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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

REVISION OF SERVICE WATER MODEL FOR UNITS 2 AND 3 

The Indian Point Probabilistic Safety Study model for service water 
system failures has been revised to provide more detailed and rigorous 
descriptions of these scenarios. The effect of this modification is 
shown in the new section, Section 1.3.0.3, pages 1.3-6A-1 through 
1.3-6A-4. These modified pages should be placed immediately following 
page 1.3-6. Changes resulting from the service water model modifications 
are given in Section 1.3.0.3. Because these changes do not affect the 
final risk results and have only a minor impact on core melt frequency, 
they have not been propagated throughout the remainder of the study.  

Original Analyses Have Been Modified By 

Sections Pages Sections Pages 

1.3.2.1 1.3-13 through 1.3-15 1.3.0.3 1.3-6A-1 and 1.3-6A-2 

1.3.3.7 1.3-124 and 1.3-125 1.3.0.3 1.3-6A-2 and 1.3-6A-3 

1.3.5 1.3-237 through 1.3-650 1.3.0.3 1.3-6A-4 

After filing these pages, place this change summary sheet behind the new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY, STUDY 

AMENDMENT 1 

REVISION OF ATWS MODEL FOR UNITS 2 AND 3 

The Indian Point Probabilistic Safety Study model for ATWS events has 
been revised to provide more detailed and rigorous descriptions of these 
scenarios, and to reflect the fact that the ATWS mitigation system 
actuation circuitry (AMSAC) modification will not be installed at the 
present time. The replacement pages should be filed with the original 
sections to which they relate as indicated in the table below. Changes 
due to the ATWS revision are included in Sections 1.3.3, 1.3.4.13, 
1.3.5.13, and 1.3.6.13. Because these changes do not affect the final 
risk results and have only modest impact on core melt frequency, they 
have not been propagated throughout the remainder of the study. While 
adding the replacement pages, you may wish to mark the original pages 
identified below as "superseded" and retain for reference in tracking, 
results through the balance of the study.  

Have, Been Replaced 
Section Original Analyses By the Following Pages 

On These Pages (Place-These Pages Behind Last 
Page of Original Analysis) 

1.3.3 1.3-131 through 1.3-134 1.3-131 through 1.3-134 

1.3.3 1.3-143 through 1.3-146 1.3-143 through 1.3-146 

1.3.4.13 1.3-225 through 1.3-236 1.3-225 through 1.3-236 

1.3.5.13 1.3-421 through 1.3-442 1.3-421 through 1.3-442A-2 

1.3.6.13 1.3-627 through 1.3-648 1.3-627 through 1.3-648A-2 

After filing these pages, place this change summary sheet behind the new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

REVISION OF CONTENTS FOR SECTION 7 

Please replace the original pages of the table of contents, list of 
tables, and list of figures for Section 7, External Events, with the 
attached: ii through xii.  

After filing the modification pages, this change summary sheet can be 
destroyed.



AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

UNIT 2 PLANT MODIFICATION TO REDUCE POTENTIAL SEISMIC EFFECTS 

In the IPPSS, it was determined that one of the major contributors to 
core melt frequency and risk was seismic initiated events. For seismic 
events, the dominant contributor was the potential impact between the 
control building and the Unit 1 superheater building. The gap between 
the two buildings was increased and rubber bumpers were installed to 
reduce shock loads should the buildings impact under extreme peak ground 
a ccel erati ons.  

The effect of this modification to Unit 2 is analyzed in the new section, 
Section 7.2.4A.1, pages 7.2-13 through 7.2-14A-2 and pages 7.2-50A-1* 
through 7.2-50A-3. The replacement and modification pages (pages 7.2-13 
through 7.2-14A-2) should be placed immediately following page 7.2-14; 
pages 7.2-50A-1 through 7.2-50A-3 should be placed immediately following 
page 7.2-50. While adding the replacement pages, you may wish to mark 
the original pages "superseded" and retain for reference in tracking 
results through the balance of the study.  

The fragility. analysis for the modification is presented in 
Section 7.9.3.1. This new section should be placed immediately before 
Section 7.9.4.  

After filing the pages, place this change summary sheet behind the new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

UNIT 2 CONTROL ROOM CEILING ANALYSIS FOR SEISMIC EVENTS 

A more detailed fragility analysis of the Unit 2 control room ceiling was 
made. Additional consideration was given to the likelihood of ceiling 
panels falling and incapacitating the operators in the control room and 
the effect on core melt frequency. This analysis for Unit 2 is 
incorporated in the new section, Section 7.2.4A.2, pages 7.2-14A-3 
through 7.2-14A-6. The modified pages should be placed immediately 
following page 7.2-14A-2..  

After filing these pages, place this change summary sheet behind the new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

UNIT 3 CONTROL ROOM CEILING ANALYSIS FOR SEISMIC EVENTS 

A more detailed fragility analysis of the Unit 3 control room ceiling was 
made. Additional consideration was given to the likelihood of ceiling 
panels falling and incapacitating the operators in the control room and 

the effect on core melt frequency. This analysis for Unit 3 is 
incorporated in the new section, Section 7.2.5A.1, pages 7.2-21 

through 7.2-21A-2. While adding the replacement pages, you may wish to 
mark the original page 7.2-21 "superseded" and retain for reference in 
tracking results through the balance of the study.  

After filing these pages, place this change summary sheet behind the new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

CORRECTIONS TO SWITCHGEAR ROOM FIRES FOR UNIT 3 

In the IPPSS review process, it was noted that the charging pumps in 
Unit 3 are dependent on the availability of the component cooling water 
system. When this is included in the fire analysis, the two fire 
scenarios of the switchgear room coalesce and become one. The critical 
cables within the switchgear room are routed through four stacks of cable 
trays at the eastern end of the room. One outer stack contains only two 
power cables, one for a charging pump and the other for a containment fan 
cooler. The power cables of all the component cooling pumps are in the 
other three stacks of trays. In the IPPSS, it was assumed that if that 
outer tray is unaffected by a fire (the first of the two scenarios), RCP 
seal failure would be prevented with that single charging pump and core 
melt would depend on the unavailability of the unaffected turbine-driven 
auxiliary feedwater pump. In the second scenario, a larger fire affects 
all four trays and leads to RCP seal failure and damage state SE. When 
the dependency between charging pumps and the component cooling system is 
included, the first scenario becomes identical to the second scenario.  
Thus, a smaller fire (more accurately, a fire of lesser duration) leads 
to RCP seal failure and damage state SE.  

The impact of these changes is presented in revisions to Section 7.3, 
pages 7.3-75 and 7.3-76, 7.3-101 and 7.3-102, 7.3-104 through 7.3-106, 
7.3-109 through 7.3-111, 7.3-118 through 7.3-123, and 7.3-132. While 
adding the replacement pages, you may wish to mark the original pages 
"superseded" and retain for reference in tracking results through the 
balance of the study.  

After filing these pages, place this change summary sheet behind thd new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

UNIT 2 PLANT MODIFICATION TO REDUCE POTENTIAL FIRE EFFECTS 

In the IPPSS, it was determined that one of the major contributors to 
core melt frequency and risk was fire initiated events. For fire events, 
the dominant contributors to fire initiated core melt were fires in the 
switchgear room and the electrical tunnel. A modification was made to 
Unit 2 to significantly reduce the amount of time required to activate 
the existing alternate shutdown system by routing power to vital 
components without passing through these two zones.  

The effect of this modification to Unit 2 is analyzed in the new section, 
Section 7.3.1A.1, pages 7.3-47A-1 through 7.3-47A-19, pages 7.3-63A-1 
through 7.3-63A-18, and page 7.3-74A-1. The modified pages should be 
placed immediately following pages.7.3-47, 7.3-63, and 7.3-74, 
respectively.  

After filing these pages, place this change summary sheet behind the new 
tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT I 

UNIT 3 PLANT MODIFICATION RESULTING FROM APPENDIX R ANALYSIS 

A modification is being made to Unit 3 in order to comply with Appendix R 

to 1OCFR50. Power to one CCS pump, a charging pump, and a service water 

pump is being routed so that these power cables do not pass through the 

switchgear room and the electrical tunnel area.  

The effect of this modification to Unit 3 is analyzed in the new section, 

Section 7.3.2A.1, pages 7.3-1I1A-I through 7.3-111A-23, pages 7.3-123A-1 

through 7.3-123A-24, pages 7.3-132A-1 through 7.3-132A-2, and 
page 7.3-133A-1. The modified pages should be placed immediately 

following pages 7.3-111, 7.3-123, 7.3-132, and 7.3-133, respectively.  

After filing these pages, place this change summary sheet behind the new 

tab, "Index of Changes."
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AMENDMENT 1 
IPPSS DEC 1982 

INDIAN POINT PROBABILISTIC SAFETY STUDY 

AMENDMENT 1 

UPDATE OF SUMMARY RESULTS 

Amendment 1 of the IPPSS presents analyses for the addition of seismic 
bumpers to the Unit 2 control building and for other modifications to 

Units 2 and 3 that together reduce the.contribution to core melt and 

release frequencies from seismic and fire. Revision to the service water 

system and ATWS model are also included.  

The impact of these changes on risk is presented, in revisions to 

Sections 8.1 and 8.2, pages 8.1-1 through 8.1-7, 8.2-2, and 8.2-3. The 

corresponding revisions to Sections 8.3, 8.4, and 8.5 are not included at 

this time. While adding the replacement pages, you may wish to mark the 

original pages "superseded" and retain for reference in tracking results 
through the balance of the study.  

After filing these pages, place this change summary sheet behind the new 

tab, "Index of Changes." 
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SECTION 0.  

METHODOLOGY,., 

0.1 INTRODUCTION AND PURPOSE 

The purpose of this section is to give an overview of the basic metho
dology of risk analysis used in this safety study. Various individual 
segments of this methodology are developed in greater depth in later 
sections. The emphasis here is on the overall structure and flow of the 
process and on how the various segments fit together. The section, is 
divided into three major parts: Part 1, Definition of Risk; Part 2.,, 
Modeling and Analysis; and Part 3, External Events.  

To do a risk assessment, we obviously must first agree upon a precise 
and usable definition for the word risk. This is the purpose of Part 1.  
This part begins (in Section 0.2) by discussing some qualitative aspects 
of the notion of risk as used in this study. It then proceeds, in 
Section 0.3, to give a quantitative definition of risk in terms of a set 
of envisioned scenarios, or sequences of events, together with the prob
ability and damage associated with each. This definition is called the 
"Level One" definition of risk. Section 0.4 explains the sense in which 
the word "probability" is used in this definition. For several reasons, 
given in this section, it is desirable to expand the Level One defini
tion so that it may encompass some further subtleties of the idea o' 
risk. Section 0.5 gives such an expansion and refers to it as the 
"Level Two" definition of risk. This latter definition then becomes the 
basis for the methodology of the study and the format for the presenta
tion of the results.  

Once the definition of risk is established, Part 2 then deals with the 
methods used to actually model and quantify the risk in a nuclear plant.  
Thus, with risk now defined fundamentally in terms of a list of 
scenarios, the next question is: "How does one identify and structure 
the scenarios on the list?" This question is addressed in Section 0.6.  
The key analytical device here is the "event tree" which is a structured 
presentation of the myriad of scenarios branching out of any given 
initiating event. Another key device is the notion of "pinch point" 
which allows the event trees to be partitioned into three segments: 
"plant," "containment," and "site." 

With the scenarios identified and structured in terms of event trees, 
the next step is to determine frequencies of the various paths through 
the trees. This is done in terms of "split fractions" at the branch 
points of the tree in the manner discussed in Section 0.7.  

Section 0.8 then addresses the question of assembling the information 
from this myriad of scenarios into a final presentation of the risk.  
The method chosen for this assembly takes maximum advantage of the

0-1



structural properties of the list. Indeed, these properties and this 
method allow the results to be presented in a very clean and compact0 
matrix form. This form also provides great visibility into the perfor
mance of various parts of the plant. Thus any potential problems can be 
readily seen and the effects of proposed hardware or procedure changes 
readily evaluated.  

Sections 0.2 through 0.8, therefore, describe the definition of risk in 
terms of a list of scenarios; the identification, structuring, and 
quantifying of the list; and the assembly into a final presentation of 
risk curves. This much may be considered the "main stream" of the 
methodology. The remaining sections describe the numerous tributary 
flows into this stream.  

Thus, Sections 0.9 and 0.10 describe the determination of the split 
fractions in terms of the frequencies of more basic "elemental" events.  
Section 0.11 describes the site modeling and consequence analysis, given 
releases of radioactivity from the containment. Sections 0.12 and 0.13 
review some of the basic mechanics of probability distributions and 
probabilistic calculations. Section 0.14 outlines the sources of infor
mation about the elemental events and the basic mathematical principle 
(Bayes'. theorem) for combining these different types of information into 
probability distributions for the frequencies of elemental events.  
Section 0.15 discusses the treatment of an important type of elemental 
event; human error. Section 0.16 discusses some further aspects of the 
process of combining "elemental" probability distributions during the 
course of system analysis. Several important pitfalls are identified 
here relating to the dependence of probability distributions and the use 
of lognormal curves.  

Part 3,. Ext 'ernal Events (Sections 0.17 through 0.20), provides detail on 
the methods used for seismic, wind, and fire analyses; and a review of 
the methodology with respect to the question of completeness.
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PROBABILISTIC RISK ASSESSMENT METHODOLOGY

Part 1 
DEFINITION OF RISK
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0.2. QUALITATIVE ASPECTS OF THE NOTION OF -RISK 

The, purpose. of risk. analysis is, of course9;- to support rational decision
making,, .-When the decision options involve complicated .tradeoffs of 
different, kinds of risk and different kinds of costs and.benefits, it is 
necessary to do the risk assessments for each option in-a quantitative 
andtformal-,mahner. To do a quantitative assessment of risk, it is, in 
turn, necessary to begin by establishing a precise and mathematical 
definition of risk, such that :it can be quantified.. This will be done 
in Sections 0.3 and 0.5. Before even this, however, it is useful to 
discuss some qualitative aspects, and particularly, to make distincti.ons 
between the notions of "risk," "uncertainty,-" and "hazard." 

0.2.1 THE DISTINCTION BETWEEN RISK AND UNCERTAINTY 

Suppose you have just come into an inheritance. Until the auditors are 
done, however, you are not sure how much you will get after estate taxes.  
It may be 1 or 2 million dollars. You would then say you were in a 
state of uncertainty, but you would hardly say that you were facing 
risk. The notion of risk, therefore, involves both uncertainty and some 
kind of loss or damage that might be received. We could express this 
idea, compactly, in the form of a symbolic equation 

Risk = Uncertainty x-Damage 

Observe in this symbolic equation that if damage is zero, then risk is 
zero. Observe also that if uncertainty is zero, then so is risk. There 
is no risk without uncertainty. Thus, if we knew the roof would 
collapse tomorrow, that would be unfortunate, but there would be no risk 
connected with it.  

0.2.2 THE DISTINCTION BETWEEN RISK AND HAZARD 

In the dictionary (Reference 0-1) hazard is defined as "a source of 
danger." Risk is the "possibility of loss or injury" and the "degree of 
probability of such loss." Hazard, therefore, simply exists as a source.  
Risk includes the likelihood of that source being converted into an 
actual loss, injury, or other form of damage. This is the sense in 
which these words are used in this study. For example, the ocean can be 
said to be a hazard. •If we attempt to cross in a rowboat, we undergo 
great risk. If we use the Queen Elizabeth, the risk is small. The 
Queen Elizabeth thus is a device used to safeguard against the hazard, 
resulting in small risk. As in Section 0.2.1, this idea can be 
expressed in the form of a symbolic equation, 

R isk = Hazard 
Safeguards 

This equation further brings out the thought that we may make risk as 
small as we like by increasing the safeguards but may never, as a matter 
of principle, bring it to zero. Risk is never zero, as long as hazard 
is present, but it can be small.
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In a similar way the radioactivity contained in the core of. a'nuclear, 
reactor is a hazard and, were -it to be spread through the surrounding 
population, it could domuch damage. The same coulid be said of the ; 

water in the Hudson River. .The question in both cases is: -Given the 
hazard, what is the risk? -This leadsto additional questions:. Shall we 
institute further safeguards? How much effort is required to implement 
these safeguards? How much do they reduce risk? Could this same effort 
be more productively applied to gain greater risk reduction-'or to create 
benefit in some other way-or in some other application? 

To answer such questions in a -rational way, and to have any hope of 
reaching a workable consensus on them, we need to define the idea of 
risk in a precise, quantitative, and reproducible way. This is the 
topic of the next section which follows generally the approach of 
Reference 0-2.  

0 
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0.3 THE QUANTITATIVE DEFINITION OF RISK (LEVEL ONE) 

0.3.1 THE '.'SET OF TRIPLETS" IDEA 

In analyzirtg risk we are attempting to envision how the future will turn 
out if we undertake a certain course of action (or inaction). Fundamen
tally, therefore, a risk analysis consists of ananswer to the following 
three questions:

What can happen, i.e., what can 
How likely is it that this will 
If it does happen, what are the 
damage?

go wrong?.  
happen? 
consequences;.i.e.,, what is the

To answer these questions we make a list of the possible outcomes of the 
proposed action, each with its likelihood and consequence as suggested 
in Table 0.3-1.  

TABLE 0.3-1 

SCENARIO LIST 

Outcome or Likelihood Consequence 
Scenario or Damage 

Sl P1 Xl 
s2 P2 x2 

;N PN XN 

Since an outcome of a course of action generally involves a whole 
sequence of events, we begin using in this table the word "scenario" a's 
equivalent to outcome. The ith line in the table thus can be thought of 
as a triplet 

<si, Pi, Xi> 

where 

si = a scenario identification or description, 

Pi = the probability of that scenario, and 

xi = the consequence or evaluation measure of that scenario, 
i.e., the measure of damage.



If this table contains all the scenarios we can think of, we can then 
say that it (the table) is the answer to the questions* and therefore is 
the risk. More formally, using braces,{}, to denote,"set of" we can 
say that the risk, R, "is" the set of triplets, 

R = {<si , Pi, xi>}, i = 1, 2, ... N 

This definition of risk as a set of triplets is our first level defini
tion. We shall refine and enlarge it later. For now, let us see how 
this definition may be given a pictorial representation.  

0.3.2 RISK CURVES 

Imagine now, in Table 0.3-1, that the scenarios have been arranged in 
order of increasing severity of damage. That is, the damages xi obey 
the ordering relationship 

x1 < x2 < x3  < .. <x N 

Now add to the table a fourth column in which we write the cumulative 
probability, adding from the bottom (Table 0.3-2). The cumulative prob
ability is represented by the upper case P as shown.  

TABLE 0.3-2 

SCENARIO LIST WITH CUMULATIVE PROBABILITY 

Scenario Likelihood Consequences Cumiulative Probability 

s' Pi P1 a P2 P1 

s2 P2 x2 P2 0 P3 + P2 

Si Pi Xi Pi Pt I P1 

sH-1 P1-1 X-1 PN- 1  Pi PX.1 

%Pw XW Pw, P 

If we now plot the points < xi, Pi >, we obtain the staircase 
function shown as a dashed line in Figure 0.3-1.



STAIRCASE FUNCTION

,SMOOTHED RISK CURVE

P 

L 

X1  X2  ............... XN 

Figure 0.3-1. Risk Curve 

Let us next note that what we called "scenarios" in Table 0.3-1 are 
really categories of scenarios. Thus, for example, the scenario "pipe 
break" actually includes a whole category of different kinds and sizes 
of breaks that might be envisioned, each resulting in a slightly 
different damage, x.  

Thus, it can be argued that the staircase function should be regarded as 
a discrete approximation to a continuous reality. So, if we draw a 
smoothed curve through the staircase, we can regard that curve as repre
senting the actual risk. Hence we call it the "risk curve." When a 
risk curve is plotted on a log-log scale it takes on the characteristic 
concave downward shape shown in Figure 0.3-2. In this case, the asymp
totes have the interpretation of "maximum possible damage" and "prob
ability of any damage at all." 

LOG P 
P MAX 

X MAX 

- LOG X

Figure 0.3-2. Risk Curve on a Log-Log Scale

0.3.3 COMMENTS ON THE DEFINITION 

Risk is often defined in the literature as "probability times conse
quence." In keeping with the set of triplets idea, it is-preferable now 
to say that "risk is probability and consequence." In the case of a
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single scenario the probability times consequence viewpoint would equate 
a low probability, high damage 'scenario with a high probability, low 
damage scenario. These are clearly not the same.  

In the case of multiple scenarios, the probability times consequence 
view corresponds to saying that the risk is the expected value of damage, 
i.e., the mean of the risk curve--a single number. This study takes the 
point of view that it is not the mean of the curve but the curve itself 
which is the risk. A single number is not a large enough concept to 
commnunicate the idea of risk. It takes a whole curve.  

