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FORWARD

The accident at Three Mile Island has impacted upon the global
perception of nuclear safety in a way formally unprecedented. As a
result, government and industry response to the accident has been
prompt and comprehensive. This report represents the first of several °
studies sponsored by the Nuclear Safety Analysis Center (NSAC) that ‘
address important nuclear safety issues. In particular, this work
concentrates on developing a methodological framework by which utility
and regulatory engineers can approach the analysis of safety related

problems in a consistent and rigorous fashionm. -

The goal of this work is to stimulate interest in the establish-
ment of guidelines by which safety analysis can be conducted and also
by which they can be evaluated and finally used to guide the dec¢ision
making process. If such guidelines can be established on a nationwide.
joint industry-government basis, much can be gained in reaching con-
census on important issues whether or not they are currently unresolved.
The adoption of logical analytic methods by which to assess licensing
and safety issues - not only in theory but in practice - by establish-
ing a consistent framework to.be applied in all cases by all actors
will help the nation to move toward insuring the safe operation of its
nuclear power stationms. : :

It is extremely important that industry and government join
together rather than play adversaries in the process of safety decision
making. This goal can be reached in significant part by the adoption
of on both a federal and industrial level the same analytic framework
for the resolution of nuclear safety issues. This report documents
such an analytic framework; it is proposed that it or a similar version
be considered for use by industry and government in the very near future.

C. D. Heising
Cambridge MA 02139
September 1980
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ABSTRACT

The accident at Three Mile Island (TMI) has led to a thorough
re-evaluation of federal safety regulations and utility operating
procedures in addition . to engineered safety features in plant de-
sign. The Nuclear Regulatory Commission has made several recommenda-
tions for changes in nuclear plant design as well as several modifica—
tions to existing operating facilities as outlined in the "lessons
1earned" document NUREG-0578. However, many of these recommendations
have not been analyzed quantitatively to determine the incremental
safety benefit, if any; that may result from their implementationm.
Utilities who must take the responsibility for implementing these
new recommendations are in need of a simplified risk—benefiﬁ anaiytic
structure that can provide sound technical backing for positions taken
on licensing and design issues.

This study develops a risk—benefit framework for quantitatively
analyzing generic nuclear safety issues. Existing reliability
analysis methods are used to develop a simplified methodologicai
framework that nuclear engineers can readily apply to safety issues.
To proviie examples‘of how this framework can be applied, four issues
are separately analyzed: | |

(1) the enticipated transient without scram Q%IWS) issue;

(1i1) the eontainmeut inerting issue;

(1ii) the issue of hydrogen control in PWRs; and

(iv) the issue of the reactor‘eore melt frequency after TMI.
The examples make use of the most recent studies available on each

issue and present original results forthcoming from the analyses
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performed at MIT. Use of WASH-1400 and recent EPRI-NSAC studies are
included. Also, in analyzing the containment inerting problem in BWRs
the Vermont Yankee plant was specifically examined. Reference to the
included nuclear safety analyses should provide nuclear engineers with
detailed examples to guide similar endeavors.

Additionally, a reference handbook on reliability methods de-
signed specifically_for nuclear engineers 1s included as a separaté
section of this repdrt. The handbook provides the basic information
required to acquaint nuclear engineers with the principles of safety
reliability analysis. Simple examples on a textbook level are in-

cluded to demonstrate discussed principles.
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'I. ANALYTIC METHODS FOR THE RESOLUTION OF NUCLEAR SAFETY ISSUES

In this section, analytic methods for the resolution of nuclear
safety issues are discussed. First, the methods are discussed in the
general context of operations research, the field of reseatch which
applies scientific methods to management problems of decision-making.
Secondly, applicetioncof analytic methods to nuclear regulatory prob-
lems is outlined with respect to two broad classes of generic nuclear
safety issues: (i) assessment of human reliability factors, and (ii)
;ssessment of engineered safety systems. Characteristics of en
analytic framework for generic nuclear safety issue resolution are
also defined and described. Finally, a description of a methodologi-
cal approach éor implementing these methods is presented.
A. Scientific Methods of Decision-Making

In the United States today, the energy debate has led to a é&b-
debate over how decisions regarding the regulation of technology ehould‘
be made.1 fOne persnective is that such decisions should be made epart

from the scientific'method.2’3’4

Critics of the scientific method
argue that analysis‘(particulatly in cost-benefit application). fails
to integrate important aspects of policy ouestions and leads to
erroneous conclusions. Further, they argue that quantitative scien-
tific methods cannot handle ethical issues 'and instead may obscure
them. | |

The ethicai;question has been addreseed by proponents of the
scientific method. 5-8 These proponents contend that ethics and
science are not separate entities, and that scientific approaches to

issue resolution are, in fact, quite ethical. In defense of cost-

risk-benefit analysis, Maxey has pointed out:




"What is really at issue in risk assessment methodologies
is not the propriety or impropriety of putting some
callous "dollar value" on human life or injury as a moral
judgment of individual worth, much less of economic losses
to soclety as a measure of personal expendability. The
public should have long since been confronted with a
threefold ethical justification for cost/risk/benefit
quantifications (emphasis added), namely:

(1) we are in fact maximizing the value we as a
society place on human life when we endeavor to allocate
public monies in such a way as to reduce widespread
hazards, thereby preventing as much loss of life and
protection from injury as possible;

(2) by utilizing this method, we minimize arbitrary,
piecemeal, isolated, selective decisions, and instead aim
at the most socially responsive and responsible process of
decision-making about the cost-effectiveness of finite
resources and public revenues;

(3) with this method we have visible and verifiable
standards for judging the accountability of elected or
appointed officials in their allocation of public monies
in a just and equitable manner.'

Further supporting the use of scientific methods in regulat§fy
Jand technological decision making, O'Donnell has pointed out the nged
for a cost;benefit perspective in the nuclear regﬁlatory proCess.9
Reviewing the trends of past nuclear regulatory policy, O'Donnell
showed that new regulatory requirements have produced a drama;ic.imr
pact on the cost of new nuclea: plants:9

"Although escalation contributes a significant portion
of the increase in cost, the effect of new regulatory
requirements is the predominant factor (Figure 1) and
has affected the relative advantage of nuclear vis-a-vis
coal-fired electricity production: in 1969, nuclear
enjoyed a 26% advantage over coal; in 1978 this advan-
-tage had essentially disappeared. Regulatory require-
ments haveresulted in about 50 NRC-licensed systems
installed on plants current;z*gptering operation; in
1972, 35 such systems were required (Figure 2). The
difference reflects the addition of new safety systems
or the upgrading of certain formerly non-safety systems
to satisfy new NRC requirements. The list mow includes
systems such as hydrogen recombiners and safety grade
fuel pooling cooling systems not considered in WASH-1400. "
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ALLOCATION OF PLAMT COST
INCREASES 1968 TO 1878

913 | DOLLARS PER KW |
// DUE TO STATUTORY L 639
591 AND REGULATORY
A CHANG;S 1§es_-197a .

-

DUE TO INFLATION
(ESCALATION)
1969 TO 1978 L
S 1969 ESTIMATE e
iy .7 | EXCLUDING ESCALATION g . 1
. . N .
NUCLEAR R COAL

Figure 1 Allocation of Plant Cost Increases (1969-1978).




On the basis of his investigations, O'Donnell suggests that a consis-
tent approach to regulatory and govermment policy be taken by adopting
a uniform standard for cost-benefit analyses.

The history of operations research and the quantitative approach
to decision-making, including regulatory decisions, began in the.war
years of the 1940's. Evolving out of defense planning for distribution
and production of wartime equipment and goods, operatioms resea;chv
first dealt deterministically and linearly with resource allocation
problems. Géorge Dantzig, father of linear programming, in recalling
his early memoirs of these times once remarked that his was a linear-
ized world of objective functions subject to constraints of a most
unique nature. Since then, the field has broademed and grown be-
coming both probabilistic and non-linear.

OperétiOns research is applied to problems that conéern how?to
conduct and coordinate the operations or aqtivities within. an org;ﬁi-
zation.10 ‘The épproach of oper;tions research is the sciéntificj'
méthod. The procesg begins by carefully observing and formulating
the problem and then constructing a scientific typically mathematical
model that attempts to abstract the essence of the pfoblem. It is
then hyfothesized that this model is a sufficiently precise represen-
tation of the essential features of the situation so that the conclu-
sions (solutions) obtained from thg model are also valid for the real
probiem. This hypothesis is then modified and veﬁified by suitable
experimentationj Thus, in a certain sense operations research also
is concerned with the practicai management of the organization. Op-

erations research attempts to find the best or optimal solution to the
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problem under consideration. Rather than being content with mereiy
improving the "status quo", the goal is to identify the best possible
course of action. Although it must be interpreted carefully, the
"search for optimality" is a very important theme in operatioms
research.

Among the many a@perations research methods available for deciding
between projects, allocating funds, and determining time schedu;es; the
probabilistic approach of Bayesian Qecision analysis emerges as very
promising. The Bayesian perspéctive of probability asserts that un-
certainty reflects a subjective state-of-mind or state-of-knowledge
lending itself naturally to an interesting viewpoint on the value of
research and development. From this perspective, a decision based on
the best available state-of-knowledge is accomplished through theA¢on—
sultation of experts whose concensus opinion provides a,basis upoh.
which to act. A major benefit of the explicit quantitative appro;éh
is that it'synthesizes the opinions of a diverse group.of experiénﬁed
experts more effectively than alternative qualitative approaches.

Explicit numerical representation of expert opinion are a regu-
lar input to the evaluation of important problems in the subjective
probability approaﬁh. A substantial literature exists recommending
subjective probability judgment as the most appropriate basis for
decision making under uncertainty (see, for example, the work of the
Stanford Research Institute's Decision Analysis grougq§. Much of the
theoretical basis for this approach comes from the influential work of
Reverend Thomas Bayes, a brilliant statistician and thinker who lived

in England during the 1750's (see Section II of this report).




Reverend Bayes devised a theorem by which the state-of-informatién
existing prior to the decision or problem at hand could be updated
with new information gained either through direct experimentation or
upon consultation with experts. The result of the new informatiqn
combined with the old is called the posterior information and in
mathematics is usually a probability distribution of some type. Bayes
theorem and its resulting interpretation by others later on pto%ides
the foundation upon which the Bayesian approach to probability and
statistics is based. That is, Bayesians view probability as a re-
flection of our state-of-knowledge of a given phenomenon - if perfect
information were known, than all uncertainty . would vanish. Bayesians
assert that statements on likelihood, frequencies and probabilities
simply reflect our imperfect state-of-knowledge and that therefore
probability is a "state—of-mind" and not a "state-of-matter". From
this perspective then, the approach of encoding experts' subjecti%e
probabilit& estimateé on varioué important uncertain parameters i§
theoretically justifiable. Moreover, in common practice the Bayesian
approach can be shown to be quite representative of what is aéﬁually
done in coming to decisionms,

The process of probability encoding is one that usually involves
intensive interviews of experts by analysts. The SRI Decision Analysis
group has established advanced methods for accomplishing the trans-
formation of expert opinion into the quantitative probability dis-
tributions required to apply decision analysis methods. Spetzler and
Staél von H.olsteinl2 describe the probability encoding methods cur-

rently used by SRI, which are based on several years of experience as




well as on evidence from experiments. One such method is based on the
use of a probability wheel , which is a disk with two sectors. one
blue and the other red with a fixed fointer in the center of the disk.
The disk is spun. finally stopping with the pointer either in the blue
or the red sector. A simple adjustment changes the relative siZé of |
the two sectors and thereby also the probabilities of the pointer in-
dicating either sector when the disk stops spinning. The subject is
‘asked whether he would prefer to bet either om an event relaﬁing to
the uncertain quantity, e.g., that next year's production will not ex~-
ceed x units or the pointer ending up in the_red sector. The amount
of red in the wheel i; ;hen varied until the expert becomes indifferent.
When indifference has been obtained, the relative amount of red is as-
signed as the probability of the event. Use of the probability wheel
is called a "refereéée process' whereby the subject can relate hié‘
" probability judgment;fo a tangible reference point that more easii§
5 visualizes the‘éﬁéoding process.
| In utiliziégffhe Ba&gsian approach, it is important that the
experti?e used i;Athe analysis be carefully scrutinized for validity
and appébpriateness; a high-energy physicist is not a nuclear scieatist
just as'a_;§gﬁhologist.is not a sociologist; th;ugh the areas are re-
lated, ;hgibQSt available expert in one area must be relied upon over
others in f;lated but separate areas. ‘Expertise must be incorporated
in such a way as to minimize any overt human biases an individual ex-
. pert may harbor and this responsibility is left to the analysts
‘to ensure. |

The use of scientific methods is becoming widely accepted in the

area of regulation particularly in nuclear power applicatioms.




Economic methods are used extensively to provide estimates on project
potential for benefit. Combined, these approaches can be applied to
asgess priorities among any set of competing projects. Expert opinion
and public value judgments can also be quantitatively included in
these analyses to help reflect the best available knowledge and the
past and present attitudes of society. Risk acceptability levels and
perceptions of benefit may also fluctuate with time; these unce;tain—
ties can §1so be handled’quantitativel§. The results of these analyses
can help guide the regulatory decision making process (they do not re-
place this process). Problems of a political type such as pressures

of suasion by peers and others will still exist; there is no substitute
for our preéent legal regulatory system. However, greater application
of quantitative approaches can lead to greater acceptanceband cred;-
biiity for such processés helping to minimize undesirable influencés.
Properly integrated and exefcised; scientific analytic methods capibe
powerful aﬁd useful in the most complicated of sitﬁations.

4

B. Application to Regulatory Problems

Two broad classes of generic nuclear safety issues have been

identified as a result of the accident at Three Mile Island (TMI).ls’14

These include: .

1. Assessment of Human Reliability Factors (assessing the Value

of Added Improvements in Man-Machine Systems). Given that engineered
safety systems are in place and operable, a more important aspect re-
lated to the final safe operation of a nuclear power plant concerns

the operator's ability to make use of available systems in a correct,

efficient and more importantly, a timely fashion. In order to assess
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the impact of various proposed equipment and/or operatioms changeé in
modifications of the plant (such as inerting Mark I/II reactor contain-
ment structures), it is important to ensure that the human reliability
aspect is adequately analyzed. Therefore, any analytic framework
developed to assess the overall safety impact of a proposed :eguiatory
change must address human reliability directly within the analysis.

2. . Assessment of Engineered Safety Systems (assessing the Value

of Improvements in the Machine Response to Accidents). Traditionally,
this has been the aspect most studied in system safety evaluationms.
While important, the legacy of TMI has indicated the greater signifi-
cance of human-machine interactions perhaps indicating that existing
safety systems are reliable to the degree that human error predominates.
However, the TMI event also rev;aled some key flaws in machine intgr—
actions; the impact of the repairs on‘the polisher unit in triggering
the initial failure of the feed water pumps is perhaps the most iﬁéer—
esting, secondarily, the failure of the pressure relief valve |
(PORV) to close after opening is of interest as well as the later
problems related to hydrogen control inside the containment. " The NRC

1L and

has recommended many changes in relation to these'issues,
‘utilities that must evaluate the impact of such changes on plant opera-
tions must carefully consider the impact of each. Moreover, a system—
atic framework for the analysis of such issues is imperative to de-
velop and to consistently follow.

The principal characteristics that an analytic framework for the

‘resolution- of nuclear safety issues should possess iﬁclude:
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(1) Basis in Mathematical Theory (Rigorous). Any method used to assess

accident/failure probabilities should be statistically valid and tested;
likewise, methods used to determine relationships between equipment

failures, man-machine interactions, etc. should also be based on known.
methods. Examples of acceptable approaches include fault or evént tree

analysis.

(2) Consistancy of Application (Consistant). The approach ano sreps
followed in applying ‘the procedure should be independent of the problem
analyzed (though, obviously, the results of the procedures will be de-
pendent on the problem).

(3) Facility for Checking Results and Testing Sensitivity (Scrutability).

It is of upmost importance that the framework be easy to comprehend and
logically follow. ‘Calculations should be followable to the end reéult
allowing for ease in correction. Scrutiny of results relies on the
scrutability of the method employed; the framework for analysis must
facilitate this scr?tability. (A major crlticism of WASH-IAOO was its |

apparent lack of scrutabilityle.)

(4) 1Identify the Accident Sequences and Key Interactions Between
Machine-Machine and Man-Machine That Most Impact Upon the Results
of the Apalysis: Ease of Significant Event Identification

gRevealingz

It is imperative that the methodology be able to identify those key

interactions between equipment and operators that most impact uﬁon the
safety assessment. It is important tﬂét the method be able to cisplay
these relationships in a clear and understandable manmer. Pictorial
graphical descriptions can ﬁelp facilitate such a display (e.g., fault
trees can satisfy ouch a criterion if applied in a careful and thought-
ful fashion). Guidelines for the correct application of these methods

are needed to help the analyst proceed in the process.
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(5) Perform Bounding Procedures to Insure the Assessment of Probabilities
is Based on the Best Possible Event Definitions (Completeness).

To a great extent, the assessment of probabilities of event occurrence
rely on the careful definition of the event and its relationship to
other events. Therefore, it is often necessary to break down the eveut.
into its sub—componenté to try to arrive at those components which
facilitate probability dgfinition. Procedures for breaking down events
into sub-components include such methods as "influence diagrams"; which
proceed event tree éonstruction. Such modeling toolskcan help deter-
mine system boundaries, which is often a non-trivial aﬁd elusive task
and takes place at the beginning of the analysis. Available bounding
techniques for model constructiom are included in the method develop-
ment section of this report. |

(6) Confirm Probability Estimates Based on Empirical Data With Estimates
Based on Best Available Engineering Judgment (Intuitive).

A procedure is needed to help establish intuitive confidence in mbéel
results; skepticism ;rises when results are not based on assumptibﬁs
and data that agreé'with experience data. The method must therefore
be capable of incorporating expert judgment.

| In short, the framework should be (1) rigorous, (2) comnsistent,
(3) scrutable, (4) revealing, (5) complete, and (6) intuitive. If akl
of the above conditions hold, the method itself will be a useful tool

in utility-government safety assessments.

C. Description of a Methodological Approach

The following methodological approach toward amalyzing key
nuclear éafety issues is based in part on a Bayesian perspective of .

uncertainty. (The Bayesian approach is described in detail in




13

Section II, part A of this report). The Bayesian perspective is taken
to make explicit those assumptions and data values that are based on
engineering judgment rather than on experimental evidence since, in
many cases, the experimental data is not available. Also, the Bayesign
perspective provides a notational mechanism whereby all probabiiity
statements are made relative to a given state-of-information S.
(Notational definitions are also provided in II.A.) As an aid iﬁ'the
modeling process, the approach suggested here makes use of the tech-
nique of influence diagrams, a procedure described in detail by Owen 18
which permits a better representation of the conditional;ty and depen-
dence relationship between probabilistic variables. Also, the tech-
nique is well suited for the later structuring of event and/or fault
trées based on the influence diagram. | |

The methodological approach is now outlined as a séries of steps
to be followed by the analyst in the process of dissecting and anéiyzigg
a nuclear safety,prpblem: | |

Structuring _Models of the Interrelationship Between Key Variables

1. Use influence diagrams to identify the significant events
(variables) that affect the problem at hand and ideqtify their
interrelationships; i 2

2. Develop an event tree from the influence diagram to indicate dif-
ferent possible rgutes to a given cousequence;;

3. Identify the key uncertainties that must be quantified and the

relevant conditionality relatioms;
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1 Release of radiation to environmment

€-8-» of major order | e}
+
experience
data base
- overpressurization l gaseous e }
of containment explosion occurs,
x { degradation of fuel elements | reactor core
with release of FP gases temperature increase,
4, Develop fault trees to estimate the probabilities of -

events modeled in the event tree;

5. In calculating the TOP event probability, use Bayes theorem

- to calculate conditional probabilities;

6. Determine whether human error or mechanical failure is more
likely to dominate in causing failure of systems to respond
when needed; if human errar predominates, go to 7;

Modeling 6f Human Error: Additional Analysis

7. Probability estimates of human reliability may be estimated
_on a plant-by-plant basis after acquaintance with piant
personnel and operations procedures are known§ advice from
human reliability experts with this informaéion can also be
used to encode probability estimates. Further analysis
involves construction of "human response functions" (step 8);

8. Human response functiomns dan be determined where upper and
lower limits on such functidns can be estimated for various

tasks that require performance, e.g.:
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Block Valve Closed or ECCS

most likely Left On (After Failure of PORV)
value
\
|
|
|
\
i
} { } -
10 minutes 2 hrs . 5 hrs

x: Reésponse Time

‘The above hypothetical distribution measures the probability that the

failure of the PORV is correctly identified and the proper respomse is
determiged in that the block valve is finally closed or the ECCS is
left on i.e., that at least one of the many alternative correct;
actions is taken in the indicated time period. (In generlc studies,
allowance must be made for possible improvement with time in human
response functionst) '

Sensitivity Studies

9. After deterﬁining the role of human error in the p;oblem,‘additional
sensiti&ity-studies are useful in establishing error bounds on results |
and the degree of confidence expressed in the "most.likely" or "best"

estimate.

Presentation of Results

10. Graphical and/or pictorial representation of study results should
include the degree of uncertainty and/or error; use of probability vs
consequence graphs is one of the most common methods of result presen-

tation; cost-benefit ratios are another method with respect to some

baseline value.
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An example of the use of influence diagrams in structuring the
interrelationship between key variables is shown in Figure 3 for the
hydrogen control problem in the event of a class 9 accident. From
this diagram, event trees may be comnstructed which map the possible
_ routes available that lead to the top and final event: '"release of
radiation to the enviromment of ﬁajbr order". The influence diagram
helps the analyst determine the major variables of importance‘ and
the chronological sequence of events that can lead to their occurrence.

For example, the event of a gaseous explosion can take place if either
a hydrogen and/;; steam explosion were to occur; the .question of the
independence of the separate events "hydrogen explosion" and "steam
explosion” can be identified in the diagram as to whether or not an
arrow should be drawn between the two events. -The assumption placed
on the link between the two events will later influence calculatiéns
of the frequency of a gaseous explosion.

Use 6f the -general frameﬁork described Hefé for the structuring
of a safety analysis is applied in éection III.B to the containment
inerting problem., Variations of the general framework are applied to
oéher examples in.Section III. St:ict adherepce to the ten steps
described above is not necessary to achieve a well pg;formed analysis.
However, a well performed analysis will usually exhibit at least ‘the
following three characteristics:

(1) Structured Mc&el of Event Relationships;

(2) Identification of Key Uncerﬁainties} and_—

(3) Sensitivity Study/Error Analysis.




Influence Diagram of Hydrogen Control Problem in the Event

of a Class 9 Accident.

Figure 3
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II. RELIABILITY AND RISK ANALYSIS METHODS

A. Introduction to Probability Theory

A.1 Viewpoints on Probability

Before the basic equations and concepts of probability theory
are dealt with, it is perhaps more important to begin first by intro-
ducing three different ways of lboking at probability and uncertéinty.’
Each way of looking ét probability produces differeﬁces in the way in
which probabilities are represented and manipulated and also inflﬁénces
the engineer in the way in which data is used to derive probability
estimates. There are at least three ways in which probability and °
uncertainty are viewed by statisticians. These perspectives are known
as "schools-of-thought” and are often named after the first person who

conceived of them. These schools are:

1) ' the CLASSICAL school;
(i1) the BAYESIAN (or SUBJECTIVIST) school; and

(111) the FISHERIAN school. ‘ | ¥

To begin With,vthere ié the traditionmal (or classical) schoéi—
6f-thought that cléims that uncertaintyAis a state of nature; i.e.,
that uncertainty is a property of matter and living things. So, just
as an object has a measurable weight, shape and color, the classicists
claim an object also has a measurable uncertainty factor known as a
probability. An example is a coin which, upon being tossed, either
produceéaa head or a tail. The classicists claim that the coin has a
property of uncertainty or a probability of 0.5 (if fair) of being
either in a heads or tails state. A different coin might exhibit a
different prdbability of being in these states just as it might exhibit

a different weight, shape or color.
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The Bayesian school-of-thought on uncertainty and probabiliﬁy is
‘often called the subjectivist school (see Ref. [5]) because instead of
viewing uncertainty as a property of matter, uncertainty is viewed as
a human perception that does not reflect nature so much as it does

cognitive learning processes. Whereas classicists see uncertainty as

a state-of-nature, Bayesians see uncertainty as a state-of-mind. Thus,

since learning and experimentation can. often expand horizons and con-
tribute to clarification, uncertainty can actuaily be reduced through the
learning process. The concept of "up-dating"” probability estimates as
new information becomes learmed is thus a central tenet of the Bayesian
school.

Finally, the Fisherian school claims that uncertainty resides
neither in the object (observed event) upon which data 1is basedt;nor
in the data itseif (perception of the viewer), but in the mechaniém
that transforms the unobservab;e'into the observable. In a sense;?then,
Fishefians see probability as‘; measurement of a state-of;transfofﬁation
from a certain "trﬁg" data point to a certain "observed" data point.

Both true and observed data are certain; the uncertain quantity is the
vector difference between them.

Of the three schools mentioned here, the most prevalent is the
classical school -closgly trailed by the Bayesian followed at a much
further distance by the Fisherian school. However, the Bayesian school
is becoming more widely accepted and may in fact become the dominant
theory of statistics in the future. In what follows, both the classical
and Bayesian approaches will be utilized and noted. Also, after present-
ing some basic probabilistic notioms, these schools-of~thought will be

returned to and more specific details given (see A.4).
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A.2 Definitions and Notation

Some of the more relevant properties of probabilities are de-

scribed here particularly for the use of Bayes

theorem, one of the

more important theorems of probability theory. Beginning with some

notational definitions, we move on to define simple properties of

probabilities, then moving on to Bayes theorem in both classical

and inferential notation.

Let A and B be events; then P(A) and P(B) are the probability

of these events. Some simple probabilistic.progerties are as follows:

(U = union, "OR"; /= intersection, "AND")

(1) For A and B disjoint; i.e., if AflB = § (the empty set), then:

Addition P(AUB) = P(A) + P(B) =_P(B) + P(A)
(2) For A and B not necessarily disjoint:

P (AUB) =".P(A)-I-'P(B) -~ P(ANB)

P .

where

- \-‘/ T
P(E) =1-P(A

Converse { P(B) = 1 - P(B)

P(B) = P(ArB) + P(ANB)

Identity { P(A) = P(BNA) + P(BNA)

Conditionality [10]: Let A and B be two events such that P(A) > 0.

Then the conditional probability of B given A written P(B|A) is

defined to be:

P(B|A) = 2%%—2—%1
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If P(A) = O the conditional probability of B given A is undefined;
Independence [10]: Two events A and B are independent if and only if
P(ANB) = P(A)P(B)
Definition: P(B|A) = P(B) if A,B independent
Example: Suppose that the population of a certain city is 407 ﬁéle
and 602 female. Suppose also that 50% of the males and 307 of the
females smoke. Find the probability that the smoker is male. ‘
Let M denote the event that a person selected is mélg and let F
deﬁote the event that theiperson selécted is a female. Also, let S
denote the event that the person selected smokes and let N denote the
event that he does not smoke. The given information can be exﬁressed
as P(S|M) = 0.5, P(S|F) = 0.3, B(M) = 0.4 and P(F) = 0.6. The problem

is to compute P(M[S). By the definition of conditionality given above:

_ PQuns)
_ .P(MlS) 2(5)

Now P(MnS) = P(M)P(S|M) = (0.4)(0.5) = 0.20 so the numerator can be
computed in terms of the given probabilities. Since S is the.ﬁniOn of

the two disjoint sets SAM and SAF, it follows that:
- P(S) = P(SnM) + P(SAF)

Since P(SAF) = P(F)P(S|F) = (0.6)(0.3) = 0.18, we see that

P(S) = 0.20 + 0.18 = 0.38.
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Thus

P(M|S) = 0.20/0.38 % 0.53

The problem discussed in this example is a special case of the follow-
ing general situation. Suppose Al’ A2 e A.n are n mutually disjoint
events with union Q.  Let B be an event such that P(B) > 0 and supé

pose P(B[AK) and.P(AR) are specified for 1 < K < n. What then is

PSAIIBQ?, To solve this problem, note that the AK are disjoint sets

_with union Q and consequently

B = Bn(AlﬂAzUA3 ces UAn)

= (BAAI)U(BGAZ)U cee U(BﬂAn)

tf P(BNAL)

Thus, P(B) =
. k=1

But P(ANB) = P(AP(BlA) -

so we can write (from the conditionality relation above):

P(AinB)

P(AilB) = ——gzgy-

and substitute in our relationship for P(B) and P(AinB):

P(Ai)P(BlAi)

P(AiIB) =

I PB(BAAL)

k=1




.22

P(a,)P(BA,)

- P(Ai] B) =

k=1

: 121 P(A)B(B|AL)

This formula is Bayes Theorem and finds frequent application both in .

probability theory in genmeral and in nuclear safety applications.

Example of Bayes Theorem in Application [10]:

Suppose there are three chests eaéh having two drawers. The
first chest'has a gold coin in each drawer, the second ch;st has a gold
coin in one drawer and a silver coin in the other, and the third chest
has a silver coin in each drawer. A chest is chosen at random and a
&rawer opened. .

(a) If the drawer contains algold coin, what is the probability that
the othér drawer also contéins a gold coin? [Note: the qorreét aﬁSwer

is not 1/2].

CHEST : CHEST : CHEST

1) (2) 3)
G o G | ‘ S
G e S | S . ’

G = gpld coin; S = Silver coin

(b) What is the probability that the second drawer has a silver coin
given thé first had a gold coin?

Soluﬁion:
Construct a probability space where the events Al’ A2 and A3 correspond
-respectively to the first, second, and third chest being selected.

