analysis Report,

A.7 TURBINE TRIP

The turbine receives steam from two steam generators (therma) energy) and
converts the thermal energy to mechanical energy through rotation of the
turbine shaf*, The turbine, in turn, is directly connected to an
electric generator that produces electrical energy on rotation of an
excited field.

Turbine trip is actuated by four main stop valves, which quickly shut off
steam to the turbine under emergency conditions, These stop valves are
located one each in the four main steam lines upstream from the control
valves to which they are welded. One of the main stop valves is provided
with an internal vypass valve capable of passing approximately twice the
no=load flow for slow warming of the stop valves, control valves, high
pressure shell, and for decreasing the pressure differential across the
main stop valves until the hydraulic cylinder can open the valves. The

remaining three stop valves have ro bypass and are either fully open or
fully closed.

The turbine has an electrohydraulic control sysiem that controls
acceleration, load, speed and overspeed by positioning of the steam
valves (stop valves, control valves, and combined intermediate valves).
Prior to turbine trip, the emergency trip system oil pressure is supplied
to the disc dump valves of the hydraulic actuators on each steam valve.
inis ol pressure allows the steam valves to stay open. Under emergency
conditions, sudden relieving of the 0il pressure will result in rapid
closure of all steam valves to prevent overspeed. If all four of either
the stop or control valves are closed the turbine is said to be in a
tripped condition,

The analysis of the turbine trip system is described in detail in
Section 8 of the Systems Analysis Report.

A=5
0570G100287TSR



A.8 MAIN STEAM SYSTEM .

The main steam system delivers steam from the steam generators to the
high-pressure turbine and the main feedwater pump turbines during
startup, power operation, and when shutting down the unit. Under
conditions in which both main feedwater pumps are unavaflable, the steam
generators deliver steam to the emergency feedwater pump turbine,

Also, after turbine trip, the main steam system dissipates all the eneray
produced in the reactor coolant system through the turbine bypass system

to the condenser and to the atmosphere via the main steam safety valves,

The 28.9% step load rejection capability of the turbine bypacs valves and
atmospheric dump valve requires that the main steam safety valves upen on
turbine trip.

The main steam system consists of two main steam lines “rom each CTSG to
the high-pressure turbine for a total of four lines. The only
cross-connection between the lines is in the turbine steam chest between
the turbine stop valves and control valves. Each of the main steam lines
is furnished with a main steam isolation stop check valve and branch
lines that supply steam to the main feedwater pump turbines and to the
emergency feedwater pump turbine,

The motor-operated main steam isolation stop check valves are located in
the concrete portions of the intermediate building, They are remotely
andimanua11y operated from the control room to close in less than

2 minutes.

The main steam safety valves are located upstream of the main steam
isolation stop check valves., The emergency feed pump turbine supply is
upstream of the main steam isolation valves and also connects to the
turbine bypass valves and the atmospheric dump valves, Downstream of the
main steam isolation stop check valves are the main steam stop/control
valve assemblies,

The analysis of the main steam system is described in detail in Section 9
of the Systems Analysis Report,

A.9 MAIN FEEOWATER AND INTEGRATED CONTROL SYSTEMS

The main feedwater system, in conjunction with the condensate and heater
drains, is designed to supply water at a rate required by the steam
generators during full power operation., The integrated control system
provides the proper coordination of the reactor, steam generator
feedwater, and turbine control under all operating conditions.

The main feedwater system maintains level in the OTSG throughout all

modes of normal plant operation. It consists of two 60% capacity

turbine-driven feedwater pumps that take suction from the low=pressure

heater outlet header and discharge into a common header that supplies two

trains of two high-pressure heaters each. Each pump is provided with a
recirculation line to the main condenser. Feedwater from the

high-pressure heater flows through a temperature mixing header and then ‘
enters the steam generator via separate feed lines each provided with

main feedwater regulating valves,
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The feedwater regulating valves are positioned by the integrated control
system; differential pressure across the valve sets feed pump turbine
governor speed. For startup or low-load operation, a smaller regulating
valve is provided in parallel with the main regulating valve. Also, for
startup and hot standby operations, a small bypass line and valve are
installed around each of the main feedwater valves to supply a continuous
low flow rate to the steam generator feedwater nozzles, The turbines
driving the main feedwater pumps are supplied steam from the main steam
system and discharge to the condenser. Without the circulating vater
system and condenser vacuum available, the main feedwater pumpt wi'l not
operate,

The integrated control system properly coordinates the reactor, steam
generator feedwater, and turbine control under all operating conditions,
Proper coordination by the ICS consists of producing the best load
response to the unit load demand, while recognizing the capabilities and
limitations of the reactor, steam generator feedwater system, and
turbine. When any single portion of the plant is at an operating limit
or control section is on manual, the ICS design uses the limited or
manual section as a load reference.

The ICS maintains constant average reactor coolant temperature between
15 and 100% rated power and constant steam pressure at all loads.
Optimum unit performance is maintained by 1imiting steam pressure
variations; by limitirj the unbalance between the steam generator,
turbine, and the reactor; and by limiting the total unit load demand on
loss of capability of the steam generator feed system, the reactor, or
the turbine generator, The ICS provides limiting actions to ensure
proper relationships among the generated load, turbine valves, feedwater
flow, and reactor power,

The ICS includes four independent subsystems including the unit load
demand, the integrated master control, the steam generator control, and
the reactor control. The system philosophy is that control of the plant
is achieved through feed-forward control from the unit load demand. The
ULD produces demands for parallel control of the turbine, reactor, and
steam generator feedwater system through respective subsystems,

The steam generator control is capable of automatic or manual feedwater
control from startup to full output. The integrated master control is
capable of automatic or manual turbine valve control from minimum turbine
load to full output and or manual control below minimum turbine load,

The reactor centrol is designed for automatic or manual operation above
about 15% output and for manual operation below 15%.

The analysis of the main feedwater and integrated control systems sre
described in detail in Section 10 of the Systems Analysis Report.

A.10 EMERGENCY FEEDWATER SYSTEM

The emergency feedwater system delivers water to the steam generators on
Tow level in the steam generator for the purpcse of removing decay heat.

0570G1002387TSR



The emergency feedwater system is divided into train A and train B, both
of which are actuated simultaneously on loss of all four reactor coolant
pumps, on lcss of both main feedwater pumps, on low steam generator
level, or on a 4-psig reactor building pressure sianal,

The emergency feedwater system consists of two motor-driven pumps powered
from reaqundant Class 1E 4,160V buses and one 100% capacity turbine-driven
pump, which receives steam from the main steam lines. The motor-driven
emergency feedwater pumps are automatically loaded on the diesel
generator during loss of offsite power with or without simultaneous
existence of an ESAS actuation. The three pumps are located ‘n the
intermediate building. The turbine-driven pump is physically separated
from the motor-driven units,

The emergency feedwater pumps normall; take suction through separate
lines from the two condensate storage tanks. They may also be manually
aligned to take suction from the condenser hot well or demineralized
water storage tank, As a further backup source of last resort, river
water can pe used via the reactor building emergency cooling water pumps.

The three ziergency feedwater pumps discharge into a common header from
whicn separate 6-inch lines deliver water to each steam generator, Each
of the 6=inch supply lines contains a flow=1imiting venturi and two
parailel air-operated control valves controlled by the heat sink
protection system. The HSPS controls emernency feedwater flow after the
emergency feedwater pumps have been activated,

The analysis of the emergency feedwater system is described in detail in
Section 11 of the Systems Analysis Report,

A.11 PRESSURE CONTROL SYSTEM

Normal RCS pressure control is by the pressurizer steam cushion in
conjunction with the pressurizer spray, pilot (electromagnetic) operated
relief valve, and heaters. The system is protected against overpressure
by reactor protective system circuits, such as the high-pressure trip,
and by pressurizer relief and safety valves located on the top head of
the pressurizer. Since all sources of heat in the system (i.e., core,
reactor coolant pumps, and pressurizer heaters) are interconnected by the
reactor coolant piping with no intervening isolation valves, all relie’
valves are located on the pressurizer,

The pressurizer spray line originates at the discharge of a reactor
coolant pump in the same heat transport loop that contains the
pressurizer. Pressurizer spray flow is controlled by an electric motor-
operated valve using on-off control in response to the opening and
closing pressure setpoints. An electric metor-operated valve in series
witk the spray valve provides a backup means of securing flow if the
spray valve should stick open.

fhe PORY is mounted on the top head of the pressurizer, The main valve

operation is controlled by the opening or closing of a pilot valve, which
causes unbalanced forces to exist on the main valve disc, The pilot
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valve is opened or closed by a solenoid in response to the opening and
¢losing signals from the pressurizer pressure instrumentation at pressure
setpoints,

The pressurizer heaters replace heat lost during ncrmal steady state
operation, raise the pressure to normal operation pressure during RCS
heatup from a cooled down condition, and restore system pressure
following transients. The heaters are arranged in 13 groups and are
controlled by the pressure controller, The first six groups use
modulating control and will normally operate at partial capacity to
replace heat lost, thus maintaining pressure at setpoint within a
reasonable margin of difference, A basic on or off centrol is used for
the remaining seven groups. A low-level interlock prevents tne heaters
from being energized with the heaters uncovered.

The analysis of the pressure control system is described in detail in
Section 12 of the Systems Analysis Report.

A.12 HIGH PRESSURE INJECTION/MAKEUP AND PURIFICATION SYSTEM

rhe makeup and purification system serves to control the reactor coolant
inventory and the boric acid concentration in the reactor coolant syster
through the processes of letdown and makeup and to remove impurities in
the water,

There are three pumps that serve both a makeup and nurification function
and a high pressure injection function. Normally, one is operating and
two are in standby. The operating pump takes suction from the makeup
tank and discharges to the normal makeup and the seal injection lines.
Makeup flow to the reactor coolant system is regulated by the reactor
coolant volume control valve, which operates on signals from the
prescurizer level controller, If greater than normal makeup is required,
a manual motor-operated valve allows the operator to provide increased
makeup to the reactor coolant system without initiating HPI.