Now actually, a curve is not a large enough concept either. It takes a 

whole family of curves to fully communicate the idea of risk. This is 

the basis for the Level Two definition, which we shall come to shortly.  
First, there are some further points to discuss in connection With the, 
Level One definition.  

0.3.4 MULTIDIMENSIONAL DAMAGE 

In'the case of a nuclear plant, as in many other applications of risk 
analysis, it is appropriate to identify different types of damage, e.g., 
loss of life and loss of property. In these cases, the damage, x, can 
be regarded as a multidimensional or vector quantity rather than a 

single scalar. The risk curve then can be thought of as a risk surface 

over the multidimensional space as suggested in Figure 0.3-3.  

Y0 

0 
cc 

DAMAGE TYPE ONE 

Figure 0,.3-3. Risk Surface 

Alternatively, the risk can be expressed with a series of figures like 
Figure 0.3-2, one for each type of damage. This is the procedure 
adopted in the Reactor Safety Study (RSS), Reference 0-3. We shall also 
adopt it here.0
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0.3.5 COMPLETION OF THE SCENARIO LIST

One of the criticisms of the RSS may be paraphrased as follows: 

A risk analysis is essentially a listing of scenarios. In redlity, 
the list is infinite. Your analysis, and any analysis, is peIrforce finite, hence incomplete and inherently limited. Therefore, no 
matter how thoroughly and carefully you have done your work, I am 
not going to trust your results. I'm not worried about the 
scenarios you have identified, but about those you have not thought 
of. Thus, I am never going to be satisfied.  

The critic here has a valid point about risk analysis. The implied 
conclusion, that we should not build nuclear reactors, is not valid; for 
whatever course of action, or nonaction, is proposed in place of 
building reactors must also be subject to a risk analysis. That risk 
analysis will also have the same inherent limitation as the RSS. That limitation in itself, therefore, cannot be used to argue for one branch of the decision tree over another since it applies to all branches.  

Nevertheless, the critic has made a good point about the risk analysis 
formalism. Let us see, therefore, what can be done to improve the 
formalism to address this point.  

One tactic that comes to mind, in light of the fact that the si are categories of scenarios, is to include another category, SN+1, to the 
list. We may call this category the "other" category. By definition, 
it contains all scenarios not otherwise included in the list. Corres
pondingly, we would now say that the risk is the set of triplets 

R = {<si, Pi, xi>}, i = 1, 2, ... N+1 

which includes all the scenarios we have thought of and also an allow
ance for those we have not thought of. Thus extended, the set of 
scenarios may be said to'be logically complete.  

It seems at first glance that what we have done here is simply a logical 
trick which does not address the fundamental objection. It is a little 
bit more than a trick, however. For one thing, it takes the argument 
out of the verbal realm and into the quantitative realm. Instead of the 
emotional question, "What about the things that have not been thought 
of?" We have: "What probability should be assigned to the residual 
category SN+1?" 

Once the question has been phrased in this way, we can proceed in a 
rational manner, in the same way we do to assign any probability. We ask: What evidence do we have on this point? What knowledge? What 
relevant experience? In particular, we note one piece of evidence that 
is usually present--namely, that scenarios of the type SN+1 have not yet occurred. If they had, we would have included them elsewhere on the 
list.

0-10



How much is this piece of evidence worth? This is a question that can 
be answered rationally and objectively within the framework of the 
theory of probability, using Bayes' theorem. Within this framework, the 
answer is not a matter of opinion but a matter of logic. This usage of 
Bayes' theorem will be discussed more particularly, in Section 0.14.2, 
and the "other" category more generally in Section 0.20. Right now, 
before going any further, it is important to explain the sense in which 
we have been using the word "probability." This is the purpose of the 
next section.
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0.4 PROBABILITY 

The meaning of probability has been the source of argument for at least 200 years, since the time of Laplace and Bayes. The major polarization of the argument is between the "objectivist" and the "subjectivist" schools. The objectivists or "frequentists" view probability as something external, the result of repetitive experiments. The "subjectivists" view probability as an expression of an internal state--a state of knowledge or a state of confidence.  

In this study we adopt the point of view that both schools are right; they are just talking about two different ideas. Unfortunately, they both use the same word--which seems to be the source of most of the confusion. We need, therefore, to give each idea the dignity of its own name. We do this by calling one idea "frequency" and the other "probability." In the next section, we carefully explain the distinction made in this study between these two words. This distinction is fundamental to understanding the methodology, language, and numerical results 
of this study.  

0.4.1 THE DEFINITION OF PROBABILITY AND THE DISTINCTION BETWEEN 
PROBABILITY AND FREQUENCY 

What the objectivists are talking about we shall call "frequency." What the subjectivists are talking about we shall call "probability." Frequency refers to the outcome of an experiment of some kind involving repeated trials. Thus, frequency is a "hard," measurable number. This is so even if the experiment is only a thought experiment or an experiment to be done in the future.  

Probability, on the other hand, is a different notion. The introduction of this notion is motivated by the observation that rarely in life do we know anything with complete certainty. We thus need a way to communicate our state of confidence on any particular matter, so that we may make the decisions that need to be made under the uncertainty that is inevitably present in any decision situation.  

Thus, probability is a numerical scale introduced to quantify states of confidence, states of knowledge, or degrees of belief.* To make this notion useful, we must clearly define the connection between the numerical scale and the state of confidence.  

*Defined in this way, as a measure of a state of mind, probability is by definition "subjective." This does not mean, however, that it is loose, floppy, or a matter of opinion. Quite the contrary, probability is a disciplined way of expressing what state of confidence is justified by and consistent with the evidence at hand, with the experience, the information, and the logical reasoning. When new evidence or information becomes available, the probability changes, again in a precise, disciplined, and logical way. These changes, which express the evaluation of the evidence, are governed by Bayes' theorem, which is described in Section 0.14.2.
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This can be done in several ways. The most direct, however, is to- use 
frequency in the following way. Suppose we have a lottery basket 
containing coupons numbered from 1 to 1,000. Suppose the basket is 
thoroughly mixed and that you are about to draw a coupon blindfolded.  

We ask: Will you draw a coupon numbered.632 or less? With respect to 
this question you experience a certain state of confidence. Similarly, 
I experience a state of confidence with respect to this same-question.  
Let us agree to call this state of confidence, "probability 0.632,"I 
equal to the frequency of such draws in an infinitely repeated experi
ment. Now we both know exactly what we mean by p = 0.632.  

So if you now say that the probability of your latest business- venture 
succeeding is 0.632, 1 know exactly what your experiential state of 
confidence is. We have communicated! 

In -the same way, we define or "1calibrate" the entire probability scale, 
from zero to one, using frequency as a standard of reference. Note that 
the process used here is entirely parallel to the way by which we define 
"1red," "chair," "seventeen," and all other words or symbols; that is, we 
first establish a common experience, and then agree on a symbol to asso
ciate with it.  

This method of definition shows the intimate connection between prob
ability and frequency. This connection needs to be recognized always, 
but at the same time must not be allowed to obscure the fundamental 
difference. Frequency is used to calibrate the probability scale in a 

"bureau of standards" sense. Once the calibration is established, ,we 
then use probability to discuss our state of confidence in areas where 
we are dealing with one-time events and have no frequency information at 
all.  

In this way we free ourselves from the restrictions of the relative' 
frequency school of thought (i.e., that only mass repetitive phenomena 
can be analyzed probabilistically). Instead, we create for ourselves a 
systematic, disciplined theory and language for dealing with rare events, 
for quantifying risks, and for making decisions in the face of the 
inevitable uncertainties. Thus, we are able to make those decisions and 
take the consequent actions with the knowledge that these are the best 
decisions and actions possible in light of all the information available 
to us.  

This, then, is the definition adopted in this report. The following 
paragraph from unpublished notes by E. T. Jaynes provides additional 
insight: 

Probability theory is an extension of logic, which describes 
the inductive reasoning of an idealized being who represents 
degrees of plausibility by real numbers. The numerical value 
of any probability (A/B),will in general depend not only on A
and B, but also on the entire background of-other propositions 
that this being is taking into account. A probability assign-
ment is "subjective" in the sense that it describes a state of
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knowledge rather than any property of the "real" world; but it 
is completely "objective" in the sense that it is independent 
of the personality of the user; two beings faced with the same 
total background of knowledge must assign the same 
probabilities.  

The following paragraph by A. DeMorgan provides further elaboration.* 

We have lower grades of knowledge, which we usually call 
degrees of belief, but they are really degrees of knowledge 

..It may seem a strange thing to treat knowledge as a magni
tude, in the same manner as length, or weight, or surface.  
This is what all writers do who treat of probability, and what 
all their readers have done, long before they ever saw a book 
on the subject ... By degree of probability we really mean, or 
ought to mean, degree of belief ... Probability then, refers 
to and implies belief, more or less, and belief is but another 
name for imperfect knowledge, or it may be, expresses the mind 
in a state of imperfect knowledge.  

0.4.2 THE DISTINCTION BETWEEN PROBABILITY AND STATISTICS 

Corresponding to the above definitions of frequency and probability as 
numbers, we may say that statistics, as a subject, is the study of 
frequency type information. That is, it is the science of handling 
experimental data. On the other hand, probability as a subject is the 
science of states of information. This includes cases where experi
mental data is available and also where it is not.  

Thus, one often hears it said that we cannot'use probability because we 
have little data. In light of our current definitions, we see that this 
is a misunderstanding. When one has little data, there is nothing else 
o ne can do but use probability.  

0.4.3 COMMENTARY ON THE DEFINITIONS OF FREQUENCY AND PROBABILITY--AN 
EXAMPLE 

We shall give a simple, tutorial example to further clarify the concept 
of probability and to reinforce the distinction between probability and 
frequency.  

If I tossed a coin and asked you for the probability of it coming up 
heads, you will of course say .5. If I tell you that I have just tossed 
the coin 10 times and obtained 7 heads, and now ask for the probability 
of a head on the next toss, you will still very likely say .5. If, 
howiever, I tell you that I have tossed it 100 times and the frequency 
was .7, 70 heads, now you will begin to suspect that the coin is not 
equally balanced, and the probability you give for heads on the next 
toss may move up-say to .6.  

*Further discussion of the foundations of the subjectivistic theory can 
be found in References 0-4 through 0-7..
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If I tell you the frequency has been .7 in 10,000 trials, you will be 
convinced and will assign a probability of .7 to the next toss.  

This example helps bring out the distinction between probability and 

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

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

0.4.4 THE MEANING OF "THE" PROBABILITY--RELATION TO THE PHILOSOPHICAL 
BASIS FOR RISK ASSESSMENT 

But what is "the" probability? Here our language plays tricks on us.  
There is no such thing as "the" probability--as if it were something 
external--there is only "your" probability, based on the evidence you 
have and "my" probability based on the evidence I have.  

But, you say, suppose we toss the coin N times and plot the frequency of 
heads, *(N), as a function of N. As N gets larger and larger, *(N) 
will approach a limiting value. That value is 'The" probability. Well, 
you could define it so. In this study, we find it more useful to call 
that limiting value "the" frequency--the frequency in an infinite 
experiment--and reserve the word probability to refer to the state of 
confidence at any moment.  

There is another sense, however, in which it can be said that there is a 

"the" probability. This is in the sense of the last sentence of Jaynes' 
definition. Any two idealized beings, "rational" beings, given the same 
total background of evidence and experience must assign the same 
numerical value of probability to a given proposition. That value could 
be said to be "the" probability. It is independent of the personality 
of the user, hence "objective." 

This idea of rationality or coherence is the mathematical cornerstone of 
our approach to risk assessment. For, if two rational beings, given the 
same body of information, will evaluate probabilities the same way, then 
by our definition, Section 0.3, they will also evaluate risk the same 
way. Thus a given specific body of information will imply and require a 
specific quantitative value of risk, and this value is objective and 
independent of who evaluates it.  

0.4.5 TWO METHODS FOR DISCUSSING UNCERTAINTY: THE "PROBABILITY 
OF FREQUENCY" FRAMEWORK 

There are two basic methods for quantifying uncertainty, corresponding 
to two different questions. These can be illustrated in the context of 
another coin flipping example. In "Method One" we ask: What is the 
probability of a head on the next toss? Alternately, in "Method Two" we 
say: I am going to toss the coin 10,000 times. We then ask: What is 
the frequency, i.e., the percentage of heads going to be?
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In Method One, we simply answer with a'number, our state of confidencet 
on the prospect of a head on the next toss, as reflected for example in 
the odds we would take in a bet.

In Method Two we are asked 
to be done in the future.  
our prediction in the form

to predict the outcome, , of an'experiment 
Since we do not know this outcome, we express 
of a probability curve against it, e.g.:

Frequency of Heads

Thus in the second method we are led to 
curve against frequency as a way of, or 
state of knowledge.

the notion of a probability 
a framework for, expressing our

This notion of probability of frequency and this distinction between 
Method One and Method Two are central to the Level Two definition of 
risk, Section 0.5, and to the understanding of this study generally.  
The following section therefore expands upon this notion.  

0.4.6 REASONS FOR INTRODUCING THE NOTION OF PROBABILITY OF.FREQUENCY 

* Reason 1: First let us note, coming back to the coins, that the 
answer to the first question can be derived from the answer to the 
second. Thus, having given the probability of frequency curve p( ) 
we would then, consistent with that, express our probability of 
heads on the next try as

1.0 

p(head) = f c p( )d

That is, the expected frequency, in Method Two, is the probability 
in Method One. We see thus that the second method includes or 
encompasses the first. The reverse cannot be said. Thus Method Two 
is a fuller, more complete way of talking about uncertainty.

0-16



* Reason 2: Moreover, the need for a more complete way is evident 
from a perusal of existing safety and probabilistic literature.0 
Once a probability has been calculated, people inevitably ask: How 
accurate is that probability? How confident are you in that number? 
In response to such questions authors of probabilistic studies have 
been led to introduce such notions as confidence bounds on prob
ability and probability of probability, etc.  

In the context of our definition, Section 0.4.1, phrases such as 
"1probability of probability" make no sense. It is not meaningful to 
ask how confident you are in your state of confidence. It is mean
ingful , however, to ask how confident you are in your prediction of 
the result of a repetitive experiment. Thus the probability of 
frequency notion provides a suitable framework within which the0 
inevitable questions can be given a quantitative meaning.  

* Reason 3: Another indication of the need for the Method Two 
approach becomes visible in the following situation: If I tell you 
this is an honest coin and ask for the probability of a head on the 
next flip, you will promptly answer .5. If I now tell you the coin 
is biased, but do not tell you in which direction, you will again 
answer .5 but this time after some hesitation. Your state of know
ledge with respect to the outcome of the toss is the same--you would 
make the same bet--but somehow there is a difference in the way you 
feel. The probability of frequency notion is an appropriate one for 
bringing out this difference. For in the first case, the prob
ability versus frequency curve would be strongly clustered about 
(p = .5. In the biased coin case, the curve would be very broad-
in fact, it would be bimodal with a strong dip at *=.5.  

HO NEST 
COIN 

BIASED 
76 CO IN 

0 0.5 1.0 

Frequency, 

Let us take an extreme example of this. Suppose I tell you that the 
coin is the same on both sides--but do not tell whether it has two heads 
or two tails. Your state of knowledge, assuming of course that you are 
absolutely certain of my veracity, would be expressed precisely by a 
probability versus frequency curve consisting of two delta functions, 
located at * = 0.0 and * = 1.0, and each including an area of 0.5.,
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Reason 4: In the course of this safety study, we often calculate 
the likelihood that a system will fail from historical data on the 
frequency of failure of the system's components.

Historical data available are often sparse.  
tions of component failure rates, therefore, 
rates with "high" and "low" as well as "best

The published compila
usually quote these 
estimate" values.

Thus, standard industry compilations of failure data already express 
our degree of knowledge of component reliability in one way or 
another as a probability curve against frequency of failure. Given 
this form of component information, it is appropriate also to 
express the system reliability in the form of probability of failure 
frequency.  

0 Reason 5: For events which are termed "external events," such as 
earthquakes, the frequency of occurrence is usually expressed in a 
"frequency of exceedance" diagram as follows: 

z 

LU 

04 
XW 

LU 

W XW 

U.  

zwU 

Mwcc 

SEVERITY OF OCCURRENCE. X 

Here the ordinate, 0(X1 ) over the point X1, is the frequency 
with which an event of severity X1 or greater occurs. Severity 
would be measured in the case of earthquakes, for example, as peak 
ground acceleration.
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Now, if we had a great deal of measured data, we would actually know 
the above frequency of exceedance curve, O(X). Actually, we have 
uncertainty about this curve and therefore express this uncertainty 
by putting forth a family of curves, with probability, P, as 
parameter.

Such a family of curves thus expresses our state of knowledge of the 
seismicity at a particular location. It is another example of the 
use of the probability of frequency concept. A similar family of 
curves is used to describe our knowledge of the frequency of severe 
winds.

Our probability 
is accumulated.  
priate tool for 
Section 0.14.

curves are subject, of course, to change as new evidence 
This revision must be done coherently, and the appro
this is Bayes' theorem, which is described in

0.4.7 THE DISTINCTION BETWEEN FREQUENCY DISTRIBUTIONS AND PROBABILITY 
DISTRIBUTIONS 

Our definitions can now be used to distinguish two further situations 
which are often confused with each other.  

Let x denote the height of an individual person selected at random from 
a population. If we now measure the height of each person, we can draw 
a frequency distribution showing what fraction of the population falls 
in each height increment.  

If the population is large, we can, by a limiting process, express this 
distribution as a continuous curve, a frequency density distribution, 
*x(x), Figure 0.4-1.
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JfK
Figure 0.4-1. Population Variability Curve

The units of *x(x) are thus frequency per unit x, or fraction of 
population per unit height. This whole curve is an experimental, 
measured quantity. It portrays the variability of the population. The 
value of x varies with the individual selected. It is a truly fluctu
ating or random variable.  

Now contrast the situation where we pick a specific individual (say Joe) 
in the population and ask what his height, xoe is. Since we do not 
know his height for sure, we express our state of knowledge about it in 
the form of a probability density function as in Figure 0.4-2.

P(Xjoe)

xJoe

State-of-Knowledge Curve

The units here are probability per unit height.  
not a random or fluctuating variable. xj is a 
is just that we do-not know what it is. This is 
tion from Figure 0.4-1.

In this case, XJoe is 
definite number. It 
a very different situa-

Thus, Figure 0.4-1 is the frequency distribution of a random, or fluc
tuating, variable. Figure 0.4-2 is the probability distribution for a 
fixed, nonfluctuating, but unknown quantity.  

This distinction between population variability curves and state of 
knowledge curves must be kept in mind when analyzing data on failure 
rates and initiating event frequencies from specific plants and from 
other plants and other industries.
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0.5 THE LEVEL TWO DEFINITION OF RISK 

Having defined the meaning of the word probability, as used in this 
study, we now return to the definition of risk.  

When one presents a risk curve, one question that is invariably asked 
is: "How confident are you in that curve?"* In view of our usage of the term probability, the risk curve already expresses our state of 
confidence. It appears thus as if the question is asking: "How confident are you in your state of confidence?" In this form the question 
seems like a nonsense question. However, there is a valid thought behind it. What we need to do, therefore, is to expand our framework in 
such a way that within the enlarged framework the question can be given 
a precise meaning and then answered precisely.  

0.5.1 RISK CURVES IN FREQUENCY FORMAT 

For this purpose the Method Two probability of frequency idea is used in 
the following way. We imagine a thought experiment in which we undertake the proposed course of action, or inaction, many, many times. At 
the end of this experiment we will be able to look back at the records 
and ask: "How frequently did scenario si occur?" This frequency will then be an experimentally measured number. Let us denote it by pi.  
Its units are occurrences per trial.  

At the end of the experiment, therefore, we will have the set of numbers, 
pi, and the set of triplets 

{<si, i, xi>} i=1,.... N+1 

As in Section 0.3.2, we could then compute the cumulative frequency 

X.>X.  

(where the sum is over all scenarios having damage equal to or greater 
than xi). Also as in Section 0.3.2, we could now plot o versus x, obtaining Figure 0.5-1. This whole curve may be regarded as the outcome 
of our thought experiment.  

*For example, the major criticism by the Lewis Committee (Reference 0-8) 
of the RSS had to do with the uncertainty of the risk curves.
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Figure 0.5-1. Risk Curve in Frequency Format 
(Outcome of Thought Experiment) 

0.5.2 INCLUSION OF UNCERTAINTY 

Now, since we have not actually done the thought experiment of the 
previous section, we have uncertainty about what its outcome would be.  
The degree of uncertainty depends upon our total state of knowledge as 
of right now;. upon all the evidence, data, information, and experience 
with similar courses of action in the past. We seek, therefore, to express this uncertainty using, naturally, the language of probability.  