Thése events are disjoint (mutually exclusive) and their union i; the
whole space A = (AlUAQUA3) since exactly one chest 1is selected. We also

assume that since the chests are being drawn at random, each chest is
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equally likely to be chosen so P(A,) = P(Az) = P(A3) = 1/3. Now, let

1)
B be the event that the coin observed is gold. Then: P(BlAl) =1,
P(B|A)) = 1/2, and P(B|A;) = 0.

(a) The problem asks for the probability that the second drawer has a -
gold coin given that there was a gold coin in the first. This can onl&

happen if the chest selected was the first chest, so the problem is

equivalent to computing P(AllB):

‘P(A)B(B]A))

P(Al)P(B[A1)+?fA2)P(B|A2)+P(A3)P€B|A3)

P(a,|B) =

_ (1/3) (1) __1/3
(73) (W+/3) (1/2)7(73) (0) ~ 173+176

_13

176 = 6/9 = 2/3

(b) The second half asked what the probability would be of the second
drawer having a silver coin given the first had a gold. This can only .
happen if chest (2) is chosen, so we must compute P(AZIB):

P(a,)P(B]A,)
P(AI)P(B[A1)+P(Az)P(E[A2)+P(A3)P€B[A3)

P(AZIB) =

2 /3)@a/2) _ 1/3
1/2)

A.3 Inferential Notation

Inferential notation is a nomenclature developed by Howard et al.
{12] to better describe and utilize the Bayesian viewpoint of statistics.

The basic concept of inferential notation is that every probability
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assignment is conditional on some state-of-information, which we may

call S. Then {A|S} = probability of A given state-of-information S.

If x is a random variable, then {x,y|S} is the joint density function

of x and y. The conditional density function of x given y is {xly,S}.'

A particularly important state-of-information brought to any problem

is the prior experience defined €. Thus, {Ale} is the prior probability

of the event A and {x|ec}is the prior probability demsity of the variable

X. Bayes' Theorem expressed in inferential notation is

{XIY:S} -

{ylx,s}{x|s} ='{x,¥ls}
{y|s}- {y|s}

where {x|S} = f&{x!y,s}{yls} is called the expansion function which

allows knowledge about random variable x to be expressed in terms,éf

knowledge about

another variable y. The expected value or expectétion

of the random variable x given state-of-information S is definedlgé:

<x|s> = ka{xls}.

Inferential Notation: Probability and Statistics Definitions

A=
{A[s} =
X,y =
{x|s} =
{x,y|s}
{x|y,s}
{al|e}
{x|e} =

<x]S> =

v<x|S> =

event

probability of A given state-of-information S

random variables |

density function of x given §

joint density function of x and y

conditional density function of x given y

prior probability of event A

prior probability density function of random variable x

expectation (expected value or mean) of random variable
X given state-of-information A

variance of x




.25

Operations
{x]y,s} = {YixisféTlS} Bayes' Rule
{x|s} = [y{xly,S}{y{S} Expansion
<x|S> = fy<x|y,S>{ylS} Expectation

Example: The Coin-Tossing Problem Re-Visited

Let H represent the event of getting a head on the next coin toss
and ¢ be the fraction of heads observe§ after a large number of tosses
n. Since ¢ is an uncertain.quantity, the probability density function
of ¢ is defined {¢|e}. This is also called the prior distribution on
¢ which encodes all prior igfbrmation known about the coin. '

To express H in terms of ¢, we use the expansion fuhction defined
earlier: {H|S} = £,(2]0,5H4[S}. Given we know ¢, then {H[,S] ;.'5'4,
would be the best estimate we cogld make on fhe proﬁability of geéting
a head on the next ?oss. Thus;'{HISi = f¢¢{¢|S} = <¢|S>.from the defi-
nition of expectation given above, or the expected value of gééting a
head on the next toss is ¢ based on our state—of-information S.

Learning from Observations/Updating the Prior Distribution-

The question arises concerning how knowledge of ¢ is changed by
the observation of additional tosses. Suppose an individual observes
an addition;l head on ;oss~(n+l). From Bayes' Theorem, this new in-
formation effects the new estimate of ¢ as follows: {¢|H}={H|¢,S}{®|S}.
We can think of ¢ as the mean value p with diStribution n(§;02/n) as
described by the Frequentist/Fisherian notation. But {Hl¢,S}=¢ from

our earlier discussion, and {H|S}=<¢|S>, i.e., the "best guess" we can
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make about the probability of getting a head on the next toss is the
expected value, or mean, of the {¢|S} distribution. Thus, the pdf for
¢ given an observation of an additional head "H" is:'{¢|H,S}=[¢{¢|S}]
<¢|S> where ¢ is simply a random variable, {¢|S} is the probability
distribution function on ¢, and <¢]S> is the'expected value (or mean)
of {¢IS}. The pdf for ¢ given the observation of an additional tail

" ig:

1-¢){¢ (S}

{o]T,8} = “T=5Te>

where (1-¢) is a line with slope -1.

guantititative Example

Suppose we are given a prior density function for the coin-tossing
problem . with mean <¢|$>=0.5, ¢=0.05 and prob {.45<H<.55}=.67. Our
prior estimate of ¢, the fractionalvnumber of heads, is <¢|S>=0.5.

Now assume that 100 tosses of the coin are thrown and 54 tosses tﬁfn

up heads. Suppose further that we choosetfo describe the prior dis-
tribution by a/bet; distribution (this will aid us because the posteriof.
distribution will also be a beta function).* This is done by'équating

the mean r'/n'=.5 and the variance 02=0.0025=((r'/n’)(l-r'/n'))/(n'+1).

Solving, we find r'=50, n'=100. Having thus encoded the prior, the

*Beta and gamma functions are often used in Bayesian estimates of the °
prior and posterior because they are conjugate families of distribu- -
tions; when the prior is a beta or gamma functionm, the posterior will
be also. (See an application of the gamma distribution in Apostolakis
and Mosleh, "Expert Opinion and Statistical Evidence: An Application
to Reactor Core Melt Frequency', Nuclear Science and Engineering,

Vol. 70, pp. 135-149 (1979).)
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posterior is found by adding the number of heads observed r=54 to the
prior parameter r'=50. Then, the number of tosses n=1CC are added to
tﬁe prior parameter n'=100. Thus, r'=r'+r=104; n"=n'+n=200. The
posterior is a beta function with mean r'"/n"=104/200=0.52 and variance .
o2a(x"/a") (1-£" /") (a"+1)=(.52) (.48) /201=.0012.

A.4 Viewpoints on Statistics Revisited

1. The Frequentist (or Classical) School

Define a random variable x to be described by a normal distribu-

tion with mean up and variance 02; then we can use the following notatiom

to signify this relationship:

3 2
x~vn (u,0
r 1; Kvariance

random an
variable (deterministic)

nbrmal distribution

Suppose we observe n values xi,i=1...n where each x; is a random vari-

able; then the observed ave:age.; is a random variable with probability

- distribution function as follows:

; . 2
x v (M, 2;) where, as n#»,

x v (p,0) or, as the number of observations increases,

the observed mean value x is equal to the idealized "true" value of

the mean u, i.e.,

B’

X,
=

lim‘; = | where,;.= a = | is the estimation

o i=

=~
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for the true value of u and is the simple arithmetic average of the
observation values. The expected penalty for using u = X as the esti-

mation for the "true" value of the mean u is:

02

s 2
E(u-u) o
(Gauss showed that the choice of u = X as the best estimation for the
mean y minimizes E(u—p)z for every value of n. However, Stein's

Paradox describes cases where this might not be true: see Efrom, B.,

et al., "Stein's Paradox in Statistics", Scientific American, 1970).

To thé classiéi;ts, the variable which is considered to hold
the quality of "uncertainty" is the x variable; the true value of the
mean, M, or the true frequency of an event/object/etc., ié a deter-
ministic value known with absolute certainty. This viewpoint cor;
responds to a philosophy that uncertainty is a property of objects;
‘in nature . just like a coin ﬁight have a weight, mass and color,':
to the classicists;lit also has a ﬁroperty of uncertainty that de-
scribes it; i.e., if it is a fair coin, the value assigned to the
céin which describes it is 1/2. Thus, absolute certainty exists as
a concept to classicists in that probability becomes a tangible,
measureable quality such as mass, shape or color.

One,laét note with ;espect to the classicists; in the 1930's,
J. Neyman developed the concept of confidence intervals. For a normal

-distribution, the probability that the true value for—u lies within

95% of the observed mean value X was established as:

Prob{x - 20//n < u < x + 20//n} = .95
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The inﬁerval x - 20/vn, x + 20/7/n] is the "95% confidence interval"
for u.
Example: Suppose n=4, o=1 and xl=l.2, x2=0.3, x3=0.7, x4=0.2.
Then x=(1.2+0.3+0.7+0.2)/4=2.4/4=.6 and the 95%
confidence interval for u is [-.4, 1.6].
What both Fisherians and Bayesians find controversial about this is
whether the process of inference used by scientists/engineers in
reasoning from noisy data to models is a process that can be handled
by the classical philosophy. For example, the proper interpretation
of a confidenge interval is that it‘covers the true value of u with a
given frequency (say 95%) in a long series of independent repetitionms
of ;'¢ n(u,azln). ‘Without a long series of independent repetitions
available or possible the relevance of the classical approach‘ié~;§
perhaps questionable. o

2. The Fisherian School

A less well k?own school of statistical thought started by
Ronald Fisher was very popular in the 1940's,yalthough less so today.
A critic of the classical perspective, Fisher éroposed a novei.theory:

"Randomness lies neitﬁet in the data'E; or in the 'true

value' of the data u: Rather it lies in the mechanism
which transforms the unobservable u to the observable X'

Fisher argued that being concerned about what happens when infinitely
ﬁéﬁy X values are randomly generated from n@u,czln) with u fixed is
noé important. Since theré is only one obsérved value of x in any
single inference problem, the inference process should concentrate on

just that observed value. Fisher was equally hostile toward the

Bayesians because he was familiar with problems in agriculture and
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genetics where assessment of prior distributioms is very difficulﬁ.
Since he didn't like either approach he developed his own by intro-
ducing something called "normal noise", written €. According to
Fisher, uncertainty lies in the normal noise € variable and not in u

or x. Thus, he derived:

X=u+€ € n(0,02/n)
which can be shown geometrically to be the sum of two vectors. As-
suming p is a known deterministic quantity, the uncertainty is found
in €& so when added to u renders the observed fuzzy data point‘;; Since
: o 2 '
€V n(O,czln), then -€ v n(0,0 /n) because of symmetry of the normal

distribution about its mean. Thus Fisher showed:
- — 2
u|x v n(x,0"/n)

The value of the true mean u conditioned on the observed point'E is a
normal distribution with mean x and variance czln. (As will be shownm,
this corresponds to a Bayesian interpretation assuming a flat prior

distribution onigl) ‘The corresponding confidence interval is:
Prob{x - 20//a < ¥ < x + 20//n|x} = .95
which Fisher called a '""fiducial" (trustworthy) probability statement,

meaning it is obtained as an average over the random transformation

mechanism. The ficudial statement is now considered a form of Bayesianism
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or just plain wrong. However, Fisher's ideas on conditional inference
and randomization are still very much in vogue.

3. The Bayesian School

Nuclear engineers have found the statistical concepts developed . .
in 1750 by the Reverand Thomas Bayes to be most appropriate for ﬁhe
problems faced in assessing the safety of nuclear systems. This situ-
ation arises because of the limited data available from the tesfiné of
reactor systems and compénents such that professional engineering
judgment must be relied upon to establish probability estimates. How-
ever, in most_situations; engineering judgments can befﬁsed to establish
a range on probability estimates with a high degree of accuracy. For
example, consider the question of establishing a range on the probability
that your car won't start when you go to use it tomorrow morniﬁgjlg
range of 10."2 - 10-4/demand seems a reasonable estimate of the limits
on thiS’prqbability based on experienﬁe with the system. The Nuciéar
Regulatsry Comhission (NRC) uses "engineering judgment" routinely in
establishing safety’guidelines and regulations. Engineering judgment
combined with quantitative analyses based on tﬁat judgment is.believed
to be one of the best methods for nuclear safety analysis. The
Bayesian school of statistics proéides the theoretical foundation by
which this can be dome. |

Té compare the Bayesian school with tﬁét of the Frequentists
and Fisherians, suppose that pu itself (i.e., the "true" mean value)
is considered a random variable known to have a normal distribution

with mean "m" and standard deviation "s". Then:

TR n(m,sz)
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where m and 52 are constants known to the analyst. Now suppose an
experiment is run and a particular value for u is found, say‘;; the
arithmetic mean of the experimental data. ' That is, suppose'g is con-

sidered an unbiased, normally distributed estimator of u. Then:
- 2
x|u v n(u,0/n)

where x|u emphasizes that the distribution is conditional upon the
particular value taken by the randcm qﬁantity u. This last statement
is to be compared to the classicist' s statement x "~ n(u,0 /n) Using
Bayes theorem, it is possible to show that the conditionmal distribu- - .

tion of u given'E is a function of m, x, sz, 02 and n:

ulx v n(m + C(x-m), D)

2
n/g and D = 1

where C = S
“ J./s'z+n/02 ca : 1/s2+n/cr3

This last relationship is the posterior distribution for u given the
observgd value of X. (This statement would not make sense from the
classicist viewpoint becagge it is p that is considered fixed -.nqt
the observed point'E.); :Tﬁus, the major difference between the |
classicists and Bayeéiaﬁs is that the ciassicists see U fixedlhﬁile'E
varies, while the Baéesians see x fixed (for any given experiment)
while u varies.

The Bayésian estimator of the mean u is that quantity which mini-
mizes the conditional expectation of (u--u*)2 given the observed value

of X. From the relation for u|x:
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p*(x) = m + C(x-m)

To demonstrate these relations, consider the example of I.Q. testing.
Our prior information is that the mean I.Q. of an average populaﬁion
is m = 100 with s = 15. About 68% of IQ's are between 85 and 115,

about 95% between 70 and 130, etc., i.e.,
W v n(100,225)

Suppose now that an IQ test is applied to the Americéﬁgbopulation in

1981, and it is observed that the average score is x = 160, ¢ = 7.5,

what is now the Bayesian estimate of the mean u? It can be estimated
from: i l |

n/czf

pk(x) = m + c'(':?;m), C=—7""""3
1/8 +n/c

. e

with m=100, s7=225, ¥=160, 0=7.5 + 0”=56.3, n=l.

Then

1/56.3  _ __ .018  _
1/225+1/56.3  .0044+.018"

u*(160) = 100 + C(160-100), C = .802

or

W*(160) = 100 + .8(60) = 148; D° = —5Zzr = 44.64 + D = 6.7.
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That is, the posterior‘distribution's mean value is 148 (Figure 1).

The Bayesian would say the population has an average I1.Q. of 148
instead of 100 where a 95% probability exists that a person tested in
that sample population has an I.Q. between [148-2/5,148+2/5] = [134.6;'
161.4] where Prob{u*(-f)-Z/ﬁiuiu*(;)+2/5 l;} = ,95 is the Bayesian

" analogue to a 95% confidence interval.

The Frequentists would observe the same example differently, assume
- mo prior knowledge of u and observe x Vv nfusc /n);—b/lg = 1.5 and

;'8 160.- Then u = 160 is the best Gaussian estimate of the mean and
the 95% confidence limits are'{;eZUIn, ;+Zo/n} = (145,175). Suppose
that new information is provided indicating that all scores below 100
were reported as 100, although all others were reported correctly.

The Frequentist would still assume u=x=l60 even given new information.
This apparent defect in the Frequentist approach is resolved by
Bayesian methods since new information can be used to update existing
prior information.”

If no information,;cr very lirtle, is available upon which to
base a prior estinate, tnere are two schools of Bayesian thougnt about
how to proceed: “i‘ ‘ o | o

(l) Objectirewﬁazesians? A flat prior is assumed: p "~ n(0,®).
This represents a prior opinion that is neutral and therefore "objective".
The Bayesian estimate in this case. becomes u*=u=x and ulx Y n(x g /n)

The estimator is that of the Frequentists. A problem with this approach

*Bayes and Laplace both believed in this approach.
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Figure 1 Bayesian Statistics: IQ Testing Example
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is that though the prior is flat for u, it is not for u3 or any other
power of p, so expressing ignorance seems to depend on which function
of the unknown parameter ome is interested in.

2. Subjective Bayesians: The subjectivists assess a prior

distribution based on "engineering judgment" otherwise referred to in
the literature as "expert opinion'". Probability distributions based
on expert judgment and available data cam be derived to représeﬁt.prior
estimates. This approach is not useful for scientists publishing con-
troversial new resultg because of the subjectivity involved, but is of
considerable benefit to risk analysts, business and R & D managers,

safety assessdrs,'and others - including nuclear engineers.
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B. Statistical Distributions/Importance to Engineering Safety Anmalyses

B.1 Statistical Distributioms
-The engineer should become familiar with several statistical dis-

tributions which are commoniy used in reliability analyses:

(i) the NORMAIL distribution;

(i1) - the LOG-NORMAL distribution;

(1i1) the WEIBULL distribution;

(iv) the EXPONENTIAL distribution; _
(v) the BINOMIAL distribution; and

(vi) the POISSON distribution.

 These distributions are often used tolprobabiliétically model the
failure rate of compcnents; for example, in WASH-1400, loé—ﬁormal dis-
tributions were assumed thrﬁughout in modeling failure rates (see

App. II, WASH-1400, pp. 42-43). Important properties of -these fuﬁé-
tions and their behavior are shown in Figures 2  through 7. |

B.2 Importance to Eng;neering‘Safety'Analyses : Vo

The importance and relevance of each distribution to engiqgering .
safety analyses is dependent upon the shape of the diétribution, its
mathematical properties (i.e., is it part éf a conjugate pair of dis-
‘tributions), ité relative utility (i.e., how easy it'is to use), and
how well it fits a pattern established by a given set of data.

B.2.1 The Normal Distribution .

The normal distribution is probably the most widely used dis-
tribution in science and engineering since it models very well the
behavior of many natural systems. It is symmetric about the.mean and

models any process that varies by an additive or subtractive factor.
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Figure 2 The Normal Distribution

Probability Density Function (PDF):
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- To evaluate these parameters tables are used referring to a factor
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4 Figure 3 The Log-Normal Distribution

Probability Density Function (PDF) :
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Often, models are constructed that represent combinations of norm#l
distributions. A common use of the normal distribution in engineering
calculations is in modeling the random error that exists on some un-
certain paraméter such as tolerances of electrical components (e.g.,
resistors, capacitors, etc.). |

In utilizing the normal distribution, two other distributioms
are made use of: the "chi-squared" distribution (xz) and the |
"student's t" distribution. The xz distribution is used to find the

2
range on the variance ¢  such that

>
N
h
B
>
N
Hh

IA
Q
A

>
NN

x
=N

where £ = n-1. The student's t distribution is used to estimate the
range on the trie mean U of the normal, and can be used to establish
confidence intervals as follows: k . ‘ o

s

fuswt

=0
L
=8,

sl

(The intéreéted reader is feferred to Ref. 13 for further information
"on the uses of these additional distributions in samﬁling from a
normal distribution. Statistical tables for the x2 and t distributions
- are provided in the attached Appendix.)

B.2.2 The Log-Normal Distribution

The log-normal distribution is useful because it models well the
mean time to repair of a component; specifically, a component's failure

rate. It is useful in reliability calculations if the x-axis is time.
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Also, its asymmetry at higher values of x is useful for modelingvtery
uncertain problems where conservatism is added on the high side to ac-
count for a lack of data or high degree of uncertainty. In WASH-1400,
for example, the failure rate of a component placed on an hourly basis .
was generally estimated to fall between some value 10 to (10'*} f 10
The log;normal was found applicable since it is often used when factors
or percentages characterize the variation. The log-normal is a
natural distribution for describing data which can vary by factors in
the same way that the normal distribution is the natural choice when
data can vary by additive or subtractive factors. The use of the log-
normal can be interpreted as viewing the exponent as being the signifi-
cant variable in the failure rate characterization problem.

Some other reasons for using log-normals were given in WASE¥1400,
and are quoted here as‘follows [15]:

"a. The tﬁo-parameter nature.bf the log normal family gives sufficient

flexibilitf for describing thé range variability (to define a uniqﬁe
log normal distribution, tﬁo parameters must be specified; e.g., the
two range end points). »

"b. The log normal distribution form, in particular its positive
skewness, can incorporate general reliability associated behaviors ofl
the assessed data (the positive skewness accounts for the occurrence
of less likely but large deviations, such as abnormally high fallure
rates due to batch defects, environmental degradation, and other
outlier causing effects).

"

¢. The assessed data comprise.reliability data in the form of

prébabilities (for example, a failure rate is simply a conditionmal
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probability). If the probabilities are decomposed into productsAéf
probabilities representing requisites for failure, then when the
central-limit theorem is applicable, the log normal is the resulting
distribution. (In this characterization, a failure rate A, for ex-
ample, is decomposed inFo a product of probabilities Pi which réﬁre—
sent occurrences of various causal mechanisms, A = P;Py- If logarithms
are taken, the result follows.) R

"d. Relaﬁed to item b., as an a priori distribution the log normal
gives coverage to errors which éan be skewed toward largé values. In
general, the average value is greater than the median value, which, in
turn, is greater than the most probable value, thus providing a pro-
tective, positive-type bias which is retained when the distributions
are propagated. (The larger tails on the log normal éccount for fgilure
rates, for example, which can greatly deviate from the eStimate for the
average'coqponent. ,The.ave:age and median values for the log normél
are, in general, larger than thé mosf'p¥obable value, and this behévior
propagates as the distributions are propagated.) |
"e. The log normal distribution, under the applicable situations, can
assume a near‘ﬁormal-type shape or a near exponential-type shape and is
thus adaptable in its deséfiption.

"f. Finally, the iog normal has an established history of gseful
representation when relative variations (factors) characterize the
random vériable.t Common exéﬁples include stress treatment, Arrhenius
modeling, and log normal regressions, as weilas general reliability-
modeling applications. 1Its applicétion as a genmeral distributiom for
modeling physical and reliability processes is established and has

often been validated.
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To = location parameter

C, E, To,are determined experimentally -

]

X
F(x) = f £(x)dx for To = (0 where
o

1 C

C,x c- X
f(x) = E(’ﬁ) exp[- 7 ]

. C 3
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The Weibull function has been used to describe the lifetime of electronic
tubes, antifriction bearings, transmission gears, and mechanical and

electrical components as well as the fatigue of materials.
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"The above items of course do not constitute tenmets for the dogmatic
justification of the log normal as the only distribution applicable,

but instead serve as a priori considerations. As a complement to the
agove considerations, from a pragmatic point of view, the log normal
was employed because it was flexible, it was comsistent with reliability
and data properties, and it is a standardly employed and straightforward
(null-hypothesis) distribution. Checks and tests of its applicabiiity
to the data of this study did not contradict nor'refute‘these a priori
and péagmatic justifications."

B.2.3 The Weibull Distribution

The Weibull distribution can be used to fit a wide range of data
because of the shape parameters which can be varied to fit the data at
hand. Perhaps the most useful Weibull distribution is the specia;‘case
where C=1, the exponential distribution. |

Graphical techniques have been used to estimate the paramet;#s
of the Wéiﬂull distribution. Séecial gréph paper knbwn as modified
Weibull probabilitf'paper is utilized to estimate these parameters
 graphically. A new statistical test of the goodness-of-fit for the
two-parameter Weibull function has been developed. In addition, if the
test data are censored or not burdened to the ené;of.design life or to

*
failure, techniques can be used to estimate the Weibull parameters.

*See W. Weibull, "A Statistical Distribution Function of Wide Applic-
ability", ASME Paper 51-A-6, presented at annual meeting of the
American Society of Mechanical Engineers, Nov. 25-30, 1951; C. Lipson

. and N.J. Sheth, "Statistical Design and Analysis of Engineering Experi-
ments", McGraw-Hill Book Co., Inc., New York, 1973; N.R. Mann, "Confi-
dence and Tolerance Bounds and a New Goodness—of-Fit for Two Parameter
Weibull or Extreme Value Distributions with Tables for Censored Samples
of Size 3(1)25", ARL 71-0077, Aerospace Research Laboratories, May 1971;
A.C. Cohen, "Maximum Likelihood Estimation in the Weibull Distribution
Based on Complete and on Censored Samples, Technometrics 7, (4) 579-
588, November 1965.
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B.2.4 The Exponential Distribution

The exponential distribution can be used in reliability problems
where A is assumed the failure rate of a component to model the high
failure rate behavior at the end and very beginning of component life
(i.e., the famous "bathtub” curve of time (x-axis) vs failure pfoba—
bility (y-axis)). For example, for a large number ofkcomponents, N,
with probability per unit time of failure, 6, then dN = -N6 dt isiﬁhe

change in the number of components so N . _edt + N = Noe-et. Thus,

N
N/N_ = probability of survival = e ft or (l-e-et).= probability of
failure. Thus, £(t)dt = (probability of survival) x (probability of
failure)dt = e-etedt, where, 1f 6 = 1/X and A is near the failure time,
f(t)dt = 1/Xe-tlx. This last function is the exponential distribution
and finds wide application in reliability theory.

B.2.5 The Binomial Distribution

The Binomial distribution is useful for those problems.wheré}a
variable can assume onlyjdiscrete v#lues. An example would be a
"throwing-of-dice" ﬁréblem; i.e., estimating a probability of 1/6 of
getting a "3" on a roll of a die. The formulas do not work with card
problems for estimating the probability of getting four aces in a row
sinée, for example, in these problems, the denominato:iwould also be
changing in the calculation (e.g., 4/52 x 3/51 x 2/50 x 1/49). Thus,
if p and q are both changing, the binomial distribution should not be
used.

B.2.6 The Poisson Distribution

The Poisson distribution is a special case of the ?inomial dis-

tribution approximating a normal distribution at large values of n,




Figure 5 The Exponential Distribution

Probability Density Function (PDF):
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where n is the number of data points taken. It can therefore oftén be
used for problems where the phenomenon is not known to be strictly
normal (e.g., counts from a scintillation counter). When there is a
series of things contributing to a measurement, then the distribution

derived approaches that of a Poisson, which looks normal when n is

sufficiently large.
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Figure 7 The Poisson Distribution
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c. Fault and Event Trees/Cause-Consequence Diagrams

Three methods are available for modeling the interactioms of
systems and events that can lead to possible accident scenarios with

consequent negative impacts:

i) Fault trees;
(11) Event trees; and
(1i1) Cause-consequence diagrams.

Each of these methods is now described and examples given.
C.1 Fault Trees

Fault tree analysis (FTA) evolved in the aerospace industry in
the 1960's [3]. As one of the p?incipal methods of systems safety:
analysis, it is a detailed deductive analysis that requires considerable
system information. Best applied dur;ng the design stages, it caﬁ:
identify hazardous condition;;and potential accidénts iﬁ'a system‘design
that can help eliminate coéti§:design changes and retrofits that would
otherwiée have to pe»madéiigter in the system life cycle. Undesiréble_
consequences, such ;s a ;;5br're1eése'of radiation from an LWR éou—
tainment, are idéntifiéd;by inductfve analysis and/or engineefing
judgment—intuiti;n..'These events are usually undesired system states
that can occur as'#;;éqult of éubsystem functional faults. These
evenfs can be broad?g;d all encompassing or specific (e.g., failure
to scram).

Fault trees describe the pathsfby which these undesirable events
can take place. The first step is to define a top undesired event,

called the TOP event. Care and understanding must be taken in this

first step. A fault tree is a model that graphically and logically
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represents the various combinations of possible events, both fault and

normal. An "event" is a dynamic state-of-change that occurs in a
system or piece of equipment. There are two dynamic states for system
elements; the OFF state (indicating the element is working properly)
and the ON state (indicating either the element has failed or is oper-
ating inadvertantly). The time at which the element is on is referred
to as the fault duration time. '

The fault tree.is so struétured that the undesired event appears
as the top event (Figure 8). The direct logical antithesis of atfault
tree is known as a success tree (Figure 9). In both cases, the sequence
of events that leads to the undesired event are shown below the top
event and are logically linked to the undesired event by standard OR

and AND gates:

™ 7 \\A “D“
o’ T

(In the success tree, AND gates replace OR gates and vice-versa.)’.The
input events to each logic gate that are also outputs of other logic
gates are shown as rectangles E&i@ﬁﬂ. These events are developed
further until the sequences of events lead to basic causes. The basic
BASIC ' ‘
events appear as circles EVENT and diamonds on the bottom
of the fault tree and represent the limit of resolution. The circle
represents an internal or primary failure and the diamond represents a
non-primary failure that is not further developed. (For a complete
definition of fault tree components, see Figure 10.)

A complete safety analysis of a nuclear plant requires normally

three levels of fault tree development (Figure 8). The upper level is
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the top structure and includes the top undesired event and lessef
events leading to it. The next level comnsists of an examination of
system elements from a functional point-of-view. Fault flaws within
each system lead to the third level where statistical independence of °
the events mnst.be shown. Two events are statistically independent_if
one event ;n no way affects the outcome of the other event.

To perform a quantitative evaluation of the fault tree (th#t is,
to determine the probability of occurrence of the TOP event), failure
probabilities of system components must be estimated. Then, simple
rules for combining probabilities in AND and OR gates are used to
"fold-back" tﬁre tree to the TOP event. Specifically, the informatiom
required to perform a quantitative analysis isg:(l) a Boolean ex-.
pression for the TOP event in terms of the basic évents, (2) the';:
probability of occurrence and phe fault duration time for each baéic
event, and.(3) the statistical dependence of basic e&ents in the féulF
tree. ;n simple faylt'trees, the Boolean expressioﬁ is easily deter-
mined; for. the fauit tree of Figure 9, the correct Boolean expressién
However, complex treesiéome—

is (P 2) + PB =P +P, =P

A B TOP®

times require computer codes that can solve fault trees. Also, Monte

psl'Pps

Carlo simulation can be used to find the top eveit. ‘This is dome by
doing a random large number of direct calculatioms to find a range on
the TOP event probability.
The general steps in comstructing a fault.tree are as follows [6]:
Step 1. Define the most undesired event. This event, called
the "top event", is the starting point of the fault tree. It is im-

portant that this event be precisely worded so that its interpretation
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will not vary. For a particular fault tree there is ome and only one
most undesired event.