Upon engineered safeguards initiation, the pumps on engineered safeguards
standby are activated., (The pumps on ESF standby may or may not include
the already operating pumps.) Suction is taken from the borated water
storage tank, discharging into each of the high pressure injection lines
that discharge into the RCS downstream of the reactor coolant pumps.

The analysis of the high pres:ure injection/makeup and purification
;ystem is described in detail in Section 13 of the Systems Analysis
eport,

A.13 LOW PRESSURE INJECTION/DECAY HEAT REMOVAL SYSTEM

The decay heat removal system removes decay heat from the core and
sensible heat from the reactor coolant system in four dietinct modes:

¢ Following certain LOCAs in the low pressure coolart injection mode.

o During the latter stages of cooldown in the closed loop recirculation
mode.
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o Following certain LOCAs in the low pressure, open loop recirculation
mode.

o Following other smaller LOCAs in the high pressure or "piggy-back"
recirculation mode, with the high pressure injection system,

The system also provides auxiliary spray to the pressurizer for complete
depressurization, maintains the reactor coolant temperature during
refueling, and provides a means for filling and draining the fuel
transfer canal,

In the closed loop, decay heat removal mode, this system takes suction
from an reactor coolant system hot leg outlet line and delivers the water
back to the reactor through the core flooding nozzles after passing
through the decay heat removal pumps anc¢ ~oolers. The decay heat removal
system may be lined up in this mode when the reactor pressure is below
the DHR system suction piping design pressure and temperature for
cooldown of the system to refueling temperatures. The coolers remove the
decay heat from the reactor coolant passing through them., With both
coolers in operation, the decay heat removal system is designed to cool
the reactor coolant system from 250°F to 140°F in 14 hours, Decay heat
is transferred to the decay heat closed cooling water system through the
decay heat removal cooler.

The major system components consist of two redundant trains, each
consisting of a DHR pump and a cooler, as well as various pipes and
valves, depending on the 1ineup. The decay heat removal pumps are
arranged in parallel and are designed for continuous operation during the
period required for removal of decay heat during a routine shutdown and
refueling.

Each pump is provided with an integral motor lube oil system, Remctely
operated vent valves provide for venting of air and noncondensibles ‘rom
the pump casings under normal conditions and after the accident when
decay heat removal vaults are not accessible.

The borated water storage tank is located outside the reactor building
and the auxiliary building. It contains a minimum of 2,270=-ppm boron in
solution and is used for RCS inventory control., The berated water
storage tank provides a suction source for the reactor building spray
system, the decay heat removal system in the low pressure injection mode,
and the makeup and purification system in the high pressure injection
mode. Redundant high, low, and low=low level indication and alarms are
provided on the main control console.

During a LCCA, the borated water storage tank water is delivered to the
RCS via the emergency core cooling system injection pumps. When the BWST
level drops to the low-low level alarm point of 3 feet, the operators
switch the LPI pump suction to the reactor building sump by opening
OH-V=-6A and 6B, then shutting DH-V=-5A and 58. If the RCS pressure is
greater than the shutoff head for the LPI pumps, the LPI system is
aligned to inject water to the suction of the HPI pumps by opening
OH=-¥-7A and 7B, After proper flow is verified, the operator then
isolates the BWST from the injection pumps. This LPI to HPI injection
lineup is referred to as the "piggyback" mode of operation and is also
used in the HPI cooling mode upon low=low level in the BWST.
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Whenever the LPI pumps are aligned to the reactor building sump as a
suction source, the decay heat removal coolers are used to cool the sump
water and reject the heat to the decay heat closed cooling water system,

The analysis of the low pressure injection/decay heat removal system is
described in detail in Section 14 of the Systems Analysis Report,

A.14 REACTOR BUILDING ISOLATION SYSTEM

The reactor building isolation system closes containment penetrations not
required for operation of the engineered safeguards to prevent leakage of
radioactive materials to the environment from inside the reactor building
or RCS, Leakage through penetra*ions is minimized by a double barrier so
that no single, credible failure o» malfunction of an active or passive
component can result in intolerable leakage. The installed double
barriers take the form of closed piping systems, both inside and outside
the reactor building, and various types of isolation valves.

Four types of isolation valve layouts exist, depending on what type of
Tine is being isolated:

o Each line connecting directly to the reactor coolant system has two
reactor building isolation valves. One valve is external and the
other is internal to the reactor building, These valves may be
either a check valve and a remotely operated valve or two remotely
operated valves, depending on the direction of normal flow.

o Each line connccting directly to the reactor building atmosphere has
two isolation valves., At least one valve is external and the other
may be internal or external to the reactor building, These valves
may be either a check valve and a remotely operated valve or two
remotely operated valves, depending on the direction of normal flow.

e Each line not directly crnnected to the reactor coolant system or not
open to the reactor building atmosphere has at least one valye
either a check valve or a remotely operated valve. This valve is
located externally to the reactor building,

e Lires that penetrate the reactor building and are connected to either
the building or the reactor coolant system, but that are never opened
during reactor operation, have two normally closed barriers; €.9.,
blind flange and closed valve,

A1l lines open to the containment atmosphere or connected directly to the
RCS (either normally or intermittently that can r~sult in transfer of
radioactivity out of containment) that are neither part of the emergency
core cooling systems nor support for RCP operation are isolated on
reactor trip, Reactor building partial isolation occurs on a signal of
approximately 4 psig in the reactor building, A 30-psiq signal provides
isolation for certain lines not isolated by the 4-psig signal., There are
additional containment isolation signals, such as the reactor trip, high
radiation, 1,600-psig RCS pressure, and pipeline break signals.

The analysis of the reactor building isolation system is described in
detail in Section 15 of the Systems Analysis Report.
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A.15 REACTOR BUILDING EMERGENCY COOLING SYSTEM

Reactor building emergency cooling is provided to remove heat from the
containment atmosphere to 1imit stress on the reactor building structure,

Reactor building air recirculaticn and cooling units work in conjunction
with the reactor building spray system auring periods when decay heat is
being deposited to the containmant atmosph:re, The systems are desi ned
s0 that the heat removal capability required during the post-accident
period can be attained by operating spray systems and cooling units in
the emergency mode in various combinations. (See success criteria
discussion in Plant Mode)l Report, Section 4,1.4,)

Long-term reactor building heat removal depends on the operation of the
reactor building emergency cooling units or the decay heat remnval system
since the reactor building spray system cannot remove heat from the
reactor building.

Emergency and normal cooling is performed with the same basic units that
are components of the reactor building ventilation system, Each unit
contains an emergency cooling coil, a normal cooling coil, and a
two-speed fan. For emergency cooling, the unics will operate at a
reduced speed under post-accident conditions, with the heat beiig
rejected to river water, The back-pressure regulating valve on the
emergenty couling coil discharge line maintains emergency cystem pressure
above maximum containment design pressure and prevents leakage out of the
contairment through a damaged system,

Receipt of the reactor buildina isolation signal (4-psig reactor building
pressure or a low reactor pre.sure of either less than 1,600 psig or less
than 500-psig backup signal) automatically switches the reactor building
emergency cooling system to the emergency mode. This include::

l. Energizing the three recirculating air handling units,

2. Operating the three units at the lower speed,

3. Starting the reactor building emergancy cooling pumps.

4. Opening the emergency cooling coii isolation valve on the outlet side
of the coil. Inlet valves are normally open for leak monitoring
purposes.

5. Closing the normal cooling coil isolation val.e,

The analysis of the reactur building emergency cooling system is
described in detail in Section 16 of the Systems Analysis Report,

A.16 REACTOR BUILDING SFRAY SYSTEM

The reactor buildfn? spray system is designed to furnish buildine
atmosphere cooling in conjunction with decay heat removal system
operating in the open loop recirculation mode to 1imit post-accident
building pressure and to remove airborne fission products from tne
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reactor building atmosphere, thus reducing the inventory of airborne
fission products available for leakage to the environment if the
containment should not be isolated or should fail due to overstress. The
reactor building emergency cooling system described in Section A,15 above
also has containment atmosphere heat removal capability. (See success
¢criteria discussion in Section 4.1.4 of the Plant Mocuel Report.)

The system consists of two pumps, two reactor building spray headers, and
the necessary piping, valves, instrumentation, and controls. The pumps
and remotely operated valves can be operated from the control room, The
reactor building spray system is designed in two trains. Both trains
operate independently. A crossover is provided between the two spray
train suction 1ines and contains double manual valves, with a test line
for recirculation of borated water from the building spray pumps. Each
pump starts, initially taking suction from the borated water storage tank
through the interface with the decay heat removal system, The spray is
injected into the building atmosphere through a set of spray headers and
nozzles for each train,

The analysis of the reactor building spray system is described in detail
in Section 17 of the Systems Analysis Report.

A.17 INSTRUMENT AIR SYSTEM

The instrument air system supplies clean, dry, ofl=free air at 100 psig
throughout the plant for motive control of valves and instrumentation.
The instrument air compressors, receivers, and dryer are located in the
seismically hardened portion of the intermediate building. One
instrument air compressor can supply all the air needed for normal plant
operation,

The two instrument air compressors are supplied power from separate class

1E busses; however, the instrument air system is not safety related and,

after 1 loss of offsite power, the compressors have to be manually

restarted., When offsite power is available, two service air compressors

géso ?upply air to the instrument air system if air pressure drops to
psig.

A steam or feed line break in the intermediate building is assumed to
cause failure of the instrument 2'r system,

An automatic, heat reactivated air dryer in series with prefilters and
afterfilters removes dirt particles and moisture from the air prior to
distribution to system loads, If a failure were to occur in the air
dryer (plugging or transfer failure), a complete loss of the instrument
air system would result unless an operator locally bypasse., the dryer
using the manual bypass valve,

The 2-hour backup instrument air system has becn analyzed separately and
facluded in the analysis for the emergency feedwater system (Section 11
of the Systems Analysis Report); however, the backup instrument air
supplied from compressors IA-P=2A and [A-P-2B was not included in the PRA
due to the low capacity of these compressors.

The analysis of the instrument air system is described in detail in
Section 18 of the Systems Analysis Report.
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involving repeate¢ trials. Thus, frequency is a "hard" measurable
number. This is so even if the experiment is only a thought experiment
or an experiment to be done in the future. At least in concept, then, a
frequency is a well-defined, objective, measurable number.