Since the thing we are uncertain about is a curve, Npx), we express 
the uncertainty by embedding this curve in a space of curves and 
erecting a probability distribution over this space.  

Pictorially, this is represented by a diagram of the form of 
Figure 0.5-2.
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Figure 0.5-2. Risk Curve in Probability of Frequency Format 

This figure may be called a "Risk Curve in Probability of Frequ Lency 
Format" or alternatively a "Level Two Risk Diagram." It consists ofa 
family of curves, op(x), with the parameter being the cumulative 
p robability. To use this diagram we would, for example, enter with a 
specific x value and choose, say the curve P = 0.90. The ordinate of 
this curve, D 90(x), is then the 90th percentile frequency of x.  That is, we are 90% confident that the frequency with which damage 
level x or greater occurs is Cp*9 0(x) or less., 

Figure 0.5-2 is the pictorial form of the Level Two definition of risk.  
It'is of interest to express this definition also in terms of the set of 
triplets idea.  

0.5.3 SET OF TRIPLETS INCLUDING UNCERTAINTY 

In listing our set of triplets for a proposed course of action, suppose 
we now acknowledge that, to tell the truth about it, we do not know the 
frequency with which scenario category si occurs. We would then 
express our state of knowledge about this frequency with a probability 
curve 

pi( i) probability density function for the frequency wit, of 

the ith scenario 

Thus we now have a set of triplets in the form 

R = {<si, pi(4i), x.i>} (0.5-1) 
which set of triplets, we could say, is the risk including uncertainty 
in frequency.  

From the set (0.5-1) we can construct the risk family, Figure 0.5-2, by 
cumulating frequencies from the bottom in a manner entirely parallel to 
that used in Section 0.3.2.
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Similarly, if there is uncertainty in the damage also, we would have the 
set of triplets 

R = {<si, pi(4i), qi(xi)>1 (0.5-2) 

or more generally, 

R = {<s.i, pi( i,xi)>} (0.5-3) 

using a joint distribution on i xi. In cases (0.5-2) or (0.5-3) 
we can also construct the family of risk curves. It is conceptually and 
computationally much cleaner, however, to stick with the form (0.5-1) if 
possible. One way of doing this is to make the damage level part of the 
definition of the scenario. There is then no uncertainty in the xi.  
All the-uncertainty is then in the functions pi(4i).* 

0.5.4 COMMENTS ON THE LEVEL TWO DEFINITION 

Figure 0.5-2,,or equivalently Equations (0.5-1), (0.5-2), or (0.5-3), 
constitutes the expanded, Level Two definition of risk. Observe that 
the Level One and Level Two definitions of risk correspond to Method One 
and Method Two of Section 0.4.3. Observe also that Level Two includes 
the Level One definition in the sense that the expected frequency, 
T(x), at any x is the probability P(x) at that x. Thus we have lost 
nothing in going from Level One to Level Two and have gained the ability 
to explicitly include uncertainty in the calculation of risk. This 
ability will be particularly useful where the fundamental input data on 
failure rates is uncertain, as it always is.  

Finally, note again that our Level Two definition *of risk is "subjec
tive" in the same sense that probability itself is (i.e., it expresses 
an internal state of knowledge rather than any property of the "real" 
world). On the other hand, as Jaynes points out in the last sentence of 
his definition (Section 0.4.1), any two rational observers given the 
same totality of information must calculate the same Figure 0.5-2, and 
thus agree on the quantification of risk.  

In this sense, the Level Two definition of risk is "absolute" and 
"fobjective." It depends upon the evidence at hand, but other than that 
is independent of the personality of the user.  

0.5.5 "CUTTING" THE FAMILY OF RISK CURVES 

In the Level Two definitions, Figure 0.5-2, let us draw a vertical line 
which cuts the family of curves at a specific damage level, xl. The 
intersection of this line with the family leads to the curve of 

*The price paid for this bit of legerdemain is that the distributions 
pi may now not be-independent from one i to another. That is, our 
state of knowledge of *j may now be dependent upon our knowledge of 

j-Of course, this could also be true without the legerdemain. It 
is something to be aware of in either case.0
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P vs o(xl), a cumulative probability curve as shown in Figure 0.5-3.  
This curve may be differentiated to yield a bell curve or probability 
density function which expresses our state of knowledge about the 
frequency with which events of level xI or greater occur.  
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Figure 0.5-3. Development of "Cut Curves" From Level Two Family 

Curves of this type, called "cut curves", will be useful in Section 8 
for identifying the key physical contributors to the family of risk 
curves. Section 8 will also make use of the Level One definition of 
risk in discussing the contribution to risk from various "internal" 
events. This is used, for purposes of clarity, as an intermediate stage 
in building to the full Level Two presentation.
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PROBABILISTIC RISK ASSESSMENT METHODOLOGY

Part 2 
MODELING AND ANALYSIS
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0.6 IDENTIFYING AND STRUCTURING' THE"SCENARIo , LIST 

In light of our definition of risk as a set of triplets, it is clear 
that the first step in a 'risk anal ysis must beto make a list ,of 
possible scenarios. It is desirable,-in principle, to makethiS list as 
long as possible,: i.e.,to think of and'separately identify as many 
scenarios as we can. In the case of a nuclear plant, the .:list can 
easily run into the billions. It is necessary, therefore, to develop 
methods for identifying scenarios and for organizing and structuring the 
list so that it can be comprehended. These methods are the subject of 
this section.  

We begin in Section 0.6.1 by following a deductive line of thought that 
leads to identification of possible initiating'events. The next two 
sections discuss the event tree method for organizing the myriad of 
possible scenarios which can emanate from any given initiating event.  
Section 0.6.2 discusses the "plant" event tree which follows the 
scenarios up to the point where either the reactor is stabilized, or 
plant damage has occurred. At this point, as suggested in Figure 0.6-1, 
a coalescence of scenarios or-"pinch point" occurs. That is, given that 
a certain state, yj, of plant'damage has occurred, the remainder, or 
downstream portion-of scenarios is the same irrespective of how that 
damage state was reached.  

INITIATING PLANT STATE RELEASE DAMAGE EVENT CATEGORY STATE 

PLANT MODEL -[~ MODEL SITE MODEL 

Figure 0.6-1. Structuring of Scenarios--Relationship of Pinch Points 

The next portion of the scenarios is modeled by a "containment event 
tree." This tree follows the progress of the scenarios through the 
containment from the plant damage state to the occurrence or nonoccur
rence of a-release of radioactivity to the environment. Thus, the entry 
states to the containment event tree are the plant damage states, i.e., 
the exit states from the plant event tree.  

The exit states from the containment are called "release categories," 
each specifying a certain quantity and mix of radioisotopes released.  
At this point, another pinch point occurs. in that, the effects in the 
environment of a given category of release. -a-re. the- same irrespective of 
the particular scenario that led,. to that release. .  

The environmental effects are-then studied byla "site model" which takes 
the release category as its 4nput, event,: follows the movement' of the 
radioactivity, and computes the final damage state, xZ, in terms of 
public health effects.
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0.6.1 IDENTIFYING SCENARIOS--INITIATING EVENTS AND THE MASTER LOGIC 
DIAGRAM 

We turn now to the task of identifying scenarios that might lead to a 
release of radioactivity to the environment. In particular, we wish to 
identify events which have the potential to initiate such scenarios. We 
refer to such events as "initiating events" or "IEs." Each IE is the 
root of a branching family of scenarios, some of which may lead to 
release..  

As an aid to identifying these IEs and these scenarios, we use the 
device of a "Master Logic Diagram" shown in Figure 0.6-2. This diagram 
traces the thought process that follows from the question "How can a 
significant release to environment occur?" Level I in the diagram 
represents such a release. Level II then says that if such a release 
occurs, it must originate either in a,damaged core or in- a noncore 
source of radiation such as the spent fuel storage pool or the gaseous, 
liquid, and solid waste facilities. Past experience and analysis 
(Reference 0-9) have clearly shown that releases from thecore are by 
far the major source of risk at a nuclear power plant and, therefore, 
the remainder of the Master Logic Diagram emphasizes the core branch.  

Level III then expresses the fact that a release from the core to the 
environment can occur only if the core is damaged and simultaneously 
there is a failure of the containment function.  

The next question is "How can core damage occur?" Level"IV answers that 
this can occur only if either there is an excess production of power in the core or if there is a loss of cooling capability.  

Following the excess power branch, the only way this could occur is if 
there were an increase in reactivity. We are thus led, at Level VII, to 
category 13 of initiating events, "Core Power Increase." The next ques
tion is "What IEs can lead to core power increase?" This question and 
others like it can be answered out of experience and understanding of 
the reactor phenomena, and out of a study of compilations of Licensee 
Event Reports (LERs), Final Safety Analysis Reports (FSARs), and other 
pertinent literature. In the present study, the IEs which have been 
identified for the plant are discussed in detail in Section 1.1.  

Following the loss of cooling branch we see at Level V that loss of 
cooling can occur only if there is a failure of the primary coolant 
boundary, and therefore a loss of coolant,,or if there is a loss of heat 
removal capability which, in turn, will lead to opening of pressure 
relief valves and thus also to a loss of coolant.  

Failure of the primary coolant boundary can occur in various ways which, 
in Figure 0.6-2, are grouped into four categories: large, medium, and 
small LOCAs; and leakage to secondary coolant. Loss of heat removal can 
result from IEs which are divided, at Level VI, into two types: "direct" 
and "indirect." Under each of these are-four further categories of IEs, 
as shown at Level VII. The indiv.idual, IEs contributing to the Level VII
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categories are listed in Section 1, Table 1.1.1-1. They are divided 
-there into "internal'" plant.events and "external events.' In this 
latter category are fires, earthquakes, floods,..etc.  

0.6.2 STRUCTURING"THE LIST--THE PLANT EVENTTREE 

Having identified the initiating events, we now ask, "what happens 
next?" That is, how does the initiating event. propagate through the 
plant? The most useful tool for systematically thinking through this 
question is the event tree diagram, introduced in the RSS, and used in 
the present study in Section 1.3.  

Figure 0.6-3 is a symbol'ic representation of an event tree diagram.  
Arrayed across the top are various systems in the plant, e.g., reactor 
protection system, auxiliary cooling system, etc. At the left we enter 
the tree with the initiating event and then ask, "Does system A work or 
not?"- Thus the tree branches at this point, the upper branch repre
senting "system A works" and the lower "system A fails." At system B 
there is another branching, and so on.  

MWT TREE DIAGRAM 

II A C ** ": .... STATE 

Y1 

YO 

Ys 

Figure 0.6-3. Structuring the Scenario List--The Plant Event Tree 0 
In this way the tree diagram is developed. Each path through the tree 
thus represents a "scenario"--an envisioned sequence of events beginning 
with the specified initiating event and. leading to a "plant damage 
state", represented by. the symbol yj.

These plant damage states are defined In terms of the conditions in the 
reactor vessel, the type and degree of coherence of core melt, and the 
status of the fan coolers and containment spray systems. These states 
are chosen and defined with sufficient specificity that once such a 
state has occurred the subsequent events in the containment are the same 
irrespective of the path by which that state was reached. As a result
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of this definition, a coalescence of scenarios occurs at this point 
which structures. the scenarios list, organizes the'computations, and 
greatly clarifies-the interpretation of the results. ......  

Also noted in Figure 0.6-3 is the fact that a given system need not be 
restricted to the two states, "works" and "fails." In some cases it is 
appropriate to use a multistate model of-the system, thus representing 
various states of partial failure. Electric power, for example, is 
treated in this way. How many states should be used for a given system 
is a question of modeling detail or "degree of aggregation" just as is 
the question of the number of systems identified in the event tree in 
the first place.  

An event tree is a model of plant behavior. It can be made more 
accurate and more realistic by distinguishing more systems at the top 
and more states for each system. This study generally uses more 
detailed event trees than does the RSS or other studies of this type.  
Although this makes the event trees, of course, more complex, it also 
makes the fault trees much simpler and results in a study that is more 
verifiable and more "scrutable." 

Another point to be made is that, while we seek to make the model as 
realistic as possible, to the extent that some inaccuracy is necessarily 
inherent in this and every model, we attempt to take this inaccuracy on 
the conservative side. Thus we design the model so that where in doubt 
it gives overstatements of the risk; that is: 

* -Overstatements of the frequencies of scenarios.  
0 Overstatements of the damage.  
0 Overstatements of the uncertainties.  
For example, if we model a system with a two-state model, "succeeds" or 
"fails," even though the real system may have intermediate, partial 

success states, then we interpret the "success" state as being total 
success:. That is, any partial failure of the system is modeled as 
total failure. The frequency used for the failed state includes the 
frequency of any partial failures. Thus, when we simplify our model in 
this way, we do it so that the model gives results on the conservative 
side. This, of course, is just typical engineering practice everywhere.  

0.6.3 THE CONTAINMENT EVENT TREE 

The previous section described the development of event trees beginning 
with an initiating event, turbine trip or LOCA for example, and 
continuing to the point where either the disturbance is controlled and 
the plant stabilized, or there is core damage or melt. If there is 
core damage or melt, we then enter a second tree called the containment 
tree, which represents the subsequent progress of the scenarios. This 
tree, described fully in Section 2, is. represented symbolically in 
Figure 0.6-4. The entry states to this tree are the exit states from 
the plant. tree, i.e., the plant damage states. In the containment tree 
such questions are asked as: Does the reactor vessel melt. through? Is 
the core debris coolable? Does an overpressure develop? The set of
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questions asked encompasses all the phenomena relevant to any of the 
scenarios stemming from the various plant damage states. It addresses 
the phenomenological questions in an approximate chronological order:.

PLAHT RELEAS 

STATS r C i. SATI 

Ca

Figure 0.6-4. Containment Event Tree

The containment tree thus models the path of the scenarios from core 
damage to release or nonrelease of radioactivity outside the plant.  
Now, once a given quantity and mix of radioisotopes has been released, 
the subsequent atmospheric dispersion is a matter of wind speed, direc
tion, etc. It does not matter how the isotopes came to be released.  

Therefore, at this point we again impose a pinch point on the scenarios 
by defining a discrete set of. "release categories" represented by the 
symbols Pk. Each Pk stands for a particular quantity and mix of 
isotopes, released with a particular time dependence, at a particular 
elevation or by means of a particular pathway through the containment 
structure.  

The Pk therefore constitute the output states of the containment 
event tree.  

A release category is assigned to each path of the tree, as shown in 
Figure 0.6-4, based on the physical process represented by that path.  
These release categories are essentially those used in the RSS. Modifi
cations were made for some categories to account for new assessments of 
phenomenol ogy.  

0.6.4 THE SITE MODEL 

Given that a particular release has occurred, the site model then deter
mines the consequent damage. The site model, as described in Section 6, 
is embodied in an elaborate computer program called CRACIT (Calculations
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of Reactor Accident Consequences Including Trajectories). This program incl 'udes representation of the topography, meteorology, and demography specific to the site. For each particular release, this model traces 
the movement of the radioisotopes, their possible deposition on the ground, and their effect on the population present. The resulting 
damage calculated depends not only on the specific release category but also on such things as the weather conditions at the time (wind direction, speed, precipitation, etc.), the population pattern, the mitiga
tion actions implemented, etc.  

Conceptually, these latter variables may be thought of as the top events 
of an event tree, so that an event tree diagram could actually be drawn for the site model. There is no particular value in doing this, however, other than conceptually. It is important, though, to recognize that each combination of these variables defines a segment of a scenario just as each path through the plant and containment trees defines segments of scenarios. By linking these segments together we obtain total scenarios reaching from initiating events to final states of damage. The CRACIT code, in effect, runs several thousands of different weather combinations, including changes in weather and wind direction during the course of the incident. Thus, the number of different scenarios, already large up to the point of release, is multiplied by thousands at this point.  

The output of the site model is the damage that occurs as a result of 
the release. Several different measures of damage are used: early deaths, early injuries, thyroid cancers, latent cancer fatalities, and whole body dose (man-rem). Let the variable x stand for a typical one of these measures, and let xQ represent a discrete value of x. Then the site model can be thou ghtlof as a mapping, as shown in Figure 0.6-1, 
which takes us from release categories Pk to damage states xt.

0-33



0.7 QUANTIFYING EVENT TREES 

Each path through an event tree is characterized by the particular entry 
state and by the failed systems in the path. For example in the simpli
fied plant event tree diagram of Figure 0.7-1 consider the scenario 

S = I A 1W C 1U (0.7-1) 

meaning, the scenario consisting of initiating event or entry state I 
followed by success of systems A and C, and failure of B and D. This 
scenario is represented by the darkened line in the diagram (the lower 
branch at each node represents failure of the system).  

INTATING A 8 C I EVENTD 

NODE l 

SCENARIO 
IAICB 

Figure 0.7-1. Simplified Plant Event Tree Diagram 

The frequency of this scenario may be written 

(S) = 4(I)f(AII)f(BIIA)f(CIIAB)f(DIIAB-C) (0.7-2) 

where 

(S) = the frequency of scenario S.  

4(1) = the frequency of initiating event I.  

f(AII) = the fraction of times system A succeeds given that I has 
happened.  

f(fIIA) = the fraction of times system B fails given that I has 
happened and A has succeeded.  

f(CIIAB) = the fraction of times C succeeds given that I has 
happened, that A has succeeded, and B has failed.  

f(1-jIAIC) = the fraction of times D fails given I, A, IT, and C.  

The quantities f(A II), etc., are called the "split fractions" at the 
nodes of the tree.
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What this means exactly, for example, is that in our thought experiment 
out of all sequences which reach node B1, the fraction f(WIIA) takes the 
lower branch at this point.  

The split fraction concept is not limited to nodes with two branches.  
Therefore, to generalize the notation, let fnj denote the split 
fraction for branch Z at node n.* 

With the split fractions established at each branch point, we may then 
calculate the frequency of each scenario path as the frequency of the 
initiating event, times the appropriate split fraction at each branch on 
the path, i.e., 

*(S) = €(I) f1 1 f2 2 ... f n n ... (0.7-3) 

where 9n is the branch chosen by the path at node n.  

Now note in Equation (0.7-3) that if we divide by *(I) we obtain 

4= fi f 2  "'" f "' =f(S) (0.7-4) 

Here, the term on the right side, the product of split fractions along a 
given path, thus has the interpretation of "conditional frequency" or 
the split fraction of that path. That is, out of all the times initi
ating event I occurs in our thought experiment, f(S) is the fraction of 
times in which scenario S results.  

In this way we then may compute the split fraction for each path in the 
tree. These numbers thus characterize the tree itself, without refer
ence to the frequency of the incoming entry state.  

*Note here that we are adopting the Method Two mode of description of 
uncertainty. That is, we imagine a thought experiment in which we enter 
this node or branch point n many, many times. The fnk are the split 
fractions observed in this experiment. Since we have not, in fact, done 
this experiment, we shall have to express our uncertainty about its 
outcome by giving probability distributions against the fn," 

If we had adopted a Method One point of view corresponding to a 
Level One definition of risk? we would replace the symbols fnj by 
pX and would now call them 'split probabilities" or "branch prob
abilities" p X would now be the conditional probability, given 
that we enter Dranch point n, of emerging in branch Z. There would 
now be, of course, in the Method One way of talking, no uncertainty in 
the PnL since there is no uncertainty about probabilities. The 
Pn. already express our state of uncertainty.
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Now let us focus attention on a particular exit state, say yj, and let 
Sih denote a particular scenario going from entry state i to exit 
state yj. By summing overall such scenarios we obtain 

m i.=i h f(Sih) (0.7-5) 

which has the interpretation 

mij = split fraction, or conditional frequency, from entry state i 
to exit state yj 

That is to say, out of all the times entry state i occurs, mij is the 
fraction of times that exit state j occurs.  

To recapitulate then, what is meant by the phrase "quantifying an event 
tree" is the following process: 

1. Specify the split fractions fnk at each branch point in the tree 
diagram.  

2. Specify the exit state, yj associated with each path.  

3. Compute the split fractions for each path.  

4. Sum the split fractions of all scenarios between each entry state 
and each exit state to obtain the numbers mij.  

This process is carried out in detail for the plant event trees in 
Section 1 and for the containment tree in Section 2.
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0.8 ASSEMBLING THE SCENARIO INFORMATION INTO FINAL RISK CURVES--THE 
MAIRIX VERSION OF EVENT TREES 

This section outlines the process by which the final risk curves are 
assembled, in Section 8, from the following bodies of information: 

* Plant event tree.  
* Containment event tree.  
* Site (ex-plant) consequence analysis.  
* Initiating event frequencies.  

0.8.1 THE MATRIX FORMALISM 

A key idea (Reference 0-10), that makes the assembly process easy to 
understand, is the recognition that an event tree may be regarded as 
equivalent to a transition matrix in the sense that the tree defines the 
likelihood of moving from various input conditions (or states) to 
various output states.  