Step 2. Define for the main branches of the tree those eveats
that lead directly to the top event and decide what logic gate should
be used to relate them to the top event of the tree. These eveﬁts are
deduced from experience and knowledge of what can happen. They should
be‘kept sufficiently general so that the details of the system caﬁ be
developed in subsequent branches.

Step 3. Select one of the branches and deduce its nekt level of
sub-branches. The manner of deducing these sub-branches is identical
to that used in deducing main branches, and so on throughout the rest
of the tree. The termination of a sub-branch of a tree occurs ﬁhen
the event being considered is a fundamental event (basic fault) ot:
when a transfer gate can be used to another sub-tree alréédy developed.

Like any technique, fau;t tree analysis has its good and bad:
goints. The problem of ove¥sight and omission is lésé a problem of-
the method than it is of the modeler - even skilled and knowledgable
people make mistakes in applying the method. An increasing nﬁﬁber of
trained practitioners can insure redundancy of performed studies helping
to alleviate this problem. Another problem is the modeling of é;mr
ponents that have a multitude of possible operating modes; advanced
methods are used to handle such cases. D;ta limitations are also a
prdblem; the analysis is only as good as the input data and expertise..,
Nevertheless, qu;ptitative evaluations are particularly valuable for
comparing system designs. Despite some drawbacks, fault tree adalysis
provides a systematic procedure for identifying faults, forcing the

analyst to understand the problem at hand. It is ome of the best such

tools available.
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C.2 Event Trees

An event tree is a model that expresses system reliability in
terms of compoment reliability [4]. It is é process that examines
individually the state of each compoment in the system and links these
states to outcomes affecting the state of the system. Take, for. |
.example, a system comprised of one component (such as a pump) whose
probability of successful operation is 0.98. The event tree branéﬁes
at the nodal points and examines all possible states of the pump. By
convention, desirable outcomes branch upward and undesirable outcomes
branch downward.(Figurelxb.' The event tree is read left to right.
In the example shown (Figurel(), if the pump is operable, the system
is successful and the probability that the system is working is equal
to the probability that the pump is working (0.98). The process may
be extended to two components in series, such as a pump and a.valQe
having rel;abilities of 0.98 and 0.95, respectively. If the pump. is
not working, the system has failed.(even though the valve might nbﬁ
have). If the pumﬁ'is working, the valve must then be checked (Figure]J}.
The system reliability is thus 0.98 x 0.95 - 0.931 and the system un-
reliability is 0.98 x 0.05 + 0.02 = 0.069. 1In theselcalculations,
the pump and valve reliabilities are statistically independent (the
operation of the pump in no way affects the operation of the valve and
vice versa).

%
c.3 Cause—-Consequence Diagrams

Cause-consequence analysis (CCA) is a method .of system reliability

and risk analysis and is a combination of both fault and event tree

*Cause-consequence analysis has been used as an aid in nuclear power
plant reliability and risk assessment in Scandinavian countries since
its inception in 1971. The material presented here has been derived
in large part from Ref. {2].
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analysis. Its advantages include providing the analyst a means for
displaying the complex relations between consequences and their causes.
The "cause" portions of the cause-consequence diagram are fault trees
with the TOP eVeﬁts being component or system failures that can lead
to various levels ofvundesired consequence depending on the degree of
mitigation 1mpésed by standby systems. The "consequence" portion of
the diagram illustrates the array of comsequences as a functiom of the
standby system state (failed or unfailed). The diagram illu§tr;tes

the relations that preclude or contribute to the probabilities of'oc—
currence of the possible consequences that can arise from a particular
TOP event. Symbols used in tﬁe CCA are shown in Figure. 12. A sample
cause—consequence.diagram is shown in Figure 13.

Using the rules applicable to fault trees, calculation of con-
sequence probabiligies and risk assessment of consequences can Be:éone
in the cause-consequence diagram. Knowing the probabili;y of occurrence
of thé basic events in'éach fault tree, it is'possible to calculaﬁé fhe
probability of occurrence of each fault tree TOP event.in ;h? cause-
consequence diagram. If ;he branching operators are statistipaily
independent; then by multiﬁlying probabilities at each branching opera-
tor corresponding to event occurrence (yes) or nonoccurrence (no), an
estimate of the occurrence probability estimate can Se obtained. (An
example of such a calculat;on in a sample cause-consequence analysis is
given in section E.) |

The cause-consequence diagram is a more detailed representation
of the relationships between system failures and consequeﬁ;es, and can

in any case be reduced to an event tree. In fact, an event tree is a
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cause-consequence diagram with all fault trees, gates, descriptioﬁs, and

delay operators removed. The branching operators are replaced by the

branch points in the event tree. The event tree is more streamlined

than the cause~consequence diagram serving the purpose of brevity.

Howgver, the cause-consequence diagram contains more detailed informa-

tion and is therefore~pore useful to a systems analyst or design engineer.
Cause~-consequence analysis is of major value in that it allé&s

the analyst to work an otherwise unmagageable problem in in segmeﬁts.

A standard approach to a typical problem is to determine inductively

the possible consequences and use these as TOP events for an array of

fault tree analyses. One advantage that CCA has is fhat,it provides a

better method. for depicting the many logicai combinations of évents

that contribute to a particular conseéuence~o: group of consequen¢es.

It helps the engineer or analyst to better understand the system b§

providing a means by which knowledge can be organized. It furthef;

providéé a model.from which probaﬁilities of occurrence of various

consequences can be estimated and. from which risk numbers may be ob-

tained for the comsequences without loss of causal information- as

with event trees. Also, in constructing the cause-consequence dia-

gram, the analyst is given the option of working forward from an event

or backward from a consequence.
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D. Decision Analysis/Risk Analysis and Risk Assessment Methodé

The following sections discuss decision analysis (D.l) and other
risk analysis and assessment methods (D.2). Examples of application
are also included.

D.1 Decision Analysis
(1) The Decision Problem: The Problem Space

Any decision problem can be described in terms of whether if.is
deterministic or probabilistic, involves many variables (complex) or
only a few (simple), and is either dependent on time or is static
(deterministic). The problems that are most difficult to analyze aée
those ﬁﬁat are simultaneously complex, dynamié and probabilistic. Most
problems in the safety-licensing area fall into this latter cétegory.

A mathematical theory that can hahdle such problems is‘Béyesian de-
cision analysis. The problem space, shown in Figure 14 indicates éhe
relationship of such problems with regard torsimilar'probleﬁs handied,
by other scientific disciplines.

(ii) The Decision Analysis Cycle: Role of R&D in Information Gathering

A decision problem can be analyzed by following the cycle shown

in Figure 15. First, decision alternatives must be defined; for ex-

v‘ample, a problem in.reactor safety might decide between two or more

available containment designs. Prior information available on a prob-
lem is used in the deterministic p@asé to identify which variables

most affect or influence the decision problem when expressed in deter-

ministic terms. For example, in a reactor safety problem the analyst

would like to know how to bound his problem - if he goes into too

great detail, his problem will quickly be too- large to handle even on
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the largest of computers. The deterministic phase involves construct-
ing a model, running a few calculations using '"best estimates' on in-
herently uncertain parameters to get a feeling for which variables are
most important. It provides a way to limit the size of the final model.
After the important variables and system relations have beén de—h
termined, a full-blown probabilistic analysis is conductéd using de-
cisionreveﬁt trees, fault-trees, statistics, and other methods. 4Iﬁ
the informationél phase, sensitivity analysis determines whether one
decision alternative'stochastical;y'dominates anothef. if this is the
case, the decision is cleér cut. However, in many cases, the results
of the analysis do not give clear cut results beééuse'the~prior informa-
tion available may not be sufficient to adequately distinguish between
alternatives. The box labeled "decision" also includes the alternative
to delay the decision until further informatiog can be prbvided.*i‘Some_
- times, decision must be made immediately, andff&rther informétion‘i
gathering is not possible; other times, thé,&elay that would be re~
quired to update th; prior iﬁformation wogi@jbe so iOng (10-50 years)
that the information gathering apéroach.isfhot practical. The role of
research and development in the‘dééiséon making process occurs in the
information gathering state; new inféfyation from this stage is then
ﬁsed to repeat the decision analysist‘ Sometimes, tﬁe information

gathering stage must be repeated many times before é decision can be

*The NRC as does any decision-making organization often must decide be-
tween setting a regulation immediately based upon existing informatiomn
or delaying the decision until further information can be gathered to
help clarify matters.
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made; however, at some point delay becomes too costly or impractical
such that the decision has to be made irregardless of the existing
uncertainty.

(iii) Decision Models: Definitions of Event Tree and Qutcome Values:
The Axioms of Decision Analysis

The basic construction of a decision model involves construction
of an event tree whare the_symbol."c:"-signifies a decision node;;the
~ symbol "O" an event node. Branches are used to signify various de-

cision alternatives and possible event outcomes (Figure 16). 1In a
decision—event tree, the branches represent the process of discretiza—
tion necessary'for’analytiéLSimplicity'and practicalicy. Most uncertain
.events can assume a continuum of final outcomes expressed by their
continuous probability demsity fnnctions.(p.d.f.). 'Discrecization;is

a process by which such:oﬂd.f.'s can be approximated forvuse in an:
event-decision tree. | :

* The axioms of decision analysis are given in Figure 17, and
indicate the relations which must hold given the trees are to be
analyzed log;cally:Aan,example;of a decision-event tree is shown at
the'top asi;”lottery involving three alternativesawitn probability
PA’ PB’ PC of getting prize A, B, or C as an outcome.. These axioms
make up the foundatlons of decision analysis.

(iv) Probablligy Encoding

The process of probabilicy assessment is used by the analyst to
encode quantitatively expert opinion (engineering judgment) on various
uncc}tain parameters. Usually, this process involves questionnaires
or personal interviews of experts. Techniques for probability en-

coding are well established and continually being up-dated [14). The
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Figure 16 Decision Tree Construction
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Figure 17 Axioms of Decision Analysis
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experts' opinion is usually encoded as a cumulative probability dis-
tribution indicating, on the y-axis, the probability that the variable
will assume a value greater than or equal to x, expressed on the x-axis.
The process is shown in Figure 18 with an example (Figure 19) of three. -
" experts' opinions on the probability of a particular material having a
lifetime greater than or equal to t years. (Sometimes, concensus be-
tween experts is not as evident as in the case shown in the exampie of
Figure 19.) .Fin#lly;va probability encoding form’used in such assess-
ments is shown in Figure 20. The process of probability encoding is
routine iﬁ some industries such as in the oil industry that employ large
staffs of operations researchers. Often, however, consultants ére
called in to perform a company's decision anaiysis, and several con-
sulting firms which specialize exclusively in decision analysis ha@e
been formed in recent years to meet the growing industriéi and govern-
ment demand for such services (e.g., Appliéa Decision Analxsis, Déi
cision Focus, etc.). | |

D.2 Risk Analysis and Risk Assessment Methods

' Risk is mathematically defined as a function of probabiiity and
consequence of an event occurrence: R = f(p,q) where R = risk, p =
probability, q = consequence, and £(p,q) is some mathematically defined
function of p and q. In most treatments of risk, the mathematicél Te-
lation fof risk is expressed as a mul?iplicative‘linear relatiénship

between p and q: R = p*q which can be expressed conceptually as follows:

Risk(r) = Frequency (p) x Magni tude (q)
(Consquences) = ( Events ) < (COnsequences)
Unit Time Unit Time Event
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Figure 18 Probability Assessment

DEFINE FRACTILE  <x(f)

Cfx< e} -

f : <x(f}
0,01 .26
. 025 -4
" 050 - 1
0.75 27

098 54

{Sx(0.25) < x < <x(0.75) &} = {x < <x(0.75) 1&}
| ‘ - {x< <:x(0.25) e}

= 075-025 = 050
. s

INTERVAL “(Sx(0.25), <x(0.75)} IS CALLED INTERQUARTILE INTERVAL.

{x IN INTERQUARTILE INTERVAL l&} = 0.50.
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Figure 19 Priors on Material Lifetime
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Figure 20 Probability Encoding Form
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From utility theory [12], the consequence q can be expressed as a
utility function u(q) which can be a nonlinear function of q. This
function measures the risk preference of an individualvor society as a
whole to a wide range of comsequence magnitudes. Most utility functions
are concave and represent a risk adverse attitude toward large con-
sequences; i.e., high consequence-low probability accidents are less
acceptabie than low consequence-high probability accidents.

A recent fh.D. thesis at MIT by D. Litai [7] reviews the various
risk analysis and risk assessment methodS‘availabie, and develops a new
approach to this problem. The various risk analysié methods available
are reviewed in Table I. These include methods that fall under the

broad category of economic risk theory:

1) risk-benefit analysis;
(ii) cost-effectiveness analysis; and
(i11) method of revealed preferences.

A second broad category of méthods includes those that fall under

demographic risk theory:

(i) _ expressed preference analysis;
(ii) life-expectancy analysis;
(iii) risk-comparison; and

(iv) natural hazards approach.

The characteristics of each of these methods are described in Table I,
including the main features of each, the basic assumptions utilized,
the1ﬁAin advantages and drawbacks followed by examples of successful or
reasonable use of each method and the principle references for each

method.
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D.2.1 Economic Risk Theory

Methods included in this group are: '"risk-benefit", "cost-
effectiveness'" and the "method of revealed preferences";
Risk-Benefit Analysis

The basic assumption of this approach is that risk and benéfit
may be expressed and quantified‘in the same units (same numeraire),
usually taken as dollars. Since a risk may involve various conseﬁﬁences,
it is necessary to price each one of these Eefore they can be summed.’
Unit prices must be assigned to fatalities, injuries, and oﬁher con-
sequences as well as to the various benefits that may be associated
with the risk. Since benefits may'also:bé subject to probabilistic
effects, it fpllows that the expected gain is the néf positive outcome,
and the expected loss is the nét negative outcome: For the proje@tito
be worthwhile the first must be highertﬁhan the latter. Thé-expected
~gain is obtained by multiplying all thé:bossible benefits by theif}
corresponding likélihoods ;nd sﬁm@iﬁg their products>ﬁp. Likewisé;
the expected loss.ié the sum of tﬁéigfoducts;of all possible deleteriouél
consequences and ﬁheir cor?espondiﬁé likelihoods.

‘Difficulties arise i; the quantification process of assigning a
dollar value to fatalities an@ﬁ§uffering; amqng'otﬁer deleterious ;on—

. o *
sequences. Several utility functions have been proposed to help in

evaluating human life. They:may be purely eéonomic in their approach,

*A "utility function" is a mathematical descriptor of the way in which
a person (or society) values a particular benefit or cost. A linear
utility function indicates that the preference toward a given cost or
benefit is independent of its absolute magnitude, while non-linear
utility functions reveal either a risk preferring or adverse attitude.
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or involve psychological factors as well. However, no generally’ac-
cepted utility functionland no generally accepted parameters for any
utility function have yet been found. Placing a dollar value on human
life is still very controversial.

Cost Effectiveness Analysis

Cost effectiveness is a special case of cost-benefit analysis.
Hére, the benefit considered is that. of risk reductioﬁ. " For any‘broject
which involves s&mg risk, it is possible to reduce the risk to almost
any desirable level, but the effort costs money. The question of how
much risk is acceptable has been replaced here by how much society is

willing to pay to avoid a risk. The trade-off point is defined to be

where %%-= -1, but to find this point it ié necessary to measure risk

and cost in the same units (i.é., dollars). If risk is measured iﬁ

some other way, then the question how much to invest is dpen‘again.-
Experience shows that public expenditures for risk aversionf}

varies from $100 qu automobiie seat belt; to $10 million for removing

903r from milk fo; averting one death [7]. No consistent reasoning

behind this practice has been found that could explain these ifemendous

variations. So the question of how much to spend remains open.

Revealed Preferences

This method suggests that society has revealed its preferences
toward risk-taking in its present and past behavior. The method is
based upon taking present and past data on the level of risk faced in
various human activities (e.g., work, travel and leisure activities)
and comparing the implied risk preference level bet&een the activities.

Starr suggested such a method in 1968, and this method is expanded upon
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by Litai [7]. Fischoff et al., identified several drawbacks invﬁhe
method: '"the method assumes that past behavior is a valid predictor of
present preferences, which may not always be true". Even in spite of
the method's drawbacks, the approach suggested by Starr may not be
invalid. As Starr notes: "by trial and error, society has arriﬁed at
an essentially optimum balance between the risk and benefits of any
activity", which may be a valid statement. While it is quite cdn;
ceivable that this state of balance, or equilibrium, is not a static
but dynamic one, which changes with time as new perceptions of risk
and benefit develop, this shift is quite slow. Many examples abound
which show that in spite of abundant information and freedom of choice,
societal attitudes have changed very little if any (smoking, contra-
ceptives, alcohol). Thus, it may be that basic relationships should
be updated from time to time, say, every five years, yet they do
represent a certain societal "equilibriym" even if only a temporary
one. I£ may well be that this equilibrium is not the optimal one,vand
that choice is not always rational (smocking provides again a good
example), yet equilibrium it is, and thus, indicates societai ‘
preferences.

D.2.2 Demographic Risk Theory

Demographic risk theory refers to methods that do not actually
attempt to quantify and balance risk against benefit, but seek to find
other ways to determine what level of risk might be acceptable for a
given activity. In particul@r, risks that have a potential for
fatalities are of concern here, since these are more easily con-

ceptualized, and, therefore, easier to compare. It should be remarked,
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at this point, that perhaps all methods for assessing risk accept&bility
are basically risk-benefit analysis. But in demographic risk theory,
the analysis is not carried out explicitly - certainly not in terms of
money - and is hidden in most cases in the subtle comparisons or dis-
tinctions that are made.

Expressed Preferences

This method attempts to avoid the difficulties associated wiﬁh
the method of revealed preferences; or risk-benefit methods iﬁ general,
byvasking people directly what levels of safety they deem acceptable.
. This gethod has been advocated by Otway (1977), and by Fischhoff et al.,
‘ (1978) and. (1979), although it was recognized by them that people may
be baffled by such problems, influenced by the selection and'énunciation
of the problems laid before them, prone to change'their mind, and
- generally inconsistent in their responses. Other deficiencies of
public—pol; techniques tend to bias the'results of this kind éf
analysis. | |

Life Expectancy Formulations

Bowen (1976), and Thompson (1979) among othgrs have advocated
the use of the life expectancy method which presumably simplifies
decision-making by putting the evaluated risk in the perspective of
its potential influence of the total expected span of man's life. It is
possible by using statistical methods to calculate the eﬁfect on life
expectancy of eliminating, or adding a given risk. Thus,:eliminating
the risk of motor vehicle accidents, life expe;tancy would rise by 0.8
years, and adding the risk of nuclear energy life would be shortenedr

by 18 seconds (Thompson, 1979). Even if we assume that the risk of
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nuclear energy was 10,000 times higher than the value used in the pre-
vious calculation (taken from the Reactor Safety Study (WASH-1400,
1975), the effect would still be of the order of ome day or so, still
a far cry from the penalty we pay for the use of motor vehicles. All
this would be quite clear from the mortality rates themselves, But this
method of representation adds another perspective which may be of help
sometimes in deciding the question.

Perhaps every technology has had some influence on human life
expectancy, but its assessment is very often intractable. The total
contribution of all human undertakings has obviously so far been
positive, since we now live lqnger than previous generations did. 1In
general, then, a project may be deemed acceptable if it contributes a
net positive inerement to life expectancy, or at least does not ceﬁr
promise it too highly (Figure 2.4). 1In Figure 2.4 a horizontal ex-
trapolation is used as the. limit of acceptability, but this is nof?
necessarily so. o

4

Risk Comparison

This is the most commonly practiced method of risk asseeement.
Frequencies of mortality, morbidity, and other damage are compared
directly between various activities, between one year and another,
between countries, cities, and the like "in order to encourage some
desired action or reveal some incomsistency''. The method assumes that
risks that have been accepted in the past will also be accepted in the
future. (A similar argument has been raised and discussed in con-
nection with the method of revealed preferences.) The method is

often used without due attention to the various factors which govern
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human perceptions of risk, thus comparing, for example, voluntary and
involuntary, immediate and delayed, ordinary and catastrophic, etc.,
risks without discrimination. It may be reasonably thought that only
risks that invoke the same perceptioms, which we shall call henge-
forward risks of the same type or category, may be comparable in this
way. (Litai deals directly with this problem in his methodology
formulation.) |

Natural Hazard

This is a risk averse approach based on the assumption that all
risks are unacceptable unless they are ba;ely perceptible. This may
happen when the risk in question is small compared to a naturally ex-
isting background (cancer), or if the risk-exposure relationship shows
a low threshold level. Examples where such an approach may séem ﬁﬁ—
propriate do exist (radiation exposure risks) but in général, human
behavior again indicates that much higher risks than would be admiésible

by this approach are readily acceptable.

D.2.3 An Expanded Revealed Preference Method (Litai [7])
The work of Litai iS'bésed upon the method of revealed pref-
érences and defines nine risk comnversion factors that affect a risk

comparison assessment. These are:

(i) natural vs manmade risk;

(ii) voluntary vs involunt;ry risk;
(114) ordinary vs catastrophic risk;
(iv) delayed vs immediate risk§

(v) necessary vs luxury risk;

(vi) 0ld vs new risk;
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(vii) regular vs occasional risk;
(viti) controllable vs uncontrollable risk; and
(ix) direct vs indirect risk.

These factors influence, for example, a comparison of nuclear with
coal—firéd electrical generating'technology risks (i.e., nuclearbis
a man-made involuntary catastrophic risk. while coal is a man-made
involuntary ordinary risk). .The method provides a way for combiniﬁg
deléyed with immediate fatalities (e.g., WASH-1400 results have been
combined together in this way by Litai; see Figure 21). Litai ex-
amined past data on various types of risks (data from insurance com-
pany recqrds) and esiablished risk profile histograms that, when
divided i;;oAgach other for each of the nine dichotomous pairs above,
rendered integral risk conversion factors that can be used to mnitiply
(or dividé) risk numbers so that each cateogry may be compared with
the others. . |

"Litai's work deals with the problem of acceptable risk. Six
~such ;factors were,found.to be of major importance in risk evaluations .
and value judgments: volitiom, severity, manifestation of effort,
familiarity, controllability; and origin. Three other factors were-
also found interesting but less important: necessity, exposure pattern
and benefit facﬁo;. Risk distributions for four different risk
categories were developed: immediate and delayed occupational risks,
smoking and homicide, ill-based or historical'daga available from
insurance companies.

Based on this work for the spectrum of humaﬁ physical-mortality
risks examined, mortality risks between 4x10-3/pe£son~§r to &10-9/

person-year were encountered. The former value relates to the highest
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Litai's Combination Delayed with Immediate Fatalitiecs

in WASH-1400.

Figure 21
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tolerated human risk, the latter to the lowest magnitude that is,
perhaps, physically possible.

Risk conversion factors based on this work are given in Table II,
where they are compared with results from earlier studies. Litai sug-
gests that risk design criteria could be derived from the methods of
his study which would be compatible with historical U.S. societal
perceptions of the involved risk typeé. The risk conversion fac;érs
and distributions seem to indicate why society seems to spend "unreason-
able" sums to avert death in some cases while spending much less in
other cases. These observations and the basic consistency of the de- |
rived vales are believed tb demonstrate the validity of the model re-
sults. However, an accuracy to no better than a factor of t&o tp'three
can be claimed for the derived vaiues, and is limited to comparison:of
mortality risk only; further work would be required to exﬁend the.re;
sults to other forms of risk (e.g., injuries, plant damage and equip—;
ment loss, lost work days, indices of harm, etc Y. Further work could
also be done to investigate the relative importance and globality of
the risk factor categories, others may need to be added ; (or deleted)
Continued work in these directions may lead to other areas. helping to

shed more light on the question of how safe is "safe enough"g




Table II
RISK CONVERSION FACTORS FOR RISK PAIRS

(Litai [7])

Characteristic Risk Pairs

Origin Natural/Man-Made

Severity Ordinary/Catastrophic
Volition Voluntary/Involuntary
Effect Delayed/Immediate
Controllability Controllable/Uncontrollable
Familiarity 01d/New

Necessity Necessary/Luxury '

Exposure Continuous/Occasi;nal

Benefit Clear/Unclear

*
n/a = not applicable

Litai
(1980
20

30
100
30
5-10
10

1

1

*ofa

)

*

Risk Conversion Factors

Rowe Starr Kinchin
(1977) (1969) (1978)
10
50
100 1000
20%/yr 30
100

Otway/
Cohen
(1975)

08

1-1000
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E. Examples of Application to Sample Problems

E.1l Fault and Event Trees

Fault Tree Example

Fault trees are used to calculate the failure probabilities_of
engineering systems. An example of such an application is in calcu-
lating the probability that a warehouse fire protection system wou;d
fail to put out a fire on demand. The protection system consists'of
pumps, motors, and valves that pump water out of a nearby river. During
a fire, the protection system is designed to quench the flames by
spraying water through a nozzle installed on the warehouse ceiling. A
system diagram is shown in Figure 22.

Question: The task is to construct a fault tree to calculate the
failure probability on demand. |

Answer: The solution to this problem is to begin by foilowing the
steps for fault tree comstruction. The first stép is ;5
.define a TOP event. |

Examples of a correct description of the TOP event include "Fail
to Put Out Fire on Demand", or "System Fails to Put Out Fire". (In-
complete descriptions would be "No Sufficient H20 Out of Nozzle", or
"Fire Not Put Out", or "System Works But No Fire".)

Next, define events that lead to the TOP event. These include

1. Fire Fails to Trip Detectors (No Signal Out of Detectors);
2. Detector Signals But Motor Fails to Operate;
3. Pump Motor Operates But Fails to Deliver Water Out of Nozzle; and

4, Water Out of Nozzle But Fails to Put Out Fire.
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Then, these events must be bfoken down into basic events where
probabilities can be meaningfully assigned. Events (1) and (4) are

broken down further for purposes of example (Figure 23). This pro-

cedure would be followed until all four major events were broken down

into basic events; then, the tree would provide the vehicle by wﬁich

the probabilities would be combined together mathematically to arrive

at the failure probability corresponding to the TOP event. (An ex-
ample of a simple calculation is given below.)

Example of Probability Calculations in Fault Trees

(1) "OR" Gate

Question: Event E is related to Event$ A, B, C, and D as shown:

"oR"
B [CL"_—'h

VFﬁhat is the probability of E if:

(2). B, =0.1 Py=0.2 B,=0.4 P =0.5

(b) PA = 0.01 PB = 0.02 PC = 0.04 PD = 0.05

- (c) Derive an expressioﬁ for the error if the approximation

l\' .
PE = PA + PB + PC + PD is used (instead of the exact
. expression) in terms of P,» Pg, Po, and B,
Solution:
E=A+B+C+1D
PE =1 - PA?BPCPD

=1 - (l—PA)(l-PB)(l—PC)(l-PD)
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(a) P, =1- (1-0.1)(1-0.2)(1-0.4)(1~0.5)

E
=1 - (0.9)(0.8)(0.6) (0.5)
=1 - 0.216
= 0.784

(b) P_=1- (1-0.01)(1-0.02)(1-0.04) (1-0.05)
= 1 -~ (0.99)(0.98)(0.96) (0.95)
= 1 - 0.8848

= 0.1152

(c) Pp=1- (l—PA)(l-PB)(l-PC)(l-PD)

=1 - (1® A-PB+P APB) (l-PC-PD+PCPD)

= 1 = (1-P,-P,~P ~P+P, P +P,P +P P1

+ PBP C+PBPD+PcPD-P APBP C-P APBPD

- PA?CPD—PBPCPD+PA?BPCPD)

e = ® A+PB+P C+PD) + [-P APB—P APC_P APD

“PpPc~PePp Py

+P APBI,, C-l-P APBPD

+PA?CPD+PBPCPD

~P,PpPcPp]

when PE is approximated by

Py & P fPLP P

the error is the square bracket terms.
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Example: (a) P_~0.1+0.2+0.4+0.5=1.2

E

(b) P_ % 0.01 + 0.02 + 0.04 + 0.05 = 0.12

E
when Pi have the same order of magnitude, the error 3_0(?:2).
(ii) "AND" Gate

Question: Event E is related to Events A, B, C, and D as shown:

(assume A, B, C, and D independent events)

"AND"

A B c D

What is éhe-probability of E if:
()
)]

PA = 0.1, PB = 0.2, P, = 0.4, PD = 0.5

= 0.01, P

c

= 0.02, P, = 0.04, PD = 0.05

Py B c

(e) ;Suppose A, B, C, and D were dependent events. Then

what would the expression for P_ be:

E
Solution:
E=A+B-*C-*D
Pp =By " PP By
3

(a) P = (0.1)(0.2)(0.4)(0.5) = 4 x 10
7

(b) Py = (0.01).(0.02)(0.04)(0.05) = 4 x 10

(¢) P(E|A,B,C,D) = P(A|BCD) P(B|ACD) P(C|ABD) P(D|ABC)

_ P(A)P(BCD|A) | P(B)P(ACD|B)
P (BCD) P (ACD)

. P(C)P(ABD|C) . B(D) (ABc|D)
P (AED) P (ABC)
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P(BCD|A)P(ACD|B)P (ABD|C)P(ABC|D)
- P(BCD) P(ACD) P(ABD) P(ABC)

= P(A) (B)P(C)P(D)

(Note that given A was independent from B, C and D, then
P(BCD|A) = P(BCD) by definitionm.
Then the expression for P(E) reduces to P(E) = P(A)P(B)P(C)P(D);
Event Tree Example
Question: Construct an event tree that correctly relates the
functions of each of the following engineered safety
features (ESF) to determine possible event sequences
that could lead to negative comnsequences.
Begin the tree with the initiating event being a pipe break (PB). The
systems are: .
(a) Reactor shutdown or "trip" (RT) to stop significant power geﬁéra-
tion due to the fission process during the LQCA.
(b) Emergency core cooling (ECC) to cool thé;cbre"to keep the,reiéase
Qf radioactivity from the fuel into the containment at low levels;
(¢) Post accident ¥adioactivity removal (PARR) to remove from the
containment atmosphere the radioactivity that could be released from
the core.
(d) Post accident heat removal (PAHR) to remoﬁe the -core decay heat}
from the containment to prevent its overpressure.
(e) Containment integrity (CI) to preveﬁt the radiocactivity not ré—

moved by PARR from being dispersed into the environment.
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Solution: (from Rgf. [1s1).