Probability, on the other hand, is a notion of a different kind. ODefined
as a number used to communicate a state of mind, it 1s thus inherently
subjective and changeable as new information arrives. To make this
notion useful, we must clearly define the correlation between the numbers
and the state of mind.

This can be done in ceveral ways. The most direct, however, is to use
frequency in the following way. Suppose we have a lottery basket
containing coupons numbered from 1 to 1,000, Suppose the basket is
thoroughly mixed and that you are about to draw a coupon blindfolded.

We ask, "Will you draw a coupon numbered 632 or less?" With respect to
this question you experien:e a certain state of confidence. Similarl/, |
experience a state of confidence with respect to this same question. Let
us agree to call this state of confidence, "probability 0.632," equal to
the frequency of such draw: in an infinitely repeated experiment. Nov,
we both know exactly what we mean by p = 0.632.

Therefore, 1f you now say that the probability of your latest business
venture succeeding is 0,632, 1 know exactly what your experiential state
of confidence 1s. We have communicated!

In the same way, we define or "calibrate" the entire probability scale,
from zero to one, using frequency as a standard of reference. Note thit
the process used here is entirely parallel to the way by which we define
“red," "chair," "seventeen," and all other words or symbols.

This method of definition shows the intimate connection between
probability and frequency. This connection needs to be recognized always
and at the same time not allowed to obscure the fundamental difference.
Frequency is used to calibrate the probability scale in a "bureau of
standards" sense., Once the calibration is established, we then use
probability to di<cuss our state of confidence in areas in which we are
dealing with one-time events and have no frequency information at all.

In this way, we liberate ourselves from the restrictions of the relative
frequency school of thought (e.g., that only mass repetitive phenomena
can be analyzed probabilistically) and instead create for ourselves a
systematic, disciplined theory and lanquage for dealing with rare events,
for quantifying risks, for making decisions in the face of the
uncertainties that are inevitably present in decision situations, and for
taking the consequent actions with the knowledge that these are the best
decisions and actions possible in liaht of all the information available
to us.

B-2
0575G100587TSR







B.1.3 COMMENTARY ON THE DEFINITIONS OF FREQUENCY AND PROBABILITY -
AN EXAMPLE

We shall give a simple, tutorial example to furthes clarify the concept
of probability and to indicate how we make the distinction between
probability and frequency.

If 1 tossed a coin and asked you for the probability of it coming up
heads, you will of course say .5. If 1 tell you that | have just tossed
the coin 10 times and the frequency of heads was .7 and now ask for the
probability of a head on the next toss, you will still very likely

say .5. 1f, however, | tell yocu that 1 have tossed it a hundred times
and the frequency was .7, 70 heads, you will now begin to suspect that
the coin is not equally balanced, and the probability you give for heads
on the next toss may move up--say to .6.

If 1 tell you the frequency has been .7 in 10,000 trials, you will be
convinced and will assign a probability of .7 to the next toss.

This example helps bring out the distinction between probability and
frequency. The coin has not changed during this example, but your state
of knowledge about the coin has--and this is reflected in your changing
probabilities from .5 to .6 to .7. On the other hand, | knew the coin
was unbalanced to beqin with--and my probability was .7 all along.

Which of us was right? Both of us were right. Your probability
reflected your state of knowledge and mine reflected mine. As such
reflections, both were 100% accurate.

B.1.4 THE MEANING OF "THE" PROBABILITY - RELATION TO THE PHILOSOPHICAL
BASIS OF RISK ASSESSMENT

However, what about “the" probability. Here our language plays tricks on
us. There is no such thing as "the" probability--as if it were sometning
external--there is only "your" probabiiity, based on the evidence you
have and "my"” probability based on the evidence | have.

8ut, you say, suppose we toss the coin N times and plot the frequency of
heads, 4(N), as a function of N. As N gets larger and larger, 4(N)

will approach a 1imiting value. That value is "the" probability. Well,
you could define it so. We find 1t more useful to call that limiting
value “the" frequency--the frequency in an infinite experiment--and
reserve the word probability to refer to the state of confidence at any
moment, There is another sense, however, in which it can be said that
there is a "the"” probability. This is in the sense of the last sentence
of Jaynes' definition. Any two idealized beings, "rational" beings,
iiven the same total background of evidence and experience must assign
the same numerical value of probability to a given proposition. That
value could be said to be “the" probability. It is independent of the
personality of the user; hence, “objective."

Thus, if you and 1 are both ideal beings, with the same knowledge, each
of us is acting rationally, coherently or objectively (to the extent that
our probability assignments follow the formalized rules of the theory of
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probability), then we will both assign the same probabilities. If we do
not assign the same probabilities, then either one or both of us is not
coherent, or we do not have tiie same total background of evidence and
information.

This idea of rationality or coherence is the philosophical cornerstone of
our approach to risk assessment. For, if twc rational beings, a‘en the
same body of information, will evaluate probabiiities the <*.e way, then
by our definition, they will also evaluate risk the ®iue way. Taus, a
given specific body of information will imply 2nu require a spechfic
quantitative value of risk, and this value is objective and indei endent
of who evaluates it.

B.1.5 TWO METHODS FOR DISCUSSING UNCERTAINTY: THE “PROBABILITY
OF FREQUENCY" FRAMEWORK

There are two basic methods for quantifying uncertainty, correspeniing
to two different questions. We illuctrate these in the context of
another coin flipping example. In "Method 1" we ask, “What is the
probability of a head on the next toss, P(heads)?" Alternately, in
"Method 2" we say, "I am going to toss the coin 10,000 times. What is
the frequency (i.e., the percentage of heads, 4) 9o0ing to be?"

In Method 1, we answer simply with a number, P(heads), our state of
confidence on the prospect of a head on the next toss, as reflected for
example in the odds we would take in a bet.

In Method 2, we are asked to predict the outcome, 4, of an experiment
to be done in the future. Since we do not know this outcome, we express
our prediction in the form of a probability curve against frequency, e.9.,

Ple) PROBABILITY
DENSITY

@ FREQUENCY OF HEADS

Thus, in the second method, we are led to the notion of a probability
curve against frequency as a way of, or a framework for, expressing our
state of knowledge about this as yet unperformed experiment.

This notion of probability of frequency and this disti~ction hetween
Method 1 and Method 2 are central to the understanding of this study.
Both methods will be usea as appropriate. They are c¢i.cussed further in
later sections and will be of use to us in th: nex' zection in eztending
the definition of risk., We therefore expand ¢ ration. “he
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Method 1 result can be derived from the Method 2 probability of frequency
curve. The Method 2 probability of frequency curve p(4) can be used to
express our Method 1 probability of heads on the next try as

1.0
p(head) = Of apl(d)ds

We see thus that the second method includes or encompasses the first.
The reverse cannot be said. Thus, Method 2 is a fuller, more complete
way of talking about uncertainty.

Unce a probability has been calculated, people inevitably ask, "How
accurate is that prob.2ility?" "How confident are you in that number?”
In response to such questions, authors of probabilistic risk assessments
have been led to introduce such notions as confidence bounds on the
probability and probability of probability, etc.

In the context of our definition, such phrases as "probability of
probability" or confidence in confidence make no sense. In view of our
usage of the term probability, the probability of frequency curves
expresses our state of confidence. It thus appears as if the question is
asking, "How confident are you in your state of confidence?" In this
form, the question seems undefined and unanswerable. MHowever, there is a
valid thought behind it. What we need to do, therefore, is to expand our
framework somehow in such a way that, witain the enlarged framework, the
question can be given a precise meaning and then be answered,

For this purpose, we make use of the probability of frequency idea in the
following way. We imagine a thought experiment in which we undertake the
proposed course of action, or inaction, many, many times. At the end of
this experiment, we will be able to Yook back at the records and ask,
"How frequently did scenario s; occur?” This frequency will then be an
experimentally measured number. Let us denote it by #4. 1ts units

are occurrences per trial.

Imagine now, that the scenarios have been arranged in order of increasing
severity of damage. That is to say, the damages Xj obey the ordering
relationship

xl xz X‘; L XN

1f we now plot the points <xI.Pi>. we obtain the staircase
function shown as a dashed 1ine, in Figure B-l.

1f we draw in the smoothed curve, R(x), through the staircase, we can
reqgard that curve as representing the actual risk. Hence we call it the
risk curve.

Probably, the best known examples of such curves were published in the

Reactor Safety Study, WASH-1400 (Reference B-2). Figure B-2 is an

example taken from that study. Note in this example that the curves are .
plotted on log-iog scale, which results in the characteristic concave
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downward shape. In this case, the asymptotes, as shown in Figure 8-3,
have the interpretation of maximum possible damage and probability of any
damage at all.

We could then compute the cumulative frequency

s = jga by
x}_ i

(where the sum is over all scenarios having damage equal to or greater
than xj). We could now plot & versus x, obtaining Figure B-4, which

we refer t0 as a risk curve in frequency format. This whole curve may pe
regarded as the outcome of our thought experiment.

The scenario frequencies and the damage associated with each scenario are
constructed by combining probability of frequency distributions for each
event in the scenario. The propagation of uncertainty precess described
in Section 4 of the this report (TSR) and Section B.3 result in pl(s4)
and p(X;) distributions for the frequency and consequences of each
scenario i, rospe~tively. Therefore, the cumulative frequency 4 of

all scenarios having damage X; or greater has associated with it a

o(ej) also. This means we ard producing a family of curves

p(%3,x5), represented pictorially by a "risk" curve in probability

of }requency format. At each damage level on such a risk curve a
vertical cut through the family looks 1ike a probability of frequency
curve.

Pictorially, this is represented by a diagram of the form of Figure B-5.
This figure is what we call a risk curve in probability of frequency
format. It consists of a family of curves, $,(x), with the parameter
being the cumulative probability. To use this diagram, we would, for
example, enter with a specific x value and choose, say, the curve

P = 0,90, The ordinate of this curve, #g gp(x), is then the

90th percentile frequency of x. That is to say, we are 90% confident
that the frequency with which damage level x or greater occurs is not
larger than g go(x).