For example, in the plant event tree the entry states are the various 
possible initiating events. The exit states represent various combina
tions of in-vessel conditions, mainly pressure at time of core melt, 
containment conditions (spray, fan coolers, leakage paths), and time of 
core melt (measured from initiation of the incident). We have already 
shown that from the tree we may calculate the numbers 

mij =.the conditional frequency of leaving the plant (0.8-1) 
event tree in exit state j given that initiating 
event i has occurred.  

The set of these mij may now be regarded as constituting a matrix 

m F I m 12 m 1 3 
M L 21 m22  (0.8-2) 

which we call, naturally, the "plant matrix".  

In a similar way from the containment event tree we can obtain a 
"containment matrix" C.  

C = [cjk] (0.8-3) 

where 

cjk = the conditional frequency of emerging from the (0.8-4) 
containment tree in exit state k given that we 
enter it in entry state j.
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Now the exit states from the containment tree are the various release 
categories, Pk- The entry states for the containment tree are by 
definition the exit states of the plant tree. Therefore, the matrix 
product MC gives the frequencies of transition from initiating event i 
to release category Pk. To see this, define the product matrix A as 

A = MC (0.8-5) 

A = [aik] 

where, by the definition of matrix multiplication, 

a _ik=EmiUCjk (0.8-6) aiRj 

Thus, in light of (0.8-1) and (0.8-4), aik has the meaning 

aik = the conditional frequency of a release in (0.8-7) 
category Pk occurring given that initiating 
event i has occurred.  

We see, therefore, that the matrix MC relates to the portion of the risk 

analysis lying to the left of the release category pinch point in 
Figure 0.6-1. In a similar way the right side of the pinch point, the 
site model, may be regarded as resulting in a "site matrix," S, 

S = [ski] (0.8-8) 

where 

Skg = conditional frequency of damage level x, (0.8-9) 
or greater, occurring given that a release in 
category Pk has occurred.  

The variable x here stands for any of the damage indices, e.g., early 
deaths, thyroid cancers, etc. We presume in (0.8-8) that this variable 
has been discretized and in (0.8-9) use xZ to denote one of the 
discrete values.  

Now multiplying MC by S, we see that the product matrix 

B = MCS 

has the meaning 

B = [b I 

bij = conditional frequency of damage x,, or greater, occurring 
given that initiating event i has happened.
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0.8.2 THE INITIATING EVENT VECTOR AND THE MASTER ASSEMBLY EQUATION 

We can now introduce the row matrix 

= B4¢ '.. (0.8-10) 

where 

= the frequency of occurrence of initiating event i (0.8-11) 
(measured in occurrences per reactor year).  

4I is called the "initiating event vector." The product of this row 
matrix by the rectangular matrix M yields a new row matrix 4Y.  

4 ' =[4)., ~.. ~](0.8-12) 

related to 4)I by 

I : 1M (0.8-13) 

In expanded form, this relationship is 

= i ~m.i (0.8-14) 

Thus, in light of (0.8-1) and (0.8-11), 

4 y = the frequency of plant damage state y. (0.8-15) 

j (in occurences per reactor year).  

4)y is therefore called the "plant state vector." 

If this vector, in turn, is now multiplied by the containment matrix, we 
obtain the row matrix 4P: 

@P = Yc (0.8-16) 

p = [ 4, , ... 4{ ...] (0.8-17) 

where, by (0.8-15) and (0.8-4), 

P= the frequency of release category p (0.8-18) 
k (in occurrences per reactor year). k 

pp is therefore referred to as the "release vector."
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Finally, multiplying *P by S we obtain oi 

x = Ps (0.8-19) 

where the row vector &x 

X= [0 x ¢2 ... ... (0.8-20) 

has in its Zth position the quantity 

¢Dx = the frequency, occurrences per reactor year, of (0.8-21) 
occurrence of damage level xk, or greater.  

cX is, in effect, a risk curve in frequency format, equivalent to 

Figure 0.5-1.  

Substituting (0.8-13) and (0.8-16) into (0.8-19) we obtain the relation
ship between cX and *I as follows: 

OX = *IMCS (0.8-22) 

This equationshows how the results of the plant, containment, and site 
models are assembled with the initiating event frequencies to yield the 
risk curve. It is therefore called the Master Assembly Equation.  
A diagram is given in Figure 0.8-1 of the overall assembly process, 
showing the relationships between the various matrices, the event trees, 
and the pinch points.  

0.8.2.1 Interpretation of Terms in the Master Assembly Equation 

The terms in the master assembly equation have various useful 
interpretations. Thus, the product MCS is the transition matrix from 
initiating events to damage levels.  

Similarly, from (0.8-13) and (0.8-22), 

cX = OYcs (0.8-23) 

Thus, the product CS is the transition matrix from plant states to 
damage levels. The jth row of this matrix may thus be thought of as the 
risk associated with being in the jth plant state. In the same way, the 
kth row of S is, in effect, the risk associated with release category 
Pk, the ith row of MCS is the risk measure associated with the ith 
initiating event.  

It is also worth noting that the row matrix 

P = *IMC (0.8-24) 

so that the ith row of the product MC may be thought of as the risk from 
initiating event i if the release category itself is taken as the 
measure of damage.
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We summarize the interpretations of the product matrices as follows: 

e MC is the transition .trIix from Initiating events to release 
categories. The i,kth elepent of this matrix is the probability 
that an initiating event of type i will lead to a release of type k.  

e MCS is the transition from initiating events to damage levels. The 
i,ith element of this matrix is the probability that an initiating 
event of type i will lead to a damage of level X.  

CS is the transition from plant states to damage levels. The 
j,ith element here is the probability that damage level t will 
occur given that plant state j has occurred.  

0.8.2.2 Diagonal Forms 

Further useful information may be made visible in the matrix formalism 
by introducing diagonal forms of the row vectors *', fy, 
as follows: 

We can now form the product 

O;M.  

The ijth element of this matrix is the frequency of occurrence of plant 
state j as a result of initiating event type i. ThV column sums of this 
matrix lead to the vector 4y. Thus, by comparing *IM with 4y we can 
see the contribution of each initiating event categBry to the frequency 
of plant state j.  

Similarly, the following matrices, 

* MC 

0 1MCS 

OYS 

Ps 

allow us to see the contribution of each initiating event to the 0 
frequency of each release category and damage level, the contribution of 
each plant state to each release category and damage level, and the 
contribution of each release category to each damage level.  
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0.8.3 INCLUSION .OF EXTERNAL EVENTS WITHIN THE MATRIX ASSEMBLY FORMALISM 

Within the formalism of the master assembly equation (0.8-22), we may readily include the treatment of external events. This is done by including in the meaning of the term "initiating events" both "internal" initiating events, such as turbine trip, loss of offsite power, etc., 
and "external" initiating events such as earthquakes of various size, 
fires at various locations, etc.  

With this idea we can view the initiating event vector to be compart
mented into subvectors as in the following sketch.  

INTERNAL EVENTS - i EXTERNAL EVENTS 

-1. -

TO .. ETC--- SEISMIC FIRE JTORNADO0 

where 

1= the frequency of internal initiating event 1 

= the frequency of seismic initiating event 1 (acceleration a,) 
at the site 

f = the frequency of occurrence of fire type 1, and so on 

In a corresponding way the plant matrix M can be viewed as partitioned: 

PLANT STATES 

SEISA 
- .  

M
• -< SESMA
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so that the submatrix Ms contains the transition fractions fro 
initiating accelerations ai, to plant states yj. Similarly, M 
expresses. the transition from: various fires to the various plant states, 
and so on.  

0.8.4 INCLUDING UNCERTAINTY-WITHIN THE MATRIX FORMALISM (USING THE 
LEVEL TWO DEFINITIONOF RISK) 

0.8.4.1 Recapitulation 

In the previous sections we operated within the context of our thought 

experiment in which all the interesting quantities had actually been 
measured. We recapitulate the definition of these quantities as follows: 

I The frequency of initiating event i That is the number of 
times event i occurred in the experiment, divided 

by the total number of reactor years logged.  

mij = Out of all the times initiating event i occurred in this 
experiment, mii is the fraction of those times that the 
subsequent evelts in the plant resulted in plant exit 
state j.  

cjk = Out of all the times that the plant was in plant exit 
state j (equal to containment entry state j), C-k is the 
fraction of those times that the subsequent eve ts resulted 
in a release falling within release category Pk.  

sky= Out of all the times that a release in category k 
occurred, skz is the fraction of those times in which 
damage level xt, or greater, resulted.  

x = The number of times damage level xt, or greater, occurred 

in the experiment, divided by the reactor years logged.  

From these definitions, a relationship exists between these five quanti
ties which was expressed in the matrix equation, Equation (0.8-22), 

Ox= IMCS 

We now acknowledge that we have not done the experiment and therefore do 
not know ox. We wish, in fact, to calculate ox using this rela
tionship [Equation (0.8-22)]. In doing this, however, we must further 
acknowledge our uncertainties about the quantities * , M, C, and S 
on the right side. We must now, therefore, ask the question, "What 
uncertainty in Ox is implied by, consistent with, these uncertain
ties on the right side?" In other words, we need to "propagate" the 
uncertainties through the master assembly equation. The method for 
doing this is described in the next section.
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0.8.4.2 Combining Uncertainties--The DPD Process 

The propagation of uncertainties-through the master assembly equation, 
Equation (0.8-22), is easily done using the concept of discrete probability distribution arithmetic (See Section 0.13.3 and Reference 0-11).  Applying these concepts we express the uncertainty in the matrix M by writing M as a discrete probability distribution (DPD) as follows, 

M = {<pB' Ma>} (0.8-25) 

where the MOB are "versions" or "values" of the M matrix and pa 
are the corresponding probabilities.  

Similarly the matrices C and S are expressed as DPDs 

C = {<pY, Cy>} (0.8-26) 

S = {<p,6 S6>} (0.8-27) 

and so also is the row 4I 

I {<p , *I>} (0.8-28) 

With this done, the right side of Equation (0.8-22) is viewed simply as 
a multiplication of DPDs, which is carried out by standard DPD procedure 
to yield a final DPD for Ox, 

0 {<p O'>} (0.8-29) 

This DPD, Equation (0.8-29), is the final answer we were looking for.  
It is, in effect, a risk curve in probability of frequency format against damage variable x, and may be plotted graphically in that form.  

0.8.4.3 Comments on Numerical Aspects 

In Equation (0.8-29) c denotes a combination of the indices e, , 
y, and 6 

C <a, 8, y, 6> (0.8-30) 

and 

PC Pa P8 PY Ps (0.8-31) 

Dx 4L MB CY S6  (0.8-32) 

Equations (0.8-30), (0.8-31), and (0.8-32) are expressions of the 
standard DPD multiplication procedure applied at the level of matrix multiplication. Formally, the procedure is the same as for multiplica
tion of scalar quantities. As in the case of scalar multiplication,
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moreover, it is necessary, to. apply condensation procedures 
(Reference 0-11) in order 'to keep'the quantity of computations within 
manageable limits. This necessity-is even greater in the matrix.case, 
of course, since the amount of, computation in a matrix.multiplication is 
much greater than in. a scal ar mul tipl i cati on, accordi ng toL the si zes of 
the matrices.
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0.9 DETERMINING SPLIT FRACTIONS FOR THE PLANT TREE

Let us turn now to the question of determining the split fractions for a 
typical branch point in the plant event tree. The basic process used here, described more fully in Section 1, is to perform a system analysis 
of the system to which that branch point relates. That is, we break the 
system down to its components and determine the relationship between the 
performance of the components and the performance of the system. From 
this relationship, from the likelihood of various component failures, 
and various combinations of component-failures, the split fractions for 
the system are calculated.  

A typical system analysis (see Section 1.5.2) contains the elements 
indicated in Figure 0.9-1.  

,. SYSTEM LOGIC 

(11 BLOCK DIAGRAM 

(2) FAULT TREE 

9 , 0 

(3) FAILURE SETS (CUTSETS) I A.h B.jH. K. M ....  

II. CAUSE uST 

CAUSE 
OR CAUSE SET FREQUENCY RESPONSE RESULTS 

Figure 0.9-1. Form of a System Analysis 

After a verbal description of the system and its function, there is a 
graphic portrayal of the system structure in terms of its components.  
This is typically done with a block diagram as suggested in Figure 0.9-1.  
The next step, determining the system/component performance relation
ship, typically uses a fault tree. Such a tree embodies the results of 
systematically pursuing the question: How can the system fail? If all 
its components succeed, then the system must succeed. The fault tree is 
a device, therefore, to help us identify those combinations of compo
nents whose failure would cause system failure.  

These combinations of components are called "failure sets" or, custo
marily, "cutsets." They are most concisely expressed by boiling them 
down to what are called "minimal" failure sets or "minimal" cutsets. A
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failure set is minimal if ando.only if it is true that were we to restore 
to success any one of thec components in the set,- then, the system would 
no longer fail.  

The set of minimal failure sets for a system therefore embodies and 
expresses the logical relationship between the .system and its compo
nents. Anything that could cause failure of the system must do so by 
acting through, that is to say "causing," failure of one or more failure 
sets.  

So now the issue devolves upon what could possibly cause failure of all 

the components in a failure set. To facilitate and record the results 
of this. inquiry, a device called a "cause table" is used (see for 
example, Tables 1.6.2.3.1-6 to 1.6.2.3.1-9). The precise form of these 

tables varies from case to case. Conceptually, in its maximum develop
ment, the cause table has the form sketched in Figure 0.9-2.

ANALYE T __ 

OATSI

Figure 0.9-2. Cause Table

0.9.1 THE CAUSE TABLE 

Down the left side of this table are listed various possible candidate 
"causes" for system failure. For example, there is the possibility of 
coincident random failure (CRF) of all the components in a cutset.  
There is the possibility that certain components may be out of action 
for test or maintenance and, just at this time, certain other components 
fail coincidentally causing failure of'a cutset. Likewise there are 
various possible human errors (HE) that could be made. These could 
occur coincidentally with test or maintenance outage, or with random 
failure. There could be system failure as a,.resultIof design errors, 
unexpected environmental factors, and so on.
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In the second Column of the table we list the frequency or fraction of 
occurrence of each candidate cause.- That is, with respect to our 
thought experiment, consider all the scenarios that arrived at a parti
cular node in the event tree and therefore asked for the system in ques
tion to work. Out of all these instancesi what fraction of times did 
the candidate cause occur? That fraction is the number that is entered 
in the second column.: (Of course, if there is uncertainty about that 
number, that uncertainty must be quantifiedand entered also.) 

Now if the candidate cause occurs, we need always ask how the human 
beings in the plant will react. It is almost always possible to recover 
system performance by correct human action. On the other hand, there 
may be no action or incorrect action taken. In the third and fourth 
columns, then, are listed the various possible operator reactions along 
with the occurrence fraction of each.  

Column 5 of the table lists the occurrence fractions for the combination 
of candidate cause and operator response. Columns 6 to 9 record the 
consequences of each such combination. Column 6 shows which components 
fail as a result, and column 7 shows whether or not the system fails.  

Columns 8 and 9 ask whether this particular candidate cause/reaction 
combination could cause any other system to fail or whether it could 
cause another initiating event. These two columns thus are used as 
signals to call attention to possible "common causes"--causes which 
could fail more than one system or fail a system plus produce an initi
ating event. Once identified, such potential common causes receive 
special attention in the analysis.  

For example, the cause "earthquake" could fail several systems as well 
as generate an initiating event. Earthquake induced scenarios are 
therefore given special treatment. Similarly, a fire in a particular 
location couldbe the common cause of'failure of several systems. These 
too are treated specially.  

Setting aside, then, the common causes for separate treatment, we obtain 
the split fractions for each system state by summing the appropriate 
items in column 5 of the cause table.  

0.9.2 "CAUSES" RELATED TO SCENARIOS 

Figure 0.9-3 shows a representative scenario, or path, through the plant 
event tree. In this path two systems B and F have failed (indicated by 
the bars over B and F); all other systems work. Therefore denote this 
scenario I Y F. Under system B imagine that we have listed all the 
possible causes of system B failure. Let b denote one such cause.  
Similarly, list the causes of failure of FInd let fk denote a typical 
such cause. Then the combination I, b, f, constitutes a particular 
way in which the path I B F can be realizeA. -In fact, varying j and k, 
we see that each such combination realizes B F. We can say, thus, that 
each combination I bj fk is itself a scenario--a subscenario 
of I F F.
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Figure0.9-3. Structuring the Scenario List Scenarios 
Including System Failure Modes 

In this way, every path through the event tree represents a whole multi

tude of scenarios comprised of the various combinations of causes that 
result in the system failures of that path. Thus, we see how the event 

tree/fault tree/cause table methodology is in effect a structured 
listing of a huge number of individual scenarios.  

Also indicated in Figure 0.9-3 are those causes which could fail both B 

and F. These causes are "common" to B and F. Each such common cause 

together with the initiating event, constitutes a subscenario of I FTF.  

0.9.3 RELATION OF SYSTEM ANALYSES AND EVENT TREES 

Figure 0.9-4 shows how these structuring ideas fit together. Thus, at 

the top (the plant level) the event tree diagram is indicated. This 
level shows what combinations of system failures, together with what 
initiating events, result in any given plant state.  

At the next level, the system level, are fault trees expressing the 
relationship of the system to its components. This level shows what 
combinations of component failures result in failure of the systems.  
Below that is the cause level, showing what causes could result in 
component failure and what combinations of causes could result in those 
combinations of component failure which cause system failures. At this 
level, particular interest centers on single causes which by themselves 

could fail more than one component or more than one system. Below the 
cause level is the data level, which we shall discuss further in 
Section 0.14. At this level, we evaluate the experience of the 
industry, and our plant in particular, to assess what is known about the 

occurrence rates of the candidate causes identified in the cause table.
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0.10 DETERMINING SPLIT FRACTIONS FOR THE CONTAINMENT EVENT TREE 

On a plant event tree, each branch deals-with the success or failure of 
a certain system or operator action to accomplish its mission. The 
split fractions express the frequency of success and failure per 
demand. These are determined from detailed-fault tree/cause table type 
analyses of the action and thus by identifying and quantifying the 
possible causes of failure to accomplish the mission.  

A containment event tree, while pictorially similar to a plant event 
tree, is philosophically very different. Its branch points ask ques
tions relating to physical phenomena and processes governed by the laws 
of physics. For example: 

* Does the hydrogen-oxygen mixture in the containment ignite? 
a Does the core melt coherently? 
* Is the debris coolable within the pressure vessel? 
* Is the containment pressure higher than the failure pressure? 

In the containment event tree, the split fractions are assigned by judg
ment supported by analyses and experimental data relevant to the 
physical process under consideration.  

These analyses include, firstly, for each physical phenomenon or 
process, an investigation to determine the conditions necessary for the 
particular process (e.g., steam explosion) to occur. This investigation 
utilizes first principle analyses, a review of experiments, and a review 
of prior related analyses. Secondly, they include a determination of 
whether, for a given plant state and containment sequence, the condi
tions required for the process to occur are met. These analyses form a 
basis for judging the likelihood of the process or phenomenon to occur.  
Thirdly, on the basis of these results, a set of transient analyses of 
the entire containment sequences are performed to determine whether the 
time phasing of the conditions in the containment are likely to cause 
containment failure.  

The results of the analytical or experimental work may be used directly 
or in an extrapolated fashion to assign split fractions at a particular 
branch point in the containment tree. Generally, the more extrapolation 
required, the less certain the split fraction and, therefore, the 
broader the uncertainty band assigned to the split fraction.  

For those split fractions which are most important to containment 
response, a large number of analyses are performed varying the 
conditions to develop a set of results that allow high confidence in the 
split fraction. For example, differing amounts of hydrogen are assumed 
to burn at various times to determine if pressures in containment exceed 
the containment failure limit. If none of these calculations results in 
an exceedance of the pressure limit, except perhaps one where extreme 
amounts of hydrogen are considered, then one can, with high confidence, 
assign a low split fraction to the branch which indicates a containment 
failure.
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0.11 ANALYSIS OF RELEASE CONSEQUENCES--THE SITE MODEL 

Each of the major accident scenarios identified in this study has a 
release of radioactive material associated with its occurrence. Each 
scenario was assigned to one of several "release categories" based on 
the core and containment responses to the accident conditions. The 
objective of the consequence portion of this analysis is to estimate the 
potential health effects associated with each release category.  