In considering the events involved in a LOCA after the pipe
break that is the initiating event, one must consider the functions
that the ESFs are required tovperform. Regardless of the design
details of a particular.reactor, the ESFs perform a unifo;m setréf
functions.

The event tree is started by indicating these functioms, i;e;,
RT, ECC, PARR, PAHR, and CI, together with the initiating event, pipe
.break (PB), as event tree headings, in roughly chromological order.
It préceeds fromvleft to right by the addition under each heading of
branches corresponding to two altermatives: sucﬁessful performance
of function (upper branch) and failure (lower branch). After the
. tree is drawn, paths across it can pe~traced by choosing a branch:;
under each successive heading. Each path corresponds to an accident
sequence. uSix headings, five of which have two alternmatives, reshit
in a Zn-l (where n = 65 event tree representing 32 accident,sequenées, )
designated S1 to SBé. Figurelzg illustrates the design basis LOCA
defined in the regulatory grocess.

When more headings are used because ESF systems replace the
functional headings, the number of sequences can be quite lérge.
Analysis of individual sequences indicates that many of them are il-
logical or meaningless and can be eliminated. In ghe process of in-
creasing the detail in the headings and eliminatiné the unneeded se-
quences, continuing attention must be given to the order of the
headings.- Tree development is facilitated when the order corresponds

generally to the logic of the accident process, i.e., when the headings
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whose failure affects the failure of others are located early in the
tree. The rationale for the order in Fig. 25 is as follows:

(a) RT is listed first because failure to shut down the fission
process during a LOCA could result in high core temperatures and‘thus.-
nullify the effectiveness of ECC even if cooling water were provided.

(b) ECC is listed next because cooling determines whether or
not the core will melt. If it doeSvnét, the consequences of pipé
break will be very small; but if the cdre does melt, the potential
consequences can be large and are strongly affected by PARR, PAHR,
and CI.

(c) PARR comes after ECC because its function is to remove any
ra&idactivity released froﬁ the fuel into the containment.

(d) PAHR is put just before CI because the containment has‘;
failure ﬁodes that depend on the performance of PAHR (as‘well as on ECC).

The form of the tree does not imply independence among failﬁ£e
events. Dependent as well as.independent ?vents can bevhandled prﬁ-
vided the dependencies are appropriately defined.

- Further development of the event tree requires analysis.6f the
physical processes, such as core melting or overprgSsurization of the
coﬁfainﬁent, that could occur when one (or more) of the functions is
not performed. The analysis must include consideration not only of
fﬁnctional interrelationships but also of the interrelated operational
factors involved with the physical systems provided to perform the
functions. Such analyses are important also in the study of common
mode failures because they definé, if properly done, the only sig-
nificant logically permissible sequences (i.e., those that appear in

the event trees) and eliminate all others. Common mode failures need

be considered only for the sequences remaining in the completed event tree.
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E.2 Cause-Consequence Diagrams

A typical examplie of the use of cause-consequence analysis is in
modeling a loss-of-coolant accident (LOCA) in a typical nuclear power
plant. The cause-consequence diagram for this case is given in_r
_Figure 24 where the initiating event is a pipe break in the main
coolant system of a PWR. The corresponding event tree is shown in
Figure 25.

E.3 Decision Tree Example: The Weather Prediction Problem

As an example of a decision problem, consider the case where a
person is deciding between locations for a party to be given the next
day. The alternatives are outdoors (0), the porch (P), and indoors
(I). We model this decision as a decision tree with three branches,
one for each alternativé location (Figure 26). The possible outcéﬁes
of each decision alterﬁative refer to the weather and aré'discretized
into two.possibilities: sunshine (S) or rain (R). These two weatﬁér
conditions are cons}defed mutually exclusive events, sofPR = 1-Pg and
vice versa. The probabilities ofsthese events are independent of the
decision altermative, but the values placed on them are dependént on
the alternative. For example, if the party takes place outdoors and
it rains, the value to the decision maker is O (units of happiness,
dollars, or imagine what you will). However, if it's sunny, the party
will be a tremendous success and the value to the decision maker is
100 units, the maximum he can assign. (Likewise, valués are assigﬁed
to the otherlg;gernative oute;mes.) To analyze which alternative is

"best" (optimal), the expected value of the lottery is calculated by

multiplying the value placed on the outcome by the probability of
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the outcome and summing it together at the event node. For PS = 0.4
and PR = 0.6, the alternative with the highest expected value is P
(porch), with an expected value of 48 units (compared with 40 fof "o"
and 46 for "I") since (0.4) (90) + (0.6) (20) = 36 + 12 = 48.

The question is now asked: "What is the value of knowing fgg
certain what the weather will be?" 1In other words, suppose an experi-
ment could be run that guarantees perfect information, what would;the |
decision-maker be willing to pay to run the experiment? This amount
is called the value of clairvoyance (C in this example). It is calcu-
lated by reversing the event/decision tree around so that the outcomes
to the left-hand side first, and then the optimal altermative that
corresponds to each outcome is chosen representing a kind of "decision
in retrospect". The value éé each decision node is thus equal to 6ne
times the value of each alternative, and the expected value of the
decisiou with clairvoyance equals the probability of each outcome ?
times the value atpgach decision node. Inlthis example,  7:= (0.4)
(100) + (0.6) (S0) = 70. Then, C is calculated by subtracting the
expected vaiue of the lottery without clairvoyanceé(EVNC = Zsj; from i
the expectéd value with clairvoyance: C = EVC - Evgc‘ﬂ 70 - 48 = 22.
If the units are dollars, this says the decision maﬁéf"is willing‘to,
spend 22 dollars to run the perfect expériment..

Probability Assessment: Coin Tossing

Consider repeated tossing of a fair coin where H = head, T =
tail. Let n = number of tosses required to complete the first HH H
sequence. For example, consider the sequence HT THHHT H ... which

implies n = 6 tosses. Suppose we want to subjectively assess the
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Figure 27 Probability Assessment: Coin~Tossing

£ 0.01 0.25 0.50 0.75

0.99

<n(f)

Subjectively assess what the values n will be for each value of £ and '~

for each of the following sequences:

0.99

£ 0.01 0.25 0.50 . 0.75

HHH

- J

Note:

The actual values of the discretized distributions ¢ are:

HHH 3 5 10 19 57
‘38

HTH - 3 4 7 13

e
Compare your own values with the actual values.
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probability distribution function ¢ where: ¢ = {n g_n(f)[e} = f,
f = 0-1 and n(f) is the value assumed for n as a function of the fre-
quency value f. We will assess ¢ at five values of £: 0.01, 0.25,
0.50, 0.75 and 0.99 as follows. Draw a box for each value of f that
we will £i11l in for n, the number of tosses (Figure 27);
E.4 Risk Analysis and Assessment Methods

An example of the use of risk analysis and assessment methoﬁs
is provided here making use of the method of Litai described earlier
in section D.2. (The examples taken here are derived directly from
Litai's thesis [7].)

E.4.1 Nuclear Energy

Nuclear energy, because of the radiatiom sickness ana contamina-
tion problems invol&ed in a major accident, is considered # new tyﬁe
of risk. Also, it has both immediate and delayed effects. An ‘
"equivalent" one-category representation may be employed by multiéiying
the immediate risk>b§ 30, the risk conversion factof in this case, and
adding it to the delayed risk (or dividing the delayed risk by 30 and
adding it to the immediate risk). The sum total must be within the
limits of the respective distribution corresponding to thé size of
population at fisk (¥15,000,06C for 100 reactors, fréﬁ the Reactor
Safety Study). ‘

WASHrlAbO predicted 2 latent fatalities per;year among the
15,000,000 exposed population, and one immediate fatality in 20,000

years per reactor, or 1 in 200 years per 100 reactors. The immediate

risk is, therefore, L g = 3::10—lo per person and year, and the
200x15x10

delayed risk is 2 g = 1.4::10-7 per person and yeaf. The total
15x10
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welghted delayed risk is 3x10 20 + 1.4x1077 = 1.5x10 ', and the

-7
weighted immediate risk is 3x10™° leﬁgﬁg—- = 5.3%107° (Figure 21).

Another important conclusion may be drawn from the foregoing
calculation: it seems that the delayed risks are much more important . °
than the immediate ones. Even after dividing by 30, the delayed risk
is still 15 times higher than the immediate risk. In order to adjust
the curve for the immediate and delayed fatalities related to the 100
nuclear power plants, it must se raised by a factor of ~15. Moreover,
in order to convert it from "new" to "oldﬁ (assuming that today it is
: Still an unfamiliar risk) for direct comparison with the other curves
in Figure 21, it must be weighted by:another-factor of &10.’ Hence, a
total weighting factor of &150 must be applied. This brings the
~original curve much closer to the crowded region in the figure whefe
.':gpst other industrial catastrophes are located. -

E.4.2 Coal Energy

. Coal fueled power plants are an important and growing.part of
our eiectricity prbduction, but these plants can also pollute the air
and water which can kill people. | a H

Pollution is the combined effect of many industrial and domestic
emissions. But when a single source can be identified and blamed for
a large number of fatalities, its risk may be considered catastrophicg:
The ﬁneertainty in estimating the effects of a coal power plant on ﬁhe
surroundinglpopulation is large.

Studies indicate that the annual individual mortality:risk to
persons living in the vicinity of a 1000 MWe coal power plant may be

anywhere between ].0-6 and 3x10-4. For an exposed population of size N,
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(a) societal risk

FIGURE 28 - ACCEPTABLE RISX FROM COAL FIRED POYER PLad
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and for the total number of fatalities due to the plant accumulated
over 30 years (n), the annual risk will be (assuming delayed effects,
and "old" risk, and applying a factor of 2 as in the preceding example)

-6 .
30:n 3xi2 for n > 500 (catastrophlc). This requirement is illus-- -

10 for n < 500 (ordinary)

trated in Figure 26 which indicates the acceptable number of fatalities
for var;ous urban sites. This number is about 20 for most urban eites
and may rise to about 30 for very populated areas sueh as New York City.
Estimates are shown in the figure with their uncertainty bounds. Un-
less the optimistic estimates "prevail" by use of modern.effluent
scrubbing systems, coal power may well be up to an order of magnitude
too risky according to the present model. It should be noted that

‘'the horizontal limit line drawn in FigureiSa at n = 500 may be moved
upward or downward - probably by as:much as a factor of 2 - depenoing
on the definition we choose for a*deiayed catastrophe. Figure 23&
shows the acceptable individual - risk corresponding to the limit line

of Figure 28a. Finally, it should be noted ‘that the use of Figure 28 |

is not limited omly to coal power plants,'but could apply to other

sources of similar risks.
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Appendix

Statistical Tables

Cumulative x2 Distribution

tCumulative Normal Distribution

Cumulative t Distributiomn




TABLE 1

'Abridgcd Version of Table 1V from R. A. Fisher and F. Yates: Sraristical Tables for
Biological, Agricultural and Medical Research published by Oliver & Boyd Lid,,
Edinburgh and by penpission of the publishers and authors.

CUMULATIVE x2 DISTRIBUTION
(p in %)
F 0.5 1.0 2.5 .50\ 10 20 25 30 5 '
J ' : ) ) 0 Y 70 15 80 90 ¢ 958 91.5 99 99.5 99.9
l‘f .
1} 0000} 0,000 0.001] 0.004] 0.016] 0.064{ 0.102] 0.148 ) 0.455 :
21} 0010{ 0.020] 0.051| 0.1031 0211} 0.446! 0.575] 0.713| 1.386 11 1.074| 1323 1.642| 2.706| 3.841| 5.024} 6.635] 7.87910.827
31 00721 0.115] 0.216) 0.352] 0.584| 1.005! 1.213] 14241 2.366 21 2408 2,773} 3.219] 4.605] 5991 7.378¢ 9.210110.597 | 13.815
4| 0207| 0.297| 0.484| o711 | 1.064| 1.649] 1.923( 2.195| 3357 | 3| 3.665| 4.108 | 4.642| 6.251 1 7.815] 9.348111.345112.838 | 16.268
51 0412] 0.554' 0.8311 1.145] 1.610] 2.343] 2.675] 3.000% 4.351 4| 48781 5.3851 5989 7.779] 9488 111.143 | 13,277 | 14.860 | 18.465
6] 0.676] 0.872 1.237) 1.635}] 22041 3.070] 3.455] 3.828] §5.348 5] 6.064] 6.626§ 7.289} 9.236 |+1.070 } 12.832 1 15.086 | 16.750 | 20.517
71 0989 1.239] 1.690] 2.1671 2.833| 3.822| 4.2551 4.671| 6.346 61 7231} 7.841] 8.558]10.645]12.592114.449 ]| 16.812 | 18,548 | 22.457
8| 1.3441 1.646] 2.180] 2.733] 3.490] 4.594| S5.0711 5.5271 1.344 71 8.383] 9.0371 9.803]12.01714.067 } 16.013 | 18.475 | 20.278 | 24.322
9| 1735 2.088] 2.700] 3.325| 4.168| 5.380] 5.899] 63931 8343 . 8| 9.524110.21911.030 | 13.362 { 15.507 | 17.535 | 20,090 | 21.955 26.125
10| 2,156 2.558| 3.247| 390an! 4865 6.179| 6.7371 7.267! 9.342 9 110.656 | 11.389 | 12.242 { 14.684 | 16.919 | 19.023 { 21.666 { 23.589 | 27.877
11| 2,603 3.0531 3.816] 4.575| 5.578| 6.9891 7.584{ 8.148{10.341 10 | 11.781 | 12.549 § 13.442 | 15.987 § 18.307 | 20.483 } 23.209 } 25.188 | 29.588
12] 3.074] 3.571 ]| 4.404 ] 5.2261 6.304| 7.807 | 8.4381 9.034111.340 11 |12.899 | 13.701 | 14.631 | 17.275 | 19.073 21.920 | 24.725 | 26.757 | 31.264
13 3.565] 4.107] 5.009| 5.892} 7.042] 8.634] 9.209] 9.926]12.340 12 | 14.011 114,845 | 15.812 | 18.549 | 21.026 | 23.337 { 26.217 | 28.300 | 32.909
14} 4075 46601 5.629| 6.571 1 7.790| 9.467]110.165}10.821 {13.339 . 13 |15.119 | 15984 | 16.985 | 19.812 | 22.362 | 24.736 | 27.688 | 29.819 | 34.528
15| 4.601| 5229} 6.2621 7.261] 8.547110.307 1 11.0361 11.721 | 14.339 14 116,222 | 17.117 | 18.151 | 21.064 | 23.685 § 26.119 1 29.141 | 31.319 | 36.123
161 5.142| 5.812f 6908 7.9621 9.312]11.152111.912}12.624]15.338 15 117.322 | 18,245 | 19,311 | 22,307 { 24.996 { 27.488 | 30,578 | 32.801 | 37.697
171 5.697] 6.408}% 7.564| 8.672]10.085]12.002]12.7921]13.531 | 16.338 16 | 18.418 ] 19.369 | 20.465 | 23.542 | 26.296 | 28.845 | 32.000.| 34.267 | 39.252
18] 6.265] 7.015] 8.231§F 9.390} 10.865 1 12.857 | 13.675 1 14.440 | 17.338 17 | 19.511 120.489 | 21.615 | 24.769 | 27.587 | 30.191 | 33.409 ] 35.718 | 40.790
19} 6844 7.6331 8907 |10.117]11.651 113.716} 14.562{ 15.352 | 18.338 18 | 20.601 | 21.60S | 22.760 | 25.989 | 28.869 } 31.526 | 34.805 | 37.156 | 42.312
20| 7.434| 82601 9.591 | 10.851 | 12.443 | 14.578 | 15.452 | 16.266 | 19.337 - 19 |21.689 | 22.718 | 23.900 | 27.204 | 30.144 | 32.852 | 36.191 | 38.582 | 43.820
21 ] 8.034| 8.897110.283 111.591 ] 13.240 ] 15.445 | 16.344 | 17.182 | 20.337 20 122.775123.828 { 25.038 | 28.412 | 31.410 ] 34.170 ] 37.566 | 39.997 | 45.315
22| 8.6431 9.542110.982 | 12.338 | 14.041 | 16.314 | 17.240 | 18.101 | 21.337 - 21 |23.858 | 24.935 | 26.171 | 29.615 | 32.671 | 35.479 | 38.932 { 41.40] 46.797
231 9.260110:196111.688113.091 | 14.848 | 17.187 | 18.137 | 19.021 { 22.337 22 124.937 | 26.039 | 27.301 | 30.813 | 33.924 | 36.781 ] 40.289 | 42,796 } 48.268
24 | 9.886 |10.856 | 12.401 | 13.848 | 15.659 | 18.062 | 19.037 | 19.943 | 23.337 23 | 26.018 | 27.141 | 28.429 | 32.007 | 35.172 | 38.076 | 41.638 | 44.181 49.728
25 110.520111.524 1 13.120 1 14.611 ] 16.473 1 18.940 | 19.939 | 20.867 | 24.337 24 127.096 | 28.241 | 29.553 } 33.196 | 36.415 | 39.364 | 42.980 | 45.558 | 51.179
26 {11.160112,198 | 13.844 } 15.379117.292 | 19.820 | 20.843 | 21.792 | 25.336 25 128.172 1'29.339 | 30.675 { 34.382 | 37.652 ] 40.646 | 44.314 | 46.928 | 52.620
27 111.808112.879114.573116.151 118,114 120.703 | 21.749 { 22.719 | 26.336 26 | 29.246 | 30.434 | 31.795 | 35.563 | 38.885 | 41.923 | 45.642 | 48.290 1 54.052
28 112,461 | 13.565 | 15.308 | 16.928 { 18.939 | 21.588 | 22.657 | 23.647 | 27.336 27 130.319{ 31.528 | 32.912 | 36.741 { 40.113 | 43.194 | 46.963 | 49.645 | 55.476
- 29 | 13.121 | 14.256 | 16.047 | 17.708 | 19.768 | 22.475 | 23.567 | 24.577 | 28.336 28 | 31.391 | 32.620 | 34.027 | 37.916 | 41.437 | 44.461 | 48.278 | 50.993 | 56.893
30 | 13.787 1 14.953 | 16.791 | 18.493 | 20.599 | 23.364 | 24.478 | 25.508 { 29.336 29 132.461 {33.711 §35.139 | 39.087 | 42.557 | 45.722 | 49.588 | 52.336 | 58.302
30 133.530 | 34.800 1 36.250 | 40.256 | 43.773 | 46.979 | 50.892 { 53.672 | §9.703
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TABLE III

CUMULATIVE t DISTRIBUTION

Y s5 | 0| 70 | 80 | S0 f(os5,| 975 99 99.5 | 999
L.u .
1/0.158 | 0325 0.727 | 1.376 | 3.078 | 6.3i14 | 12.71 - 3182 [®366 |3is0
210.142] 0.289 | 0.617 ] 1.061 | 1.886 | 2.920 | 4.303 | 6.965 | 9.925 22.30
"310.137 1 0:277 | 0.584 } 0.978 } 1.638 | 2.353 | 3.182 4,541 5.841 10.20
~ 410.134 | 0.271 | 0.569 { 0.941 { 1.533 | 2.132-f 2.776 3.747 | 4.604 7173
* SO 0267 0359109201 1476 | 2.015 | 2.571 3.365 4.032 5.893
6]0.131 | 0.265 | 0.553 | 0.906 | 1.440 ] 1.943 | 2.447 3.143 3.707 5.208
710.130 1 0.263 | 0.549 { 0.896 | 1.415 | 1.895 ) 2.365 2.998 3.499 4,785
810.13010.262 1 0.546 1 0.839 | 1.397 | 1.860 | 2.306 2.896 3.355 4.501
910.129 | 0.261 | 0.543 1 0.883 | 1.383 1 1.833 | 2.262 2.821 3.250 4297
- 101 0.129 1 0.260 | 0.542 } 0.879 | 1.372 | 1.812 | 2.228 2.764 3.169 4.144
. 1110.129 |1 0.260 | 0.540 | 0.876 | 1.363 | 1.796 | 2.20t 2.718 3.106 4,025
121 0.128 | 0259 0.539 { 0.873 | 1.356 | 1.782 | 2.179 2.681 3.055 3.930
- 1310.128 | 0.259 | 0.538 | 0.870 | 1.350 § 1.771 | 2.160 2.650 3.012 3.352
141 0.128 | 0.258 1 0.537 | 0.868 | 1.345 | 1.761 | 2.145 2.624 2977 3.787
15{0.128 | 0.258 | 0.536 | 0.866 | 1.341 § 1.753 | 2.131 2.602 2.947 3.733
16 0.128 | 0.258 | 0.535 ] 0.865 | 1.337-} 1.746 | 2.120 2.583 2.921 3.636
17} 0.128 | 0.257 | 0.534 | 0.863 | 1.333 | 1.740 ] 2.110 2.567 2.898 3.646
1810.127 | 0.257 ] 0.534 } 0.862 | 1.330 { 1.734 | 2.101 2,552 | 2.878 3.610
1910.127 | 0.257 § 0.533 | 0.861 | 1.328 | 1.729 | 2.093 2.539 2.861 3.579
20 0.127 | 0.257 1 0.533 | 0.860 } 1.325 | 1.725 | 2.086 2.528 2.845 3.552
2110.127 1 0.257 ] 0.532 1 0.859 | 1.323 } 1.721 | 2.080 2.518 2.831 3.527
2210.127 | 0.256 { 0.532 | 0.858 | 1.321 | 1.717 | . 2.074 2.508 2.819 3.505
23{0.127 ] 0.256 { 0.532 { 0.858 { 1.319 | 1.714 | 2.069 2.500 2.807 3.485
2410.127 | 0.256 1 0.531 | 0.857 | 1.318 | 1.711 | 2.064 2.492 2.797 3.467
2510.127 | 0.256 | 0.531 | 0.856 | 1.316 | 1.708 | 2.060 | 2.485 | 2.787 3.450
26}0.127 | 0.256 1 0.531 | 0.856 | 1.315 | 1.706 | 2.056 | 2.479 | 2.779 3.435
- 2710.127 1 0.256 | 0.531 | 0.855 } 1.314 | 1.703 | 2.052 2473 | 2.771 3.421
28} 0.127 | 0.256 | 0.530 | 0.855 } 1.313 | 1.701 | 2.048 | 2.467 | 2.763 3.408
2910.127 { 0.256 ] 0.530 | 0.854 '1.311 | 1.699 | 2.045 2.462 2.756 3.396
30]0.127 | 0.256 | 0530 | 0.854 | 1.310 | 1.697 | 2.042 | 2.457 | 2.750 3.885
401 0.126 | 0.255 1 0.529 | 0.851 | 1.303 | 1.684 | 2.021 2.423 2.704 . 3.307
- 60]0.126 1 0.254 1 0.527 | 0.848 } 1.296 1 1.671 | 2.000 } .2.390 2.660 3.232
'1201 0.126 { 0.254 | 0.526 | 0.845 | 1.289 | 1.658 | 1.980 | 2.358 | 2.617 3.160 - -
, @]0.126 | 0.253 { 0.524 | 0.8342 | 1.282 | 1645 | 1.960 2326 2.576 3.090

i . A )
This table is reproduced from Table ITI of R\ A. Fisher and F. Yates: Statistical
Tables for Biological, Agricultural and Medical Research published by Oliver & Boyd
Ltd., Edinburgh and by permission of the publishgr; and authors. ‘
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III. APPLICATION TO UNRESOLVED GENERIC NUCLEAR SAFETY ISSUES

A generic nuclear safety issue refers to an issue that a:zplies
to a reactor system in general and is not specific to a particular
utility plant design. Thus, generic nuclear safety issues are some
of the most important and most difficult issues to resolve. In.some
of these issues, probabilistic means of resolution have been discarded
(as for the ATWS issue by the NRC staff); in others, such analysié
seems to be the only way to resolve the issue since a choice between
mitigation systems must be made. The issue of ATWS is one of the more
famous of the unresolved nuclear safety issues confronting both regu-
lators and the industry. Other issues include decisions om appro-
priate control systems for hydrogen generated in accident scenarios
by metal-water reactioﬁs and deciding between various suggesied néw
containment designs to reduce the likelihood of containmént,break; 
during .accidents. After Three-Mile Island, attention;has also beeﬁ
placed on human factor§ engineering and the necessary modificationé
required for improved control room design.l TMI has forced the NRC
and the industry to take a hard look at many of these unresolved
safety problems; the next several months will be some of the most
active in the licensing-safety area.

This section summarizes the work donme at MIT and elsewhere in
applying re;iability and probabilistic risk assessment methods to

four unresolved generic nuclear safety issues:

(1) the anticipated transient without scram (ATIWS) issue;
(i1) the containment inerting issue;

(iii) the issue of hydrogen control in PWRs; and

(iv) the issue of the reactor core melt frequency

after TMI.
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Summarized here is work done on each of these subject categories indi-
cating what probabilistic studies have concluded with respect to each
area and the additional data and analysis required to reach resolutionm.
The examples make use of the most recent studies available on each
issue and present original results forthcoming from the analyses
performed at MIT. Use of WASH-1400 and recent EPRI-NSAC studies are
included.

| In part A, the ATWS issue is reviewed including the work &one
at EPRI b§~Le1104che et al. and by Garrick and Lowe - UCLA for the
Oyster Creek probabilistic risk study. Data and information on the
recent incident at Brown's Ferry is also summarized and reviewed with
respect to its impact on the AIWS assessment. In part B, the contain-
ment inerting iséue is analyzed making use of data and épecific systems.
design from the Vermont Yankee nuclear power stations and from thez
General Electric Co. licensing staff. Part C.summarizes’the work
done at MIf on the ﬁyd:ogen deflagrétion and detonation problem, ﬁar-
ticula&ly for PWRs.’ ﬁbdels developed to calculate the expected pressure'
rise due to a hydrogen burn or explosion are described and results
shown. A comparison of recombiners with other methods for in-containment
hydrogen control in PWRs ié'also shown. Finally, in part D, a method
for updating estimates of the core melt accident freduency is described
baséd on Bayesian updating techniques. A sample calculation of such an
updated éstimate is perform;d inclusive of the experieﬁce at Three Mile
Island. Reference to these examples o£ nuclear safety analyses should
provide ﬁﬁélear éafety and licensing engineers with detailed examples

to guide similar such endeavors.
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A. The Issue of Anticipated Transients Without Scram (ATWS)

The issue of anticipated transients without scram, or the ATWS
issue, has been raging in the nuclear industry for over ten years.

In 1968, a consultant to the Advisory Committee on Reactor Safeguards
(ACRS), which advises the NRC on licensing matters, brought forth a
concern about a potential failure phenomena threatening nuclear power
safety. This concern was over the potential for a simultaneous failure
of the multiple defense system of the reactor scram system while the
reactor was experiencing a normal or abnormal transient event. This
"common mode" failure possibility resulted in the creation of the
acronym ATWS.

Conceptually, an ATWS event might occur whenever the reactor was
scrammed dufing a transient. The Oyster Creek study2 identifies over
40 possible scram initiating events. Ten of the most important in
the case of a BWR are: (1) high reactor pressure, (2) low reactor
water level, (3) high drywell pressure, (4) high main steam line radi-
ation, (5) main steam line isolation valve closure, (6) low condenser
vacuum, (7) high-high water level in the scram discharge volume, (8)
high-high neutron flux, (9) turbine acceleration (turbine trip), and
(10) stop valve closure. For PWRs, similar events also cause scrams.

fhe consequences of an ATWS event could be major. Although the
precise definition of a specific ATWS event has been debated, failure
to scram a reactor during a transient event could lead to a major ac-
cident with a subsequent release of large amounts of radiation. The
usual definition employed to define a failure of the scram system in

various safety studies is that between 3 to 5 adjacent control rods
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fail to fully insert to their full position when placed on demand.
The effects on reactivity as a result of such a failure are conserva-
tively estimated to appreciably increase the overall risk of a core
melt scenario. Also, WASH-1400 has pointed out the increased signifi—l
cance of an ATWS event for a BWR as compared to a PWR; WASH-1400

identifies an ATWS event as contributing approximately 30 to 40 per-

cent of the total accident risk in a BWR.3

The debate over the significance and probability of an ATIWS

-

event has resulted from the inconclusive nature of operating history

to render an estimate of scram failure frequency that is acceptably

. ~ 4
low to the NRC. The NRC perspective on ATWS is found in NUREG-0460,

prepared by the NRC staff in 1978. In that document, a summary of the
NRC position is presented. Briefly, the NRC position is given in the
following excerpt from that report:

"The significance of ATWS...is that some ATWS events could ..
result in melting of the reactor fuel and the release of

a large amount of radiocactive fission products. The
questions in contention concern whether the probability

of such events is great enough to justify their consider-
ation and if so, what degree of protection is required "

"We estimate that the probability of scram failure, based
on nearly 700 reactor years of operating experience in
foreign and domestic commercial reactors is in the range
of 10~4 to 10-5 per demand. Thus the expected frequency
of ATWS events that could result in serious comsequences
is A2x10~4 per reactor-year. We recommend that a safety
-objective of 10-6 unacceptable ATWS events per reactor-
~ Yyear is more appropriate and therefore, that some corrective
 measures to reduce the probability or conseqpences of ATWS
are required."