B.1.6 THE DISTINCTION BETWEEN FREQUENCY DISTRIBUTIONS AND PROBABILITY
DISTRIBUTIONS

We now use our definitions to distinguish two further situations that are
often badly confused.

Let x denote the height of an individual person selected at random from a
population. If we now measure the height of each person, we can draw a
frequency distribution showing what fraction of the population falls in
each height increment. If the population is large, we can, by a limiting
process, express this distribution as a continuous curve, a frequency
density distribution é,(x), as shown in Figure B-6.

The units of the #,(x) are thus fraquency per unit x, or fraction of
population per unit height. This curve is an experimental quantity. It
portrays the variability of the population--a measuradble quantity. The
value of x therefore varies with the individual selected. It is a truly
fluctuating or random variable.
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Now, contrast the situation for which we pick a specific individual (say,
Joe) in the population and ask what his height, xjge, 15. Since we do
not know his height for sure, we express our state of knowledge about it
in the form of a probability density function, as in Figure £-7,

The units here are probability per unit height. In this case, xjpe 15
not a random or fluctuating variable. xj,e is a definite number. It
fs just that we do not know what it is. ?his is a very different
situation from the situation shown on the population variability curve.
Thus, 4 is the frequency distribution of a random, or fluctuating,
variable. P(xjpg) is the probability distribution for a fixed,
nonfluctuating, but unknown quantity.

This distinction between population variability curves and state-of-
knowledge curves must be made when we analyze data on failure rates and
initiating event frequencies from our specific plant and from other
plants and other industries.

8.2 PROBABILITY DISTRIBUTIONS - BASIC CONCEPTS

Probability distributions are, of course, fundamental to any discussion
of risk and are used extensively throughout this study. For convenience,
therefore, this section collects and reviews some of the basic i1deas and
standard language relating to such distributions.

B.2,1 DISTRIBUTION FUNCTIONS

Given an uncertain variable X and a number x, the not.cion X < x
represents the hypothesis that X has a value less than or equal to x.

The (cumulative) probability distribution function, P(x), of the variable
X is now defined as

P(x) = probability (X < x) (8.1)
This definition applies to both discrete variables (i.e., variables that
take on a countable number of values) and continuous variables.
Frequently, we wish to have more detailed information than that provided
by Equation (B.1). In particular, for a discrete variable, we may wish
to know the probability that X = x and, for a continuous variable, the
probability that X falls between x and x + dx. Thus, we define the
probability function for a discrete variable,

p(xj) = probability (X = x4
and the probability density function for a continuous variable

olx) = dPix)
The dersity function satisfies

‘/P nix)dx = P(=) « P(ee) = 10 = ] (B.2)
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and the cumulative probability 4 «nction 1s calculated from

X
P(x) = 4~jr pl(s)ds (B.3)

(The integrals in Equations (R.2) and (B.3) are replaced by sums when
X is discrete.)

As an example of the above, let T be the time at which a particular piece
of equipment first fails and let

P(t) = probability that T < t
Then,
R(t) = 1-P(t)

known as the “reliability," is the probability that the equipment has not
failed by time t.

The probability density function

p(t) = ‘15—‘31 (8.4)

is the probability of failure, per unit time, at t. The "failure rate,"
or "hazard function,” 3 (t) is defined as

plt) 1 dP(t)
M) * eTET * TOPTET | AT

The interpretation of the failure rate is that 1 (t)dt is the
conditional probability that the equipment will fail in dt about t, given
that it has not failed up until time t.

We now examine briefly several widely used standard distributions of
discrete and continuous types, which are frequently encountered in risk
analysis work, Firs*t, however, we will define some characteristics that
all distributions have.

B.2.,2 MEASURES OF CENTRAL TENDENCY AND DISPERSION

We have suggested that a convenient way to express our state of knowledge
about a random variable is to use a probability distribution., While a
distribution gives in detail all that we know about the variable, it may
be convenient to characterize the distribution by using one or more
values that reflect its central tendency and its dispersion. Combining
such values instead of the actual curve may also be useful as a first
approximation method of combining distributions.

8-9
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The most widely used measure of central tendency iy the expected value ‘
(or mean), which is defined as

‘pJf xp(x)dx

Elx] = or (B.5)

;*191

according to whether x is continuous or discrete.

]

a

If the density function is interpreted as a mass distribution, then the
expected value corresponds to the center of gravity. Besides the mean,
there are two other measuras of central tendency, the mode, and median.

The mode (or most 1ikely value) is defined for a discrete variable as the
value for which py 1s greatest and for a continuous variable as the
value at which the density p(x) is maximum,
The median is defined as that point xgp for which
P(xgg) = 0.50 (B.6)

Thus,

X80
pix)dx = 0.50 (B.7)

or for a discrete variable

2. Py *0.50 (8.8)

X< %50

-1

The percentile xy 1s defined as

Pry) 'ﬁm (8.9)

From Equation (B.7), we see that the median is the 50th percentile. Two
percentiles that are often used to indicate how broad the distribution fs
are the 5th and 95th percentiles, which are determined by Equation (8.8),
with v = 5 and 95, respectively.
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A measure of dispersion is the variance (and its square root, the
standard deviation). It is defined to be the second moment about the

mean; that is,
J[ (x=n ) ép(x)dx

a“\ = E()(--a)2 = Sor (8.,10)

i

The variance is related to the mean and the second moment about zero by

a = £[X%] - 4% (8.11)
hence,
E0x%) =a? +0® (8.12)

This equation states that the mean of the square of a random variable is
equal to the square of the mean of the variable plus its variance. This
observation will be useful later in the quantification of fault trees.

B.2.3 DISCRETE DISTRIBUTIONS
8.2.3.1 Binomial

The binomial d*~tribution is applicable when an experiment can have only
two outcomes; e.9., success or failure, such as in the case of a diesel
generator either starting or not. Let us say the frequency of failure
is f and of success, 1 - f, and that an experiment is repeated n times.
The following function p(r), then, gives the probability of exactly r
failures in n trials, i.e.,

pIF) * e £7(1-0"" = () #7101 (8.13)
8.2.3.2 Poisson

Items of equipment that operate continuously, pumps for example, are
usually modeled as having a failure rate, 1, that is constant in time.

In this case, the probability of having exactly k failures in t operating
hours is given by

K
o(k) = (-E-!‘—’—e"t (8.14)

Viewed as a function of k, this expression is known as the Poisson
distribution,

B-11
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B.2.4 CONTINUOUS DISTRIBUTIONS

B.2.4,1 Normal (Gaussian)

The Gaussian distribution, or normal curve of error, is fundamental in
probability work.

The density function of this distribution is

(x-u)2
pix) = 0p |~ =] , W xco (B.15)

ena 2o
To get the standardized (tabulated) normal distribution, define the new
variable

s 23 (8.16)
o

in which case, Equation (B.7) becomes

ZZ
exp |- 5 (B.17)

Tables for the standardized distribution can be found in many textbooks
(References B8-7 and 8-8),

B.2.4.2 Exgonential

Referring back to the Poisson (or constant failure rate) process,
set k = 0, Then, the probability of zero failures up to time t is

plz) =

v Ene

R(t) = ™t (8.18)

The density function is

p(t) = 1R(t) =1t (8.19)
which, we notice, has units of probability per unit time.
Tre cumulative distribution is

P(e) =1 -e tuy (8.20)

where the approximation holds for 1t < 0,10, The implications of
this approximation when uncertainties are propagated will be discussed in
later sections.

B.2.4.3 Lognorma1

The lognormal distribution is used extensively in risk and reliability
work and is relevant in more physical processes where the underlying
variable is restricted to positive values; 1.e., O to=, In the
present study, as in past safety studies, the lognormal 1s used to

B-12
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represent our state of knowledge of component failure rates and also to
represent the varfability, or frequency distributions, of populations of
components.

The density function for the lognormal is

2
p(x) = exp [- Lﬁﬂ—iéﬂl-] , D¢ x ¢ =™ (B.21)

nox 2o

Comparison of fquations (B.15) and (B.21) reveals that if x is
lognormally distributed, then ¢n x is normally distributed.

Very often in risk analysis, the primary variables are assumed to be
lognormally distributed. It is of interest, then, to investigate some
useful properties of that distribution in the present context.

The lognormal density was given in Equation (B.21), Note that this form
contains two parameters, y and o. We sometimes write

x % Alu,0)
to mean that x is lognormally distributed with parameters u and o.

Several characteristic values of the distribution are as follows:

2
Mean: a = exp <f - %—) (B.22)
2 2 [ 2
Yariance: 2 ez“ b [e~ - 1} 'vxz Le’ - 1] (B.23)
Mode: X = exp (h-qz)
. ,

Inverting Equations (B.22) and (B.23), we yet the parameters y and o
as functions of the mean and variance; i.e.,

2 «2
o sin|=y ¢ 1 (8.24)
a
4
= im --"—2 (8.25)

Useful percentiles of the lognormai are:

S5th Percentile: xg5 = exp (u - 1.6450) (8.26)
50th Percentile: xgg = e = Jx5xg5 (8.27)
(median)

B-13
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95th Percentile: xg5 = exp (u + 1.645%) (B8.28)
v Percentile: X, = exp (u + kyo) (B.29)

where ky is the appropriate coefficient found in tables of the standard
normal distribution. The error factor (EF) is defined as

X
£F = \/ 935 . (li64% (8.30)
X085

It follows immediately that

xgs = x50EF (8.31)
and
_ %50
XOS -E'?— (B.32)

Since 2n x is normally distribL ed, the most convenient way to look at
a lognormal distribution is to write

x = me7l (B.33)

When z in Equation (B.33) is a standard normal variate, then x is
logrormally distributed; m ‘s the median value of x and o is called the
logrormal standard deviation, or the "multiplicative' standard
deviation. The reason for the latter term is seen in Equation (B8.33)
from the fact that if we increase z by the additive amount, 1.0, then

x increases by the multiplicative factor & . Thus, the multiplier

&7 plays tie same role in a lognormal curve as the additive quantity

o plays in a normal curve. That is, when x changes by the factor

e7, the cumulative probability changes by one standard deviation

worth,

Two important properties of the lognormal distribution are (see
Reference B-8):