Assuming that a release occurs at any random time, there are a number of 
factors that would cause the consequences to vary. The most important 
factors affecting this variation are related to the weather conditions 
that exist during the release. Wind speed, wind direction, atmospheric 
turbulence, and rainfall dictate the area affected. Once the distribu
tion of airborne and deposited radioactive material is defined as a 
function of time, an estimate of health effects can proceed. A large 
number of individual weather condition scenarios are studied to deter
mine the probability that selected health effects would occur. The 
calculation procedure shown in the block-diagram of Figure 0.11-1 is 
repeated for each meteorological sequence.  

In order to compute the health impact to individuals or population 
groups, information related to their locations and travel paths (during 
evacuation) with respect to the radioactive plume location must be char
acterized. The degree of radiation exposure depends not only on time of 
exposure to the plume or deposited material, but also on the shielding 
provided by dwellings and/or other protective measures taken.  

An analysis to estimate consequences of core melt-through of the basemat 
and subsequent-release of radioactive material into the groundwater 
which flows to the Hudson River was conducted. The analysis used a 
variety of models to estimate dispersion and travel time in the ground
water dispersion in the river, distribution in food pathways to man, and 
a dose evaluation. A-detailed methodology is presented in Appendix 6.7.  

0.11.1 CONSEQUENCE ANALYSIS METHODOLOGY 

The principal model used to assess health impact is an extensively modi
fied version of the CRAC (Calculation of Reactor Accident Consequences) 
computer program developed by the U.S. Nuclear Regulatory Commission for 
the RSS.  

The CRAC program, written for the RSS, was intended for use in computing 
the overall risk from.a number of nuclear plants in different regions 
throughout the United States. However, for the present study, conse
quences specific to the site are desired; therefore, modifications to 
the CRAC program were necessary to treat site specific conditions 
adequately and realistically. The two fundamental changes are the use 
of variable direction plume trajectories and.the incorporation of a 
variable direction evacuation scheme. By comparison, CRAC models both 
plume travel and evacuation path in straight lines extending radially 
outward from 'the plant. The modified version of CRAC is called CRACIT.
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A series of mathematical and statistical models is coupled in CRACIT to 
assess risk. CRACIT requires as .input an inventory of radioisotopes 
assumed to be released from the plant for each release category. Basic 
functions of the program include calculation of meteorological. disper
sion of the released material as it travels and the calculation of the 
resultant health effects. Each CRACIT run uses a continuous series of 
measured hourly meteorological-conditions from a number of towers in the 
plant region.  

To develop the distribution of frequency of occurrence versus health 
effects, the CRACIT model is run repeatedly with randomly selected start 
.hours. Calculations follow the start hours in a sequential hour-by-hour 
manner until the plume has traveled far away from the site. Accident 
start dates are selected randomly insets stratified so that start times 
are uniformly distributed over all months and that each month has the 
same number of day and night samples.  

The .radiation dose calculations incorporated in CRACIT are .essentially 
unchanged from those used in the RSS. Estimated health effects, 
computed from the simulation of radiation exposure, are combined to form 
distributions of frequency versus damage for a given hypothetical acci
dent. Program libraries include detailed site information on meteor
ology and population distributions specific to the site.  

The following subsections provide further discussion of the important 
elements of a consequence calculation. Referring again to Figure 0.11-1, 
the distribution of radioactive material is the first calculation made, 
followed by the health effects calculation. Both are treated in more 
detail in the following.  

0.11.1.1 Plume Trajectory and Distribution Modeling 

The plume trajectory and distribution model can best be described as a 
time dependent plume segment model. Picture the plume track as the 
projection of a round "puff" or cloud that moves with the wind (not 
necessarily in a straight line). The plume enlarges, and thus becomes 
diluted, as it moves downwind. As it travels, particulate matter is 
deposited on the ground along its path. If it is raining, the deposi
tion of particulates is accelerated.  

At preselected distance intervals (referred to as spatial intervals), 
calculations of the plume concentration and amount of material deposited 
on the ground are made. The arrival and departure times in each spatial 
interval are stored along with plume intensity information which is used 
later for dose calculations.  

As the plume moves downwind, its track is free to change due to several 
influences. If an hour has elapsed, a new set of meteorological data is 
available for the next hour. This new data may dictate a change in 
direction, speed, rate of dispersal, or rain. Similarly, if the hour 
has not changed but the plume has moved into a different meteorological 
region (see Section 6.2).which may have different wind patterns, the 
cloud will respond accordingly. Finally, the track may be affected by 
the wind flow field as it travels around or over terrain obstacles.
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Now consider the persons ,in ,the site vicinity.., :If they were to remain 
stationary,, dose calculationscouldbe made based on the plume distribu
tion information for each perti-nentlpcation around the plant. ..However, 
i n al l 1 i kel i hood the peopl e ,wi 1: have evacuated duri ng the release.  
The evacuation paths are-not.-likely to be along the plume. path or... in a 
straight line. Therefore,.,to calculate the evacuees." dosle, the model.  
establishes evacuation trajectories and timing along the path for each 
population group. The dose calculation and the cloud (or its deposited 
material) coincide in space and..time. :Figure 0.11-2il,.Tustrates.,the 
overlaying of the plume track and evacuee path on the., "fine" calculation 
grid. This technique represents a significant advance from the straight 
line calculations used in the RSS.  

0.11.1.2 Atmospheric Dispersion Models 

To reduce uncertainties in the atmospheric dispersion analysis, many 
significant improvements were made to the original RSS dispersion -model.  

These modifications include development'of the following: 

* Use of wind speeds at/or near plume dispersion height to more 
accurately model time of arrival and greater dilution.  

e A model using four wet deposition (washout) rates based on measured 
rain rate.  

* Use of meteorological data from 14 locations in the -site region 
including hourly estimates of lid height.  

* Use of updated plume rise and lid penetration models.  

9 Use of terrain height correction model-.  

6 Use of trapping and fumigation models under inversion lids.  

* Use of a plume "lift-off" model.  

• A turbulent internal boundary layer (TIBL) model to account for lake 
effects.  

* A three-dimensional model for determining the effects of terrain on 
wind flow and plume trajectory.  

* The ability to modify plume characteristics based on expert,judgment.  

No matter how good the quality or quantity of site data, there are cases 
when the plume dispersion and trajectory models are not accurate.  
Examples of such cases are conditions over-large bodies of water (where 
no measurements exist) and the influence of complex terrain on plume 
trajectory. To reduce. the uncertainties, a method was-devised for 
enabling a pre-edit of the parameters which define plume behavior before 
performing the dose calculations.
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To accomplish this, a minicomputer was used with the aid of a graphics 
CRT. Each plume scenario was displayed on a site map along with printed 
values for pertinent parameters, as illustrated in Section 6.2 for 
"before" and "after" edit cases. A team of diffusion meteorologists 
inspected the plume characteristics for reasonableness and decided what, 
if any, changes were necessary.. Edits were possible to each of six 
parameters: wind speed, wind direction, stability, lid height, rain-.  
fall, or plume front width. After the editing process, the plume is 
redrawn and can be changed again if necessary. The.editing process was 
repeated until the appropriate plume scenario was achieved..... This proce
dure was done for two groups.of release, categories, elevated releases 
and ground level releases.  

For theIndian Point site, the presence of the river valley has a signi
ficant influence on local dispersion. A study was conducted .to classify 
each of 288 randomly selected meteorological sequences, according -to 
several categories of meteorological scenarios to determine how 
frequently the valley would affect conditions which could not be charac
terized by the plume dispersion modeling on the program. Of'these, 
about 15 weather scenarios were selected for editing to incorporate 
expert judgment.  

0.11.1.3 Computation of Doses and Health Effects 

After plume trajectory segments have been laid out on the fine grid and .  
data for each segment including air concentrations and ground concentra-.  
tions by isotope and arrival times have been stored, the remaining task.  
is to quantify the public health effects of the release. - Health effects 
result from two exposure phases, early exposure and chronic exposure.  
Early exposure (exposure that occurs within a short time foll owing 
release) may be distinctly different for two population groups--people 
who evacuate immediately and people who do not. Within both groups are 
subgroups with distinctly different exposures because of differences in 
radiation conditions at different residence locations, and along 
different evacuation paths. A minor additional complication lies in the 
fact that the numbers of people in each group vary with start time 
(season or time of day).  

Chronic exposure results from the return to normal use of the land.  
contaminated during the passage of the radioactive plume, and'accumu
lates over a period of years foll'owing the release. The program can 
accommodate studies of the effects of different mitigation strategies.  

For each occupied fine grid element, in the plume track, exposures are 
initially set at full cloud passage for exposure to airborne radioac
tivity. It is assumed that the resident beyond the 10-mile evacuation 
zone would be relocated within 24 hours, and the ground dose is calcu
lated to be equivalent to 24 hours of exposure.  

Once the radiation dose has been computed, the health effect on the 
exposed individual must be estimated. The health effects model in CRAC 
was used unchanged in the CRACIT calculations. Detailed information 
concerning the clinical and experimental data on which the calculations
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are-based is included in Appendixes F, G, H, and I of Appendix VI of the RSS on the early and €on:tinuing somatic.'effects, late somatic effects, 

thyroid effects, and genetic effects, respectively.  

The health effects that could be associated with a reactor accident are 
divided into categories as follows. Early and continuing somatic 
effects include the early mortalities and morbidities that are usually 
observed after large, acute doses of radiation and that can occur within 
days to weeks after exposure; they also include illnesses and deaths 
that can become manifest within approximately 1 year.  

The late somatic effects include latent cancer fatalities and morbid
ities as well as benign thyroid nodules. In radiation effects 
experience, such effects are typically observed 2 to 30 years after 
irradiation. Finally, there are genetic effects which do not manifest 
themselves in the irradiated individuals, but rather in their descen
dants. In contrast to the early somatic effects, both latent cancer and 
genetic diseases are assumed to be random phenomena whose probability of 
occurrence is a linear function of the dose magnitude. For this reason, 
both late somatic and genetic effects are calculated on the basis of 
population dose (cases per million man-rem) rather than individual 
doses. Late somatic'and genetic effects may result from very low doses 
but with a very low incidence. Because of the decrease in. doses at 
great distances, the risk of late somatic and genetic effects to any 
individual- would be low.  

BAs stated in the preceding sections, the underlying objective of this 
study is to make as realistic an assessment of risk as possible and to 
indicate the uncertainties in the estimate. Until recently, the 
1972 BEIR report (Reference 6-9, Section 6) represented the best-authori

* tative data source for quantifying latent cancer and genetic effects and 
was used as input data to CRAC. There was experimental evidence which 
suggested that the 1972 BEIR report overestimated cancer risks. The RSS 
used these experimental data to justify reductions to the BEIR linear 
risk coefficients for low doses and dose rates. The latest report by 
the BEIR committee (Reference 6-10, Section 6) supports the reduction 
factors used in the RSS for certain cancers. Accordingly', the RSS 
reduction factors have been used in this study, except for thyroid and 
breast cancers, consistent with BEIR recommendations.  

The health effects estimated in this analysis are similar to-those used 
in the RSS analysis. Those included in this analysis are: 

1. Acute fatalities.  
2. Injuries.  
3. Thyroid cancer cases.  
4. Cancer fatalities (other than those from thyroid cancer).  
5. Whole body man-rem.  

Other effects included in the RSS can be estimated from these five. For 
example, genetic effects may be derived from whole body man-rem using a 

Atconversion of 0.0002 genetic effects per man-rem to obtain values on a
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basis consistent with the RSS. Similarly, benign thyroid nodule inci

dence may be considered to be about .50% ,higher than thyroid cancer 

incidence. Thyroid cancers were estimated separately because of their 

low fatality rate--less than 10%,

0.11.2 SITE INFORMATION 

The following information is needed to conduct a site.specific conse

quence analysis: 

0 Population distribution data.  
0 Evacuation path and timing data.  
* Meteorological data from the site and adjacent regions.  
0 Content and magnitude of radioactive material released.  

* Land use information.  

Following is a discussion concerning the data used in this evaluation.  

0.11.2.1 Population Data 

The town of Peekskill, within 2.5 miles northeast of the plant, has the 
highest population density near the site. There is a high summertime 
population in the Bear Mountain Park, north of the plant. Population 

distribution was estimated in considerable detail within a 50-mile 

radius of the site. The population within 10 miles was subdivided:on a 

32 sector grid. Five population distributions were used depending on 

the time of day, season, and school conditions: 

1. Night 
2. Weekday, school in session 
3. Weekday, school out, 
4. Winter holiday 
5. Summer hol i day 

Population figures for large distances were derived by estimating-rela
tive densities from a population density .map of the United States 
compiled from the 1970,census and adjusted to 1980. Seasonal and daily 
changes in population distribution were not considered beyond 10 miles.  

0.11.2.2 Evacuation Data 

The evacuation estimates were made by studying the available evacuation 
routes based on detailed road and population maps of the site area out 

to 10 miles. The first task involved locating major evacuation routes 

and determining which of the 32 direction sectors was traversed'along 
each route. Then the direction of evacuation in each radial segment was 
estimated based on the preferred evacuation route. A series of evacua

tion direction vectors was established as shown in Figure 0.11-3. After 

determining the direction of each vector, the distance from the center 

of each segment to the center of the next along the vector was esti
mated. Knowing the distance and speed, the time .in the.-segment is 

easily determined and used in the dose ,calculations.
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Figure 0.11-3. Evacuation Vectors
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Speeds along the vector were determined using a "link" analysis tech
nique which accounted for slowdowns due to-bottlenecks and areas of high 

population. ForIndian Point evacuation, time varied between 2 and 

8 hours depending on when the accident occurred.  

0.11.2.3 Meteorological Data 

The primary-source of weather data is the 400-foot tower instrumented at 
three levels in. conformance with NRC Regulatory Guide 1.23. A 1-year 
period of these data, starting in August 1978 and ending'in July 1979, 
was used. Meteorological parameters were stored as sequential hourly..  

values on magnetic tape for use in the CRACIT program runs.  

Due to local meteorological effects at the'site, any plume that is 
projected to leave the site area is assumed to be influenced according 
to weather data measured in an adjacent region. Therefore, separate: 

tapes were available concurrently for each hour from all sites. A map 
of the site region appears on Figure 0.11-4,showing the regional 
boundaries used to define the area of assumed influence for each data 
set, 

0.11.2.4 Release Categories 

Separate CRACIT runs are made for each release category. The magnitude 
of radioactive releases is input as fractions of the initial core radio
activity that might leak from the containment structure. In addition to 
release magnitude, the parameters that characterize the various hypothe
tical accident sequences are time of release, duration of release, 
warning time for evacuation, height of release, and energy content of 
the released plume.  

The time of release is the time interval between the start (core shut

down) of the hypothetical accident and the release of radioactive 
material. This time is used to calculate the initial. decay of radio
activity. The release duration is the total time over which radioactive 
material is released. This duration is used to adjust the horizontal 
dispersion due to wind meander during releases longer than one-half 
hour. The warning time for evacuation is defined as the interval 
between awareness of impending core melt and the release of radioactive 
material. The height of release and the energy content of the released 
plume (which causes buoyancy) are used to compute plume height. Release 
categories are established which are composites of numerous accident 
sequences with similar characteristics. The assumed release quantities 
of each isotope are generally the same as those in the RSS, although for 
some cases computer runs (using the CORRAL program) were made to account 
for iodine and particulate plate-out before release (see Section 5).  
Recent information supports the use of reduced release fractions for 
iodines and particulates.  

0.11.2.5 Land Use Information 

During the RSS, land use information was collected for each state. This 
information was used in this study and was omitted for areas over water.
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.1,

Figure 0.11-4. Indian Point Meteorological Regions
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0.11.3 UNCERTAINTIES

The consequence analysis models used in this study contain a great 
number of variables. Examples include meteorological conditions, 
factors affecting plume dispersion, evacuation and shielding assump
tions, dose-calculation factors and health effect factors. In setting 
the values of these parameters, the intent was to assign a "best esti

mate." However, there is a tendency to assign conservative values as 
the state of one's knowledge is less certain. Thus, the calculations 
based on a single value or "point estimate" for each parameter lead to 
results which are believed to be on the conservative side. '.'-.  

In keeping with the overall philosophy of this study, it'is necessary to 
quantify the degree of uncertainty in these point estimate results. In 
this connection, we remark first that considerable effort has been made, 
in this study to reduce uncertainties by improving the physical models," 
of the dispersion of released material. In addition, the extensive' 
amount of meteorologica.l data from 14 sites improved the ability to 
predict plume location. Associated with the improved modeling and data 
was the inclusion of expert judgment concerning transport.of the 

released material based on familiarity with local conditions. Another'.  
example of model improvements is-the evacuation model which used a 
realistic evacuation time and path simulation. A search.for high 
concentration scenarios used all 8,760 available start dates to reduce

i 

statistical uncertainty in the high consequence, low probability "tails" 
of the distribution.  

Thus, the release consequence results in this study have incorporated 

state-of-the-art improvements in modeling. However, it is still neces 
sary to quantify the uncertainties in the results. For this purpose, 
sensitivity studies were run exploring the effect on the CRACIT output 
of variations in evacuation speeds, source term, shielding factors and 
number of meteorological sequences, and duration of release. Based on 
these results and on the extensive prior experience with consequence 
models, the site analysis group concluded that a variation of source 
term quantities could be used in an aggregate way to simulate uncertain
ties in the data, in the dispersion model, in the dose model and, to 
some extent in the evacuation model.  

The site analysis team, therefore, chose to express its uncertainty in 

the S matrix by repeating the calculations for three assumed source term 
magnitudes in addition to the original point estimate and then by judg
ment assigning probabilities to each of the four sets of results. In 
this way, the DPD of Equation (0.8-27) is developed.
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0.12 PROBABILITY DISTRIBUTIONS--BASIC CONCEPTS

Probability distributions are fundamental to any discussion of risk and 
are used extensively throughout this study. Therefore, this section 
reviews some of the basic ideas and standard language relating to such 
distributions.  

0.12.1 DISTRIBUTION FUNCTIONS 

Given an uncertain variable X and a number x, the notation X < X 
represents the hypothesis that X has a value less than or equal to x.  
The (cumulative) probability distribution function, P(x), of the 
variable X is now defined as 

P(x) probability (X < x) (0.12-1) 

This definition applies to both discrete variables (variables that take 
on a countable number of values), and continuous variables. Frequently, 
we wish to have more detailed information than that provided by 
Equation (0.12-1). In particular, for a discrete variable we may wish 
to know the probability that X = x and, for a continuous variable, the 
probability that X falls between x and x + dx. Thus, we define the 
probability function for a discrete variable 

p(xj) = probability (X = xj) 

and the probability density function for a continuous variable 

p(x) dP(x) 

Clearly, the density function satisfies 

L p(x)dx = P(-) - P(--) = 1-0 = 1 (0.12-2) 

and !x 
P(x) = p(s)ds (0.12-3) 

(the integrals in Equations (0..12-2) and (0.12-3) are replaced by sums 
when X is discrete).  

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

P(t) = probability that T < t 

Then, 

R(t) = 1-P(t)
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known as the "reliability,',"is the probability that the equipment has 
not failed by time t.  

The probability density function" 

dP(t) 
p(t) =dP (0.12-4) 

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

.X(t) ,1 dP (t) 

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

We now examine briefly several distributions of discrete and continuous 

types which are frequently encountered in risk analysis work.  

0.12.2 DISCRETE DISTRIBUTIONS 

0.12.2.1 Binomial 

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

p(r) = n! fr(l..f)n-r =(n) fr(1-f) n-r (0.12-5) 

r(n-ri! 

0.12.2.2 Poisson 

Items of equipment that operate continuously, such as pumps, are usually 
modeled as having a failure rate, X, that is constant in time. In 
this case, the probability of having exactly k failures in t operating 
hours is given by 

p(k) e- A (0.12-6) 

viewed as a function of k this expression is known as the Poisson 
distribution.  

0.12.3 CONTINUOUS DISTRIBUTIONS 

0.12.3.1 Normal (Gaussian) 

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

p(x) = a exp- (x-}) 22 , -00< X < 00 (0.12-7)

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

z=X-11

in which case, Equation (0.12-7) becomes

p(z) = 1 exp z21 (0.12-9)

(0.12-8)

Tables for the standardized distribution can be found in many textbooks 
(References 0-12 and 0-13).  

0.12.3.2 Lognormal 

The lognormal distribution is used extensively in risk and reliability 
work and is relevant in physical processes where the underlying variable 
is restricted to positive values (i.e., 0 to -). In the present 
study, as in past safety studies, the lognormal is used to represent our 
state of knowledge of component failure rates and also to represent the 
variability, or frequency distributions, of populations of components.  

The density function for the lognormal is

p(x) - 1 exp (Rnx-) 2  0 < x 
xa/ZF 1- 202 '

(0.12-10)

A comparison of Equations (0.12-7) and (0.12-10) reveals that if x is 
lognormally distributed, then Xnx is normally distributed.  