A utility perspective on ATIWS is provided by A. Kimmins of Washington

Public Power Suﬁply Systems:5
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", ..ATWS has not been shown to be a significant problem

~and the high estimated costs for mitigation cannot be
justified...the original issue has escalated from the
need to address a hypothetical concern to a full scale
scenario of abnormal events...today, we still don't know
definitely what an ATWS is so how can the design of
nuclear power plants be adjusted to prevent such an
event? The addition of more systems and equipment has
been suggested by the NRC but such "fixes" have the
potential to worsen the net safety and operability of
plants."

A.1  Analyzing the Occurence of an ATWS Event: Probability Statement
in Inferential and Classical Notation

A.1.1 Definition of ATWS: An AIWS event may occur when the

reactor protection system (i.e., the control rod assemblies) fails to

operate or "scram”" completely at the time an anticipated tramsient
P :

. is simulﬁanecusly taking place in the reactor. The consequence of

such an event could include core meltdown with subsequent release of

~radiocactive fission products to the environment in large, significant

amounts. Anticipated transients refer to those conditions of normal

operation which are expected to occur one or more times during qhéf

service life of a plant including such events as loss of all offsite
power and tripping of the turbine generator set.

A.1.2 Occurrence of ATWS Events: The frequency of ATWS events

is the product of the frequency of anticipated transients in the
reactor and the conditional probability of scram failure given the
occurrence of a transient, or:

P(ATWS) = P(AT) - P (WS |AT)

where P(ATWS) = probability of an ATWS event

P(AT) = probability of an anticipated transient
(frequency per year)

probability of a scram failure (without
scram event) given an anticipated tramnsient event

P (WS |AT)

= unavailability on demand
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These estimates are placed on a yearly basis. The probability of‘

failure of the reactor protection system given a transient event

P(WSIAI) is the sum of two componments: (i) the probability that the

ovent occurs and then remains undetected and therefore uncorrected

until tested or challenged, and (ii) the probability that the scfam sistem

fails as a result-of the transient. This can . be expressed mathemati-

cally as: | _ |
P(WS|AT) = P(ws]ATBS + P(WS|ATR)

where P(WSIAIB) ='probability that the ssram system fails before the
anticipated transient event occurs

P(WSIAIR) = probability that ‘the scram system fails as a
result of the anticipated transient event

Experience has shown that P(WS|ATB) >> P(WS|ATR) so that most analyses
have neglected P(WS|ATR) while concentrating attention on the more’
significant component.

A.2 Estimation of Probabilities for Scram System Reliability and
Anticipated Transients

A.2.1 Scram System Reliability Estimates

The estimation of failure rates for the reactor protection system
 from experience data is made difficult because the systems have been
very reliable;4 only one event that can be construed to relate to

‘ . _
scram failure has ever taken place. Although many components and

*This was the KAHL event which took place at the 15 MWt BWR KAHL
reactor in Germany in 1963. After the situation was discovered, modi-
fications in quality assurance procedures were instituted by the NRC
and were applied to all plants.6 It should also be noted that an an-
ticipated transient did not occur at the time of the "without scram"
event at KAHL. There has yet to have been an ATWS event.
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subsystems have failed these systems are designed to be redundaot-and
capable of performing their safety function even with the occurrence
of single failures.4 Failure of the common mode type that could cause
all or a significant number of the control rods to fail to imsert have .
been very rare events indeed. |

Two methods have been used to estimate scram system reliability:4
(1) the "system experience method", which evaluates reliability based
on actual experience of the system without identifying specifically
the modes of failure, and (1i) the 'synthesis method", which uses
fault and event trees to identify failure ?eths and individual com-

ponent failure rates to quantify the estimate of reliability.

A.2.2 The System Experience Approach

:On the basis of existing reactor-operating data from the U.S;
and similar foreign experience, the system experience approach can
- give an estimate of scram system reliability as follows.
{AT,WSI_’6}={ATle} {WS[AT,e} .
where ' '{AI,WSIe} = probability o£ both an anticipated transient
(AI) and a failure of the reactor protection
system (WS) occurring simultaneously
| {AT|e} = frequency of an anticipated transient per year
{WS|AT,e} = probability of'having a failure of the reactor

protection system given a demand is placed on
that system by an anticipated transient event

" Historical data for the aboﬁe probabilities is given in the following

table (Table I).

*
From definition of conditional probability (see II.A).
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Table I
CALCULATION OF ATWS PROBABILITY BASED ON EXPERIENCE DATA (g)

{aT,WsS|e} = {AT|e} {WS|AT,e}

Category of Event Estimated  Suggested
Range Valueb

No. AT (demands) per reactor year {AT|e} . .01-10 1.68
.No..tests‘performed‘per.reacték.year., L . 20-200 . 92.

: T % -5 -
Probability of WS per demand {WS|AT,e} .38-3.79%10"° mean 8.25x10 °
- No. failures to scram completely median -6

total no. demands 5x10

o~ 1 (RAHL Event)
[(659 reactor-yrs)(tests per reactor-yr) .
+(659 reactor-yrs) (other scrams per reactor-yr)]

v 1 (KAHL Event)

_ (2) (659) (no. tests)

" {aT,Ws|e} mean .64-6.4x10"° mean 1.39x10 >
(per reactor-year) ) median -5 median -6

¥

*According to EPRI analysis. {WSIAI,E} can be estimated by dividing
the historical number of WS events by twice the number of tests
(demands) multiplied by the amount of experience in reactor-years.
There have been 659 reactor years of experience as of 1978; currently,
the total has risen to 850 excluding naval experience . The use of
naval reactor-operating data has been debated and presently the NRC
rejects the notion of using such data for its reliability estimates.
Inclusion of such data adds another 1500-1600 years of reactor
operating experience to the data base®
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A.3 Using the Bayesian Approach to Analyze the System Unavailability
per Demand

A more detailed analysis of the scram system (reactor protection
system (RPS)) was carried out for the Oyster Creek BWR plané.2
Basically the RPS is made up of five subsystems shown in Figure 1:
(1) sensors, (2) logiec, (3) hy&raulic control units, (4) control rod
devices, and (5) scram discharge volume. Each of these systems per-
form a different function in protecting the reactor from undesifablev
transients. The sensors first detect the undesirable circumstances
(e.g., high-high reactor pressure or neutron flux) sending electrical
signalé to the logic circuitry, which determine whether the signals
are spurious ér real. An example of the RPS trip logic isshown in °
Figure 2 for the Average Power Range Monitoring (ARPM) sensors. At
Oyster Creek, the logic used in the APRM input circuit is called a’

one—out~of—two—tw1ce system since the signal must come from elther
of two sets of dual detectors.twice and then be matched against the

existence of a signal on the opposite chanmnel.

In a BWR, the signals from the sensors cause the logic giféuit
to de—energize as each logic channel is basically a set of relays and
contacts; when a detector senses # parameter out of limit, the input
to the associated logic channel results in a contactiﬂeing opened.
The resulting open circuit leads to de—engrgizatiou of a relay which
in turn leads to further de-energization of other relay séts. When
both logic channels are fully de-energized the logic system causes
power to all scram pilot valves to shut off. Each of the 137 control

rod drives has a hydraulic control unit (HCU) governed by the position
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of the scram pilot valve. The two scram pilot valves ﬁransfer to an
open position and bleed the instrument air that holds two scram valves
in the closed position. This exerts a change in pressure AP that is
exerted under the control rod piston. Reactor pressure and the AP
drive the control rods the full distance into the core, When this 1
£appens, water is .driven out of the contrql rod drives and is exhausted
thrngh4the dischargeAside of the hydraulic control units. The-scfam
discharge volume, wh;ch=is-the fifth sub—éystem; collects the water
from all 137 control rod drives.

Both dependent and independent failure modes of the five sub-
systems were analyzed with fault trees to arrive at histograms on the
failure frequency per demand. The RPS summary fault tree for'Oyster
Creek is shown in Figure 3. Results are shown in the figure and indi-
cate that dependent failures outweigh the independent modés of faiiure.
The largest single con;ributor to the qverall failure frequéncy ié;the
logic sub-;ysﬁeﬁ followed by sensor failure, and then by the féilﬁfe
of 5 out of the 13i'control rods to insert fully upon demand. The
scram discharge volume contributes only in a minor way to the total.
failure frequency, but note that the dependent and independent failures
are roughly equivalent. The fingl histogramé of the,failureifrequ;ncy
is shown in Figure 4 and combines the histograms of the five sub-systems.

The Bayesian approach was used in the Oyster Creek study to in-
corporate the existing experiencial data into the calculatioms of scram
failuré per deﬁand.-—Because of the uncertainty and debate surrounding
the number of scram failure occurrences and the uncertainty on ﬁhe
number of total tests of the scr;m system in the world, the Oyster

Creek study points out (p. A-201):
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"Subjective judgment is inevitable when dealing with

uncertainty. Subjective judgment is essential. All

that the Bayesian approach does is to formalize the

use of judgment and make it visible and explicit so

that inconsistencies will be prevented.”

To use the Bayesian approach a prior distribution must be con- .
structed. This was done for Oyster Creek by combining the faildfe
frequency histograms for the five sub-systems (Figure 4).

Next, posterior distributions were calculated from Bayes
theorem (Figure 5) incorporating both the prior distribution derived
from the systems analysis and the available experience data. The ex-
perience data consists of estimates made by EPRI and NRC on the number
of scram failures r experienced out of n test trials in the world to
date. The process of incorporating this data with the prior estimate
is analogous to the I.Q. problem described in an - earlier section:(see II1.A.4).
The "r-out-of-n trials" is also analogous to the coin~tossing experi-.
ments diséqssed in earlier sections where r = number of heads aﬁ& ‘;'
n = number of scrams (tests) which have occurred'bvgr théllifetimé;éf
the world's nuéleaé/power induétry. Results of the analysis fofm.:;
Oyster Creek are éﬁown in Figure 6. Note the prior distr%butibn de-
;rived ffom the system fault tree analysis and the observeé'data points
x,.

. are also shown.

The characteristic mean of the prior and posterior distributionms

The final iresult is that the best estimate of the‘scram fa;lure
frequency per d;mand is {WS|AT,x}; i.e., the probability distribution
function of having a without scram event (WS) givén an anticipated
transient (demand) is conditioned on the obgerved'Aata §'expressed in

composite form. (Note that the inferemtial notation allows the analyst
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to define the probability statement explicitly.) Numerically, thé
expectation of this p.d.f. is <WS[AI,§3 - leo-s/demand for Oyster
Creek. However, if it<is assumed that two anticipated transients are
likely per reactor year the resulting mean estimate of an ATWS event
* at Qyster Creek is 10"4 per reactor year. This value does not méet |
the NRd's desired criterion of 10'.6 undesirable ATWS events per reactor
year. This limit can only be reached if each sub-system's failure
frequency is reduced to ¥10-6. Such'a risk reduction is estimated to
cost several tens of milliéns of dollars and is particularly expen-
sive anq costly for operating glants. Plant outage for extendedrretro—
fits sucﬁ as would be required to satisfy the NRC's AIWS guidelines
could run into hundreds of millions of dollars because of the expense
of repiacément power.* Thus, a possible next step in ATWS analysis is
to dofé cost-benefit tradeoff between mitigation system alternativés
and'ﬁégrof;t costs and the expected benefits (or disbenefits) of such
aiéérnatives exéressed as the reduction (ér increase) in bublic He#lth
risks.

A.4 The B}awns Ferry Incident

On June 28, 1980 76 of the 185 control rods failed to fully

.. insert during a routine shutdown at TVA's Browns Ferry Unit No. 3

located at Athens Alabama. The reactor was manually scrammed from
about 30 peicent power in accordance with routine shutdown procedures.

The shutdown was initiated to repair the feedwater system. The 76

*At TMI for example over 607 of the expense of the accident is esti-
mated to be due to payments for replacement power.
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control rods that failed to fully insert were all on the east side
of the core.

Following scram discharge volume'(SDV) high level bypass and a
short drain period of the SDV, a second manual scram was initiated and
all partially inserted rods were observed to drive inward but 59
remained partially withdrawn. A third manual scram was made again
following high level in the SDV and bypassing for another short‘dfain
of the SDV with the result that 47 rods remained partially withdrawn.
Following a longer drain of the SDV an automatic scram occurred that
was initiated by a scram discharge voluﬁe tank high water level signal
when the scram reset switch was placed in "Normal'; with this scram
all remaining rods fully inserted. The total time elapse from the
initial scram to ﬁhe time that all rods were inserted was approximétely
15 minutes. Core coolant flow, temperature and pressureiremained }
normal for'plant coﬁditions. The unit is now shutdown and{additi§ﬁal
testing indicates that a possible cause of the malfunction was the
retention of a significant amount of water in the east bank scram dis-
charge vblume.

As a result of this incident, the NRC has required that all BWRs
perform a test of their scr;m system to identify any‘Safety related
problem as they relate to the scram discharge volumé and associated
piping. A subsequent test performed at the Dresden BWR‘plan: revealed
that after manually scramming the reactor the banks of the CRD scram
discharge volumewere over half full.9 This was discovered by ultra-
sonic tests. Diagnosis revealed that the suction ball vaIVevon the

scram discharge volume vent line had failed to open. It also revealed
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that the SDV takes too long to vent on one bank when tﬁis ball valve
fails due to a long "trickle line'" back to the CRD instrument volume.
The NRC therefore required all BWR-3s to cut this vent line (or at
least make a holein it) to alleviate the comsequences of a valve
failure and consequent failure to scram. They required the vent line.
to be cut on both banks of CRDs. General Electric Co. is curreatly
preparing design changes to the overali SDV system . including an im-
proved suction valve, new drain lines, and direct monitoring of the.
SDV rather than - inferred monitoring via the instrument volume level .
It was also discovered that the alarm points on the instrument volume
' were mixed (i.e., warning points and scram point reversed). Thus, the
NRC was greatly concerned that the unit had operated in this condition
for so long. Further information on the Dresden tésts is available
through the NRC bulletin on these tests..

The tests on the scram system in BWRs may provide additionalg
.data to coﬁfirm or reject the failure rate pcstula;ed for the SDV in
the Oyster Creek pfobabilistic analysis study. The controversey surs
rounding ATWS will remain until an acceptability criteriomn on the fre-
quency of ATWS occurrence can be agreed upon. The NRC staff has-
already decided to resolve the ATWS controversey apart from the anmalytic
approach since the staff claimslo that the analytic approach renders
too wide a range of answers depending upon the assumptions used. The
industry has argued continually that the analytic approach be emphasized
and that debate surround the assumptions used rather than the quantitative

7

framework itself. At this time it seems likely that ATWS will con-

tinue as an unresolved issue.
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B. The Issue of Nitrogen Inmerting in BWR Primary Contaimments

B.1 Summary.of Study Results

Hydrogen control is important in post—accident situationms be-
cause of possibilities for containment rupture because of hydrogen
deflagretion or detonation. Post-accident hydrogen generation in BWR‘
containments is analyzed as a function of engineered hydrogen cont;ol
system assumed either nitrogen inerting or air dilution. Fault tree
analysis was applied to assess the failure probability per demand of
each system. ' These failure rates were then combined with the prob-
ability of accidents producing various hydrogen generation rates to
calculate the overall system hydrogen eontrol probability. Results
indicate that both systems render approximately the Same overall
hydrogen control failure rate on demand (air dilution: 8.3 x 10-2;-
1.1 x 10 "2, nitrogen inerting: 1.3 x 102 - 2 x'1073). Drywell
entries and unscheduled shutdowns were also analyzed to determine ehe

impact on the total BWR accident risk as it relates to the decay heat
removal system. Results indicate that inerting may increase the
overall risk due to a possible increase in the number of unscheduled
shutdowns due to a 1eseened operator ability to correct and identify
"unidentified" leakage from the primary coolant system. Further,
possible benefits of inerting due to reduced torus corrosion and fire

risk in containment appear to be dominated by the possible operatiomns

related disadvantages.




B.2 Introduction

The accident at Three Mile Island (THMI) has led to a reevaluation of )
federal safety regulations and utility operating procedures. Because of con-
cern over hydrogen‘production from zircalley fuel cladding oxidation in
eccidents where fuel temperatures rise substantially, the‘Nuclear Regulatory
'Commission.(NRC) has made several recommendations for change in operating
fecilities. One of these recommendations would require all BWR
containment structurestq be inerted w1th nitrogen. Although most Mark I
BWRs are now inerted, it hes not been quantitatively established that public‘
heelth risk has been reduced by this procedure. Moreover, many utility
engineets-temein concerned over the possibility that inerting might actually
increase public health risk. They argue thet a readily accessible contain—
ment may be a significant factor affecting accident mitigation. Aiso, |
utilities are concerned that inerting may inctease occupational heelth risks.
Concern over worker safety erises from the replacement of oxygen by nitrogen-
in the containment, producing an inhabitable atmosphere. y

This study applies probabilistic risk assessment (PRA) methods to
assess the safety impact of containment inerting, comparing_the inerting
system.with that of the air dilution hydrogen‘conttol system.installed at

the Vermont Yankee plant. This analysis provides a basis upon which con~-

he §

clusions can be drawn concerning the value of containment inerting as a
safety device.

This paper is divided into five sections,‘discuseing first the hydrogen
‘generation problem during the Three Mile Island incident, NRC-response to

the incident and previous regulatory history related to inerting, and
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a brief review of the hazards of inerting. The second section discusses
the hydrogen generation problem, mechanisms for hydrogen production,
properties of hydrogen—oxfgen mixtures and methods for_control in BWRs.
In the third section, a probabilistic framework for analyzing the probability
of controlling'post-accident hydrogen in BWRs is.outlined and results
reviewed., In the fourth section, related issues regarding the impact of
containment inerting on reactor safety are also analyzed includlng the impact
on unscheduled shutdowns, torus corrosion and fire risk. Finally, a dis—_
“cussion and summary of results follow. |
buring the accident at TMI, a significant amount of hydrogen was pro-
| duced through the oxidation. 6f zirconium cladding as it interacted with
ﬁstean. The amount of claddlng that reacted is estimated to be between ;
50'to‘70 percent (NSAC(1)). (In the design of hydrogen control systems for
accidents, the design basis had expected less than a .17 metal—water reaction.)
About nine hours into the accident, a pressure pulse of 28 psig was recorded
in the containment buildino due to a hydrogen burn. The pressure’spike nas
below the 60 psig design pressure of the containment building, and well below
the expected burst pressure of 160 psig (Wooten et al. [2]). “The hydrogen
generated by the large metal-water reaction at TMI and the resulting pressure
increase in the containment were considered in the NRd TMI-2 Lessons-Learmed
Task Force (NRC [3]). Recommendations were made for the control of hydrogen
including that all BWR containments shculd be inerted with nitrogen to pre-
vent hydrogen burns or explosions. Fellowing a prolonged set of hearings, a
‘memorandum and order were issued in 1974 stating that inerting was not
justified pending the outcome of a full hearing because the evidence presented
showed that inerting creates prob;ems with greater consequences than those it

was intended to solve (Farrar et al. [4]).
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B.3 The Hydrogen Gemeration Problem

Hydrogen presents two potential threats to containment'integiity;
first, increasing the internal gas pressure, and secondly, burning or
exploding when combined with thé'oxygen pre;ent in the containment resu;ting
in containment failure by overpressurization. Hydrogen can be produced
during an accident by high températuré metal-water reaétions between cladding
and reactor codlant, by radiolyficideécmpositidn of water, and bylgbrrosion |
of metals by‘SOIutions used for emergency éooling or containment'sprays;
The maiﬁ soﬁrcé of hydrogen from'metal-wa;er reactions is produced through.
the high temperature zircalloy-water and steel-water reactions, which is the
initial source of hydrogen when steam contacts the overheated zircalloy

fuel cladding.
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B.3.1 Pressure Rise Due to Hydrogen Deflagration -

The pressure rise due to combustion of hydrogen can be predicted from.
the burning rate, which dependsion the géometry of the vessel and velocity
of the propagating flame. The maximum possible pressure rise in a closed
vessel can be determined by assuming complete combustion of hydrbéénfwith no

ﬁeat loss to the vessel walls (Slifef et al..[5]). The coubpstion energy
is absorbed,by‘the ﬁikture of cbmbustion produéts.: The overa}l éﬁergy
kbalancg'is:" |

-

AU = Cvnf(T

£ = T = mglHle’ S W

Hz.s mole fractioﬁ of hidrogen
n_ = total moles of initial mixture
T = initial temperatﬁre before combustion
Au® = combustion,gnergy’pér molg~of hydrogen
. AU = internal energy difference
‘nf»= total moles of final mixture
C. = average specifié heat at constant volume
Tf = témperature of the final mixéure
Assuming ideal gas behavior, thé ratio of the final pressure Pf to the ipnitial

pressure Po is:
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Solving for Tf from equation (1) and substituting into equation (2) gives

the maximum pressure rise as:

AP P, - P MC[H,]  m |
7 == == +--1 &)
o o . CVTO ¢} : ’

This result is plotted against the intial percentage of hydrogen for - -initial
water vapor concentrations (Fi gure la) - This model can be used to predict '
‘the pressure transients associated with burning of various concentrations.'
The pressure transients in a Mark I drywell for hydrogen concentrations of
up to 18 volume percent are.also snown (Figure 1b).

- B.3.2 Methods for Hydrogen. Contrel.in Boiling Water Reactors -

Several systems have been used to control flammable hydrogen—oxygen
mixtures by maintaining the hydrogen below the flammability limits established
by the regulatory guides (four volume percent hydrogen concentration and
five percent volume oxygen (NRC[6])). Methods be51des inerting 1nc1ude
combinations of air dilution systems, recombiners and controlled venting;
Containment inerting con51sts of purging the containment atmosphere with
nitrogen until the oxygen concentration is below five volume percent during
operation. In the event of an accident, a nitrogen make-up system is acti-
vated to help reduce the hydrogen concentration to four volume percent and ’
maintain the oxygen concentration below five volume percent. Controlled
venting through the standby gas treatment system (SGTS) is provided to reduce

the pressure inside theucontainment (Boston Edison [7]).
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Figure 1b Pressure Response for Hydrogen Combustion in BWR Mark I Drywells.
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In the containment air dilution system (CAD), the atmosphereAin the
containment is diluted with air during and after an accident (Wilsom and
Slifer [8]). System design is based on the requirement that the containment
atmosphere be maintained below four volume percent hydrogen in the event of

an accident. The system monitors the hydrogen gas concemntration and injeets
iadditional'air as required to dilute the hydrogen and maintain it below the
flammability lxmit. Controlled venting is manually initlated when, during
an accident, the pressure reaches half the drywell design pressure of 28
psig (Vandenburgh oD. Venting of the containment‘atmosphere'occurs only
if after an accident, the hydrogen concentration approaches four volume )
percent. ‘Venting‘times are designed on the basis of dose acceptability
‘ (Commonwealth_Edison [lO]). Fission nroduct releaSes are minimized by
-passing the vented gas through chemical scrubbers or charcoal filters in
‘the standby’gae treatment system. However, control of nohle gas radioactivity
under venting conditions is very difficult (Keilholtz [ll]);

. If.filtered venting is acceptable, there are a variety of non-venting
recombiner schemes auailable. Chemical recombination of hydrogen is a ﬁay
to prevent hydrogen hurning and at the same time control increases in hydrogen
pressure. ’Applied to 3WRs, recombiners would need to be more eomplex and .
expensive, reouiring a supplementary oxygen supply to.consume all the hydrogen
that might beﬁproduced. Recombiners can be.classified into flame,
catalytic and electrical types (Keilholtz [ll]). The principal disadvantages
of flame recombiners is the possibility of extinguishing the flame and
having it "flash back" through the injector. Catalytic recombiners use
a catalytic bed that maintains the gas mixture through chemical recom-
bination below the flammability limits and are now in use in PWRS. Recent

designs include nickel and nickel-chromium oxide com-
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binations supported on aluminum-oxide bases and platinized honeyconb ceramic
disks. Disadvantages include choice of diluent, condensing or non-condensing
reactions, catalyst, preheat temperature, pressure-drop specifications,A
vessel materials and number of tecombining stages. .Electric recombiners use
electric resistance heaters to heat the continuous flow of containnent

atmosphere to above the hydrogen-oxygen reaction temperature.

- BJb4- Quantification of the Probability of Controlling Post-Accident
Hydrogen in BWRs '

-

A comparative analysis of the air dilution system (CAD) and the inerting
'system (CIS) is made to find the influence on the probability of containment
failure due to post—accident hydrogen generation as a function of control
system installed. In order to assess the overall probability that the CAD
or the CIS systems are capable of handling a given amount. of hydrogen
generated during an accident, a set of prooabilities need to be calculated.

- Fault trees are used to calculate the probabilities of failure on demand
denoted Pf(s), of_the CAD and CIS hydrogen control systems. Usingbprobabilities
of-failnre of each system, the probability that the systems are available

to work,‘denoted PCAD<S) and PCIS(S),ate defined as follons:

PCAD(S) = 1A- P.(S) | ' (%)

Pors(S) = 1 - Bg(S) (5)
The next step in the analysis is to calculate the probability of hydrogen
generation, or percent metal-water reaction, given that an accident occurs.

From WASH-1400, large LOCA accidents in BWRs have a.probability of producing
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a core melt of 3x10-5/reactor—year (U.S.N.R.C. [12]). For these éccidents,
it is assumed that all the zirconiﬁm reacts with water to'produce hydrogen.
Tﬂe following imporﬁant assumption was made in this work based on a linear
interpolation pfoces§ reflecting ourlbest engineering estimates. for small
accidents with probabiiities in the range of 3%10 3 /reactor-year, it is
assumed that the ﬁetal—water reaction linearly decreases from about 100% to
élmo#; zero‘andﬁréméins zefo.over_the r#ﬁge of the higher probabiiity yet
less serious actidehts (Figure 2a). | N
The'maximum amount of hyd:ogenlﬁrcduced by a metal-water reﬁction is
shown (Figure 3). For a 100% ﬁetal—water reaction, the maximum hydrogen -
concenﬁréﬁion in a BWR-Mark I containment is 72 volume percent. At this
~ value, tﬁe percént metal-water réaction ';required to reach four volume
percent hydrogen concentration is achieved in fqur or five'minutes,:implying

3 3

a genération rate between 144x10 and 180x10 cuft/hr. These values are

the upper bound of the hydrogen generation rate piotted (Figure 25}. The
accidept at Three Mile Island generéted hydrogen atiépproximately iObxiO3‘
cuft/hr (Batelle Col;mbus‘[z]) (Figﬁre 2b).‘

The air dilution system is designed to work when the hydfdgen concentra-
tion reacheg foﬁr volqme perceﬁt, which in the design basis accident occurs
in approxima:ely ninetéen hours. If a generation rate of n 1000 cuft/hr
is assumed, the probability of success of the CAD in controlling the hydrogen
is 1 from equation 4 (fault tree analysis showed a failure rate 0f;8.3x10-2 -
l.lxlO-z). During normal operations, the CAD system pressurizes tﬁe contain-
ment to reduce the hydrogen concentration, and then vents through the standby
gas treatment system to reduce the pressure at 5 maximum venting rate of

2400 cuft/hr. If the four volume percent hydrogen limit is reached in one

hour, this corresponds to a generation rate of ~ 12,000 cuft/hr and a
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probability of accident of n 3xlO-4/reactor—year using the assumed linear
interpolation of Fig. 2a.

As the hydrogen generation rate increases, the probability of accident
decreases (Figure z;). For low probabilit& accidents, the probability of
the air dilution system being able to handle high hydrogen generation-rates
drops almost'te'zero; For'the inerting system, the probability of controlling
ethe hydrogen semains atvebout one during_normal'reactor operatiqns, since
the hydrogen cannot burn. However, during the 24 hour peridd.prior to
shutdown and after startup when the drywell is not inerted, the probabllity
of having a combustible mixture increases because the oxygen concentration is

above five volume percent.

The design basis LOCA in a BWR is defined as a double-ended ruptute of
the primary coolant” recirculation line (U.S.N.R.C. [12]). A small LOCA is
defined as a break in the cooling system of about 1/2 to 2 inches in diameter.
The sequence of events for both large and small LOCAs is very similar,»the
differences are in ﬁhe'émergency coelant injection and scram requirements.v
A reduced event tree ls developed here with emphasis on those sequences that
lead to hydrogen generation and'evenfually-to,failure of the conteinment due
to hydrogen overpressurization (Figure 4).

‘The initiating event is assumed a rupture in the reactor coolant system
.deflned as a break in the reeirculation lines. The next branch point occurs
Iat electric power followed by the reactor protection system that provides the
reactor trip in case of an accident. The next branch point occurs at the
vapor suppression system., If the wvapor. suppre331on system falls, the primary

containment fails due to overpressurlzatlon. The next event_refers to the
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emergency coolant injection system. Failure of this sysﬁem could leave the
cdre uncovered long enough to produce significant amounts of hydrogen.

The hydrogen event tree indicates the sequence of events required in
hydrogen control. The first column in the tree relates to the control system
in place (CAD or CIS);vif this system is not used or fails on demand, ﬁhé
hydrogen is not controlled. If the system works and is used, the system may
control the hydrogen_mi#ture. If thé combustible mixture is uﬁcoptrollable,
thé next event in the-seéuence will bé hydrogen burning. ‘If thé hydrogen
burns, the next event‘is containment failure due to o§erpressurization. 1f
there is no rupture or no hydrogen burning, the hydrogen concentration
could increasé to the detonation limits (20 volume percen;) and explode;
the final event is containment rﬁpture by detonation.