¢ Property 1. If
x =A.('Jx‘ ‘:x)
and

C

X 2

Y = C1

where Cl and C2 are constants, then

Y =A(u , 0 .34
(Jy y) (B.34) ‘ll’

B-14
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where
My =C?R +QnC1 (8.35)
Oy = c?’x (8.36)
This property simply states that if a lognormal variable is
multiplied by a constant and raised to a power, the resulting
variabl» will also be lognormal with parameters given by
Equations (B.35) and (B.36).
We can easily prove this property by using Squation (B.33) to get

G O 2z
niaglX (8.37)

Equation (B.37) states that Y is 2150 lognormal with median
Cl"‘xC2

and lognormal standard deviation Cxy. From Equation (B.27),
we then get

= u
c .y

and Equation (B.35) follows immediately.
¢ Property 2. If
X = Aluy, oyg)
and
Y = \(Uy. dy)

are independent, lognormally distributed variables, and

Y« X s Y (B.39)
then,

- : ‘ 2 2 ‘

Y A (dx +Jy, 7 % +3y ) (8-40’

Using Equation (B.33), we grt
Vo= mymy exp (oxzx + oy2y) (B.41)
Since the sum of two normal curves is a normal curve, we have

=N
S/

OxZx * 7yZy vZy (B.42)
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where

e Vol 4 o2
o, - +oy (B.43)
Thus, from Equation (B.41) we see that V is a lognormal variate with
median mymy and lognormal standard deviation, Equation (B8.43).
Therefore, Equation (8.40) is proved.

These properties of the lognormal distribution will be used later in the
quantification of system unavailabilities.

B.2.5 DISCRETE APPROXIMATIONS TO CONTINUOUS DISTRIBUTIONS

Continuous distributions are, of course, the tools that we use to express
our state of knowledge about continuous variables. For purposes of
numerical calculation, however, it is convenient to approximate these
continuous models by discrete distributions. This discretization is, of
course, similar to the procedures used in evaluating integrals by
numerical quadrature.

Consider the following distribution, p(x), of the continuous variabie x.

pix)

‘1 “2 ‘3 .o ‘N

[f we wish now to get a discrete approximation to p(x), we can do this
simply by carving x up into intervals as shown in the figure. The idea
is to assiagn the probability that x will fall in an interval

(84.1, a¢) to a single point xj inside that interval. This
probability, say py, 1s simply

3
Py = ] px(x)dx (B.44)
-1

We can determine the points x4 in varifous ways. For example, aj can
be the mean value of the points in each interval. Thus, with the
understanding

ao 8 & ,‘n' dN + 1 < +:p’ (8045)
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we determine

1 oy
X, ¥ =——— xpx(x)dx. (B.46)
ot 15

A second method is to simply take x; as the midpoint of the interval,
15843

3y * 4.
Xy * —mt (8.47)
or

X; * ,/aia‘_l (8.48)

In this case, we cannot use Equation (B.45)., However, it will be
satisfactory to choose ag and ay+) appropriately so that the
probability that x falls outside the interval (ap, ay4p) will be
negligibly small, With these finite values of ag and a

Equation (B.47) or (B.48) can be applied to all interva s.

The points xj may also be determined using any other reasonable method
that facilitates the calculations (since this is the major reason for the
discretization). For example, if the lognormal distribution,

Equation (B.21), is to be discretized, it will be convenient to take
advantage of its relation to the normal distribution and the fact that
the normal is tabulated. Thus, we work with the logarithm of x, and we
discretize the normal distribution and then switch back to the lognormal
by taking exponentials.

The accuracy of the discretization increases as the number of intervals
increases; i.e., for N large. The intervals do not have to be of equal
length,

The above discussion has shown how to develop a discrete distribution
from a continuous one. The reverse of this process, obtaining a
continuous distribution from a discrete one, is simply a matter of
“fitting” or "smoothing." A convenient way to do this i¢ to plot the
discrete distribution, in cumulative form, as a step function and then
smooth in a sigmoid shape as shown below. This smoothed shape can then
be differentiated graphically to obtain a density function.

B-17
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B.3 PROPAGATION OF UNCERTAINTIES, THE METHOD OF MOMENTS, AND
THE METHOD OF DISCRETE PROBABILITY DISTRIBUTIONS

The probability of frequancy, P(44), of each scenario, Si, is

calculated by combining probability of frequency aistributions for each
of the number of individual events (usually system failures) that define
(make up) the scenario.

Plog) = fLP(s P(Aez). meN )] (8.49)
i

el’

where Ny is the number of events in scenario 1.

Having determined the function f (i.e., the events and the way they are
combined) from the plant model, the next step is to combine the
distributions, P(sx), to get the distribution P(s44). This step

is xnown as the "propagation of uncertainties" for the frequercy of
scenario 1.

For any arbitrary function f, a simple analytical form for the
distribution P(44), of course, does not exist. However, simplifying
numerical methods do exist. Among these are the Monte Carlo method
(Reference B-9), the method of moments (Reference B-10) and the method of
discrete probability distributions (Reference B-11). The method most
widelv used in this study is the Monte Carlo method. As background for
the discussion of this method, we first review the analytical expressions
for combining two contiruous and independent probabilistic variables and
the method of discrete probability distributions.

Propagation of uncert:inties using discrete probability distribution
arithmetic becomes cumbersome when the number of equations and variables
is large. This complexity stems from two sources. The first source of
complication is that probabilistic operations are nondistributive for the
multiplication operation over addition. This means that the order in
which multiplication and addition are performed can affect the final
results. A second <ource of complexity is the manner in which the
resultant discrete distribution tends to have many more points than
either of the two distributions involved in the operation. This
complication can be resolved by condensation of the resultant
distribution into a smaller number of discrete points although this
condensation process can introduce some additional approximations. It is
the first source of complexity, the requirement for correctly sequencing
the arithemetic operations, that is the greatest limitation.

B8.3.1 COMBINING PROBABILITY DISTRIBUTIONS, ANALYTIC, OR CONTINUOUS
YARIABLE CASE

Let x and y be independent variables having the probability density
functions py(x), pyly). If z = x + y, then the density function for
zZ is expressed by {he convolution integral

pz(z)= f px(x)py(z-x)dx (B.50)

-
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Similarly, if
Z=xy (B.51)

then

o

1
p,(2) = f p, (X)p, (£) & dx (8.52)

-0

(with any ambiquity at x = O handled by 1imit operations from both sides
in the obvious way).

More generally, let

2 = f(x, y) (B.53)
where, for any specific values of z and x, y has a specific value denoted

by

y = f-1(z, x); (8.54)
that is
z= fl(x, f1(z, x)) (B.55)
Then
b.(2) = f o (p (1 a,x) =2 £ (2, xox (8.56)
pd - X y ’ 3z ¥

which may be thought of as a more general form of convolution. Again,
there are obvious further generalizations possible, but this is
sufficient for our purposes.

In real-iife applied work, we rarely have the luxury of dealing with
analytic forms and even in those rare cases may be unable to parform the
integrations (Equation (8.56)) analytically. We are therefore led to
seek approximate procedures.

B.3.2 THE METHOD OF DISCRETE PROBABILITY DISTRIBUTIONS

The method of discrete probability distributions is used extensively in
this study. We therefore give a fairly complete exposition as follows.

B.3.2.1 Discrete Probability Distributions

Let x be an ordinary scalar variable and let x;, x2, ..., Xp denote
particular discrete values of x. Let py, Pp, «.., Py De associated
probability values so that
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Then, the set of doublets,
SPys X920 SPpy X2y ees <Py X2 = {<py» X (B.58)

may be called a DPD and may be thought of as a discrete approximation to
a continuous probability density function p(x).

More fundamentally, we need not introduce p(x) and may instead regdrd the
DPD directly as an expression of our state of knowledge with respect to
variable x. This is the point of view we shall take from here on.

We shall sometimes also refer to a set of doublets, Equation (B8.58), as a
probability “histogram." This usage, however, is explicitly no* intended
to suggest that the xj should be regularly spaced. On the contrary,
coming from the point of view of the previous paragraph, we allow
ourselves total freedom to select the xi and pj any way at all, save

only that the set {<p;, x>} adequately represents our state of

knowledge and that it is suited to the numerical procedures we have in
mind.

Thus, for example, suppose we were particularly interested in low values
of x; 1.e., in the low-side tail of the distribution. We would then
place several of the x4y within this low-side tail, even though the
corresponding p; was small. In this way, we would ensure that the low
values of x wou1d be appropriately represented in our subsequent
calculations.

B.3.2.2 Probabilistic Addition

Suppose the variables x, y, z are related by
2 =x+y (B.59)

and suppose our state of knowledge with respect to x and y is expressed
by the UPDs

x = {<pj, x>}, y = {<qy, yp! (8.60)
Moreover, suppose these states of knowledge are independent in the sense
that, if we found out the true value of y, this would not affect our DPD
for x, and vice versa.

For this situation, we may now define the operation of addition 2f two
OPDs as follows

{ { = ) :
Pys Xpd g, yph = {<pyay, Xy * y ) (8183,

We now regard the set of doublets on the right as a DPD representing our
state of knowledge of the variable z.

2 = (<r1J' zij>}
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then 2 is tne DPD,

2 = (<rqy, 2ip) (B.67)
where
rij o Piajs 2§j = flxq, yjy) (8.68)

We note in passing that

z rij = 1.0

1

s0 that Equation (B.67) is a bona fide DPD. We also note that obtaining
the DPD for z is a simple matter of two nested "do loops" on a computing
machine. We finally note the straightforward generalization to the case
of more than two arguments in f. That is, if

z = f(x,x2, ... xM) (8.69)

where each x™ is a DPD

xm :1(pm 5 x?)}' (8.70)
"m m
then 2z is the DPD
2 * {<P; oo s Ba . ous-Bi %) (8.71)
't ™y Ty
where
M
f.‘ ‘e i = rl p? (8072)
" M m=1 m
2y e g @ f xi'. x12. i xiM (B.73)
1 M ] M

[f the roomber of variables here, M. is large, and f is complicated, then
the DPD approach, Equation (B8.73), becomes computaticnally burdensome.
At this point. the Monte Carlo approach becomes more feasible.