0.12.3.3 Exponential 

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

R(t) = e-Xt
(0.12-11)

The density function is 

p(t) = XR(t) = Xe-Xt
(0.12-12)

which, we note, has units of probability per unit time.
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The cumulative distribution is

P(t) = 1 - e-Xt x Xt (0.12-13)

where the approximation holds for Xt < 0.10, as is usually the case 

in risk assessments. The implications of this approximation when uncer
tainties are propagated will be discussed in later sections.  

0.12.4 DISCRETE APPROXIMATIONS TO CONTINUOUS DISTRIBUTIONS 

Continuous distributions are, of course, the tools that we use to 

express our state of knowledge about continuous variables. For purposes 

of numerical calculation, however, it is convenient to approximate these 

continuous models by discrete distributions. This discretization is, of 
course, similar to the procedures used in evaluating integrals by 
numerical quadrature.  

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

al &2 a3 ... aN

If we wish now to get a discrete approximation to p(x), we can do this 
simply by carving x up into intervals as shown in the figure. The idea 
is to assign the probability that x will fall in an interval (ai_1, ai) 
to a single point xi inside that interval. This probability, say Pi, is 
simply

a pi-
Px (x)dx (0.12-14)

We can determine the points x i in various ways. For example, xi can 
be the mean value of the points in each interval. Thus, with the 
understanding

ao = -, aN + 1 = + c

we determine

1 xi pi I i ai_l
xpx(x)dx

0

(0.12-15)

(0.12-16)
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A second method is to simply take xi as the midpoint of the interval, i e.,... .  

ai + ai I xi 2 (0.12-17) 

or 

xi = iai_! (0.12-18) 

In this case we cannot use Equation (0.12-15). However, it will be 
satisfactory to choose aD and aN+1 appropriately, so that the prob
ability that x falls outside the interval (ao, aN+1) will be negli
gibly small. With these finite values of a0 and aN+1, 
Equation (0.12-17) or (0.12-18) can be applied to all intervals.  

The points xi may also be determined using any other reasonable method 
that facilitates the calculations (since this is the major reason for 
the discretization). For example, if the lognormal distribution, 
Equation (0.12-10), is to be discretized, it is convenient to take 
advantage of its relation to the normal distribution and the fact that 
the normal is tabulated. Thus, we work with the logarithm of x and we 
discretize the normal distribution and-then switch back to the lognormal 
by taking exponentials.  

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

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

1.0 

P 

x 1 x 2 x 3  x 

0.12.5 MEASURES OF CENTRAL TENDENCY AND DISPERSION 

We have seen that the proper way to express our state of knowledge about 
a random variable is to use a probability distribution. While a distri
bution gives in detail all that we know about the variable, occasionally
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it is convenient (mainly for communication purposes) to summarize the 
distribution by reporting one or more characteristic values which 
reflect its central tendency and its dispersion.  

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

= E[X]

CO 

[xpxdx 

or 

xipi

(0.12-19)

according to whether x is continuous or discrete.  

If the density function is interpreted as a mass distribution, then the 

expected value corresponds to the center of gravity. In addition to the 
mean, there are two other measures of central tendency, the mode and 
median.  

The mode (or most likely value) is defined for a discrete variable as 
the value where Pi is greatest, and for a continuous variable as the 
value at which the density p(x) is maximum.

The median is defined as that point x50 for which

P(x5o) = 0.50 2 (0.12-20)

Thus,

f 50 COp(x)dx = 0.50 (0.12-21)

(0.12-22)

or for a discrete variable 

Pi = 0. 50 

xi< x50 

The percentile xy is defined by

P--y) = I& (0.12-23)

From Equation (0.12-21) we see that themedian is the 50th percentile.  
Two percentiles, that are often used to indicate how broad the distri
bution is, are the 5th and 95th percentiles, which arerdetermined by 
Equation (0.12-23) with y = 5 and 95, respectively.
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A measure of dispersion is the variance (and its square root, the stan
dard deviation). It is defined to be the second moment about the mean; 
that is,

2 = (X_.)]2 
EE aU-c)]

-w 

or If

.x-o) 2p(x)dx

(0.12-24)

xi-a) 2pi

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

2 E[X2 . a 2 

hence also: 

2 2 2 E[D I a +8

(0.12-25)

(0.12-26)

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

0.12.6 THE LOGNORMAL DISTRIBUTION 

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

The lognormal density was given in Equation (0.12-10) and is repeated 
here.

p .) 1 [tnx 2 
p~x) exp 

xav'2 L 2u'

Note that this form contains two parameters, V and a.  
Reference 0-14, we sometimes write:

(0.12-27) 

Fol l owi ng

x = 

to mean that x is lognormally distributed with parameters 1, and a.  

Several characteristic values of the distribution are as follows:

Mean: 

Variance: 

Mode:

= exp +2)
2 e2V + 02 [ea211 

Xm = exp(ui-o 2 )

a 2 .

(0.12-28) 

(0.12-29)e 2
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Inverting Equations (0.12-28) and (0.12-29), we get the parameters i 
and a as functions. of: the mean and variance, i.e.,

=2 o = 7+

P = (ina)

(0.12-30) 

(0.12-31)2

Useful percentiles of the lognormal are:

5th Percentile: 

50th Percentile: 
(median) 

95th Percentile:

y Percentile:

x05 =exp (ji - 1.645a) 

= e1' = V0 
x50 x95 

x95 =exp (ji + 1.645a) 

xY =exp (V + kya)

where k is the appropriate coefficient, found in tables of the stan
dard noymal distribution. The error factor (EF) is defined as

EF =F 95 = e1.645y 
x0 5

(0.12-36)

It follows immediately that

and

(0.12-37)x95 = x50EF 

x50 
x05 EF (0.12-38)

Since inx is normally distributed, the most 
.a lognormal distribution is to write

convenient way to look, at

x = meaz (0.12-39)

When z in Equation (0.12-39) is a standard normal variate, then x is 
lognormally distributed. m is the median value of x and a is called 
the lognormal standard deviation, or the "multiplicative" standard 
deviation. The reason for the latter term is seen in Equation (0.12-39) 
from, the fact that if we increase z by the additive amount, 1.0, then X 
increases by the multiplicative factor eU. Thus, the multiplier 
ea plays the same role in a lognormal curve as the additive quantity 
a plays in a normal curve. That jis, when x changes by the factor 
ec, the cumulative probabiflity changes by one standard deviation's 
worth.
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Two important properties: of the distribution are (see Reference0-14 
page 11): 

Property 1. If X = A(px, Ox) and Y = CX, where C1 and C2 are cons ants, then

Y = A(jy, Oy) 

where 

11y. C2P x + ZnC1 

oy = C2x

(0.12-41)

This property simply sfates that if a lognormal variable is multi
plied by a constant and raised to a power, the resulting variable 
will also be lognormal with parameters given by Equations (0.12-41) 
and (0.12-42) 

We can easily prove this property by using Equation (0.12-39) to get 

C2 C2ax z 
Y = Clm x e (0.12-43) 

Equation (0.12-43) states that Y is also lognormal with median ClmC2 
and lognormal standard deviation C2G x. From Equation (0.12-33) 
we then get 

C2 
Clmx = elY (0.12-44)

and Equation (0.12-41) follows immediately.  

* Property 2. If 

X = A(px, Ox)

and

Y = A(1y, ay) 

are independent lognormally distributed variables, and 

V = X.Y (0.12-45)

thenV x + Uy,

2 2 
x y

Using Equation (0.12-39) we get 

V = mxmy exp (axzx + OyZy)

(0.12-46)

(0.12-47)
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Since the. sum of .twonormal curvesis!'s a normal -curve, we have

OxZx + OyZy = SvZv 

where 

= 2 + a2 x y

(0.12-48) 

(0.1 2-49)

Thus, from Equation (0.12-47) we see that V is a lognormal Variate with 
median mxmv and lognormal standard deviation (0.12-49). Therefore, 
Equation (10.12-46) is proved.

These properties of the lognormal distribution 
quantification of system unavailabilities.

will be used later in the

0
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0.13 PROPAGATION OF UNCERTAINTIES, THE METHOD OF MOMENTS, AND THE METHOD 
OF DISCRETE PROBABILITY DISTRIBUTIONS 

The use of logic diagrams (event and fault trees) in quantitative safety 
analyses leads to-expressions for the unavailability QT of an event of 
interest in terms of the parameters X. of more elemental events, i.e., 

QT = f(Xl, ... , Xn) (0.13-1) 

In general, the numerical values of the parameters Xi are not known 
with high precision. Therefore, we express our uncertainty about these 
values in terms of probability distribution functions.  

Having determined the function f of Equation (0.13-1), the next step is 
to combine the distributions of the Xi's to get the distribution 
for QT. This step is known as the "propagation of uncertainties." 

For an arbitrary function f(Xi), there is no simple analytical form 
for the distribution of QT- However, simple numerical methods do 
exist. Among these the most widely used is the Monte Carlo Method 
(Reference 0-15). Two other methods, much more extensively used in this 
study, are the Method of Moments (Reference 0-16) and the Method of 
Discrete Probability Distributions (DPDs) (Reference 0-11). As back
ground for discussion of these two methods, we first review the analytic 
expressions for the binary case, that is, the case of combining two 
continuous and independent probabilistic variables.  

0.13.1 COMBINING PROBABILITY DISTRIBUTIONS, ANALYTIC OR CONTINUOUS 
VARIABLE CASE 

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

0O 

Pz) = f Px(x)Py (z-x)dx (0.13-2) 

Similarly if 

z = xy (0.13-3) 

then 
co 

=(z) zpy(.) . dx (0.13-4) 

(with any ambiguity at x = 0 handled by limit operations from both sides 
in the obvious way).
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More generally, let 

z = f(x, y) (0.13-5) 

where, for any specif.ic. values of z and x, y has a specific value denoted 
by 

y = f-1 (z, x) (0.13-6).  

that is 

z f[x, f 1 (z, x)] (0.13-7) 

Then 

pzlz) = JPx(X) py[f-(z,x) f (z, x)dx (0.13-8) 

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

In applied work, we rarely have the luxury of dealing with analytic forms 
and even in those rare cases may be unable to perform the integrations 
(0.13-8) analytically. We are therefore led to seek approximate proce
dures. Two such procedures, the method of moments and the method of 
discrete probability distributions, are described in the next two 
sections. The moments method was used in this study in the system 
analyses primarily in connection with lognormal distributions. The 
discrete distribution method was used primarily in the Bayesian analysis 
of data, in the seismic analysis, and in the overall master assembly 
process of Section 0.8.4.  

0.13.2 THE METHOD OF MOMENTS 

The method of moments is an approximation method in which we abandon 
trying to get the system distribution from the component distributions 
and settle instead for calculating the moments of the system distribution 
from the moments of the component distributions. Thus, for example, if.  

z = x1 + x2  (0.13-9) 

then the first moment, or mean, of z is the sum of the first moments of 
xj and x2 

Z xI + x2  (0.13-10) 

The variance, or second moment about the mean, is the sum of the compo

nent variances 

v~z] = v~x1) + v~x2) (0.13-11)
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For the case of a product

z = xy (0.13-12)

the first moment is the product of first moments

(0.13-13)

and the variance is

v[z] = v[x]v[y] + x2v[y] + y2v[x] (0.13-14)

These results, (0.13-10), (0.13-11), (0.13-13), and (0.13-14), hold for 
arbitrary probability distributions Px(X), py(y), not just normal or 
lognormal distributions. To see this we need simply work, in the case 
of addition, with (0.13-2) as follows:

z = E(z) :
f/ zpz(z)dz 

-00 fif 
-00 -O

zp (X)py(z-x)dxdz.

f f (x + )x(x)p (y)dxdy 
22O yC

= E(x) + E(y) (0.13-15)

Thus, the mean of a sum is the sum of the means for all distributions-
not just normal 'distributions.  

Similarly,

(z - Yz2p(z)dzv(z) =f 
-00

iff 
-00 --CO 

=v(x) + v(y)

(x - X) + (y - y)] 2Px(x)py(y)dxdy

Thus, the variance of a sum is the sum of variances--and 
true for arbitrary distributions.  

In the case of multiplication z = xy, the convolution is

(0.13-16)

this also is

pz(z) f 
--O

p (X)PY (z) dx x
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from which

z f zpz(z)dz 

f .f .iYP~ X(X)p(y)dxdy

-xy (0.13-18)

Thus, the mean of a product is the product of means for arbitrary (not 
just lognormal) distributions.  

Finally, 

v(z) = fz-)2p )zdz

= If fby, - iXY) 2 P(x)Py(Y)dy 

= (7))c) ) 2 (7)2 

2 2 2 
[(x) _ ( X)*) cU) I ()2] + ()2E(y) _ (*) ] 

+ (y)2[(x- ) . (* ) ]

Thus,

v[z] = v[xIv[y] + (E[x])2v[y] + (E[y])2v[x]

and again-this holds for all distributions.  

We have thus obtained the propagation rules for the case where the 
system relationship f is a sum or product of two variables. For a 
general system relationship, the method of moments may be derived from a 
Taylor Series argument as follows.  

Let the system relationship be

Q = f(X1 , X2 , ... Xn) (0.13-20)
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Now expand the function f about the mean values of its arguments in a 
multivariable Taylor series,-.+

n 
Q fn +f af Q:~ ~ +( X2 "" ix

n-1 
i =1

n . a2f 
af a

+ 2 (x

(X~ - M~( - "+ ...

_ xi ) 2

(0.13-21)

where Ii is the mean of Xi and all the partial derivatives are 
evaluated at the mean values of the Xi variables.  

To find the mean of Q we simply take the expectation of both sides of 
(0.13-21) and get

Iq= f(71,

n-1 
+i=1

i=1

n 

j=i+l
a2f  [(X.  axiax E .

where

112(X i ) -- E Xi- X.) 2] ._ variance of Xi

and

E[(Xi- -i) (Xj -Xi)] - covariance of Xi and X.

This covariance is zero when the variables are uncorrelated.  

The variance of Q can be obtained from 

12(Q) = E(Q2) -2 (0.13-23) 

Here E(Q2) can be obtained by squaring both sides of (0.13-20) 
expanding in Taylor series and taking the expected value. Thus, we get

2 
f 1)

n-1 
+ 2i

a2(Xi)

np+ xj ax E )(X 7.) j=i+l ja
+ ,

(0.13-24)
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We next show that these general formulae specialize to the results given 
previously for the case where f is a simple sum or product.  

0.13.2.1 Sum of Probability Distributions 

n, f(X 1 .,. Xn ) =: X.  
xn xi=1 

* Mean. In this case, (0.13-22) yields

n 
XQ Xi (0.13-25)

i.e., the mean of the sum is the sum of the means.  

* Variance. Equation (0.13-24) gives

n 
112(Q) = 12(xi) i=1

+2i n E[(X -

(0.13-26)

For uncorrelated variables the last term of 
get: 

n 

12( Q ) = E V(Xi)

(0.13-26) is zero and we 

(0.13-27)

i.e., for uncorrelated variables, the variance of the sum equals the 
sum of the variances.  

0.13.2.2 Product of Distributions 

In this case

f(X1 ... Xn)
n 
i=1

* Mean. Equation (0.13-22) now becomes

n 

i=1

n-1 

i=l j=i+l x x E [(X. - X.HX. -3C~ 

i 3 Ji~

which, for uncorrelated variables, gives

A
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From Equation (0.13-24) we get

i=1 

n-1 n 

i=1 j=i"-

n-i n r 
(X 1) + F J i-1 i=i+l IE[ 

E2 E[(Xi 
1 1 x3

which, for uncorrelated variables, gives

n w 
Q 2 

i=1

n-1 
42 (Xi) + 

.i=1

n 

S112 (Xi)P 2 (Xj) 
j=i+l

.For the case of a product of two variables, Equation (0.13-31) 
specializes to our previous result, (0.13-14).  

0.13.3 THE METHOD OF DISCRETE PROBABILITY DISTRIBUTIONS 

The method of discrete probability distributions (Reference 0-11) is 
used extensively in this study. We therefore give a fairly complete 
exposition as follows.  

0.13.3.1 Discrete Probability Distributions

Let x be an ordinary scalar variable and 
denote particular discrete values of x.  
associated probability values such that

let xl, x2 , ... , xn 
Let Pl, P2, P n be

Pi=

Then the set of doublets 

<Pl, xi>9 <p2 ' x2>' "" <Pn' xn> = {<Pi, xi>}

may be called a DPD and may be thought of as a discrete approximation to 
a continuous probability density function p(x) (see Section 0.12.4).  

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

We shall sometimes also refer to a set of doublets (0.13-33) as a prob
ability "histogram." This usage, however, is explicitly not intended to 
suggest that the xi need be regularly spaced or anything of that sort.  
On the contrary, based on the point of view of the previous paragraph, 
we allow ourselves total freedom to select the xi and pi in any way
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at all, as long as the set {,<Pi, xi>} adequately represents our 
state of knowledge and that it is suited to the numerical procedures we 
have in mind.  

Thus, suppose we were particularly interested in low values of x, i.e., 
in the low side tail of the distribution. We would then place several 
of the xi within this low side tail, even though the corresponding 
Pi were small. In this way, we would ensure that the low values of x 
would be appropriately represented in our subsequent calculations.  

0.13.3.2 Probabilistic Addition 

Suppose the variables x, y, z, are related by 

z = x +y (0.13-34) 

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

x = {<pi, xi>}, y = {<qj, yj>} (0.13-35) 

Moreover, suppose these states of knowledge are independent in the sense 
that, if we found out the true value of y, this would not affect our DPD 
for x, and vice versa.' 

For this situation, we may now define the operation of addition of two 
DPDs as follows: 

{<Pi, xi>1 + {<qj, yj>l = {<piqj, xi + yj>} (0.13-36) 

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

z = {<rij, zij>l 

where 

rij = Piqj, zij = xi + yj 

Equation (0.13-36) then is our algorithm for probabilistic addition. It 
may be regarded as a discrete analog to the convolution operation, 
(0.13-2). As an example of this algorithm, if 

x = {<.l, -1> <.5, +1> <.4, +2>1 

y = {<.2, 5>,<.8, 10>} 

then, 

z = {<.02, 4> <.l, 6> <.08, 7> <.08, 9> <.4, 11 > <.32, 12>}
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0.13.3.3 Probabilistic Multiplication 

Similarly, we define multiplication of DPDs as 

{<pi, xi>} {<qj = {<pi qj, x. yj>} 

Thus if

(0.13-37)

z = xy 

then

z = {<rij, zij>} 

with

(0.13-38)

rij = Piqj, zij = xiYj (0.13-39) 

As an example, let us take the x and y of the previous paragraph. Then, 
z is the set of doublets: 

z = {<.02, -5> <.1, 5> <.08, 10> <.08, -10> <.4, 10> <.32, 20>} 

Equation (0.13-39) is the discrete analog of (0.13-4). In a similar way 
we can write the discrete version of (0.13-8). We summarize all this in 
the following section.  

0.13.3.4 General Rule of Probability Arithmetic for Binary Operations 

If

z = f(x, y) 

where x, y are independent DPDs 

x = {<Pi, xi>}, Y = {<qj, yj>, 

then z is the DPD 

z = {<rij, zij>} 

where 

rij= Piqj, zij = f(xi, Yj) 

We note in passing that 

sr. = 1.0 
13

(0.13-40) 

(0.13-41) 

(0.13-42) 

(0.13-43)
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so that (0.13-42) is a bona fide -DPD.., -We al.so note. that obtaining, the 
DPD for z is a simple matter of tWo hested-"d 6loops" on a computing 
machine. We finally note the. straightforward:igenrralization to the case 
of more than two arguments in f. That is, if 

z = f(x 1 , x 2 , ... (0.13-44) 

where each xm is a DPD 

= {<pm ,XT >1, (0.13-45) 
m m 

then z is the DPD 

z = {<r ... i. zi ... zi >} (0.13-46) 

:wheret 

M 
ri" iM m=HP (0.13-47) 
11 M m=l 'm 

zi " = f i x ' i "; " " ...  1~4 ~ . . .xi")(0.13-48) 

l M Is 2iM 

If the-number of Variables, M, is large,,. and if f is complicated, then 
the DPD approach, (0.13-48), may become computationally burdensome. At 
this point, the Monte Carlo approach becomes more appropriate. For the 
types of f and M that arise in this study, however, the DPD approach 
serves quite nicely.  

0.13.4 PROBABILISTIC FUNCTIONS 

Notice that what we have done so far-is to develop an arithmetic for 
DPDs. The algebraic and functional notation associated with this arith
metic is identical to the usual notation for ordinary scalar variables.  
We simply reinterpret the symbols x, y, z, etc., as now standing for 
DPDs and the symbols +, -, , etc., as standing for appropriate 
operations between DPDs.  