Assuming the combustible mixturé is coﬁt?olled and tﬁere is no contain-~

ment failure, the core could remain uncovered, increasing the rate of hydrogen

~ production ﬁhile'building up radioactivity. If the core continues to stay

uncovefe&, e&entuélly it will start to melt and_other events may dominate
the hydrogén probleﬁ: The different stagés affect the probabilistics eof
hydrogen control (Figure 4). In order to assess the prqbability that the air
dilution or inerting systems can handle the ﬁydrogen generated in an accident,

a detailed analysis was next attempted.

B.4.2 “Fault Tree Analysis of Hydrogen Control Systems

The potentiél failure modes of the air dilution and inerting systems
were analyzed and failure probabilities derived using plant specific data
from three utilities, and failure data from WASH-1400 (Tables I and II).
Fault tree analysis was applied tonerform‘the analysis and derive the -
failure probability estimates. The following assumptions were made in per-

forming the analysis: (i) independent component failures were considered;

(ii) electric power was assumed operable during the time of the accident;
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Table I

EVENT PROBABILITIES USED IN CONTAIMMENT AIR DILUTION SYSTEM

EVENT DESCRIPTION

Loss of Power

Valves drywell
wrong position

Valves torus
wrong position

Operator error:

- .at leat one valve

per line

Operator fails to
stop compressor

Compressor fails to
stop

Sample pump failure

Hydrogen analyzer
wrong concentraticn

Operator fails to start

FAULT TREE "

- FAILURE PER DEMAND

ERROR FACTOR*

1x10-6 A

>1x107 20

>1x10710

A

>1x10710

1x10"2

1x10~%
1x10~3

1x107°

-2

primary hyﬂrogen anolyzer lxlp

Operator fails to start

secondary hydrogen analyzer 3x10° -1

Hydrogen analyzer start mechanism4

mechanism failure

Portable compressor
unavailable when needed

No power from diesel-
generator

Compressor fails to start 1x10

Operator fails to start
compressor .1

Operator fails to start
compressor 2

*Error factor is to be used to multiply failure per demand to obtain the

1x10

1x10~t

3x10"2
-3

13102

1x10" %

upper bound, and to divide

30

10

10

10
10
10 -
10
10

10

10

10

10
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Table 11

EVENT PROBABILITIES USED IN CONMTAINMENT INERTING SYSTEM

FAULT TREE

EVENT DESCRIPTION FAILURE PER DEMAND , ERROR FACTOR*
Valves between
coutainment and -6
make—-up subsystem 1x10 ~ C —
closed o _ '
Oxygen analyzer failure 'lxlo-'6 ' v 10
Operator error: at _10
least one valve per line >1x10 | e
Loss of Power:all valves ;6
closed _ 1x10 30
Operator fails to open ~2 . . :
make—-up valves 1x10 10
Make-up valves fails -4 o
to open as required o 3x10 10
Nitrogen line frezzes 1x1078 10
Cryogenic'tank breaks . li.O'-8 10
No LN, trucks supply 31070 10

2 ) W _
Hydrogen -analyzer failure 1x10 ? .10

*Error factor is.to be used to multiply failure per demand to obtain the
upper bound, and to divide it to obtain the lower bound.
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(iii) the stack gas treatment system was assumed operational when required;
(iv) the rare event approximation was used; (v) failure probabilities are
placed on a per demand basis, referring to component unavailability or human
error, and are assumed independent of time; and (vi) point values are used
from'fixed data and error propagation follows the procedures of WASH-1400.
For‘the airrdilution.system, an additional assumption was made: the failure
‘probability of the air compressor refers to initial usage with availability
assumed to decrease during the cycling process. For'the inerting eystem,
the‘assumption was made that ‘the containment is inerted at the time of the
accident; further performance during the accident reflects the individual
design characterietics of the particular inertingvsystem analyzed.

Tne first stenvin developing a fault tree is to define a top event.
For the CAD system, the top event is defined as the failure of the system to
maintain the hydrogen concentration below the NRC mandated flammability limit
of four volume percent (Figure 6a). For the inerting system, the top event
is the failure to maintain both hydrogen and oxygen concentrations. below the
NRC mandated flammability limits. |

The air dilution system consists of three subsystems: (i)_the g;drogen
analyzer system, (ii) the air injection system consisting of redundant air
compresaors, and (iii) a manually initiated containment Venting system '
cennected to the stack gas treatment system. The inetting system consistsv
of three subsystems designed to function as tellowe: ‘(i) initial purging

of the primary containment within 24 hours after startup, (ii) providing a
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" A. CAD System Block Diagram

O,

KO,

®

Venting
System

®

H'ydrogén Air
Analysis. {——> Compressor |—
System System
B. CIS System Block Diagram
H&ﬂ;g&e”' Nitrégen
System System |

Venting
System

. -

Figure 5.Cr|t|cql Sub- Systems of Hydrogen Control
Systems |
Block diagrams of eaéh of the analyzed hydrogen control

.systems are shown here for the air dilution (CAD) and
inerting (CIS) systems. :
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CONTAINMENT AIR CILUTION
SYSTEM FAILS TO MAINTAIN
HYDROGEN CONCENTRATION

SELOW FLAMMABILITY LIMIT
-

Q A SAMPLE .
. ' "
—

(i)
FAILURE

INJECTION SUBSYSTEM
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] .
1 14
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r
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NJECTION SUBSYSTEM
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.Figuré'éa Abbreviated Fault Tree for the Contaimment Air
: Dilution System..

CONTAINMENT INERTING
SYSTEM FAILS TO MAINTAIN | .
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NITROGEN MAKE-UP SYSTEM
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PAILS TO OPEN AS REQUIRED IN MAKE-UP SYSTEM
c

OPERATOR
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MAKE-UP VALVES

PPES
BSETWEEN MAKE-UP
TANK AND CONTAIN-
MENT RUPTURE

S

Figure 6b  Abbreviated Fault Tree

o2 =>]

for the Containment Inerting System.
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supply of make-up nitrogen during accidents that produce hﬁdrogen; and
(iii) providing a way to sample the drywell anﬁ torus for oxygen concentra-
tion and the drywell for hydrogen concentration. (ﬁguu-s)

In the air dilution case, the top event cam occur if the injection
subsystem fails to pr&vide air to the containment as requifed. The failure
probability of the-injection’éubsystem could be increased if the sample

subsystém fails to detect the hydrogen concentration correctly. In this

case, the operator would not know when to correctly start the air compressors.

The failure of the saﬁple subsystem takes place with the failure of the
hydrogen analyzeré»to detect ' the hydrogen concentration (Figure §a), or

with the failure of the component pipes, valves, pumps due to malfunction.

" The two redundant hydrogen analyzers could fail due to improéer calibration.

Another failure mode is the failure of the analyzer to start due to malfunction

or operator er;of. The air injection system can fail beéause of failure of
the system air compressoré, and the gnavailability of'a portable c;mpressor
that could bevconnecied to the system in the case'of failure of the principal
compressoré. Howevér, if at least one of the avail#ble compressors work,
failure could still oécur due to failure of the air to flow into the contain-
ment due to a rupture 6r‘p1ug of the connecting air pipes, or valves in
wrong position. The failure of the main compressors'is dependent upon one

of more of the following events occurring: power failure, malfunction of ghe
‘compressors, operator féilure to start the‘compfessgrs, or failure of the
analyzers to perform on demand.. |

The inerting system prevents a flammable mixture from aeveloping by

maintaining the“oxygen concentration below five volume percent; a make-up °

b
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system is used during an accident to maintain the oxygen below fi§e volume
percent. Failure of thé make-up system can therefore lead to the occurrencé
of the top event (Figure §b). A failure of the sample subsystem to detect.

.both oxygen or hydrogen concentration affects the failure probability of the

.make-up system since the operator would not be able to open the valves of .the
make-up system when required. Operatof failure to open the make-up valves,

" or failure of the valves ﬁhemselves, leads to failure of the nitfbggn .

- make-up valves to open as requifed. This event, along wiﬁh the unavailability
of nitrogen in the system, leads to the failure of the make-up system to
deliver nitrogen to the containment as~required; 'Nitrogen can also become
unavailable due to the rupture of the cryogenic make-up tank, a break in
the éipes éonnecting the tank to the containment, freezing or plugging of the
pipes, and/or the lack of nitrogen due to unavailability pf delivefy trucks.

Results of the faultAtree analysis indicate that the CAD system has

3

a median probability of failure on demand of 1.6x10 °~ with a lqwerfbound

4 and an upper bound of 1;6x10_2. This means that there exists

of 1.6x10
an approxiﬁate 99.8% probability that the CAD system would be able to main-
tdin the hydrogen concentration below the flammability'limit for those
accident sequénces that result in a design basi§ hydrogen generation‘rate

corresponding to a 1.3% metal-water reaction (approxiﬁatély lOOQ cubic feet

hydrogen per hour). For the inerting system (C1s), the results show a median

probabiliﬁ&lof failure on demand of 1_.3x10:-2 with a lower bound of 1x10“3
and an upper bound of lxlo—l. If the CIS has a redundant nitrogeﬁ make—-up
. . — o

system, as is the case of the Peachbottom nuclear power plant (Helwig ([13]),

the mean probability of failure on demand is reduced to 1.04x10-3 with an

upper bound of 1x10~2 and lower bound of 1x1074,
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B.4.3 Final Results: Probability of Post-Accident Hydrogen Control

Using the probabilities calculated in the previous section, the final
overall probability that the CAD and the CIS systems are capable ofvhandling
a»given amount of hydrogen can be assessed. The hydrogen generation Tate
is.discretized into "high", "medium" and "Iow" categories, with ehe "high'"
generation rate corresponding to 180,000 cuft/hr, the "medium" generation
rate corresponding to 12,000 cuft/hr, and the "low" hydrogen generation rate
to v 1000 cuft/hr (631.5 cuft/hr based on iqe Vermont Yankee CAD design basis
accident); In order to assess-therrobability that the CAD system can con—
trol the hydrogen generated in an accident, a probability of zero is

assumed for the "high" generation rates because of the CAD eystem . physicai

| inability to dilute such large amounts of hydrogen.

For "medium" generation rates, the problem can.be analyzed frﬁm two
points of view; first, 1f it is assumed that the hydrogen’is generated in
one hour at. 12,000 cuft/hr., the concentration will approach the fiammability-
limit so the CAD system will maintain the hydrogen concentration below the
flammability limit with a probability of success equal to its evailability
(0.9984). Secondly, if the hydrogen is produced at a rate of 12,000 cuft/hrr
over a period longer than one hour, the break point will occur at the
maximum injection and venting capacity of the CAD system (2400 cuft/hr).

In this case, the probability ‘of controlling the hydrogen from reaching che:
flammability limit is assumed to be n L2, For "low" generation rates,

the CAD system evailability of .9984 is used. For the inerting system,
probabilities of success of 079870 (Pilgrim I) and 0.9989 (Peachbottom)

are used for all three hydrogen generation catevories as it is assumed

that the hydrogen could not burn in an inerted atmosphere under any

conditions.
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The final failure probabilities for the CAD system to prevent hydrogen
flammability over the ramge of theoretically possible hydrogen gemeration |

rates are based on the Vermont Yankee CAD system design:
_ -2, '
Pf (S/A)CAD 1l- 0.?17 = 8.26x10 “/demand (6)
to

: -2 :
Pf(S/A)CAD =1-0.989 = ;.06x10 /demand (7).

For the CIS system, the final failure probabilities are, for Pilgrim 1:

,-2 :
Pf(S/AJCIS =1 - 0.987 = 1.3x10 “/demand . o (8)

;nd, for Peachbottom:
-3 : '
Pf(S/A)CIS =1 - 0.998. =2.0x10 ~/demand .. 'A(9)

.These'rgsults indicate that both systems have approximately the‘sage
overall probabiiities of contr6l1ing hydrogen génerate& during reactor accidents.
Assuming that thé "iow“'hydrogen generation rates have higher probabilities;
of occurrence, both systems depend on the reliability of the systeﬁ design.

When comparing the probébility of success of the Vermont Yankee ai; dilution
system.;;;h the inerting)system of Pilgrim 1 fdr "low" hydrogen generation
rateé, the CAD is more réliablé than the CIS (Table III). When the CAD is
compared with the CIS of Peachbottom, which has a redundant nitrogen make-up

subsystem, both systems have approximately the same overall hydrogen control

probability.




Table IIT

\ PROBABILITIES OF POST-ACCIDENT HYDROGEN CONTROL

HYDROGEN PRODUCTION PROBABILITY OF WEIGHTING FUNCTION

ASSUMED HYDROGEN  PROBABILITY SUCCESS

RATE ACCIDENT P(A) OF P(A) PRODUCTION RATE  CAD SYSTEM P(S)
(per reactor-yr) (cubic. feet per hr) (per design demand)
"HIGH" %1077 0.00901 180,000 0.00
MMEDTUM" %10~ - 0,09009 12,000 0.199 - 0.9984
- "Low 3%107 0.90090 631.5 10,9984
o
s
\‘
CIS PILGRIM I CIS PEACH BOTTOM  .CAD SYSTEM  CIS PILGRIM I CIS PEAGH BOTTOM
P(S) P(S) - P(S|A) P(S|A) P(S|A)

(ber design demand) (per design démand) (per accident)

(per_accident) (per accident)

0,00

-  0,9870 0.9989 0.00889 0.0090
M-  0,9870 0.9989 0.0179-0.0899 0.08892 0.0899
L - 0.9870 0.9989. . 0.89946 0.88919 0.8999
B 0.9174-0. 9694 0.9370 "0, 9938
P(S), X P(A),
Note: P(S|A) =

RION
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For medium generation rates, the CAD system can be compafed
with the CIS in the same way as for the low case. For low probability
accidents with high hydrogen generation rates, the CAD system cannot
prevent hydrogen deflagratidn, although it can increase times to
detonation. Inerting caﬁ'coggrol larger amounts of hydrogen due to
maintaining oxygen concentration below flve volume percent. However,
the inerting system is not in operation 24 hours prior to shutdown
and after startuy; during this.perlod, the containment is not pro-
tected against hydrogen generation reducing the overall proﬁability

per reactor-year of hydrogen control.

B.S Impact of Containment Inerting on Reactof Safety

Iﬁer;ing can affect oéeratidnal'procedures with regard to.cor-
recting leakage inside the primary éontainment, thus impacting Apon
the probabillty of various accident initiating events and increasing
the number of unscheduled shutdowns. During normal operat;on, the
drywell is ménitéfed by the control room. Symptoms requiring im— |
mediate and subsequent corrective}actions can thus be identified
(Figure ¥). The major symptom-of a develoﬁing problem is aé inc:ease
in the pfimary coolant'system leakage rate. Such leaks are anhﬁgciated
in the control room through several monitoring sjstems, inclu&iﬁg
the drywell unit cooier annunciators, drywell air cooler high‘Arain
flow, and radiatio; leak detectors. Changes in drywell humﬁﬁﬁy

and/or significant changes in pressure, along with
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excessive sumo pump operation can also indicate the. evolution of such
a problenm (Boston Edison [14]; Vermont Yankee [15]). Imn ordet to con—
trol leakage, operator actions must be initiated such as monitoring
the reactorrvessel power, pressure and water level, referring to the:
pipe break procedure if appropriate, monitorieg the drywell floor and
equipment sump reedings, and determining theylocation‘of the leak.
When the total unidentified leakage reeches 5 épm or the identified
ieakage'reeches 25’gpm, technical specifications require tﬁe operators
to shutdoon’the_reactor (Vermont Yankee [16]; Boston Edison [17])..

In the non-inerted case, drywell entries at powet can take place

‘if the power level is sufficlently reduced to between 50-70% full

power, Entry can take place without recourse to the use of bulky

‘breathing apparatus. Inspectlon permits the operators to determlne

the seriousness of the PrOblamaiding them in their dec1sion as to
whether to contlnue operatlon or toshut down to make major repalrs.
The option to make inspections in the drywell durlng operation can

potentially reduce the number of plant shutdowns, redueing the stress

’ placed on the system that occurs with shutdown and the probability

of failure of the decay heat removal system. Also, in those cases
where shutdown occurs, unnecessary delays in startuo can
be avoided since inertlng is not tequiredt

During inerted containment operation, drywell entries at power
are not permitted by industry practice.because of the excessive danger
such entry would represent to plant persomnel. Leakage identification
is therefore made more difficult. Technical specifications require

that the operator insure that drywell fans are operating at all times,
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and that the torus temperature is below 80°F. The torus spray system
'is initiated if torus pressure should exceed 175 psig as is venting
of the primary contaiﬁment through the standby gas treatment system
(Boston Edison [14]). ﬁntry usually requires that the éontainment-bg
purged until the oxygen concentration reaches 20 volume perceni, which
usual;y'requireé 24 hours. -

B35.Y AnaTjsis.of Dryweli Entries at Power

In order to evaluate the.saféty aspects involved in the loéatiog,
evaluation and isolaﬁion of primary system leakage inside the dr&well;
it is necessary to know the circumstances under which an entry is made
and it; éffects on the overall safeﬁy of the plant. Entries have been
made under four different circumstances: (i) entries to perform pre-
ventive mainfeﬁance during scheduled shutdown, (ii) emergency siiuations
: wherein-the reactoi is shutdown due to malfunction of'équipment inside
the gfngll, (iii) entries during an unscheduled shutdown for iﬁspec-‘
"ﬁién pufposes, and (iv) entries after reducﬁioﬁ of power;as a conse-
kéﬁghce of honitoéiﬁg a'malfunétion inside the drywell that does not
féquire aniimmediate shutdown (Thomas [18]). The last threé types of
entries are affected by containment inerting. For example, in ;n
:emergencylsituation reqﬁiring an immediate shutdown; entry.could be
delayed three to ten hours because of the need to deinert the
containmené,

Entrieé to‘the drywell have been made at Vermont Yankee at low
power to investigate bonnet leaks in the recirculation valves, and
for inspection of the recirculation pumps to check possible water—to-

oil cavity leaks. During these entries, other malfunctions, such as
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loose belts, stuck valves and fan failures were discovered and thé problems
solved before resuming full-power operation (Vermont Yankee [15]). Entry
data was used as a way to conservatively estimate the leakage rate, which
can translate into estimates on the probability'of breaks in the recircula-
tion system (Table IV). Where data wés not available,‘WASH-l40b.failure
data was used. The sequence of events that can lead to loss-of-coolant from
the recirculation system is shdwn in Figure §. | »

'_Using the failhre rates of Table IV, the-fault tree of Figure 3 was
quantified ﬁo estimate the confribution qf valve leakage to the initiation
of a small to me&ium size LOCA. From Vermont Yankee dtyﬁell entry data, the

8 and 1077 /hr. Uncertainty

‘probability of valve rupture varies between 10
in the data implies én overall uncertainty of % 10. From WASH—l&OO'failuré
data, the samebprobabiliﬁy is 4x10_8/hr. The contribution from circum-
ferential break, feedwater line break and steam line break is approximately
3x10'9/hr.__The analysis indicates a possible reduction in the LOC& initiation
rate of approximately one order of magnitude from 6x10-8/hr to 6xld-9/hr.

This reduction couléltheoretically be achieved by following the Vermont
Yankee operating procedures for citing and correcting problemsléccessible

to drywell entries at power.

B.5.2 Effects of Additional Shutdowns on Overall BWR Accident Risk

The possibility that inerting may increase the number of unscheduled
shutdowns can impact upoﬁ the overall BWR accident risk by affecting the
ﬁrobability of failure per reactor year of core melt due to increasés in
demands upon the heat removal system. The decay heat removal system is

required to operate to prevent core melt after a reactor shutdown. WASH-1400
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Table IV

LEAKAGE FAILURE RATES FOR VALVES OF THT RECIRCULATION SYSTEM
’ (65 months period) '

VALVE | ' LEARAGE FAILURE RATE

, (leak increase/hour)
RV-43A 10707 w
RV 53A 2.13x107° *
'RV-43B | ' 6.41x2070 %
RV-53B . .  1.00x1078 o

* Data from drywell entries at Vermont Yankee nuclear power;station.;

€ Data from KASH-I&O@.
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showed that this condition.is included in the transient events that
dominate the releases in almost all the BWR risk caﬁegories. The
probability of failure of the decay heat removal system was determined
in WASH-1400 to be N&.leo-slr-yr, which can be combined with the

number of total shutdowns. Thé difference between the numbef of

- shutdowns in a BWR operating with a CAD system and the number of

shutdowns in a BWR operating with an inerted coﬁtainment'will'directly

affect the transient events that are dominant in BWR accident sequences.

To determine this number, it is'necessary to investigate the operational

histories of BWR inerted containment shutdowns that could have been
avoided.if the containﬁént had ﬁot been inerted. For example, about
three unscheduléd shﬁtdowns per year éan be expected in a BWR with an
inerted containment with a range of 1 to 6 per year (Table V).
Cqmbining the probability of failure 65 the dec#y heat removal
system with the thfee transients per reactor year yields 4.8x10‘6/r~yr
for the sequence kTable vi). A.Feduction in pro§ability‘of this
sequence dirgétif affects the overall BWR acéident risk. According
to WASH-1400, the unavailabilitf of the decay heat remsval';ystem is
responsibie for y§4jSZ of the total risk. A recent EPRI study indi-
cates that the decay heat removal system is responsible for %83%Z of
the total risk (EPRI‘[19]). Also, recent studies by Buhl [20] and

Bernero [21] show that transient events and their consequences re-

" main essentially unaffected by use of non-inerted containments.




Table V

COMPARISON OF EXPERIENCE:INERTED BWRs VS, NON-INERTED BWRs*

‘ %Z of entries
< Avg. No. of resulting in.
* unscheduled plant shutdown’

:"Plants normally
" operated with

Entries
normally
performed with

* From NRC staff position (Butler, 1980).

Plant Name a - enprieslyr for repair #. shutdowns/yr small leakape plant inerted
Hatch, Unit 1 5 64 N 3.2 Yes No
Cooper ' 1 100 1 Yes No
Nine Mile Point, Unit 1 3 - 92 2,8 - Yes ‘No
Brunswick, Unit 1 6 70 4.2 Yes No
FitzPatrick 2 - 100 2 Yes No
Quad Cities, Unit 1 4 © 54 2 Yes No
Quad Cities, Unit 2 ~ 2 43 1 Yes No
Peach Bottom, Unit 2 - 3 ? 3 Yes No
Peach Bottom, Unit 3 4 ? 4 . Yes No
Monticello 2 100 2 Yes No
Pilgrim 3 100 3 Yes No
Dresden, Unit 2 3 90 2.7 Yes No
Dresden, Unit 3 2 90 1.8 Yes No
Duane Arnold 2 100 2 ~ Yes No
Browns Ferry, Unit 1 3. ? 3 Yes No
Browns Ferry, Unit 2 R o ? 1 Yes No
- Browns Ferry, Unit 3 4 ? 4 Yes No
Vermont Yankee 4 20- .8 . Yes N/A
Hatch, Unit 2 9 100 9 Yes N/A

9¢T
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Table VI

DECAY HEAT RMOVAL SYSTEM PROBABILITY PER NUMBER OF REAC‘IOR
SHUTDOWNS 1IN A~ YEAR : ;

mmsax OF REACTOR © PROBABILITY/REACTOR-YEAR

3 SHUTDO‘NS . DECAY HEAT REMOVAL SYSTEM .
U | 1.6x10~° |
2 | 3.2x10° -6 '
3 4.8x10°
4 6. 4x10 -6
5 '8.0x1078
T 9.6x10™°
_ 7 1.1x107
RGN 1.3x107°
A 1.4x107°
AN -5.
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B.5.3‘fOther‘Considerainns:

Two other considerations related to inerting were identified
as having potential bemnefits: (1) reducing the corrosion rates of
the torus vessel and the termination boxes of the electrical putlets
found in the torus, gnd (2) reducing the likelihood of fires inside
the dryweli, Reduééd corrosion invthe torus at the Pilgrim I and
. Millstone-BWR'piant.s has been Aobser\ied (Musolf [20]; Rosen [21]-).
This effect has been attributed to the reduction in the ox}gen con-
tenit in the torus étmosphere due to inerting. However, a quantifa—
tive ccmpariéon of corrosion effects between non-inerted and inerted
BWRs has not been made. One safety impact torus corrosion may have
" ds in pro@ucing debris that.could clog screens on the ECCSvsystem;
howeve:, only large corrosion rates could produce the size of débris
particlé that might pose sucﬁ a problem. Other utili£ies have_not
observgd'reduced corrogion effects indicating that tﬁe protecti§é
painted coéting,on'the torus surface protects suffiéiently against
major corrosion problems, and therefore that the potential gdvantage

of inerting due to corrosion is not significant (Northeast Utilities

[22]).
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Reduction of fires in the BWR primary containment compartment
was identified as being a significant potential benefit of inerting
(Rosen [21]). Two sources of combustible material reside inside the
primary containment (Hol:zclay'[23];,8awyer [24]): (i) the reactor -
recirculation pump fuel oil (50 gallons in each Qf the two pumps
 found on the primary coolaht loop), and (ii) the electrical cable,
which is fire reéistant but can ignite at high temperatures. A fire
inside the containment can be initiated three ways: (i) oil leak from
the recirculation pump‘during oper#tion, (ii) during sﬁutdown an&
ﬁaintenance a ﬁelding related oil fi;e, and (iii) electrical motor
pump firé. All of fhése'events felate to the recirculation pump;
casés (1) énd (ii)lcan potentially lead to a major fire where the
electrical cabling would also be affeéted;_iﬁ case (iii), the fi:e
would be confined to the pump and would résuli in pumb failure. The
last caSé’ﬁouldvnot be:aisignificant problem since adequate coéiingA
caﬁ be maintaingd'by e{fher of the recirculation pumps; in the evént;
of a simnltanéous failure of both pumps, the BWR can be‘suffiéiently
cooled by natufal recifégiation (Holtzeclaw [23]). ‘

The worst.ﬁossible scenario involving a fire in the primary
containment would be a loss of both recirculation ﬁumps as a result
of an 0il leak for ome pump igniting a fire spreading to tﬁe elec-
trical cables, then igniting the second recirculation pump oil supply.
In this scenario, both pumps would be made inoperative requiring
 auxiliary cooling systems to ensure adequate cooling. Loss of

primary coolant would not be expected.
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Although a fire in the drywell would result in an additional unscheduled

-2_10—3

shutdown, the estimated fire occurrence probability of 1.6x10
per reactor-year (Apostolakis and Kazarians [25]; U.S.N.R.C. [12]) indicates
that the impact on the total number of expected unplanned shutdowns (2-6 per
reactor-year) is negligible. Mbréover, since auxiliary coolant system com-
ponents are located exterior to the primary containment, a drywell_fire
would not likely lead to a ﬁailure of'the iesidﬁal heat removal s§stem because
active components are located exterior to the drywell.

An event tree (Figure 9) was constructed to estimate the significant
firé initia;iqn rate on an hourly basis for comparison with the hourly LOCA
initiation rate éstimated earlier for the~inerted and non-inerted cases
(6x10—§/hr inerted; 6x10—9/hr non-inerted). The effecﬁ on the fire initiation
rate of an oil spill collection system‘iﬁstalled.on each of thé twofprimary
system recirculation pumps was also estimated (Table VII); With the addition
of an oil leak collection system, the estimates of the fire initiation rate
drops from - 1x10 6/1}1' to  1x10 7/hr in the non-inerted case, compared with
a range of 3x10-7/hr tb 1.0x10 7/hr in the inerted case (see Table VII). If
no oil spill éollection system is installed in the non—inerted-;ase, the fire
initiation rate is v 5 tiﬁes greater than for the inerted case. The installa-
tion §f the collection system causes the wglding initiated fires to dominate
such that the difference between the inertéd,and non-inerted cases is smail.
'Since inerting may result in more unscheduled reactor shutdowns per year,
the fire initiation rate may be less for tﬁe non-inerted case by a factor
of &~ 1.08 given that oil collection systems are installed in both cases and
assuming twice as many unscheduledﬂshutdowns per reactor-year for the

inerted case.




Event Categories

Yearly Fire
Initiation Rates

in LWR Containments
(from Apostolakis
et al.)

Inerted Case

(1.6 x10™2)
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Percentage of
Recorded Fires
Due to Oil Leaks

Percentage of Year
Containment
Susceptible to

. Non-Inerted Case

(1.6 x 1072

Oil Collection
System Installed

~on Recirc Pumps

and Welding Indicated Fire ( Failure
' Type™ Probability of
) System Assumed
1073 per year)
Fire Resistant
(.858)
: No
(.58) Yes
Yes -3
(.858) No (10 ")
(.42) No
Welding o -
Yes (.142)
Yes
(.58) Yes (1)
Oil Leaks | No (10~3)
| No (.871) |
(.42) |
Welding Yes (.129)

* For the inerted case, the containment is only susceptible to fires of any
type during periods of shutdown; likewise , for the non-inerted case in the
welding event sequence. The percentages were calculated assuming
6 weeks for annual refueling added to the number of unscheduled shutdowns
per year (assumed 4 per year for inerting, 2 per year for non—inerting ).

Figure 9 Event Tree for Fires Initiated Inside BWR Drywell
Containment Structures.