B8.3.3 MONTE CARLO ERROR PROPAGATION

Monte Carlo error propagation is used in this study to quantify all
system and plant mode)l equations. Monte Carlo error propagation does not
require that the arithmetic operations be carefully sequenced to avoid
introducing dependencies between distributions, and the number of
variables, which can be easily combined, is very large.
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The Monte Carlo technique of simulating probability distributions is
based on mapping uniform, random deviates through a continuous cumulative
distribution function [COF(x)], normalized to 1.0, as illustrated in
Figure 8-8, For every random value of y on the interval (0, 1], there
corresponds a value of x on the interval [a, b]. Assuming a uniform
density of random deviates on the ly-axis, n, the total number of random
deviates on any interval dy, is simply ndy. The corresponding interval
on the x-axis then has density ndy/dx. Since the probability density
function of a random variable is proportional to the derivative of the
corresponding COF, this method of mapping unifirm deviates through the
COF in effect simulates the POF of the i‘andom variable.

After obtaining a rardom sample for each input variable according to its
pecified POF, these samples can then be combined according to the
equations that describe the output function to obtain a random sample
from the output distribution. This process is then repeated many times
as part of the Monte Carlo sampling process. These samples can then be
sorted and evaluated statistically to determine the parameters of the
resultant distribution and its COF. The PDF of the resultant
distribution is also provided, usually in histogram form.

The Monte Carlo sampling process does introduce slight errors in the
computation of the output distribution. With a suitable number of
samples, however, this error can be limited to very manageable levels.
Estimates of the error in the sample output distribution percentiles and
in the first and second moments can be evaluated statistically to ensure
that the error is not significant.

For this study, the continuous input variable distributions are first
approximated by discrete probability distributions tjat preserve the
means of the original, continuous distributions. Consequently, all
failure rate data are approximated by discrete distributions when
propagating the uncertainties in the system models for each of the split
fractions. The split fraction probability of frequency distributions are
then also approximated by discrete distributions when compuiing the
probability of frequency distributions for each plant damage state and
for the total core melt frequency.

B.4 QUANTIFICATION OF THE PRA MODELS

The results from the quantification of the TMI-1 PRA models are the core
damage frequency, the plant damage state probability of frequency curves
and the dominant contributors to the magnitude of the core damage
frequency. The magnitude of the risk is determined by several anzlyses
that are combined using a variety of special purpose computer programs.

Figures B-9 through B-12 show the different computer programs and how
they interact to complete the quantification process. Tne number in the
upper left corner of each box in the figures will be referenced in the
following text to orient the reader to the overall process. The
quantification process is divided into five analysis areas: system
analysis, support system event sequence analysis, frontline system event
sequence analysis, seismic analysis, and the analysis of fires, floods
and external events. This breakdown of the analysis activities is not a

B-23
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distinct separation of effort and work functions, but rather is a general
division of activities in which there is some degree of interaction in
working toward a common goal. This breakdown of the total analysis
effort is consistent with the work breakdown structure followed in the
creation of the PRA models.

B8.4,1 SYSTEM ANALYSIS QUANTIFICATION

The many system analysis models are documented in the System Analysis
Report. Results from the quantification of these models are also
provided in that report. These results were generated using the RISKMAN3
computer program; i.e., Reference B-12. Once the system algebraic
equations (data base S2) and component failure rates data base (i.e.,
block S1 in Figure B-9) have been prepared for the RISKMAN3 program, the
system analysis models can be easily quantified.

o Data Base S1. The failure rate data base, S1, consists of the
distributions issociated with maintenance frequencies and durations,
human error rates, and all initiating event frequencies that are
derived directly from experience data and common cause failure model
parameters.

o Computer Code S3. The RISKMAN3 program can compute the split
fractions for the systems analyses models. Both a point estimate and
a Monte Carlo quantification option are provided. The point estimate
quantification uses the mean values from the data base variable
distributions. The resulting split fraction values are
approximations to the mean value of the split fract.on
distributions. The accuracy of the point estimate approximation to
the mean is dependent on the form of the split fraction equations.
The point estimate quantification is a fairly close approximation of
the mean, provided the equations do not contain variable squared or
cubed terms. The Monte Carlo calculation also updates the CSF.RM3
fi{le, which contains the distributions for each split fraction.

Since the system equations generally do contain such terms, the final
mean values of the split fraction distributions are computed using
the RM3 Monte Carlo quantification option. The point estimate
quantification is used only for dedugging the split fraction
equations. The results presented in the Systems Analysis Report for
each system are the mean values computed using the Monte Carlo option
of RISKMAN3,

e Data Base 5S4, The mean values for each split fraction are stored in
a file known as the master frequency file (MFF.RM3). The master
frequency file is used when quantifying the accident sequence
frequencies, which are discussed in the next section.

o Data Base S5. When the Monte Carlo option of RM3 is used, the
compiete distribution for the split fractions i1s also computed in
addition to the mean value. The complete probability of frequency
distributicns for these split fractions are also stored in a file
(CSF.RM3) for subsequent propagation of uncertainties through the
gggt dominant scenarios (100 for TMI-1 PRA) of data base E14, using
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B.4,2 SUPPORT SYSTEM EVENT SEQUENCE ANALYSIS

This section and the following ones discuss how the system split
fractions described in the previous section are used as input in the
quantification of the plant model event trees and in the propagation of
uncertainties for the key accident sequences. The first stage of the
plant model, the support model event tree, is discussed here and
displayed in Figure B-10.

o Data Base Pl. The construction of the support system model begins
with the preparation of intersystem dependency tables. Both the
support-to-support system dependency table and the
support-to-frontline system dependency table are used as input.
These tables are provided in Section 3 of the Plant Model Report.

e Computer Code P2. The support model event tree structure is
prepared, based on the input from Pl and other knowledge of the
operation of the support systems. The ETCO program (See
Reference 8-13) can be ysed in the event tree drawing mode to help in
this process. The event tree structure input consists of top event
definitions, the top event number at each branch, the end state for
each branch, and the branches involved in each instance of repeated
tree structure logic; i.e., transfers. The support tree structure is
then printed out for analyst review. The analyst reviews Lhe tree
structure and modifies it if necessary. After the tree structure is
finalized, the appropriate split fractions are assigned to each
branch point in the tree for the case in which the initiating event
does not disable a support system for the turbine trip initiating
event.

e Data Base P3, A support system ETCY input file is prepared for the
turbine trip initiating event. The tree structure and assignment of
split fractions from the master frequency file (data base 54) is
prepared. The analyst is also required to prepare a table that
cafines the impacts on frontline systems of different support system
top event failures using data base Pl.

e Computer Code P4, The ETCYO program is next used to help the analyst
determine the end states for the support tree usinc the turbine trip
input file (P3). This is an important rart of the overall accident
sequence model construction because the number of final support
states for which all of the frontline svent trees are quantified,
with the number of initiating events analyzed, determines the size
and computational complexity of the overall model. The ETCY code
identifies the impacts of each sequence through the support tree,
groups sequences with the same impacts into impact vectors, and then
collects all impact vectors with very low frequency into a common
state to reduce the total number of unique end states with
appreciable frequency. This determination of significant and unique
impact vectors is repeated for each quantification of the support
tree. Separate quantifications of the support tree are only required
for those initiating event groups that differ in their impacts on the
support system top events. Although the unique impact vectors
computed for the support tree structure are the same for all
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initiating events (i.e., they are not dependent on the
quantification), those impact vectors that are grouped together by
frequency binning do differ from one quantification run to the next.
The union of all the significant impact vectors for all support tree
quantifications are candidates for support tree end states. For the
TMI-1 PRA, this 1ist of candidate support states was reviewed
manually and selected states were judgmentally combine! to 1imit %he
total number.

Data Base P5., The final 1ist of support system states and the
definitions of these states in terms of their impacts on the
frontline systems are saved for the generation of data base P8,

Data Base Pu., The end states of the support system event tree are
assigned to coecific support system states. A second version of the
turbiie trip ETC9 input file is then produced using these
designations. Then, appropriate split fractions are made to produce
a stacked ETCY input file with one run per initiator group. The
dependency table is removed.

Computer Code P7. ETCY is run to requantify the support tree for
each of the Tnitiating event groups of interest using data base Pb.

Data Base P8. One output from ETCY9 is a description of the support
tree scenario fragments and a sequence of successes and failures of
top events and split fractions through the support tree for each
quantification. This list of split fractions for each scenarid
fragment is ordered by their end state and frequency. This file will

be input to the MAXIMA program (E12) (commonly referred to as the
"MAXT file).,

Data Base P9. Another output file produced by CTC9 contains an
ordereqd 1ist of the dominant scenario fragments with the failed and
successful split fractions by name for each one. This file is to be
used by MAXNAIL to produce the RM5 equation file.