Thus all equations remain exactly the same. We see them now, however, 
through different eyes, interpreting them as equations and operations 
between sets of doublets. This interpretation is consistent with, in 
fact a manifestation of, the basic philosophical point of' view which 
says that in computing real world phenomena we do not know any numerical 
values with complete certainty. Therefore, all our numbers should be 
replaced by probability distributions and all symbols representing 
numbers should thus be regarded as symbols representing probability 
distributions. All operations between such symbols thus now represent 
operations between probability distributions.
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Now let us carry thi a little.'further. Consider 'the statement

z = f(x)

If x is the DPD -{<Pi, xi>}'wei nterpret (4,0.13-49) as saying that 
z is the DPD

z = {<Pi, f(xi)>}Y (0.13-50)

This is shown pictoriallyin Figure 0.13-1.

Figure 0.13-1. Probabilistic Input for Deterministic Function f 

We interpret (0.13-49) as saying that we enter the curve f(x) with a 
probability distribution for x and emerge with a distribution for z.  
This interpretation holds, of course, for both discrete and continuous,: 
distributions.  

Thus, probabilistic input gives probabilistic output. Now what happens 
if the function f itself is probabilistic? 

By saying f is probabilistic we mean we have uncertainty as to the form 
of f. To proceed then, we must have a way of quantitatively expressing 
this uncertainty. This is simply done from the discrete point of view 
by setting out a series of different functional forms, f- and 
assigning probabilities to each. , Thus we have a set of oublets

f = {<qj, f >}, (0.13-51)qj

which expresses our state of knowledge with respect to the form of f, and 
which we can regard as a histogram, or DPD, erected over the function 
space from which f comes. . .  

Now returning to (0.13-49), if. both, x and f are probabilistic, we under
stand z to be the DPD,

z = {<piqj, fj (xi )>} (0.13-52)
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Graphically, the DPD for f canbe plotted as a "band, i.e., as: a family 
of curves with probability as parameter (Figure 0.13-2).  

We now thus think of ourselves as entering a probabilistic function with a 
probabilistic argument and emerging with a probabilistic output.

Figure 0.13-2. Probabilistic Input to Probabilistic Function f

0.13.5 FURTHER EXTENSIONS, VECTOR AND MATRIX VALUED VARIABLES 

The pattern is now clear and it is a simple matter to extend to the case, 
say, where x is a vector valued variable. For example, if x is a column 
vector 

x2 

x= 

xN 

the set of doublets 

x = {<Pj, xj>1 

is simply regarded as a histogram on the space of N element column 
vectors, each xi being a point in that space. Similarly if x and y 
are matrices, operators, or whatever, and if +, , and f are under
stood to represent appropriate operations between such entities, then 
the probability arithmetic of Section 0.13.3 remains totally valid.  
Again the equations remain the same--we simply reinterpret the symbols.  

This extension of the DPD approach to matrices is particularly useful in 
this study in light of the matrix format adopted in it for the assembly 
of final results (see Sections 8 and 0.8, especially 0.8.4.2).

0-86



0.13.6 COMMENT

We have now done enough to drive-home the point that, by adopting the 
"set of doublets" point ofview,"we 'can "scale up" all our-ordinary 
mathematics so that it :has a probabilistic dimension. ,The scale-up 
simply involves a reinterpretation of the symbols we have written down 
in our ordinary analysis. The appearance of the writing itself; all the 
equations, remains entirely the same. We now see the writing, however, 
differently. All quantities in the equations now become sets of 
doublets, and all the usual arithmetic, calculus, or matrix operations 
are now analogous operations defined between sets of doublets.  

So everything goes through very neatly. There are two pitfalls, 
however, to be wary of in actually carrying out the numerical work.  
These we discuss next.  

0.13.7 NONDISTRIBUTIVITY OF PROBABILISTIC OPERATIONS 

In the ordinary arithmetic of numbers if 

Q = x[y + z] (0.13-53) 

then also 

Q xy + xz (0.13-54) 

This property is referred to as the distributivity of the multiplication 
operation over addition. If x, y, and z are probability distributions, 
however, then (0.13-53) is not the same as (0.13-54).  

If Equation (0.13-53) says: 

1. First, add the distributions for y and z using, for example, 
(0.13-36).  

2. Then, multiply the resulting distribution by the distribution for x 
using (0.13-37).  

Equation (0.13-54) says: 

1. Multiply the distributions for x and y using (0.13-37).  
2. Multiply the distributions for x and z using (0.13-37).  
3. Add the two resulting distributions using (0.13-36).  

In this case, the second procedure, (0.13-54), would give an incorrect 
result since the distributions (xy) and (xz) are not probabilistically 
independent. The distribution coming from procedure (0.13-54) would be 
narrower than it should be.  

Thus probabilistic multiplication is not distributive, and in general 
one needs, in probabilistic arithmetic, to pay careful attention to the 
sequencing of operations. This must be understood in connection-with 
the comment of Section 0.13.6.
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0.13.8 DEPENDENCE AND INDEPENDENCE

The nondistributivity noted in the preceding is one example of a general 
feature that needs to be treated with great care in probabilistic 
calculations, namely dependency. An even simpler example is as follows: 

Suppose z = 2x (0.13-55) 

and take for x the DPD 

x = {<.2, 1> <.6, 2> <.2, 3>1 (0.13-56) 

then, according to our function rule (0.13-50) 

z = {<.2, 2> <.6, 4> <.2, 6>1 (0.13-57) 

On the other hand, if we interpret (0.13-55) as 

z = x + x (0.13-58) 

and use the addition rule (0.13-36), we get 

z = {<.04, 2> <.24, 3> <.44, 4> <24, 5> <.04, 6>1 (0.13-59) 

a very different and much more narrow DPD than (0.13-57). Thus, we see 
that, for probabilistic calculations, 2x is not the same as x + x. The 
difference is that when we did the operation x + x, we treated the two 
distributions as if they were independent; they are not. Thus, we 
obtained compensating uncertainties and a more narrow distribution than 
we should have.  

This situation arises in risk calculations when we have similar compo
nents (see Section 0.16.5). For example, consider the system in 
Figure0.13-3. We have 

Xs =1 + X2 (0.13-60) 

r-- - - a- -

.. . . . SYSTEM S 

Figure 0.13-3. Series System 

Now, suppose that components 1 and 2 are the same type of component, 
e.g., two valves of the same make and model. Our state of knowledge 
about Xi and X2 is therefore identical. That is to say, the DPD 
(or pdfj for X1 is the same as that for X2"
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More importantly, these pdfs are not only identical, they are dependent 
in the sense that, if we were somehow to learn the true failure rate ot 
valve 1, this would certainly affect our state of knowledge about X2-* 

Thus, if the components are the same, it is important to write 
Equation (0.13-60) as 

Xs 2X1 (not Xs =X + Xi) (0.13-61) 

Similarly, in a parallel system, if the components are the same, it is 
important to write the system failure rate not as 

Xs = X1 X'1 , (0.13-62) 

but rather as: 

X's X 21 (0.13-63) 
,s 1 

0.13.9 NUMERICAL CONSIDERATIONS, THE CONDENSATION OPERATION 

Consider again the probabilistic addition operation x + y = z, i.e., 

f<Pi' xi>} + {<qj, Y.>} = {<Piq xi + Y.>} (0.13-64) 

Observe that in passing through this operation the number of doublets in 
the z histogram is the product of the numbers in the x and y histograms.  
Thus if x and y each have 10 doublets, z would have 100.  

At this rate if we had a series of operations to do, for example adding 
a string of histograms, we would very soon be into a serious storage and 
running time problem. The obvious answer to this problem is to intro
duce, after each probabilistic operation, a condensation or aggregation 
operation to reduce the number of doublets. One way to do this is as 
follows.  

In the preceding example, we now have a hundred-doublet histogram for 
the variable z. But for numerical work we can argue that we do not need 
100 doublets to represent our state of knowledge about z. Ten will do 

*Note, however, that this does not mean that we would know the value 
X2 exactly; for, although it is the same make and model, it is a 
physically distinct valve. Our DPD for X2 , however, would be much 
more narrow.  
**In doing this, note that we say, in effect, that our state of know
ledge is totally dependent. In fact, it is not totally dependent since 
the components are physically distinct, as we pointed out in the last 
footnote. However, it is much better to err on the side of too much 
dependence rather than too little in our calculations, for too little 
will yield final DPDs that are too narrow, thus misleading us into an 
understatement of uncertainty.

0-89



just fine. So we need only to aggregate the hundred down to ten. A 
useful way to do this is to define ten intervals on the z axis as 
indicated on the following diagram: 

I I I C I I C C AXIS 

Note that we include the open-ended outer intervals among our ten. Now 
all we need to do is take all the points of the hundred-doublet histo
gram lying within the same interval and aggregate them into a single 
point.  

Thus suppose 

<P5, z5> <P6, z6 > "- <P12, z12> 

all lie within a single one, the ith, of our 10 intervals. We aggregate 
these doublets into a single new doublet <Pi, zi> in the 
fol l owing way: 

12 

P= pj  (0.13-65) 

12 
1. (0.13-66) 
Pi5 

The condensation operation so defined preserves the total probability 

and the mean z within each interval.  

Thus to add a series of histograms 

x1 + x2 + x3 + .x n 

we would simply add xI and x2 probabilistically, put the resulting 
histogram through a conde Tsati ?n operation, then add the condensed 
histogram, representing x' + x , to x , condense again, and so on.  
At each stage we choose the intervals so as to retain the detail in the 
ranges of most interest.  

This condensation eliminates many of the computational difficulties-
certainly for all scalar operations. When z is a matrix valued or 
function valued variable, the condensation process is naturally more 
delicate--but similar strategies can be applied.
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0.14 DATA ANALYSIS (DETERMINING' THE FREQUENCY.,OF. ELEMENTAL E-VENTS-) 

Thus far, by the process of event tree/fault tree/cause table analysis, 
we have expressed the frequency 'of our scenarios in terms of the 
frequencies and occurrence fractions of -various: 'el emental1 t events-
initiating events and causes. It remains, therefore, to describe the 
methodology for determining these elemental frequencies and occurrence 
fractions.  

Since the various elemental events are of 'different types, the method
ology must be suited to the nature of each and to the information 
available about-each.  

0.14.1 TYPES OF INFORMATION AVAILABLE 

In general, there are three types of information available for the 
frequency of elemental events: 

* El: General engineering knowledge of the' design and the manufac
ture of the equipment in question.  

* E2 : The historical performance in other plants similar to' ihe one 
in question.  

0 E3 : The past experience in the specific plant being studied.

The information of type E1 and E2 together constitutes the "generic" 
information and Ej the "plant specific" or "item specific" informa
tion. Generic information is contained in various- industry compendia 
such as the RSS, IEEE 500, and NUREG/CR-1363. Information of type E3 
can be culled from theplant records.  

These three types of information are available, in various degrees of 
detail, for elemental events such as hardware failure rates, initiating 
events, human error rates, test and maintenance unavailabilities, 
abnormal environments (seismic, fires), etc. It remains now to discuss 
how to integrate and synthesize the three types of information. The 
central conceptual tool used for this purpose in this study is.Bayes' 
theorem from the Theory of Probability. This'theorem, being the funda
mental law of logical inference, "is the ideal tool for quantitatively 
assessing the significance .of the various iiems of information.  

The methodology of this study makes extensive use of Bayes' theorem in 
several different.applications. We illustrate first what we call the 
"one stage" application.  

0.14.2 ONE-STAGE APPLICATION OF BAYES' THEOREM (DATA SPECIALIZATION) 

To illustrate the way Bayes' theorem has been used in this study, 
suppose that we wish to develop a probability distribution which
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expresses our state of.knowledge about the failure rate X of a 
specific valve to open on demand.* We write Bayes' theorem in the form

P(E 3 XEi2 1': 2 
p 1(XIEE2E3) 1E E 2  -- IE P(Xt~E2)j.r1 2

(0,14-1)

where

p(XIEIE 2E3) = the "posterior" probability distribution: in 
light of evidence EIE 2E3 

p(,XIEIE 2 ) = the probability distribution in light of the 
generic information El and E2 only, i.e., the 
state of knowledge "prior" to the plant-specific 
evidence E3 

p(E3 1XEIE 2) = the "likelihood" that evidence E would be 
observed if the value of the failure rate were X, and 
given also the generic information 

p(E3IEIE 2) = the probability that the specific evidence E3 
would be observed, given the generic information

For purposes of numerical calculation we discretize the X axis, 
lishing a set of possible values, x.. The denominator of 
Equation (0.14-1) can then be writtin as 

p(E 31EIE2 ) = p plXLlE 1E2 )p(E3 1XE 1E2) 

and therefore (0.14-1) itself can be written as

estab-

(0.14-2)

p(Xj IEE2E3 ) =
P(XI E1E2 ) P(E3IX E1E2) 

p(X j E1E2) P(E31X ElE2 ) 
j

We see here that the denominator is the sum of the numerator terms so 
that the posterior probabilities automatically add to 1.,0 as they should.  
It remains only to describe how the numerator terms, the likelihood and 
the prior, are calculated. Consider first the likelihood. The evidence 
E3 will be in the form

E3 = k failures out of n trials 

The likelihood is therefore [from (0.12-5)] 

n! k n-k 
P(E 3IxjEIE2 ) = n! 31Xj 2 . T~nFk1T j

(0.14-4)

(0.14-5)

*Note that in saying this we already presuppose that such a number X 

exists. That is we adopt a Poisson type, constant failure rate model to 
represent the performance of this value.
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For a continuously operati.ng system,,..the evidence .is of the form 
= k fa ilures in T hur's 

In this case the likelihood is 

jT_ -x jT p 1X. e 2. (0.14-6) k! - .  

Observe that this equation holds also for the case k=O..- Thus, the 
evidence of zero failures is handled within the Bayesi an framework just 
like any other evidence. Examples of this one stage Bayesian.., speciali
zation procedure are contained in References 0-17 and 0-18.  

0.14.3 DETERMINING THE PRIOR (OR GENERIC) DISTRIBUTIONS 

The prior distributions p(X*1E1E2 ) are obtained from published 
generic information, modified as described in the'following.  

For many components there is no data source that allows an unambiguous 
selection of the prior distribution. For example, in the published
compendia it is not always clear what failure modes are represented, 
what environments the data are applicable under, etc. 'It is evident, 
therefore, that judgment must be exercised in assigning the prior 
di stri buti on.  

Most sources give, for each failure rate, not a single number but a 
range or a distribution of some sort. For example, Table III 4-1 of the 
RSS gives, for the failure rate X, gf pumps under normal environ
ments, the range 3 x 10-6 to 3 x 10 failures per hour, which are 
described in the text as the 5th and 95th percentiles of a lognormal 
distribution. Indeed, most of the RSS data are given in the form of 
lognormal distributions. The question thus arises as to exactly how to 
interpret these distributions.  

We have chosen to interpret these distributions as "population vari
ability curves," 'that is, as curves showing the variation -of performance 
of individual components within'the population (seeSection 0.4.7).. In 
the case of pumps, for example, we imagine that if we tested a large 
population, and plotted the frequency with which specific failure rates 
were measured, then that plot wogld turn out to be a lognormal urve 
with the 5th percentile, 3 x'10 - , and 95th :percentile,- 3 x 10.  

These lognormal curves from the RSS, therefore, are regarded-asthe 
known results of experiments on populations. They'are frequency.distri
butions.representing the variability stemming from different manufac
turers, different models, different operating and maintenance condi
tions, as well as the random fluctuations occurring in presumably 
identical components. . '
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Now, if we are interested in a specificl;component in a-:specific plant, 
then that component will have, by our modeling assumption, a specific, 
constant, failure rate. After we have had'a lot of operating experience 
with this component, we will have a good-idea about what its failure 
rate, X, is. Until then we have a state of uncertainty.. "We express
that state of uncertainty with a probability distribution.  

If all we know about the specific component (before we have any experi
ence with it) is that it is a member of the population, then.we would 
set our probability curve equal to the population variability curve. If 
all we know then is that we have a pump, we would say that our- state of 
knowledge of the X for that pump is expressed by a l og ormal with the 
5th and 95th percentiles equal to 3 x 10- and 3 x 10- .  

Thus, in this case, our prior probability distributions are set numeri
cally equal to the population variability curves.  

After we have some operating experience with our specific component, we 
compute a posterior distribution which will be different from the popu
lation variability curve and may, in fact, be thought of as expressing 
our posterior state of knowledge, in light of our new evidence, about 
where within the population our specific component falls.  

This specialized distribution is the posterior distribution p(X1EIE2E3) 
of Section 0.14.2.  

0.14.4 TREATMENT OF THE GENERIC DISTRIBUTIONS FROM THE RSS 

As discussed in Section 0.14.3, the RSS provides lognormal distributions 
for failure rates. The 5th and 95th percentiles were the endpoints of 
the "assessed range" which was derived by the RSS from point estimates 
of each failure rate supplied by experts (organizations, individuals, 
etc.).  

We have decided, for most components, to broaden these curves by taking 
the endpoints of the assessed range as the 20th and 80th percentiles of 
a lognormal distribution. We thus express greater uncertainty since we 
allow a 40% chance to the possibility that the failure rate will be 
outside the assessed range. We do this for the following reasons.  

In a previous site specific study (Reference 0-17) we used the RSS 
curves (as given) as generic distributions. We then found that several 
posterior distributions, reflecting the evidence of the specific plant, 
lay in the tail region of the prior distributions on the high side.  
These results led us to the conclusion that the generic curves had to be 
broadened to reflect greater uncertainty.  

References 0-19 and 0-20 provide further support for this decision. In 0 
Reference 0-19 the authors review experimental results that test the 
adequacy of probability assessments, and they conclude, that "the over
whelming evidence from research on uncertain quantities is that people's 
probability distributions tend to be too tight. The assessment of 
extreme fractiles is particularly prone to bias." Referring to the RSS 
they state, "The research reviewed here suggests that distributions
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built from assessments of the 0..05 and 0.95 fractiles may be grossly 
biased." 

Commenting on judgmental biases in risk perception,* Reference 0-20 
states: 

A typical task in estimating uncertain quantities like fa ilure 
rates is to set upper and lower bounds such that there is a 98% 
chance that the true value lies between them. Experiments with 
diverse groups of people making many different kinds of 
judgments have shown that, rather than 2% of true values 
falling outside the 98% confidence bounds, 20 to 50% do so 
(Reference 0-19). Thus, people think that they can estimate 
such values with much greater precision than is actually the 
case.  

Our practice of broadening the generic distributions obtained from the 
literature is consistent with the conclusions of these studies and with 
our own experience. We adopted this practice as a general rule, but did 
not apply it invariably. In a few cases (e.g., Items 46 and 47 in 
Table 1.5.1-5), the RSS distribution was judged to be broad enough to 
express our state of knowledge and was left unchanged.  

The numerical effect of our broadening procedure is illustrated by the 
following example.  

For the failure mode "failure of Air-operated vIves to remain open," 
the RSS gives the range 2.8 x 10-0 to 2.8 x 10- per hour. Using 
these as the 5th and 95th percentiles, we ge$ a Tedian of 
8.9 x 10-8 h-1 and a mean equal to 1.1 x 10"' h- .  

Our broadened distribution will be specified by the equations: 

exp(pi - 0.84a) = 2.8 x 10-8 

exp(P + 0.84c) = 2.8 x 10-7 

Thus, we get 1j = -16.24 and a = 1.37. Therefore, our broadened 
distribution has the characteristic values shown in the following table: 

5% Median Mean 95% 95/5 
Ratio 

RSS 2.8 x 10-8 8.9 x 10-8 1.1 x 10-7  2.8 x 10-7  10 

Broadened 
Distribution 9.3 x 10-9  8.9 x 10-8 2.3 x 10-7  8.4 x 10-7  90 

We see here that the median remains the same, as it must; the 95th to 
5th percentile ratio goes from a factor of 10 to almost 100; and the 
mean value increases by a factor of 2 reflecting the extension of the 
high side tail of the curve.
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0.14.5 TREATMENT OF THE GENERIC DISTRIBUTIONS FROM IEEE STD-'500

This standard (Reference 0-21) contains data for, electronic, electrical, 
and sensing components. The reported values were mainly synthesized 
from the opinions of some 200 experts (a form of the Delphi procedure 
was used). Each expert reported a "low," "recommended," and "high 
value of the failure rate under normal conditions and a "maximum, value 
whichwould be applicable under all conditions (including abnormal 
ones). The, pooling of the estimates was done using geometric averaging 
techniques, e.g., 

T [/n 
(.0.14-7) 

This method of averaging was judged to be a better representation of the 
expert estimates, which were often given in terms of negative powers 

of 10. In effect, the usual arithmetic averages of the exponents were 
used.  

The standard does not recommend a distribution. The method of 
averaging, however, as well as generic experience with population vari
ability curves suggests a lognormal distribution. Our task, then, is to 
determinethis distribution from the given information.  