L)
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Table VII

SERIOUS FIRE INITIATION RATE PER HOUR IN A BWR DRYWELL
(WITH/WITHOUT OIL LEAK COLLECTION SYSTEM ON RECIRCULATION PUMPS)

Inerted

Fire Non-Inerted
Initiation .
Event With Without With Without
Welding 1.09 x 107 9.89 x 1075
oilLesk  1.5x10%0 15x107  1.06 x107° - 1.06 x 1078
=T =7 =T 6
Total 1.09 x 10 2.59 x 10 1.01 x 10 1.16 x 10




. 163

B.6 Discussion and Summary

Results of the‘probabilistic risk assessment indicate that the inerting
and air dilution systems have approximately the same overall proﬁability of
post-accident hydrogen control. Results indicate that both systems render
approximafely the same overall hydrogen control probability (air dilution:

.917-.989; nitrogen inerting: .987-.998). Drywell entries and unscheduled
shutdowns were’also analyzed to determine’ the impact on the ovegail BWR |
accident risk as it relétes to the decay heat removal system. Results indi-
cate that inerting‘;ay increase the overall risk due to a possible increase
in the number of unséheduled shﬁg&owns due to a lessened oéérator ability to
correctly identify leakage in the primary coolant system. A reduction-in
the LOCA hourly initiatioh faté'of an order of magnitude from 6x10-8/hr in
the iﬁerted case to 6x10-9/hr in;the’non-inerted'case was estimated’ in the
non-inerted case due to increaséd:ope:ator ability to inspect and correct
possible.L96A'initia;ion évents; |

Possible effects of i@éféing on torus vessel corrosion rates and dry-
well fires were als; examiﬁéaiv Reduceé'corrosionvdue to inertipg is thoﬁght
not to be a signifi;ant proélem due ts‘the minor positive effect inerting
has on such corrosisn,énd the large degreé of cor:osion that would

| be required to imp;cfzsignificantly on safety. A probébilistic estimation
of the effect of inert;ég on the drywell fire iﬁitiation rate showed that,
with the installati;n‘of oil leak colléétion systems on the recirculation
pumps, the hourly fire initiation rate ié dominated by the contribution due ‘
to welding during shutdown based on experience to date. Since inerting
may result in more unscheduled shutdowns per year, tbe fire initiation rate
may be less for the non-inerted case by a factor of v 1.08 given 0il collec-

tion systems are installed in both the inerted and non-inerted cases, and
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assuming twice as many unscheduled shutdowns per year for the inerted
case. It is therefore recommended that alternative hydrogen control
systems to inerting be investigated and that these studies be under-

taken in conjunction with other class 9 accident mitigation questioms. .
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III.C The Issue of Hydrogen Control in PWRs

c.1l Summary of Study Results

Events at Three Mile Island related to hydrogen production and
deflagration during the post-accident time sequence have led to a re-
examination of the models used for predicting pressure response from
non-condensible gases. In this paper, existing literature om hydrogen
burns and explosions is review and summarized. Additionally, original
models for calculating'the pressure increase in containment due to
hydrogen burns and/or explosions are derived and demonstrated. These
models present a more in-depth treatment of.bhysical phenomenon than
exists at the present time, and are being integrated into existing
codes for calculation of the containment pressure history in the event
of a class 9 accident. Also, a brief comparison of hydrogen ccntrél
systems for PWR containments is made.

C.2 Introduction

Tﬁeréccidéﬁt at Three ﬁile Island has emphasized man} aspecﬁs>of nuclear
safety previously underestimated. One of these aspects relatesbto the produc-
tion of hydrogen during a reactor accident and its subsequent behavior in
containment. At Three Mile Island, it has beeﬁ estimated that fifty to .
seventy percent'of the fuel cladding underweﬁt a metal-water reaction with
an associated large production of hydrogen [1]. Dufing the accident, it was
feared that the hydrogen bubble formed at the head of the reactor vessel
would explode causing a large release of radiation to containment, possibly
leading to failure of the containment. This fear was later shown to be

_unfounded because the only oxygen present was due to radiolysis of the c&olaut

and was not significant enough to permit a hydrogen explosion in the reactor
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head [2]. Some of the hydrogen produced escaped from the reactor vessel,
presumably through the stuck-open pressure relief valve, and collected in the
containment. Nine hours into the accident, a pressure pulse of 28 psia was
recorded at a number of recording stations around the contaimment [3]. It
was later deduced th;t the pulse was due to a hydrogen expiosion, bﬁt as was
noted by the operators in later testimony, the pulse was unexplained at the
time [4]. . |

Because of the experience at Three Mile Island, greater emphasis has
been placed on the hydrogen problem as it relates to possible burms and
explosiqps in containment that could lead to containment failure due to
overpressurization with subsequent release of radiation to the enviromment [5].
In order to develop regulatory guidelines and/or possible plant design

-

changes, it is imperative that the magnitude and behavior of pressure pulses and

spikes due to hydrogen burns and explosions be investigated. This papef reviews
the existing literature related to ﬁydrogen burns, explosions and production
mechanisms, and then proceeds to describe models of pressure responseldue to

- hydrogen defiagration'ahd detonation.

c.3 Hjﬁfégég Burns and Explosions

Hydrogen burning may be initiated when the limits of'flammgbility are
reached — four percent hydrogen and five percent oxygen by volume. In a
standard air mixture, the ﬁaximum hydrogen concentration that will support
a burn is 76 volume percent. Burning can be maintaingd if the gas mixture
f£alls below the flammability limits if the mixture 1s within those limits
when the burn was initiated. Similarly, an explosion can orly be sustained

within the detonation limits. In this paper, "burn" refers to a relatively




167

slow rate of reaction (“2m/sec)while "explode" refers to a very fast rate of

reaction (V1000 m/sec) [6 }:
' H, + 1/2 0, ~ H,0 + energy (1)

The lower detonation limii falls between 18 to 22 volume percent hydrogen
while the upper limit falls between 45 to 65 volume percent hydrogen,
corresponding to an oxygen concentration of nine to twelve vblume péfcent
respectively (Figure 1). Burning leads to a2 slow increase in gas temperature
ggd pressure, while in explosions the energy generation rate is so great

that the reaction energy is imparted as kinetic energy to the product m@lecules
which than slam into the walls of the containment vessel. The change in
~mom.entum, or impulse, is what creates a pressure spike at>the containment
surface. |

C:3.1 Review of Existing Literature

Hydrogen combustion can vary from separated flames that propaga;;
upﬁard, to coherént flames that ﬁro;agate uniformly in all directions at .
subsoéic velocities, to supersonic detonation waves [7]. Deflagrationm,
or simple burning, can produce effects similar to those of explosions.

Deflagration occurs as a chain reaction in which the principal czrriers

afé ﬁhe free ra&ic;isiﬁ, o, th'CH.' Igﬁition occurs in é hydrogen-oxygen
mixﬁure when the rate of production of the chain carriefs exceeds the rate
of their destruction [8]. Ignition can occur from sparks from electrical
equipment or discharged accumulated static, or by temperature increases.
Sparks can ignite a mixture below the flammability limit but the flames

produced are not self-propagating and are extinguished when the source of
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ignition is removed. The spontaneous ignition temperture of a hydrogen-air
mixture is 585°C although below this temperature, a self-propagating flame
can‘be prbduced in a four volume percent mixture [9].

The flame propagates at a velocity dependent upon its direction
resulting from the tendency of the burned gas to rise, and from the hydrogen
concentratiop. Mixtures with compositions close to the flammability limit
will not burm all of thé available hydrogen. As the proportion of hydrogen
in the mixture increases, greater amounts of hydroéeﬁ are burned. For
example, only half of the hydrogen in a 5.6 volume percent mixture will burn.
Combustion will not bgncomple:e until the percentage of hydrogen is increased
to laﬁﬁercent or more.

Detonation is a rapid and violent process characterized by'a‘chemicaliy
supported shock wave. The velocity of wave propagation is the same as the
velocity of sound in;the burning mixture [8]. The destructiveness of a
detonatipn'is 6ué ﬁiimarily to the destruction of the shock fromt, Sﬁapiro
and Moffette [9] show hydrogen detomation limits to occur between 19 and
45 volume per;éﬁﬁ} hyérogén concentrations within this range will not
neceés%rilﬁ aeédnate. Eiperiments have shown that a detonation is more likely
to oééﬁt in smaller tubes rather than‘larger ones, and that a detonation wave can
be convthgd to that of normal comb;stion by suddenly wiaening.the tube.

A strong:initiating source is also required to produce detonmation. The use

of flames or sparks does;not produce detonation.
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Experiments were conducted at General Electric [7] to determine the
pressure and temperature responses from>hydrogen burning. The experiments
were carried out in a 134 cubic foot vessel, varying the hydrogen concentra-
tion, type of-ignition source .used, location of the igniation of the burm,
and the initial atmosphere pressufe, temperature and water vapor content.
In all cases, the experimental results were lower than the theoretical pre-
dictions. The model used to predict the responses is the same as that given
in.this paper, using slightly different constants. | |

The rate of reaction of a bimolecular reaction can. be given by

rate a(rate of collision) x (number of molecules with energy > E)

axllze-E/kI )

wvhere E = activation energy of the reacti on
k = Boltzmann's constant

T = gas temperature.

In thermal explosions, ignition is defined as occurring when the heat

generatidn rate is greater than, or equal to the heat absorption rate:

1/2e—E/kI

heat generation rate aT volume D

heat absorption rate a(T-T )surface area : o : (3)

where D 1s the density of the gas, To is the temperature of the suxface of
the vessel, and 3 is the order of the reactiecmn. If at a given temperature
the heat temperature rate is greater than the heat absorption for all

————

temperatures, then as time progresses, the temperatuve will increase,
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increasing the rate of reaction, and the rate of temperature increase. This
is an explosion. If, however, the energy generated is less than the energy
absorbed, the temperature of the gas decreases, lowering the rate of reactionm,
and an explosion is impossible to sustain. The minimum temperature;that

will support detonation, Tignition’ is where heat generated = heat absorbéd
and 4/4T heat generation rate = d/dT heat absorption rate. To first order,

T - T_ ~ kT2/E [10].

ignition o
Strehlow [11] defined five basic types of combustion:

) ' Vessel Explosions, or Well-Stirred Reactor reactions: these may be
iniﬁiated by adiabatic compression, or by adiabatic, but mnot isentropic
compression by a travelling shock wave;

(i1) Diffusion Flames: these occur in coﬁtinuous flow chambers, with three

| physical distinct regions: unreacted fuel, unreacted oxidizer? and

reacted gases. These two types differ from the rest, in thatfthesg :

do not involve wave processes;

(i1i) Premixed Gas Flames;

(iv) Detonation: these are shock induced combustion waves, Their propagation

is fairly independent of vessel geometry and can be initiatéd by a

flame, spark or shock wave; ' '

- () Rocket Engine Combustion: this is of importance because of the thrust

production involved.
Experiments were done [6, 12] to measure the effects of various parameters
on the detonation and flammability limits, and their velocities. These
limits and velocities are dependent on the ignition source, geometry of the
vessel, and its surfacé. The velocity is slowere in narrow, rough tubes
than in wide, smooth tubes. Beyond a certain roughness and narrownéss, the

flame is extinguished. The velocity of detomation increases as pressure and
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temperature aré increases. The.lower flammability limit increases, and the
upper limit decreases with increasing gas temperature. The direction of
change in the flammability limits with changing gas pressﬁre depends on the
gas involved. The limits widen at both ends by increasing the pressure in-
a methane—air mixture, narrow at both ends by increasing the pressure in a
carbon-monoxide - air mixture, and in a hydrogen - air mixture, the upper
limit increases and the lower limit remains the same with increasing pressure.

A trial and error method was developed [13] to predict the fin;1 con-
ditions from hydrogen combustion. Five equations, from the mass, momentum
and energy conservation, entropy definition, and ideal gas assumption, are
solved simultaneously for five unknowns in the reacted gas, subject to the
mass balance equatioms. A

The mechanics involved in the combustiomn of hydrogen are not clearly
known. However, certain characteristics stand out. The rate of reaction
is slow, incre331ng slightly with increasing pressure, until Pl, the first
exp;osion limit. This limit is inversely proportional to the vessel diameter.
Addition of imert gases lowers this limit, possibly by "blocking" the surface,
and hindering chain eraking reactions. For pressures.in the Explosion |
Peninsﬁla, between Pl and PZ’ the second'explosion limis,‘the rate of reaction
is infinite, and explosion occurs. The second explosibn limit is fairly
independent of the surface, and decreases with an increaée in the inert gasv
concentgation; At pressures above P2 the rate of reaction is low,’and
increases with pressure until the third explosiom limit P3, where the rate
again becomes infinite, and detonétions occur.

The actual reactions involved are not agreed upon. One consistent set

of reactiomns is:
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OH + H, -> E,0 + H 69
E+0, > HO +0 . ' (11)
0+ H, ->0H+H | (II1)
H+ozfn->noz+ull ' ()
EO, + H, -> H,0, + H . ' - (Va)
'2H0, -> H,0, + 0, (Vb)
H + oé + H,0, -> H,0 + 0, + OH (Ve) |
BO, + H,0, -> H,0 + 0, + OH (vd) . | -
nzbz- => B0 + 0.5 0, ' | (Ve) (4)

At low pressurés, (below the firét'explosion limit) the'reactions
ocﬁurring are mainly I aﬁd III;' The’rate‘of reaction follows Arrhenius'
Law (rate o exp(rE/kI))wheré E is the activation energy, k is Boltzmann's ‘,f
constant, and T'is the gas temperature. | . i

As the pre;sure increases, éhe rate of reaction of'II, aﬁ en&otﬁermi§{,
chain initiating reaééipn, incfegses, until the rate of steam production i;
infinite. At this point; "Isothermal Branchingﬁ is taking plac;; and th;A
libefgtion'of.heat is not important. In the explosion péninsulé;.the fate
of IV, é trimolecular chain breaking reaction starts to become sig#ificant
with increasing pressure, until the second explosionjlimit, where it "over-
takes" tﬁe;chain initiating reaction of II, and explosions can ﬁo:longer be
sustained. ' At pressu;és above the tﬁird explosion limit, the energy
released from the combustion cannot diffuse fast enough, and the phégomenon

of self heating occurs, which causes an explosive situation [14, 15].
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C.3.2 Production Mechanisms

The production of hydrogen during the coufse of an accident presents
| two(potential threats to containment integrity; first, by increasing the
internal gas pressure in the system and secondly, by burning or exploding:
when combined with the oxygén present in the containment atmosphere; The
additional thermal energy produced in the burniﬁg or detonation of the
hydrogén faises the pressure inside the containment and eventually daﬁ
result in contaioment failure‘by overpressurization [6j.

Hydrogen can be p;oduced during the course of a'reactor accident through
high temperature metal—wafef reactions between fuel cladding and reactor
coolant, radioiﬁéic decomposition of;water, and corrosion of metals by
splutioné used for emergency cooling or containment sprays. ' The maiﬁ source
of hydrogen from metal-water reactions is produced through.the high témpera-
turé ;ircalloy-water and steel-water reactions. Thése reactions take'place
accbrding to the following relatiomns: , %

+

':Zrb+ ZHZO -r'ZrO2 + 232 + heat . ' (5)

Fe(steel) + xHZO + Fe(steel) oxides + tz + heat . (6)

The initial source of hydrogen in a meltdown is produced in the reaction of
Eqn. (2) and éccursAwhen steam from water in the pressure vessél contacts

- overheated zifcalloy fuel cladding. It has been estimated that the rate of
consumption of zircalloy is about 10 percent per 1000 seconds. Figure 2
plots zircalloy consuﬁption as a function of;time derived from a comparison
of BWR core heatup calculations [17]. Assuming a conservative comstant
consumption rate, all zircalloy would be consumed in less than three hours

and could result in a 72% hydrogen contaimment concentration. Given that




10

Percent Metal-Water Reaction

175

b = Argonne National Laboratory
- ¢= Phillips Petroleum Co.
d = General Electric Co.
- e= Assumed Constant Rate

4 . - g e

a= Batelle Columbus Laboratory /
b
Cc

l 1 ] !
200 400 600 800 1000
- Accident Time (Seconds)

.

Figure 2 Percent Metal-Water Reaction vs Accident Time




176

the amount of steam decreases with time, the rate of zircalloy consumption
will be lower but using a cénse:vative approach, an upper bound for the
consumption rate can be assessed.

Steel-water reactions (eqn. (3)) could generate massive amounts of
hydrogen. However, experimental studies indicate that iron or steel must
be nearly molten before appreciable reaction with steam occurs. Contact
between large amounts of-molten steél and wﬁter might cause steam explosions
before thé reaction coqld generaﬁe hydrogen. |

The radiolytic decomposition of ﬁétet is a del#yed but potentially
significant source of hydrogen. Beta or gamma radiation.éan cause ionization
and subsequent decomposition of water molecules resulting in hydrogen.
However, the production of large amounts of hydrogen in an accident would
require that high radiation doses be applied to large volumes of water;

8 to 109 rads applied to the entire water

for example, in the range of 10
supply of the reactor. Since it would require several days or weeks to
“ accumulate such exposures,, this soﬁrce of hydrogen is considered a.iéng:term

; rather than an immediate pfoblem. ©o-

>C.4 Pressure Response‘Models

Three models were developgd fo caléulate the pressure rise in contaimment
due éo a hydrogen burn or explosion. These models are discussed below and
results of calculations shown.

C.4.1 dydrogen Burn Model

To calculate the pressure rise due to hydrogen burning, a number of
éssumptions were made: (i) the model disregards the flammability limits such

that hydrogen can be burned at concentrations varying between 0 to .100Z,
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(i;)ﬂgases are assumed ideal such that PV = nkT and Ah = Cp(AT),

(111} the heat capacity factor Cp is assumed consgaﬁt for each gas and

(iv) fhe volume percent of any constituent gas equals the number of moles
of the gas divided by the total nuﬁber of moles. Also assumed was (v) that
the énergy released per mole of hydrogen consumed is independent of the .
initial temperature, pressure and gas composition and (vi) none of the
energy released is dissipated to the surrounding structures or the water on
the vessel floor. This is very conservative. Another assumption ﬁade was
that'(vii) the bufning would be slow on the order of several meters/second.
Sincé it is assumed that there is ideal mixing of the gas, an instantaneous
equilibrium is achieved at all times; hence, there are no temperature or |
pressure gradients assumed in the v;ssel. Also assumed was that (viii) all
of the energy released becomes in;ernal energy of the entire gas mixture.
Also, since during combustion, not all of the hydrogen ié qonsumed (e;pecially
at low initial hydrogen~concentratioﬁs), "hydrogen concentratidn" refgrs to
’ "conéumed-hydrbgeﬁ concentration”. S |

Under the assumptions listed above,'the energy released in a hydroéen'

burn is equai to the number of moles of hydrogen consumed times the energy

released per mole consumed:
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Ah = n,EK ' )
where H = the minimum of either the hydrogen concentration or twice
the volume fraction of consumed hydrogen
K = energy released per mole HZO procuced
= energy released per mole Hz consumed;
Ah = change in total enthalphy; and

o, = number of moles of gas initially in the vessel.

The final gas mixture (nf) consists of (Figure 3):

n, = [(S+H) +A-5- 1.58)]n,; _ ®8)
= (L - .5B)n, - ©)
where | o = nnﬁber.of moles of gas in the final vessel mixture;‘
-8 = initial steam volume fraction;

(S+H)ni = initig}‘number of moles of steamiadded to the numbetvof
moles of steam produced; and
(l—S;—l.SH)ni = initial number of moles of dia;omic gas minus the nuﬁber
- of diatomic gas moles consumed. ' '
The energy re%eased by the:hydrpgen burn is distributed in such a way that a
uniform temperature results: |

_ -1 . | .
AT = Ah(ng cp) _ , (20)

) -1

= g K[(S+H)Cps + (1-5—1.5H)cp2] | Ay
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where C_ = molar weighted specific heat;
= gpecific heat of steam;
= specific heat of diatomic gas in the final mixture; and

AT = change in temperature.

Since
?f .vTi + AT
Pf = Pi + AP
P, = n, RT, V! d
I e and,
-1
?i =, RTi v
then ’
. -1 -1
Pe Py = ng Te(nyTy)
- (- .5H)T, T, !
_ ot £ 71
such that ’
: ‘ -1
AP = P [(1-.58) T, T,” - 1]
t
where If? Pf are final temperature and pressure respectively, and

Ti’ Pi are initial temperature and pressure respectively.

Next, célculationsvwere performé& utilizing this simple model given
K = 57.8 Kcdal/mole steam, sz = 0.00695 Kcal/mole-oK, and

cps = 0.00794 Kcal/mole-°K. The predictions for room temperature and

(12).

(13)

(14)

(15)

{16) :

a7

(18)
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pressure (STP) using a value for K of 67.5 kcal/mole renders agreement
between this model results and that of General Electric [7] with + 3%,
assuming initial conditions at STP were used in the GE model. (GE performed
similar calculations using slightly different values for these constants [lS]J

Sen#itivity analysis shows that substitution of air by steam lowers
the resulting pressure rise slightly; replacement of half of the total gas
with water vapor drops the pressure by 7%. Adding steam raises the
initial pressure such that the pressure rise (Pf - Pi).is smaller even

though the final pressure is higher. For example, édding one volﬁme of

steam
i

(P.-P )steam = 74 psia, and P steam . 103 psia'compared with (P_-P,) = 77 psia
£°1 £ ‘ _ f 1

steam and 20 vol Z hydrogen results in P = 29.4 psia,
and P, = 92 psia for the undiluted system. Hence, adding steam results in
a net increase in the final pressure (Figure 4). Increasing the initial
temperatureland pressure by the same faétor causes the pressure rise to
decrease slightly but causes the final pressure Pf to be higher than the
final pressure calculated for the case of standard initial conditioms.
For example, starting at room temperature and pressure with 20 vol i ﬁz
renders Pf--Pi = 77.5 péia; Pf = 92.9 psia compared with results for the
case where the gas mixturé.is heated initialiy to 1509°K: Pf-Pi‘f 77 psia;
Pf = 145.2 psia. Hence, although the differential pressure that results
with heating is less, the final pressure being greater constitutes an
aggrgvation’of the problenm.

C.4.2 szrogen Explosion Models

Two'modelsrwere deveioped to calculate the pre;sure increase in con~
tainment due to a hydrogen explosion. The models are based on the same set
of assumptions with the exception that the first model assumes an
infinitesimally small impulse due only to the hydrogen immediately adjacent

to the surface over an infinitesimally short time. The second model con~
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siders the impulse contributions from the entire containment over a finite

time. With this one exception, both models are based upon the following

'se: of assumptions:
(1) detonation limits are disregarded for calculational purposes, i.e.:
pressures pulses can be predicted across a wide spectrum of hydroéen—
oxygen mixrures;
(11) water vapor is assumed the final productiof the hydrogen—oxygen reaction
ozone and peroxide are negleeted [15, 13];
(1i1) the gas mixture is assumed initially uniformly d}stributed;
(iv) a spherical.detonarion front is aesumed [7; 8];
(v) wupon hitting a surface, the pressure front is assumed extinguished,
the front continues uninterrupted in the other case; |
(vi) it is assumed that all of the energy released in the detonation is
converted to kinetic energy of the product steam;
Cyii) the velocity distribution of the steam is assumed monoeﬁergecie and
isetropig; thus, the probability of finding a steam molecule.df

velocity gﬁpQg)&x) in a solid angle dQ is (by definition) (see‘Fig;'S):

p()dv = &(jv| - v*)dv(1/4m)dQ . (19)

where the energy released per mole of H2 divided by the weight per mole of
steam is 1/2 v*z,;g = random variable representing the product steam velocity,
and v* = magnitude of the velocity of the resulting product steam (v* is on

the order of 5000 m/sec), and G(Lgi - v*) is the Dirac delta fﬁnction;
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(viii) - the model assumed elastic collisions between the steam molecules
produced in the detonation and any surfaces they bombard wiﬁh;band
(ix) it is assumed that the energy released per mole of steam produced
is a constant value. |
Under these assumptions, the model can be derived as follows. Sinqg.
all of the energy released is assumed to be converted into the kinetic energy

of the product steam:

K= 1/2 m v*2 | ‘ ' = (20)

where K_t'énergy r;leased per mole of steam broduced;

m =-mass of mole of steam; and

vk = velocity of the steam moleculeé.
When the pressure front impacts upon a surface area dA, the momentum transferred
iﬁ that collision to the surface withia the time inﬁerval dt is by definition

(see Fig. 6):

2HDg dt- dA(mv*/4) (o

2'3¢)8, (21)

‘where H= volumé‘é;action of hydrogen consumedg
| D = density of gas in volume (moleé per unit volume);
g = Qelocity of the detonation front;
n_ = outward normal from the surface; and

B = outward normal from the detonation fromt.

The impulse of the front equals the change in momentum, and since the pressure

P is a force per unit area:

P= 1/2 Hpg mv*(gs-gf) ‘ 2)
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The time of impact of the pressure pulses at various points on the surface
are not simultaneous énd the front travels at supersonic veleccities.

A second model was developed to predict tﬂ; pressure rise due to a
hydfogen explosion. The major difference between this model and the omne '
described earlier is the way in which the impulse on a given surface are;
dA is calculated. In this model, the momentum of the prcduct steam is not
dissipated until after the first collision with the surface, whereas in
model 1, if the steam does not collide immediately with the sﬁrface, the
energy is assumed dissipated to the surroﬁnding gas. This assumption affects
the impulse calculation and the time scale involved. Assuming that all of
the_energy released in the explosion initially is transferred into kinetic
egerger of the steam (K = 0.5 mv*z), the total impulse I on an area dA on

the surface is given by. (see Figure 7):

I = 2umv* -fv c(y_)dA(dﬂl_q - _q])-l_g_s dw o S (23)
where c(w) = H.D for:g_in free volume; 0 otherwise;

w = position in volume V;

m = mass of mole of steam;

u = position on surface; and

n, = outward normal from surface.

‘Since pressure is a force‘per unit area, or impulse per unit time and area,

the pressure P in the surface produced by the explosion is:

2mv*

P == IC(E)ES(E-E)(lg—g_l)-'@(dt)—l (24)
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where At is the time duratioﬁ of the spike. The duration of the spike is the
same over all of the contaimment surface, but is not felt at all points at
the same instant (in the sample’calculations that follow, the duration of

the pressure rise is "™ 30 millisec and the maximum time lag v 4 ﬁillisec).

C.4.3 Sample Calculations

Sample calculations were perfqrmed using both models to estimate the
pressure incfeases due to hydrogen explosions in a containment struéture.- The
contaimment structure is approxiﬁated as a cylindrical volume with height 51 m
and radius (R) 19‘m (see Figure 7). The velocity of the detonation front is
assumed constant at 1200 m/sec with a 20% EZ-BOZ air mixture at 18 psia and
toom temperature. In model 2, an'assumption was made that all of the contents
of thg vessel are uniformly distributed throughout the volume. To account
for this, c, the effective hydrogen concentration in theée vessel is used,
where |

¢ = H'D free volume/total volume.

Two cases were examined in calculating the pressure distribution in containment
due to a hydrogen-explgsion: (1) at the lateral surface of the cqntainmenﬁ,

and (ii) at the top of the structure. (These cases were defined in this way

' for ease in calculation.)

C.4.3.1 Case I: Lateral Surface of Containment

Model 1

The surface of interest is on the lateral surfacé of the COntainﬁént
(r=R, where R is the radius of the cylinder). Imn Cartesian coordinates, the
explosion originates at s, 0,-zs) ané the surface of interest is at

(r cos 6, r sin 6, zr) (Figure 8). The normal to the detonation fromnt at

the surface is:
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(r cos 8, r sin 0, zr) - (s, O, zs)
n. = (25)
[(x cos @, r sin 8, zr) - (s, O, zs)(

r cos O6-s, T sin O, zr-zs)
“~ 2. 7.2 172 (26)
(r+s“+Az" - 2rs cos 9)

The normal to the surface at (r cos @, r sin 6, zr) is:

(r cos 8, T sin 6, zr) - (o, O, Zr)
= - (27)
[(r cos O, r sin O, zr) - (0, O, zr)l

n
=s

= (cos 0, sin 8, 0) (28)
Therefore:

r - s cos © :
n, = : (29)
= (r2+sz+ zz-Zsr cos 9)1/2 . »

n
-s

and

P -'%_HDg J— (r - s cos 8)

2 72 | (30)

(r2+s +(zr-zs)2—2rs cos 0)1

For an explosion originating at s = 0, the magnitude of the pulse is a con-
stand as a function of angle © and is symmetric about the maximum at Az = Q.
For an explosion originating elsewhere, the maximum pulse is at Az = 0,

@ =0 or m, and is symmetric about Az = O.

R
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Model 2
The impulse consists of two components - the impulse from points above
the surface and below the surface. Refgrring to Figure 9, the impulse above
or below the surface of interest is given as:
2 2 . .
I= I dA 2cmv* [(4ms“)-1 (cos © cos @) dL Ld@ L cos © d¢ : . (31)
i=1 : ' v
where L = the distance from a point located in the volumg to the su;face
© = the angle between the xy plane and the line between the @oint in
ﬁhé volume and the sﬁrface,Aand' o
@ = the angle getween the x-y componenﬁ of the vector between the
point in the volume and the surface of interest, and a radial
vector to the surface of interest.
The limits of integration for @ are [¢m, - ¢m] where, using the law of

sines (agéiﬁ'r = R):

sin ¢ ()% # sin (-2 9 ) (L cos ©)F | | @32y

which yields:

' cos ¢m = L(2r);1 cos © , (33)
or
: ' 1/2
sin ¢m = [1 - L2(2::)-2 cos2 o] . ‘ (34)
Thus:
2 -1 2 2, -2 2 12
I= I dA2cmv* [(27) 7dL cos” @ [(1-L°(2r) “ cos“ @) ] de (35)

i=1




191

Surface of
- Interest

Center of
Volume

Figuré 9 Geometry of Containment Cross-Section
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. S |
Now, 2, = 2 ~Z, and z, = 2} emax,i sin zi/L for
L> z,, or n/2 for L <z ®in = cos_l 2r/L for L > 2r, or O for L > 2r;
2 L2 2 ,
and L max,i Zi + (2r)“. Thus:
2 ' G , 1/2
I= ¢ dazeavt fm7lan [ %8 cos? 0 1-12(2r)2 cos? @) AL (36)
{=1 o ® in :
Alternately, by reversing the order of integration, with L max(e)i =2, sin 9.1
for 0 > 0% and 2r cos ot for o <%, and tan 6% = zi(2r)-1,
. -1 1/2
2 : 9? -1 2 2r(cos €) 2 -2 n
I = I dA 2cmv* [f (2) " cos” e de'f (1-L°(2r)"° cos”“ ©) dL
: i=1 0 0 v .
w2 ., 2z sin o7t 9 -1 2 1/2 e
+f (@) cos“ede [ (1 -1L°(2r) " cos” @)  dL] (37)
o% 0 | 1
N . .
. -
or
2 —1/2 : - -
. ’ - .
I = I da 2cmv* [0.25r z,2 + (2r)5)
i
i=1
Ly /2 o 1/2
+ O.Sﬂ’l rf cos © (z(2r) 1ot e (l-—zz(Zr)2 cot2 Q)
: *
Gl .
-1 -1
+ sin — (z(2r) ~ cot 8))] - (38)
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This equation was evaluated by numerical methods to derive results. The
maximum pressure rise is felt at z = 0.5 z , and the pressure rise is
symmetric about z = 0.5 Z %t Keeping the volume fixed and z/z fixed,
the maximum pressure rise is felt at R/z between R/z = 0.8

(,for-z/zmax = Q) and R/zmax = 0,65 (for z/zmax = 0.5).