Data Base P10. The 11st of support states and their definitions
(1.e., data base P5) is used along with the master frequency file
(1.e., S4) to prepare a spiit fraction translation table. This table
was preparad manually. The tab’e describes how the assignment of
split fractions to the frontline trees is to be changed as a function
of the support state. The analyst first prepares a set of rules that
document how the split fraction assignment 1s to be changed as a
functicn of the related frontline impacts. The frontline impacts of
each support state are then compared with these rules to identify the
split fraction assignment changes. The results are then summarized
in table form for subsequent use in the quantification of the
frontline event trees,

6.4.3 FRONTLINE SYSTEM EVENT SEQUENCE ANALYSIS

T

r sequence analysis provides scenario frequency results from al)
calculations to produce curves for core damage and plant damage

stat. frequencies., The dominant contributors to each category are also
tabulated and ranked.
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The analysis is performed in two stages. First, the event sequence
quantification is performed using the mean values from the initiating
event frequencies and from the split fraction results; i.e., using the
master frequency file. The results from this full quantification of the
plant model event trees identifies the most important scenarios. The
frequencies for these important scenarios are then reevaiuated to
quantify the uncertainty by propagating probability of frequency
distributions for the split fractions and initiating events through che
scenario equations to produce such distributions for the plant damage
states and the total core melt frequency. Further explanation of this
process is provided in the form of a description of the corresponding
blocks in Figure B-11.

o Data Base E1., The data necessary for the event sequence analysis is
provided by the results from each of the previously described
analysis areas. The initiating events to be evaluated must be
provided, along with a description of the potential frontline system
plant response to each of these initiators in the form of an event
sequence diagram. From this information, plant event trce models
must be created.

o Computer Code E2. Event tree structures are prepared, based on the
event sequence diagrams provided as input. The ETC9 program can be
used in the event tree drawing mode to help in this process. The
event tree structure input consists of top event definitions, the top
event number at each branch, the end state for each branch, and the
branches involved in each instance of repeated tree structure logic;
i.e., transfers. These tree structures were then printed out for
analyst review. After the tree structures were finalized, the
appropriate split fractions were assigned to each branch point in the
tree for the case in which all support systems are assumed
available. The analyst also specifies the end stares for the main
line trees or for the subtrees if they are used. If one or more
subtrees are rcquired, the analyst must also specify the end states
of the main line tree, which then determine which of the subtrees are
transferred to from the main 1ine tree. This step then provides all
of the input necessary to evaluate the frontline event trees,
assg?in? the boundéry condition all of the support systems are
available,

e Dats .ase E3. The input file for the case in which all support
systems are assumed available is provicded for all the frontline event
trees. Such a frontline event tree input file is produced for each
initiating event. Separate main line and subtree input files may be
produced for each initiating event, depending on the number of top
events required to model the plant response.

o Computer Code E4. The all support available ETCY input files are
then used as one of the input files to the ETCIN program. The ETCIN
program takes the split fraction translation file as input from the
support system analysis and the event tree code input files for the
all support available boundary condition to produce a boundary
coendition table for each frontline event tree.
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o Data Base E5. The boundary condition table produced by ETCIN .
Tndicates how to change the ETC9 input files from the all support
available boundary condition to produce stacked input for to all
other support system states. Run numbers and the unique runs for
each event tree are also identified.

o Computer Code £6. The user then examines the boundary condition
tables to determine if modifications need to be made. Run numbers
may also be modified if necessary. The TAGLE computer prngram thea
uses these final boundary condition tables with the CTC9 input files
for all support available run to prepare the ETC9 input files for all
support system states other than the all support available case.
These other support system state quantification runs are then stacked
behind the al) support available case in a single input file for each
event t-ee,

o Data Base E7, The full ETCY data file contains a set of stacked runs
for each event tree. The first run is the all support available case
and subsequent runs consist of default and conditional split
fractions that are specific to each support system state. The event
tree end states and structures do not change with support state and
therefore only appear once in the data file with the first run.

o Computer Code E8, ETCO is used to quantify the frequency of
scenarios through the frontline event trees, based on the assignment
of split fractions documented in the E7 data base. The full ETCY .
input files are quantified, including those from the fire and sefsmic
analysis. The numerical values for each split fraction in the data
files are extracted from the master frequency file that is produced
by the systems analysis; i.e., S4. Each such stacked run of ETCO
produces an input file for MAXIMA (data base E9) and one for MAXNAIL
(data base £10).

o Data Base E9, Onre output from the ETC9 runs is a file containing
Tnformation about each event tree branch or scenario fragment in the
frontline event trees. This information includes the conditional
frequency of the sequence fragment, the failed split fraction names,
and the end state *o which the sequence fragment is assigned. The
total frequency of each end state of the tree is also provided. This
information is prouuced for each quantification of the frontline
event trees; i1.e., one such listing for each support state
quantified. Only the scenarios above a user-specified cutoff appear
in this data base.

¢ Data Base £10. A second output from ETCY9 is a description of the
scenarin fragments, a sequence of successes and failures of top
events and split fractions through the tree in question. This list
of split fractions for each scenario fragment is ordered by their end
state and frequency.

o Data Base E1l. A third output file is provided by ETC9. The
combination of all such files produced by £TC9 contains information ‘
about all the end states, support system states, frontline main
trees, subtree names, and run numbers of each event tree used in
quantifying the plant model.
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. ¢ Computer Code E12. The MAXIMA7 (Reference 8-14) code makes use of
two of the output files from ETCY to 1ink together the scenario
fragments and determine the dominant scenarios to each plant damage
state and to the total core damage frequency. MAXIMA uses the
direction data file (E11) and the scenario frequency data set (E9).
It also uses a 1ist of the E0 file names (data base E21).

e Data Base £13, 0=~ utput of MAXIMA7 is a file containing a complete
Tist of all scenarios going to core damage and to each plant damage
state. These scenarios are ordered by frequency. The scenario
frequency, the run number for the scenario fragment used in each
segment, and the name of the end states in each segment through which
the scenario passes are all provided. This file then becomes input
to the MAXNAIL code.

o Data Base £E14, MAXIMA7 also produces a file containing the
Tnitiating event frequencies and the matrix of total conditional
frequencies of going from each initiating event to each plant damage
state. These conditional frequencies are the sum uf the frequencies
of all scenarios going from the initiating event to one plant damage
state divided by the initiating event frequency. This matrix of
conditional frequencies is referred to as the M-matrix. If a level 2
or 3 PRA is perfarmed, the plant M-matrix will be subsequently
processed by the CRUSS (Reference B-15) program to combine it with
the containment and the site matrices. Up to this point, the

' sequence frequency quantification is based on point values.
Uncertainty propagation is accomplished on just the important
sequences, as described in the following steps.

¢ Computer Code E15. The computer code MAXNAIL uses the scenario
Ffragment descriptions contained in data base E10 and the scenario
1ist data base E13 to produce end-to-end scenario algebraic equations
in tesms of the success and failures of system split fractions for
input into RM5 (computer code E17).

e Data Base E16, The MAXNAIL code produces a file that contains one
equation each for the total core damage frequency and for all
important plant damage states. Each equation consists of an
algebraic sum of the frequencies for each scenariu that contributes
to the total. Each scenario frequency is expressed as the product of
the suicess or failures of the split fraction applicable for that
scenario.

¢ Computer Code E17. RISKMANS is used to propagate all of the
initiating event and split fraction distributions thru the scenario
equations provided in data bases S1 and S3. RISKMANS reads the
scenario equations (i.e., E16 and Q12) and the associated
quantification data (i.e., S1, S3, and Q4) for the split fractions
and the initiating event frequencies. It produces the probability of
frequency distributions for total core damage and for inidividual
plant damage states in data base E18.
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Data Base E18, The data base file produced by RISKMANS contains the
probability of frequency distribution for total core damage frequency
and for the frequency of each plant damage state. These
distributions are stored in cumulative form.

Computer Code E19. Program OPLOT reads the core damage and plant
damage state frequency distributions from the £18 data base and plots
either the cumulative or probability distribution functions for each.

Output £20. The plots of the cumulative distribution functions and
the probability distribution functions represent summary level
results of the quantification process. The list of dominant
sequences determined by MAXIMA7 (i.e., E13) and the point estimate
contributions of each initiating event (i.e., E14) provide just a few
of the many wavs that the results can be further evaluated for risk
management purposes.

B.4.4 SEISMIC ANALYSIS

The methods used for the assessment of seismic events are documented in
Section 2 of the External Events and Environmental Hazards Report. The
quantification of the seismic scenario frequencies requires input from
other tasks, as indicated in Figure B-9.

Data Base Ql. This data base contains the frequencies of ground
motions of various sizes at the plant. This provides the initiating
event frequencies for the seismic events. The continuous range of
sefsmic event magnitudes is discretized into four levels for purposes
of the quantification.

Data Base Q2. A second data base provides the structural analysts'
estimates of the seismically initiated ground accelerations at which
plant structures and components are predicted to fail; i.e., the
fragility curves. These estimates are provided in the form of
parameters of lognormal distributions. Then, for each of the four
seismic intervals, a probability of frequency distribution can be
constructed for the sefsmic failure frequency of each structure and
component. The mean values of these distributions are stored in a
failure rate data base file for seismic events. The fragility
analysis also identifies the failure modes for the equipment or
structures on which the fragility curves are based.

Computer Code Q3. The RISKMAN3 computer code is used to quantify the
systems models, accounting for both the seismic and nonseismic
failure causes. The systems analysts use the failure modes
determined by the fragility analysts to dacide how the seismic
impacts are to be incorporated into the models. Once the system
equations are modified accordingly, RISKMAN3 is used to quantify the
system models. A separate quantification ‘s required for each
seismic level.
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Data Base Q4. The seismic system quantification results are stored
Tn four different master frequency files; i.e., one for each seismic
level. The point estimate results, which approximate the mean values
for these system results, are then ready for quantification of the
seismic event trees. The split fraction distributions are generated
only for those split fractions in scenarios found to be important to
risk.

Data Base Q5. The seismic support model and frontline event trees
are the same as those used for the turbine trip initiacing event.
However, the assignment of split fractions to these trees is somewhat
modified to account for the additional dependencies introduced by the
seismic initiator. The names of all the system split fractions are
kept the same as in the quantification for the turbine trip
initiator. However, the numerical values change as a function of
seismic level, as documented in data base Q4.

Computer Code Q6. ETCY is used to quantify the frequency of
scenarios thru the seismic support and frontline event trees, based
on the assignment of split fractions documented in the Q5 data base.
The full ETCY input files are quantified, including those for all
four seismic levels. The numerical values for each split fraction in
the data files are extracted from the master frequency files, which
are produced by the systems analysis; i.e., Q3. Fach such stacked
run of ETCY produces an input file for MAXIMA.

Data Base Q7. One output from the ETCY runs is a file containing
Tnformation about each event tree branch or scenario fragment in the
frontline event trees. This information includes the conditional
frequency of the sequence fragment, the failed split fraction names,
and the end state to which the sequence fragment is assigned. The
total frequency of each end state of the tree is &ls0 provided. This
information is produced for each quantification of the seismic event
trees. Only the scenarios above a user-specified cutoff appear in
the data base.

Data Base 08. A second output from ETCO is a descrirtion of the
scenario fragments; :.e., a sequence of successes and failures of top
events and split fractions through the tree in question. This list
of split fractions for each scenaric fragment is ordered by their end
state and frequency.

Computer Code Q9. The MAXIMA? (Reference 8-14) code makes use of two
of the output files from ETC9 to 1ink together the scenario fragments
and determine the dominant scenarios to each plant damage state and
to the total core damage frequency. MAXIMA7, as applied to seismic
events, uses the same direction data file (E11) as the nonseismic
MAXIMA7 run; i.e., as E12. The scenario fragment frequency data base
for the seismic events (i.e., data base Q7) is also used by MAXIMA7.

Data Base Q10. One output of MAXIMA7 is a file containing a complete
Tist of all the seismic scenarios going to core damage and to each
plant damage state. These scenarios are ordered by frequency. The
scenario frequency, the run number for the scenario fragment used in
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each segment, and the name of the end states in each segment through ‘
which the scenario passes are all provided.

o Data Base Ql1. MAXIMA7 also produces a file containing the
initiating event frequencies and the matrix of total conditional
frequencies of going from each seismic inftiating event to each plant
damage state. These conditional frequencies are the sum of the
frequencies of all scenarios going from the initiating event to one
plant damage state divided by the initiating event frequency. This
matrix of conditional frequencies is referred to as the M-matrix. If
a level 2 or 3 PRA is performed, the plant M-matrix will be
subsequently processed by the CROSS (Reference 8-15) program to
combine it with the containment and the site matrices.

e Data Base 0l2. Up to this point, the sequence frequency
quantification for seismic events 15 based on point values.
Uncertainty propagation is accomplished on just the important
sequences. Review of the completed sefsmic M-matrix quickly reveals
that the contribution from seismic events is very small relative to
al)l other events. Consequently, the steps in the nonsefsmic
quantification process to identify the key scenarios for uncertainty
analysis, which are very few, and to write them in equation form for
uncertainty propagation were easfly accomplished manually. These
equations were transferred over to the RISKMANS set of equations for
all other initiating events (i.e., see the description for E17) for
propagation of uncertainties.

B.4.5 FIRE, FLOOD, AND EXTERNAL EVENTS ANALYSIS

The assessment of fires, floods, and external events is event specific.
Generally, the quantification of such events is done without the aid of
the computer, The number of sequences 1s generally very few, and use can
often be made of previous, detailed calcuiations done for other plants,
but for which the overall conclusions are generically applicable to
simplify the analysis. This was found to be the case in the TMI-1 PRA,

For the TMI-1 PRA, the important sequences for such avents were
fdentified using hand calculations. When additional failures,
independent of the initiator, were found to be fwportant, use {s made of
the results from the systems analysis models (i.e., the master frequency
file, S4) to quantify these additfonal failures. The key scenarios based
on the point estimate results are then loaded into RISKMANG for
uncertainty propagation. In “fgure 8-9 this data base file is ieferred
to as Fl.

B.5 CALCULATION OF SYSTEM IMPORTANCE

The contributfon to risk of each scenario and system was reported in
Section 5 of this report. These contributions were calculated using the
point estimate plant model (M) matrix for this level 1 PRA, computed by
combining the mean values of the split fraction distributions and
combining them with the mean value inftiating event frequency vector, 0.
This section describes how this “disassembly” process can be generalized
to fdentify risk contributions from a level 2 or 3 PRA that generates the
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. containment (C) and site (S) matrices as well; i.e., presents the results
in terms of release category frequencies and frequencies of exceeding
specified damage indices (e.g., number of early fatalities) in addition
to the frequencies of each plant damage state, as computed in the currert
study. I% runs this assembly process backward to disassemble or
"decompose" the risk into its important pinch point contributors, then to
"unsum" at each pinch point to get individual contributors. Oiagonal
matrices can be developed from the M, C, and S-matrices to quantify the
contribution of each state at each pinch point to the other states at
other pinch points, including to risk. For instance, the plant damage
state diagonal matrix,

4

can be combined with the site and containment matrices to determine the
importance of each plant damage state to each type of offsite health
effect. The diagonal matrix

"0

for the plant damage states consists of the vector 5’ M (51 = initiating
events vector; M = plant mode) matrix) arranged diagonally into a square
matrix in which both dimensions are the number of plant damage states.
' To further decompose the results requires ¢oing to the event trees and
system models to identify specific event sequences and systems
contributing to each plant damage state. From there, it is possible to
dig still deeper by consulting the appropriate cause tables for the
system alignments and individual components cortrihuting to each system.

For instance, to find the important piant damage states with respect to
risk, the example plant damage state vector

Y
0

N

shown in Table B-1 is made into a square matrix

— -
6{ 0...0

J = y

AD 0 «2 0
O 0...0
D
L N

with N diagonal entries, one for each PDS, which, if multiplied by the
product of containment matrix C and site matrix S, yields the matrix,

‘,y
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An examyle consisting of one row of this matrix for one damage index is
shown in Table B-2. This matrix is the frequency of exceedance for early
fatalities calculated for each PDS. One row on this table shows one
contribution of the plant damagc state to early fatalities. One major
contributor, PDS VE, is indicated by the line surrounding the points on
its column. This table entry is the risk curve labeled "VE" shown
graphically with the total risk curve from all PDSs for early fatalities
in Figure B-13.

After the plant damage states that are the major contributors to risk
have been identified, the microscope can be turned up to find the
scenarios that contribute most of the frequency of each plant damage
state. The plant damage state frequencies presented in Section 5 were
calculated by summing the frequency of all scenarios leading to it.
Similarly, the early fatalities that are caused (for example, plant
damage state VE) are caused mostly by the specific scenmario that leads to
most of the frequency of PDS VE. This is true because each scenario goes
to only one PDS. Thus, the risk that is attributable to each scenario
can be calculated by taking a ratio of frequencies. Since

.11 scenarios

Y to PDS VE
bye © & ®§,VE = the total frequency of plant damage state VE
and
At s Y
Sve * SyglS
where
-
by VE

is the frequency of exceeding leve! ! of damage indice x due to scenarios
in plant damage state VE, then by substitution

all VE
scenarios

t v cs
A = - i ’VE

The risk associated with each scenario can be calculated from the POS
risk using the scenario frequency &4 vg

b
i,VE VE dVe
where the term in braces is the fraction of the total PDS VE frequency
from each scenario. This equation means that any number in Table B-2 can
e multiplied by the frequency fraction for each scenario to get a

scenario-specific risk curve, which would be similar to that for the
total damage state risk curve.
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Knowing the risk attributable to each scenario is interesting but not as
interesting as knowing the risk associated with each system. The

microscope can be turned up even further to find the contribution of each
system to risk. This is done by using the risk for each scenario to find
the risk for each system (event tree top event). Each scenario consists
of an initiating event and the failure of one or more responding systems.

The frequency of a scenario is calculated by multiplying the initiating
event frequency by the conditional split fraction of each (faiiure) event
in the scenario. Most scenarios that lead to core damage consist of at
least one top event failure. (An exception to this are V-sequences in
which core damage is a direct result of the initiating event.) The risk
associated with each system that fails in a scenario is all of the risk
associated with that scenario. This concept can be appreciated by
considering what it would mean to make a system perfect. If a system
were made perfect, its failure frequency (conditional split fraction)
becomes zero. If any top event in a scenario has a frequency of zero,
the scenario has a frequency of zero. For a scenario to have a frequency
of zero means the scenario cannot happen. I[f it cannot happen, it does
not exist. Therefore, making any top event in a scenario perfect makes
the scenario and its contribution to risk disappear; hence, one less way
of getting severe core damage and, thus, ~f getting risk to tne public.

To find the risk associated with each system, the total risk associated
with all scenarios containing the failure of a particular system, j, can
be summed:

all PDSs contributing
all scenarios
to damage type, t to PDS 2 with system j

at level x
{ft]‘ . x ) [«t] (8.5.1)
) 1

L=l j=1 L X4

The sum is over all scenarios in each PDS containing the failure of
system j and contributing to the damage type, early fatalities. Then,
thc contributions from a11 PDSs are also summed. Unlike a scenario, a
S{stem failure may occur in many scenarios in many different plant damage
states.

System contributions to risk calculated in this way mean that if the
system were fixed so that its failure could not appear in any scenario
(i.e., if it were made perfect), the total frequency of exceedance of
early fatalities would be reduced by the amount (4%]j. They would no
longer contribute to risk.

Some scenarios may contain more than one system (top event) failure. If
one system in a scenario is fixed, then the scenario will disappear.
Therefore, the risk associated with other systems appearing in the
scenario will also be reduced. [5}]3 for other systems will have to be
recalculated after each system is fixed, Said another way, (4%}
represents the reduction in risk attributable to each system only if they
are fixed one at a time.
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where the denominator is the total core damage frequency. The importance
of a system, i, is to reducing core damage frequency is like
Equation (B.74).

all scenarios
| all in PDS P with
T PDSs |system j
“total | 3 5 .p
p=1 i=1

In a similar fashion, the importance of a system failure cause, k, is just

all systems all scenarios
with failure all in PDS P with
1 cause K PDSs | system Jj
total 1 s 1 2 & 4
j=1 p=l i=1 -

where fj,k is the importence »f ¢2u¢e K to the failure system j.
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' TABLE B=1. VALUES AT SECOND PINCH POINT -
PLANT DAMAGE STATE FREQUENCIES (oIM)

Plant Damage

f ,
| State % Frequency
! SEFC ! 7.41-6
| SEF ? 1.28-9
SEC 1.76-8
SE 6.53-10
SLFC | 1.91-5
SLF | 4.76-9
B | 1.93-6
SL i 1.25-8
TEFC ' 8.43-7
TEF ‘ 1.61=¢
TEC : 9,32-;
£ 2.27=1
AEFC 1.75-6
AEF 1.,87-10
AEC 8.23-9
AE 1.05-11
ALFC 9.76=6
‘ ‘ ALF 7.27-10
' ALC 3,98-10
AL 2.52=13
v 1.06-7

Total (Core Melt) ‘ 4,21-5

NOTE: Exporential notation is indicated in abbreviated
form; i.e., 7.41-6 = 7,41 x 10°6,
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