Cc.4.3.2Case II: ‘Top Surface of Containment

Model 1
The surface of interest is on the top of the cylinder (r = R). In
Cartesian coordinates, the surface of interest is at (r cos 6, r sin 6, zr)

where z, = 0 or 51 m. The normal to the surface at these points is giveﬁ by:
n = (0,0,1), z_=5lm ’ R (39)

= (0,0,-1), z_=0 | S L o)

]

The normal to the detonation front at the surface is analcgous to case 1

(see equations 25 and 26), and

| |z, - 2
(rz + L2 + (zs-zr)2 - 2rL cos 9)1

|

1 :
YP =3 Hgmv#* 73 (41

The maximum pressure pulse is felt at r = L 8 = 0. The variation in the pulse

magnitude increases with increasing s and decreasing lzs -z

-

el
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Model 2
The surface of interest is the end of the cylinder at a radius r = R.
The distance L between the surface and a point in the volume is

L2 = (p cos 6 —~ rL)2 + ( sin 9)2 + 22 where the fraction of the momentum

in the z direction is zL”Y. Thus:

' 2T R max 2 -1 =1 E
I=dA2mvk [ pde [ dp [ - dz (4w L7) zL h - (42)
4} 0 -0
ot _ 1/2 ' S 12
= dA 2cmv* f (47) ldQI{(R?+r2—2R T cos 0) -(R2+r2-ziax-2R r cos ©)
0 .
2. 2 M2 2.2 . 1/2 ,
-+ (r +zmax) + LT cos © log [((R™4r“-2R r cos 8) + R -1 cos 6)

2 2 1/2

2 - T cos G)(R2 +r° + 2z -2R r cos ©)
max :

(r - r cos 9)-1((r2+zmax)1/2

+R-r cas )]} | | : | - (43)%1..
This integral was then evaluated numerically. The maximum pressﬁre phlse fofz
a given R/zm;x ratio is at r = 0. The maximum puls;_is'felt at R/zﬁa;
 between 0.55 (for T = 0) and 0.35 (for r = R). ;

Results of the model calculations are shown in Figuré 10 for modeis 1

and 2, case I; and Figure 11’ for models 1 and 2, case II. Since model 2
time averages the impulse on.a surface to determine the pressure, and différences
in the duration of the impﬁlse to different surfaces is neglected, there is
no angular dependence on theamagniﬁuée of the predicted pressure rise. (Model
1 does assume an angular dependence.) The impulse delivered to any su:face

is independent of the origin of the explosion. The duration, however, is not

independent. The numbers shown in these figures are calculated for an
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explosion initiated at the center of the vessel. To determine the pressure

response due to an explosion originating at a radius s and height z, the

2,1/2 1/2,

numbers shown here must be multlplled by [(l9+s) + *] [19 + 25.25 ]
where z, is the maximum of either (50.5-z) or z. This factor varies between
0.5, for an explosion originating at a cornmer of the Vessel, and 1}0, for an

explosion originating at the center of the vessel.

C.5 Summary and Further Discussion

A*comparison'was made of the makimum predicted pressure pulse due.to a
hydrogen detonation with that due to a hydrogen burn (Figure 12). In comparing
the calculated values for the pressure rise, it is important to note that
the pressure spike from the explosion would be added to the overall pressure
tise in the vessel. 1In the calculations, the minimum value of the initial
hydrogen concentratlon still within the detonation regionvwas used along with
-a low wvalue of lZOdih/sec for the detonation velocity. The calculated pressure
-spike for the explosion is thus 92 psia using the first model lastlng for an
infinitesimally small time' the second model calculates a pressure pulse of
Q1 psie lasting about 30‘milliseconds (Figure 12).

It’ls informative to compare these results with the only truly relevaut‘

[

- datum -'tge,pressure spike experienced at Three Mile Island. The predlctions
are appuouiuately three times higher than the ectual spike, This seems to
imply that both models:ate quite conservative in the upward direction, since
higher utessures maf.be predicted than actually occur.

The ratio of the predictioms ggjuodel 1 to model 2 is independent of
the initial conditiomns. For a given éeomet:y, the predictions of both of

the models for the pressure rise varies as the product of the concentration

of the hydrczen and the velocity of detonation. At hydrogen concentrations
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between twenty and thirty percent by yolume, the detonation velocit} is
greater than 1200 m/sec [6]. Therefore, in that region, the pressure rise
increases faster than liﬁear. The burning model predicts pressure rises
roughly proportional to the consumed hydrogen concentratiom. Hence, at .
higher initial hydrogen cbncentrations, the pressure rise predicted by the
burniné model»will not be so large relative to the predictions of the
;;plosion models. | | A

‘.While both modéls 1 and 2 predict approximate;y the same maximum
pressure spike, they do not predict the same momentum transfer. Model 2 is
more intuitive and physically correct,lalthough it involves substantially
more computer time go calculate éhe numerical integration. (The time required
to predict the pressure-fise at one point of the sﬁrface'using model 2 is
n 0.1jseconds of CPU time on the Honeywell MULTICS éystem.) The moﬁéntum
fransfer is a function of the entire volume of the containmént. Model 1
. neglects momentum, except from the steam tﬁat is produced immediatei} adjacent
to the surface of inggrest. Model 2 includes the coﬁtributiog of tﬁe
momentum from the entire volume over a finite time ﬁhile the transfer in
model 1 is over an infinitely short time. By doubling all of tﬁé dimensions
of ;he containment and keeping the same gas cbndiﬁions, model 2 predicts
an impulse per unit area that is two ﬁimes as la:ge over a duration that iéz
also two times as long. The impulse .varies as the cube of the length, the
area goes as the square of the length, and the time goes as the length;
hence, the impulse per unit area doubles as does the time, and since
pressure = impglse/area-time, the pressure rise remains the same.

To conclude, hydrogen burn and detonation mechanisms and pressure response

models have been reviewed in this article. Calculations were performed to
calculate the expected pressure rise due to either a hydrogen burn or

explosion in containment with the containment structure approximated as a
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cylinder of height 50.5 m and radius 19 m. As mentioned earlier, the
assumption in the burning model that no energy is absorbed by the sur-
roundings is very conservative. This fits in with the experimental
results from General Electric [7]. We are still searching the litera- -
ture for experimental data on hydrogen explosions in large vessels.
Most of the experiments performed have §een in narrow tubes with
diameters of the order of centimeters, 'an;order of magnitude narfower
than the case at hand. Therefore, conclusions are difficult to draw
from this data as the experimental volume is not comparable to that

of an LWR containment.
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III.D Applying Bayes' Theorem to Update the Estimate of the
Reactor Core Melt Frequency After TMI

D.1 Summary of Study Results

A study was performed to investigate the limitations on the use
of Bayes' theorem for updating probability estimates, particularly as
applied to update.estimates of the reactor core melt frequency. A
Bayesian approach was taken in the earlier work of Apostolakis and
Mosleh to assess the reactor. core melt frequency, particularly with
concern placed on the impact of critical judgment on RSS estimates [6].
This study examines the validity of this approach to probability up-
dating using the experience at Three Mile Island as an gdditional
data point by which past estimates can be modified. The specific
numerical results of this study are representative only.

The main conélﬁsions of the study are:

(1) Bayes' theorem is a concensus forming tool. ;it reduces
uncertainty and . therefore should not be used when £ﬁéfe is diSf;i
agreement about daga validity; |

(2)‘ The relative importance of the prior ané}ﬁew evidéh@e
depénds on the relative uncertginty of thégdistribﬁtions cho;én to
reﬁresent that}data. The posterior is moé£ inﬁluenced by the more
peaked of either the prior or ;ikelihood diétributioné and will
result in less uncertainty than either of'thé two oriéinal‘distri-
ﬁutions; and ' .

(3) Operating experience apparentiy §ontributes 1e§s to the

results than does engineering judgment.
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These considerations combined with a desire to understand the
applicability of a Bayesian approach toward assessing uncertainty has
lead to the present work. By adopting a Bayesian or subjectivist ap-
proach [5], expert opinion and experiencial data can be combined to
render useful and interesting results. Such an approach was taken
.earlier by Apostolakis and Mosleh to assess the reactor core melt
frequency. particularly with concern placed on the impact of crifical
judgment on RSS estimates [6]. |

THis paper is divided into three sections: the first reviews
Bayes' theorem and the results of the Apostolakis and Mosleh paper
and relates these results to the present work. :The main section deals
with the impact of Three Mile Island and reactor operating experience
on estimates of the reactor core melt frequency{ Caveats concerniﬁg
the application. of ‘Bayes' theorem are also discussed. finally, over-
all conclusions are drawn. | :

D.2 = Introduction.

The use of Bayes' Theorem to update estimates of the reactor core
melt frequency was undertaken by Apostolakis and Mosleﬁl This'paper is
motivated by questions concerning Béyes' Theorem and numerical appli-
cations ;o-problems. In particular, it is of interest to determine what
data and information contributes the most in these applicatiomns, and

how such applications should be;used and interpreted, and what con-

clusions from such a practice are justified.
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D.3 A Review of Bayes Theorem

The use of Bayes theorem and its application to problems of
risk assessment in the ngclear field has been expanded upon by several
authors [6,7,8,9]. In this work, a special inferential notatiomn is
utilized following the work of Howard et al. at the Stanford Re#earch
Institute [10]. This notation defines a conditional state, €, known
as the prior iﬁformation existing at the time the calculatioﬁ is‘ﬁade; /
New evidence is noted here by the.letter B and refers gemerally to
real life experience expreséed in terms of a model or probability dis-
tributiqn. The core melt frequency is treated as an uncertain quantity,
denoted_lj, where j rgfers to a parti;ular interval falling in a range
of possible values on A (i.e., O to 1). With these definitions, Bayes

theorem becomes:

P(BIJ\ ) i
P(}‘ D O, ]s)P(B[x y S
k| -

RO ll\ij\e)

’

where P(X [B €) = probability that the core melt frequency is
in the range of A. given new evidence B is
applied_against a prior estimate of the core
melt frequency distributiom, €;

. probability that the core melt frequency is
in the range of A, given origimal prior
information €; an

B(Ajle)

i

probability of new evidence B occurring
given that the actual core melt frequency
is Aj.

Bayes theorem can be used as a method for modifying an estimate based

P(B_Ixj>

on new evidence. The prior information ¢ refers to a "state-of-

information'" based on some'existing data, opinion or engineering
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judgment and therefore P(Ajle) is the prior estimate of the prob-
ability that the reactor core melt frequency XA will be in the range
specified by A.

D.4 Apostolakis and Mosleh

The work by Apostolakis and Mosleh [6] also used conjugaté dis-
tributions in applying Bayes theorem to assess a posterior distribu—
tion reflecting both expert and critical opinion concerning the re-
sults of the RSS. Reactor operating experience was used as the prior
information and a Gamma distribution was applied to reflect this in-
formation. The probability of a-core melt based on this information
being greater than ]..51:10'-2 was found to be less tham 1%Z; that is, an
expected valué'of one in V67 reactor years. An estimate of the mean

of 9.7x107

was found based on .03 melts per 310 commercial reactbf
years of experience.

Uﬁing a Poisson distribution based on the RSS and its'critiégall
Apostolakis and Mo§leh determined that the likelihood distributién
reflecied an increase in the RSS estimate by a factor of ten such that
the mode went from 1.5x10-5/reactor—year to 1.5x10-4/reactor-§éar.

- Then, a value for A the reécto: core melt frequenéy was chosen such
that the probability of A being greater than this‘value is ho more
than 5% (i.e., A =‘7.1x10°4/reactor—year). Using a transformation of
variables.ta Y and k, the results shown in Figure 1 were derived, °
where o = yk + 1; B = k/A* » r*/T*. The prior, likelihood and;poséerior
dis:rif;;ions oﬁ A. the core melt frequency’per reactor-year are
shown in Figure 1 as derived by Apostolakis and Mosleh. Controversy

later arose [11,12,13] over how such distributions should be comstruc-

ted and which set of data most correctly represents the prior
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Figure 1 Estimates of Reactor Core Melt Frequency from
Apostolakis and Mosleh [6].
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information since building poor representations of the prior cam
render unreaéonable results. The work of Apostolakis and Mosleh‘
demonstrates an interesting approach and is modified and expanded upon
in this work.

D.5 Calculations

D.5.1 Prior Distribution

In this work, to arrive at prior distributions reflecting ex¥
isfing knowledge with regard to the core melt frequency A estimates
and uncertainty factors were assié;ed as shown in.Table I. Five dif-
ferent distributions are shown broken into ten intervals falling be-
tween 0 and = on the x axis. (Use of the ten interval notation facili-
tates later computations.) A .log mormal distribution was assigned to
model the prior information, which consists of the reactor safety -
study and the composite of the critics noted in the work of Apostéiakis
and Mosleh [6]. ’Beginning with the RSS and assuming an.uncertain:y of
g.féctor of'i;S‘.and the critics composite a weighted RSS + c?i;ics
estimation for the,priof was derived in such a way that the relative
Vweight assigned to the validity of the RSS equals that of all critics
combined (i.g., the weighting factors are normalized to sum tﬁ one).
The uncertanity factors associated with the critics estimates are
conjectural . and represent the authors' best estimates only. A re-
vised RSS + critics distribution was next derived (see fourth row in
Table ‘I) based on the authors' subjective assessment to produce a more
realisﬁic probébility—estimate at high values for Aj. This revised
prior is compared with the RSS estimate itself modified to inclﬁde

an uncertainty of +10 (fifth row in Table I). The major difference




6

- 1x10”

5

Table T

CORE MELT FREQUENCY

PRIOR DISTRIBUTIONS

5

-4

-4

<4

-4

e)

Suggested as reasonable by Prof. N.C. Résmussen, MIT,

3

) 5x10~ 5x10°  1x107  2x10°'  4x107"  8x10 2x10™°  4x107° =
Interval 1 2 -3 4 5 6 7 8 9 10
, -5 _ ' : - -5 -
RSS: 5 x 10 009 | .40 | .s1 | .261 | .61 | .01 | .04 | 2x107 | 1107 [6x207
X factor of 5 , , N (
Critics Campositeb .005 .011 .094 .088 117 .135 143 .167 .096 .143
Weighted RSS + 007 | .25 | .273 | 174 | .39 | .098 | .079 | .08 | .48 |.071
Critics . . : ,
Revised RSS + .007 .025 .303 .205 171 .129 .100 049 | :010 .001
Critics - ‘
P _5 . |
Rss: 5 x 10 050 | .075 | .375 | .190 | .49 | .090 | .046 | .020 | .004 |.001
X factor of 10 - '
a) All factors are 90% confidence intervals,
b) Critics estimates from reference 6 —-
Union of Concerned Scientists: 7.5 x lt')"4 ﬁ 20; Hsieh & Okrent: 6.4 x 10-4 § 10; EPA: 1 x 10—4 % 10;
EPA: 1.5 x 1073 ¥ 20. Averaged  probabilities in each interval.
¢) Weighted so Reactor Safety Study equals all critics combined,
d) Subjectively revised to produce more realistic probability at high A,.

L0?
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between the RSS and the critics is in the estimate of the mean; fhe
critics consistently place their estimates factors of 10-30 higher

than the RSS. The revised RSS + critics estimate for the prior dis-
tribution on A reduces Ag and klO spreading the likelihood over the
&

estimate of the prior distribution since even critical appraisal shows that

8~intervals. This reflects, in our opinion, a more reasonable

_-A will not be as high as the unrevised estimate.

D.S.i-;Likélihood Function

New evidence B defined as r* is a function of the number of
"observed" melts in T* reactor years of commercial experience fol-

lowing Apostolakis and Mosleh [6]:
=i - .- @

A modified Poisson distribution was used to describe the likelihob&

function. P(BIA ) for four different combinations bf,?alues for T*

h |
and T* (Table II): .
N ":
KON L
Prt|r) = piimny e AT (3)

whére T'(r*+l) = Gamma function (I'(1.06) = .96874). Results of'this
pr;cédure are shown in Table II. Note that the larger the background
of experience (i.e., 88 T + ), the more péaked becomes the Poisson
distribution for the likelihood function about the ratio r*/T* (in

our calculations, r*/T* is set at '99.7::10"5 yr-l).




Table II

CORE MELT EXPERIENCE DISTRIBUTIONS

* *
. Gx=9.7x 1079y
Interval 1 2 3 4 5 6 7 8 9 10
Core Melt 4x1078| 8x1070 | 3x10™> |sex1075 |1.5x107% |3x107% | 6x107%] 1.2x1073| 3x1073 | 5x1073
Frequency A 4 .
* = .03
™ = 310 yrs .831 .847 .875 .888 .885 .863 | .803 .680 .400 .219
¥ = .06
™ = 620 yrs .718 747 .798 .820 .816 .775 671 | 482 .;67 .050
r* = ,12 '
™ = 1240 yrs .558 .603 | .688 727 .719 .649 .486 .251 .030 .003
= .24 ' : -6
T* = 3480 yre .360 421 .548 .612 .598 487 .273 .073 .oql 8x10
* .
¥ = "observed" number of core melts
™ = total reactor years of operation
I(r*+1) = Gamma function (I'(1.06) = .96874)

60¢C
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D.5.3 Sample Calculation of Posterior

A typical calculation of the posterior distribution om A reflect-
ing both RSS + critic prior information and commercial operating ex-
perience in the likelihood function is shown in Table III. This_par-.»
ticular calculation also includes the impact of Three Mile Island in
the experience base as reflected in the‘%ikelihood function. One ;al—
culation was made to answer the question. what>wodld be the postérior
if the probability of a meltdown at Three Mile Island was about. the
same as at Browns Ferry when the fire incident occurred [14]; using
Apostolakis and Mosleh's estimate for the Browns Ferry incident of
.03, then r* = .06.with T* the number of commercial years of experi-
ence as of 1979 of about 620 reactor-years (620 years was chosen be-
cause it doubles Apostolakis and Mosleh's estimate of reactor ex-;:
perience while retaining the same ratio for r*/T*. Alsd.EPRI has
used this number in their ATWS work (see section IITI.A)).. X

The procedurg followed is also shown in Table III: (i) estimate
the prior using the appropriate calculations and assumptions (i.e.,
here based on the RSS + critics viewpoints weighted for rel#tive
validity), (ii) calculate the likelihood of a core melt as reflected
in e%e cumulative reactor experience to date placing subjective proba-
bility estimates on any events that may be comstrued to have come
reasonably close to a core melt (i.e., Browns Ferry and/or Three Mile
Island), (iii) multiply the prior with the likelihood P(A jle)P(B]xj)
for each range of A and sum, and (iv) divide %B(lee)P(BIAj) into

J
P(Ajls)P(BIAj) to arrive at the posterior distribution P(AjIB,s)'.




EFFECT OF TMI -~ "INDUSTRY"

Table III

ESTIMATE

(PTMi = 0.03)
Interval 1 2 3 4 5 6 7 8 9 10 X
Core Melt 4x10-8 | 8x1078 | 3x1075 | 8x1075| 1.5x107%| 3x10™% | 6x107%| 1.2x1073| 3x1073 |, 5x10”
Frequency Aj U
Weighted
RSSHCritics P(lee) .0073 .025 .273 174 .139 .098 .079 .086 .048 .071
r* = .06 : ‘
™ - 620 yr p(lej) .718 L747 .798 .820 .816 f775 .671 482 .167 .050
P(Ajle)P(BIAj) .005 .019 .218 .143 .113 .076 .053 041 .008 .004 .680
P(len,e) .007 .028 321 .210 .166 112 .078 .060 .012 .006

112
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D.6 Results

D.6.1 Impact of Three Mile Island

Two cases were examined in computing a posterior distribution on

A3 use of a "reasonable" estimate for the probability of TMI having

become a core melt accident of PTMI A~ 0.10 such that r* = .03 + .10 =
.13, (1i) use of a critics estimate on PIMI = .75 such that r* = A
.03 + .75 = .78, and (iii) use of an "industry" estimate of P = .03

™I
(discussed in II.C above).* Results of the calculations are showﬁ in
Tables IV and V for the "reasomable" and "ecritic's" estim#te of PTMI’
and are compared to the "industry" result in Figure 2. (Note that in
these calculations, the weighted RSS + critics estimates for the prior
distribution is'utilized.) The fesu;ts show that the "industry" and
"reasonable" estimates do not change the estimate on the core melﬁj
frequency much when compared with the prior estimate buﬁ that the
"critic's" estimate does comsiderably. The median values of eachi?f
the resulting postgrior distribution are shown in Figure é for the.
"industry" (I), "reasonableJ (R) and "ecritic's" (C) estimates; an
order of magnitude difference in A islseen between the indust%& and

critic viewpoints.

D.6.2 Impact of Reactor Operating Experience

The impact of the number of reactor years of commercial oper-
ating experience T* on the posterior estimate is shown in Figure 3 .

for T* = 310, 620, 1240, and 2480 reactor-years. The effect is to

- :
These values for Ppyy are chosen more for example than on any more
profound base of justification. Thus, results are representative

onliy.
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peak the distribution about lxlO—4 and to sharpen the cut off at the

Shr-l

upper end of A. This assumes r*/T* stays constant at 9.7x10
thus allowing for a proportionate increase in the number of events
related to core melt.

D.6.3 Bayesian Combination of RSS and Critics

When Reactor Safety Study estimated A . -

critics estimate varying up to a factor of 30 higher. In part III.A

= 5x10™° with the

of this paper, the RSS and critic'estimates for A the core melt fre-
quency were combined into a prior estimate on A.-- It is also pos-
sible to apply Bayes - theorem to arrive at a posterio;idistribution
based on a combination of the RSS and critics distributions on A. The
result of such a calculation is shown in Figure 4. Note that the re-
sulting posterior (i.e., RSS + critics composite distribution) GXT;
hibits less uncertainty than either the RSS or critics distributibn
on A. Because of this seeming reduction in uncertainty, the use_pf
Bayes thebrem as a method for arrivipg at a composite distributioﬁ ;
to be used as a represent#tion for the prior distribution does not

seem warranted. Details of the Bayesian calculation for afriving at a

composite of the RSS + critics are given in Table VI.

D.6.4 Caveats in Applicatiéns of Bayes Theorem .

The preceding example serves to illustrate the care that must be
taken in applying Bayes theorem for purposes of probabilistic esti-
mation. Careful interpretation of results using the Bayesian approach
can eliminate many possible pitfalls. In applying Bayes theorenm,
it is important to note that the theorem itself treats all existing

data and expert opinion equally as valid and that in many cases the
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resulting posterior will exhibit a lesser degree of uncertainty than
either the prior or likelihood functions. That is why the composite
RSS + critics distribution derived above using the Bayesian approach
exhibited less uncertainty when in fact the actual controversial»
nature of the validity of ei&her the RSS or critics estimates would
imply a wider spread fo; the composite distribution.

To illustrate this result a simple example is now given.';
Suppose an uncertain variable 6 is estimated by both subject A and
subject B. Suppose that A estimates 8 to fall betwgen 1 and 4 .and B
estimates 6 to fall between 4 and 7. ;f .. A and ﬁ are both equally
legitimate sources of information (i.e., A and B's estim#tes are of
equal validity), then the resulting narrow posterior distribution on §
as shown in Figure 5 is a proper composite of the two distribdtioﬁé.
However, if the interpretatidn of A and B is that either.estimate
could be qung,lthen a more proper composite might be a distributién
that peaks betwéen 4 and 5 but ipclpdes the possibility that é caﬁ’
still fail betweenlo and 7. Tﬁe point of this exercise is to caution
against applications of Bayes theorem when A and B's estimatéé are
not totally independent unbiased estimates. In the case of the reactor
core melt frequency controversy this observation may hold especially
valid since the critics estimates are simple mnltipies of the RSS re-
sults and are clearly dependent estimates.

D.7 Conclusions/Further Discussion

In applying Bayes theorem to estimation problems the following
points should be noted: (i) the posterior distribution will likely

exhibit a lesser degree of uncertainty than either the prior or
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likelihood distributions, (ii) because of (i), Bayes theorem may not
be useful for arriving at composites of distributions that reflect
controversial opinions as the resulting composites represent concensus,
and (iii) the relative importance of the prior and likelihood functioms
on the posterior is reflected in the spread or variance of the respec;
tive distributions. In-the particular application addressed here, 
sbecifically the impact of TMI on the reactor core melﬁ frequencj A,

we find that estimates on the probability that TMI approached a core
melt (PTMI) of between. .03-.10 did not shift the RSS estimate'sig—
nificantly [15]. On the other hand, if one perceives TMI as a "mear
miss" (i.e;, PTMI > .75), the core melt frequency is shifted upward.
Bayes theorem can be a useful tool for providing a mathematical
framework to update probabilistic eétimates in the light of new ex%
perience and experimental data. However, it must be used with coﬁmon

sense.




Figure 2 Effect of TMI on Posterior Distribution for Core Melt Frequency. ‘

x=—x PRIOR (RSS +CRITICS)

a--—-a INDUSTRY (R*=.06)

- 0——0 REASONABLE (R*=.13)
no——a CRITICS (R*=.78)

0.3

=

p :
no

© PROBABILITY
o

T*= 620 REACTOR YRS.

9T¢




PROBABILITY

Figure 3

-

Effect of Operating Experience on the Core Melt Frequency Estimgte.

A------A 3]0 REACTOR YEARS

0—-——0 620 REACTOR YEARS
- O— —0 1240 REACTOR YEARS
x———x 2480 REACTOR YEARS

CORE MELT FREQUENCY

N .
N\ -
AN\
-
L1 R | .
T T Mm m
l£;2 l(:) 'ng l£;2 l(:) 0 : jl'\{)\
<. X % < x Ox
— N < N

LT?




Figure 4
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Figure 5 Caveats in Applying Bayes Theorem: A Simple Example.
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" EFFECT OF TMI - "REASONABLE" ESTIMATE

Table IV

(Ppyyg = 0+10)

Interval 1 2 3 4 5 6 7 8 9 10 X
Core Melt 4x1078 | 8x1078 | 3x107> | 8x10™ 1.5x107%| 3x10™ [ 6x107* [1.2x1073| 3x107 | sx10”

requency Aj : . .
Weighted . '
ReStCriticst (A41€[-0073 | L025 | .273 174 .139 .098 .079 .086 | .048 .071

* ’ .
r, = .13 .
T* = 620 er(Bij) .487 .531 .622. | .685 712 .710 645 | .487 | .180 .056
P(Ajle)P(nlxj) - |.004 .013 170 §119‘ .099 .070 .051 042 .0086 .0040 | .5798
p(len,e) .007  |..022 .293 .205 171 121 .088 072 | .015 .007

0ce




Table V

EFFECT OF TMI - "CRITICS" ESTIMATE
(Pryg = 0-75)

Interval 1 2 3 4 5 6 7 8 9 10 r
Core Melt -6 - -5 -5 -4 <4 -4 - - -
FTequencyvAj 4x10 8x10 3x10 8x10 1.5x10 3x10 6x10 1.2x10 3x10 5x10
Weighted :

RS+ Crltics P(Ajle) .0073 | .025 .273 174 .139 .098 .079 .086 .048 .071

* 78 ( )

r =, ; .

T™* = 620 yr P(BIAj) .010 .017 047 .099 .154 241 344 .407 .273 118

P() j| €)P(B|A 5 7x10™ | 4x107" | .0130 | .0172 | .0214 | .0236 | .0272 | .0350 | .0131 | .0084 | .1592
P(Ay |B, €) .0004 | ,0025 | .0816 { .1080 | .1344 | .1482 | ,1708 | .2198 | .0823 | .0528
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Table VI

CORE MELT FREQUENCY ESTIMATE:

. REACTOR SAFETY STUDY MODIFIED BY CRITICS COMPOSITE

Interval 1 2 3 4 5 6 7 8 9 ‘10 L
Core Melt -6 ’ -6 - -5 -4 -4 =4 -3 -3 -3
Frequency Aj 4x10 8x10 3x10 8x10 1.5x10 3x10 6x10 1.2x10" 3:;10 5x10

-5
RSS: 5x10 - 4 -5 -6
X factor of 5 P(A j|ra) .009 .040 .451 .261 .161 .061 | .014 2x10 1x10 6x10
gritics P(B[X,) .005 .011 .094 .088 .117 .135 143 167 .096 .143
omposite j
P(A jle)P(BIAj) 4,8x10° 4.3x10“’ .042 .023 .019 .0083 .0021 3.4x10°]9.6x10" 7 |1.4x10~7 |.0950
P(Ajls,e) 1.0005 .0045 AN .242 .198 .087 .022 .0004 | 1x107° |1.5x10"

(444
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This represents, we believe, a fairly "pro-industry" estimate of
the likelihood of core melt aversion at TMI; others may argue

-this value for P is too high.

i

™I

In the authors' opinion, TMI was not a "near-miss" and perhaps
can be categorized with the Brown's Ferry incident such that

estimates of PTMI = ,03-.10 seem reasonable.