The recommended value is suggested for use as a "best" estimate. The 
word "best" is, of course, subject to different interpretations. We 
decide to use it as the median value for two reasons. First, for 
skewed, lognormal type distributions, the median is a more representa
tive measure of central tendency than the mean, which is very sensitive 
to the tails of the distributions. Thus, we suspect that the experts 
who submitted their "recommended" estimates actually had in mind median 
values. Experimental evidence (Reference 0-22) also indicates that 
assessors tend to bias their estimates of mean values toward the 
medians. The second reason is that this choice is conservative, since 
the mean value of our resulting distribution is then larger than-the 
"recommended" value. The "maximum" value is taken to be the 80th 
percentile of the lognormal distribution.  

0.14.6 GENERIC DISTRIBUTIONS: OTHER SOURCES 

An additional source of generic data is a series of NRC reports on 
pumps, valves, and diesel generators (References 0-23 through 0-25).  
They contain actual experience, and they do not rely on expert. opinion.  

These reports, when applicable, provide the mean failure rate of the 
generic distribution. However, they do not explicitly give a measure of 
plant-to-plant variability. We therefore used the mean values from the 
NRC reports when available, together with an error factor obtained from 
the RSS. This error factor we determine by using the RSS range as the 
60% range, as explained in Section 0.14.4.
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0.14.7 TWO-STAGE APPLICATION OF BAYES' THEOREM

P In the method of the previous sections, the information E2 is incor
porated into the process in basically a judgmental way, through the use 
of prior distributions taken from industry compendia such as the RSS and 
IEEE 500. This method was used for most of the components dealt with in 
this study. For the initiating events, however, a more sophisticated 
approach was used.  

In this approach (Reference 0-26), the prior distribution p(XJE 1 E2 ), 
instead of being taken from the compendia, is itself derived from more 
fundamental information, namely E2. This is done by introducing a 
"first stage'! application of Bayes' theorem in which E1 'is the prior 
information and E2 is the "current" information. The posterior'distri
bution, which is the output of this first stage, then becomes, in effect, 
the prior distribution for a second stage use of Bayes' theorem, in which 
E3 is the current evidence as in Section 0.14.2.  

In this way the information E2 is treated explicitly and quantita
tively, rather than judgmentally. It is milked of all its information 
content, and the perennial question of "where do you get the prior 
from?" is addressed by pushing the prior back to a more fundamental 
level. We outline this approach as follows.  

Consider a particular initiating event, say Ii, and suppose that we 
wish to say what can be inferred about the frequency X1 , of this 
event at a specific plant, say plant j. This plant has already operated 
for T. years, during which the event I, has occurred kj times. The 
evide ice E3 is thus 

* E3 = <kj, Tj> (0.14-8) 

Now suppose that we have a population of similar plants, 1, 2, 3,... M, 
and suppose that we consider the experience of these plants, with 
respect to event I1, as relevant to our assessment of the frequency at 
plant j. The experience of the mth plant in the population may again be 
summarized as a doublet 

<km, Tm> (0.14-9) 

i.e., km occurrences in Tm years. The evidence E2 is thus the set 
of such doublets, 

E2 = {<K 1 , TI>, <k2 T2> ... <km Tm>} 
(0.14-10) 

Now each plant in the population has its own "true" occurrence 
rate X . Since the plants are not identical the true rates, X 
will likewise not be identical. Considering the population, terefore, 
there will be a frequency distribution of X over the population.
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We now imagine that these m plants are part of, in fact samples from, a 
much larger population. Each member of this larger population has its 
own "true" occurrence rate X, which varies from member to member.  
There is thus a frequency distribution, *(x), of X over the popu
lation. This distribution, if we knew it, would constitute a prior 
probability distribution for Xj.  

Of course we do not know this distribution $() but we do have some 
information about it; namely, that the M sample plants selected from the 
population have had the experience E2. From this information, using 
Bayes' theorem, we are able to express a posterior state of knowledge 
about the nature of the function *(X). From this state of know
ledge, we can compute the distribution p(XIEi 2 ) which is the 
prior for the second stage as in Section 0.14.2.  

0 

0 

0
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0.15 HUMAN ERROR RATES

0.15.1 BASIC HUMAN ERROR RATES 

The principal source of information is the NRC Human Reliability 
Handbook (Reference 0-27). This work is a substantial extension of the 
human reliability analysis contained in the RSS. It provides numbers 
for human error rates in numerous situations and it discusses at length 
the various factors that may influence human performance.  

Despite the impressive amount of work that the handbook contains, the 
user should not forget that the numbers given are essentially the judg
ment of its authors and that they are not based on actual data. This is 
acknowledged by the authors, who state that the numbers "represent our 
best judgment based on our experience in complex systems (including 
nuclear power plants) and on our background in experimental and engi
neering psychology" (page 1-6, Reference 0-27). It is not surprising, 
therefore, that we have to use our own judgment as to how to use the 
information in the handbook.  

For a specific human error rate the handbook usually provides a best 
estimate and upper and lower bounds. The use of a lognormal distribu
tion is suggested with the two given bounds to be used as its 95th and 
5th percentiles. The handbook points out that these are merely sugges
tions and that the users may, in some situations, wish to assign a 
larger uncertainty band.  

We agree that, in most cases, the lognormal distribution is a satis
factory distribution to use because "the performance of skilled persons 
tends to bunch up towards the low human error probabilities" (page 16-6, 
Reference 0-27). Unless otherwise stated we also use the lognormal 
distribution.  

We determine the lognormal distribution by using the best estimate as 
the median and the upper bound as the 90th percentile, rather than the 
95th percentile that the handbook recommends. This is consistent with 
our approach of expressing greater uncertainty about-the error rates 
than the generic sources of data recommend.  

Having made these decisions, we obtain the parameters u and a of the 
lognormal distribution from the equations: 

exp (1) = BE (best estimate) (0.15-1) 

exp (p + 1.28a) =.UB (upper bound) (0.15-2) 

The solution is: 

= Zn (BE) (0.15-3) 

S= [Ln (UB) - ]/1.28 (0.15-4)
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Example. For the rate of omission in nonpassive tasks (e~g.., mainte
nance, test, etc.) when written procedures with checkoff provisions are 
used correctly, Table 15-2 of the handbook gives: 

Best estimate (BE): 3 x10- 3

.Lower bound (LB): 10-3 

Upper bound (UB): 10-2 

when the procedure consists of more than 10special'instruction items.  
From Equations (0.15-3) and (0.15-4) we get 

= -5.81 and 0= 0.94 

Therefore, we have: 

Mean a exp (P + a2) =4.67 x 1

Variance a 2.= a2 [exp(A) - 1] = 3.08 x 10-5 

95th Percentile = exp (1 + 1.645c) = 1.41 x 10-2 

5th Percentile = exp (p - 1.645a) = 6.40 x 10-4 

We observe that our numbers are not very much different from those of 
the handbook.  

Following the above procedure we derive the numbers of Table 0.15-1 for 
the human error rates, y, that are frequently used in this study.  

0.15.2 DEPENDENCE 

When-two or more tasks are to be performed, the question of dependence 
between human errors must be addressed. The handbook (Chapter 7) 
defines five levels of dependence as follows: 

e Zero Dependence (ZD): "The quality of performance, including 
nonperformance,'of one activity has no effect on the performance of 
subsequent activities." 

0 Low Dependence (LD): "It is a convenient-assumption to make when 
the dependence between actions is clearly greater than zero but not 
much greater." 

* Moderate Dependence (MD): "... a level of dependence between LD and O 
HD."1 

9 High Dependence (HD): "It is a convenient assumption to make when 
the dependence between two actions is not complete but is definitely 
towards the higher end of the dependence continuum."
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0
TABLE 0.15-1

BASIC HUMAN ERROR RATES 
(Per Demand) 

This Study 
Task NRC Handbook* 

1J a Mean Variance 

ERRORS OF COMMISSION 

I. Change or tag wrong valve where the 5x10O 3 (2x10-3 - 2xiO -2 ) -5.30 1.08 9x10-3  1.8x0-4 

desired valve is one of two or more 
adjacent, similar-appearing manual 
valves, and at least one other valve 
is in the same state as the desired 
valve, or the valves are MOVs of such 
type that valve status cannot be 
determined at the valve itself.  

2. Change or restore wrong MOV switch 3xO -3 (10-3- 10-2) -5.81 0.94 4.7x10-3  3.lxiO-5 
or circuit breaker in a group of 
similar appearing items (in case of 
restoration, at least two items are 
tagged).  

3. General error of commission in 3xi0-3 (10-3 10-2) -5.81 0.94 4.7x10-3  3.140"5 

nonpassive tasks such as maintenance, 
test, or calibration when written 
procedures are -used.  

ERRORS OF OMISSION 

1. Nonpassive tasks (maintenance, 
test, calibration); using procedures 
with checkoff provisions.  
i. Short list (< 10 special 10-3 (5x10 -4 - 5x0-3 ) -6.91 1.26 2.2x0 - 3  1.9xi0 -5 

instruction Ttems).  
ii. Long list (> 10 special 3x10-3 (10-3 - 10-2) -5.81 0.94 4.7x- 3  3.1x1O -5 

instruction items).  

2. Passive tasks such as walk-around 
inspections.  
i. Failure to recognize an incorrect 10-2 (5x0 -3 - 5x10-2) -4.61 1.21 2.2x10-2  1.9x10-3 

status when checking each item as 
he looks at it.  

ii. Failure to recognize an incorrect 10-1 (5x0 -2 - 5x10 - 1) -2.30 1.26 2.2x10 -1  1.x0-1 
status when checking off several 
items after looking at several.  

*Best Estimate (Range)
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e Complete Dependence (CD): "Complete dependence between the actions 
of two people is rare, but not as rare as ZD. CD between two 
actions performed by the same person is more common." 

The error rate YN for the Nth action, given failure on the (N-1)th 
action, is given by the following equations: 

ZD: YN =y (the unconditionaliraie of Table 0.15-1) (0.15-5) 

LD: = 1+121 (0.15-6) 
20 

i+6a .  MD: YN = (0.15-7) 

HD: = (0.15-8) 

CD: YN = 1  (0.15-9) 

From this summary, it is evident that judgment needs to be exercised in 
deciding what the level of dependence between two specific tasks is and 
how these equations are to be applied.  

As an example, we take the tasks of successively restoring valves to 
Stheir proper position after test or maintenance. For these routine type 
actions where written procedures are used, we judge that the level of dependence between the restoration of the first two valves is moderate 
and for all remaining valves is complete..  

From Table 0.15-1 we find that the basic error of omissiop by an operator 
(with written procedures, short list) has a median of 10-3, which, of 
course, is the best estimate listed in the handbook. We judge that 
Equations (0.15-5) through (0.15-9) have been derived mainly for best 
estimates; i.e., the best estimate for the conditional error of omission 
(MD) is 

MD = 1+6x10 3 
Y1 &40.,144 

Uncertainty bounds are not gi:ven in the handbook., We note that this 
uncertainty is mainly due to the use of the equation for y1 itself 
and not so much due to the variability of YO 'If'we assume a low 
level of dependence, we will get [Equation (0'.15-6)] 

LD 1+19x10-3  005.  
1 20 .  

while, for a high level of dependence 

YHD - 1+10-3 - 0.50 
1 2
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Since we believe that moderate dependence is appropriate, we take as the 
median of the conditional error of omission the value 0.144.  

We express our uncertainty about this value by assigning an error factor 
of 5. The upper and lower bounds are then 0.72 and 0.029, respectively, 
and they include the point estimates for high and low dependencies 
derived in the preceding.  

The parameters ill and al of the lognormal distribution of Y1 are: 

1= n 0.144 = - 1.94 

o.n5 =0.98 
1.645 

The error rate for nonrestoration of two valves is given by 

YTV = Y1YO 

where Y1 and yO are lognormally distributed. Consequently, yTV is 
also a lognormal variable with: 

= -1.94 - 6.91 = -8.85 

S= #0.982 + 1.262 = 1.60 
Therefore, the mean and variance of yTV are: 

T 5.1 x 10- 4 

YTV 

2 2  =3.1 x 10 6 

YTV 

and the percentiles: 

5th Percentile: 10- 5 

Median: 1.4 x 10- 4 

95th Percentile: 2.0 x 10-3 

0.15.3 HIGH STRESS SITUATIONS 

The numbers that have been presented apply to normal tasks. When a high 
stress situation exists, e.g., following a LOCA, the response of the 
operators depends strongly on the time available, the information that 
they have, etc. These special cases are analyzed where they arise.

0-103



0.16 SYSTEM ANALYSIS 

As outlined in Section0.9, the determination of the split fractions for 
each system in the plant event .tree-is done by,,aprocess called system 
analysis. The present section: adds a bit more detail about this process 
and, in particular, points! out-,certain pitfalls which occur along the 
path of numerical computation of these split fractions and which must be 
handled correctly in ;order to avoid getting misleading results.  

Because the systems in the plant differ greatly from each other, the 
analyses of different systems have a certain amount of difference in 
format. Nevertheless, all the systems analyses contain the following 
essential structural elements., 

0.16.1 SYSTEM DESCRIPTION 

The logic and the hardware of the system are described with the use of P&ID and block diagrams. The system configurati on is often simplified 
by removing components; e.g., instrumentation lines, that are not perti.-.  
nent to the required function of the system. Interfacing- systems and 
test and maintenance requirements are also listed.  

0.16.2 LOGIC MODEL 

The meaning of different states of the system; i.e.,'the definitionof 
the branches at each branch point, is of course done as part of the 
event tree. For those states which represent failure or partial failure 
a fault tree model of the system is constructed. The failure or partial 
failure state of the system becomes the "top event" of the fault tree.  
The fault tree logic then expresses the.relationship between the states 
of the system and the states of .the. components of the system.  

In the top structure of the fault tree certain "boundary conditions" are 
expressed under which the analysis is carried further. These boundary 
conditions define, in effect, "subtrees" within the system fault tree.  
For example, in Figure,0.16-1 ,- thetop structure of the tree shows 
explicitly the parts of the system that are disabled during maintenance 
(or testing, if applicable). Special attention is paid to the mainte
nance and test subtrees because the configuration of the system changes, 
the position of valves may change, and the- system may be most vulnerable 
under these conditions.  

As another example, different boundary conditions may represent the 
availability of electric power at various buses.. When the system 
analyzed is fed by, say, two buse's, there are four boundary conditions 
for the top event, namely,•"both buses available," "bus 1 available and 
bus 2 unavailable," "bus 1 unavailable and bus 2 available," and "both 
buses unavailable." A separate subfault tree is developed in this case 
for each of the four boundary -conditions.

The system logic as illuminated by the f ault tree analysis is finally 
expressed concisely in the form of .the",minimal failure sets," or 
"minimal cutsets" of the system. Thesesets represent those minimum
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0

TABLE 0.16-1 

SAMPLE CASE TABLE FOR DOUBLE FAILURES (BUSES AVAILABLE)

Dominant contributor = maintenance combined with hardware failure.

0

Effects 
Cause Mean Initiating 

Frequency Components System Other Systems Eent s 
i: ' Events .  

Coincident 4.5 x10-6 Mainly pumps Fails No effect No effect 

Hardware Failures 

Testing .10-10 Pumps No effect No effect -No effect 

Maintenance and 2.0 x .10-4 Pumps or Fails No effect No effect 
Hardware Failure M-V8700A, B 

Human Error and 8.2 x lO-9  MOV8809A, B Fails No effect. No effect 
Hardware Failure closed, failure 

on other side 

Other, 4.6 x lO-5  Valves or pumps Fails No effect No effect 

TOTAL .3 x 1"-4



combinations of component failure which lead to system failure; i.e., to 
the top event. At this point the system logic part of the analysis is 
complete; that is, the minimal cutsets are logically equivalent to the 
top event.  

0.16.3 CAUSES OF SYSTEM FAILURE 

The fault trees and the minimal cutsets identify the failure modes of 
the system in terms of system components. We must now identify and 
quantify-the failure causes of the system, i.e., causes that could make 
the components of a minimal cutset unavailable. This part of the 
analysis is where questions of completeness arise. By making the 
analysis systematic, we expect that the dominant failure causes will be 
identified. Furthermore, when all is said and done, we should think S 
about the "other" category of causes, i.e., we should explicitly acknow
ledge our limitations and make some allowance for failure causes that we 
have not thought of.  

To make the analysis systematic, we search for causes of single failures 
first, then double failures, etc. The latter refers to the order of 
minimal cutsets.  

For each category of minimal cutsets we develop a table of causes and 
effects like the example shown in Table 0.16-1.  

This table is developed for the second order minimal cutsets (double 
failures) of a system under the boundary conditions of both electric 
power buses being available. The table shows the causes of failure and W 
their frequency, as well as their effects on components, on the system, 
on other systems, and on initiating events. This information alerts us 
to potential failure causes which can be common to more than one system.  

The causes for which the analysis is more or less standard (but not 
always straightforward) are: 

1. Hardware Failures. This is the standard treatment of "random inde
pendent" fail ures.  

2. Test and Maintenance. This is where we use the branches Y and Z of 
the fault tree (Figure 0.16-1). Since technical specifications do 
not allow systems to be disabled during test and maintenance, addi- 0 
tional failures must occur for the system to fail, i.e., at least 
one cause must exist in addition to the effects of test or mainte
nance for system failure.  

3. Human Errors. The most common kinds are errors of omission and 
commission, e.g., forgetting to open or close valves after test or 0 
maintenance.  

The frequency of these causes, human errors, hardware failures, etc., 
are determined from the available evidence and expert opinion as 
described in Sections 0.14 and 0.15. Since there is always uncertainty
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in.these el emental :frequencies., we' express ou r state ofiknowledge about 
them, always, inthe form of a probability distribution against 
frequency., 

The question next arises as to how to combine these elemental -prob
ability of frequency curves into probability of frequency curves for, 
failure of the whole system; these latter constitute, of-course, the 
probability curves for'the" split fractions that we need at the event tree level.  

0.16.4 SYSTEM QUANTIFICATION 

This process of combining elemental frequencies into :system failure 
frequencies, i.e., split fractions, is called system quantification. If 
the elemental frequencies were known with certainty, the process of 
combinationis quite straightforward and based on the system logic as 
expressed in the fault tree or the minimum failure sets. When uncer
tainty in the elemental failure rates is taken into account, however, 
certain subtle pitfalls arise in this combination process, which, if 
they are not handled properly, can make customary combination procedures 
yield results substantially in error. These pitfalls have to do with 
dependencies or correlations between our state of knowledge of elemental 
failure rates and with certain convenient mathematical approximations 
which are customarily used, among them the use of lognormal shapes to 
represent probability distributions of elemental failure rates. .The 
next several sections discuss these pitfalls in some detail.  

0.16.5 PITFALLS-RESULTING FROM CORRELATED VARIABLES 

In the unavailability calculations, it is important not to overlook the.  
correlation or dependence among variables .for this would result in an 
underestimation of the uncertainties. The correlations we are speaking 
of here are not those due to dependence among events (common cause 
failures) but rather those stemming from the fact that for nominally 
:identical'components the states of knowledge that specify their failure 
rates are identical (Reference 0-28).  

Thiscorrelation is easily understood when we recall our discussion on 
generic distributions and data specialization (Section 0.14). In 
deriving the specialized distribution for, say, the failure of motor
operated valves to open on demand we have assumed that there is a single 
value of the failure rate, q, which applies to all MOVs in our plant 
and, which is unknown to us. This state-of-knowledge uncertainty is 
expressed by the specialized distribution. The evidence from the plant 
is collected by aggregating all the failures of MOVs to open on demand 
and all the demands. This, of course, is consistent 'with the'assumption 
of the exi.stence of a single value for this particular failure rate.  

Suppose, now, that a system fails when one of two MOVs.in series fails 
to open. In conventional calculations we would evaluate this contribu
tion to system unavailability by 

Q q +q 2 .(0.16-1)
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where qj and q2 are independent variables having= the same distribution.  Equation (0.16-1), however, ignores the correlation described in the 
preceding. We will be consistent with our model when we replace 
Equation.(0.16-1),by

Q = 2q (0.16-2)

Equation (0.16-2) expresses the fact that the failure rates of the two 
MOVs are identical (more precisely, that the probability distributions 
for the two failure rates express the same state of knowledge and are 
thus dependent).  

Similarly, for two events in parallel, a conventional calculation would 
be

Q = qlq2 

while the correct equation is

Q =q2

(0.16-3)

To further appreciate these differences, we calculate the mean and 
variance of Q (which we denote by 

aQ and 8 ) 

in terms of the mean and variance of q (which we denote by 

2 
a and ) 
q q 

0 Series Configuration

(0.16-4)

In Equation (0.16-1) 
Section 0.13 we get

we have the sum of two variables. According to

aQ aq + q2 q

and

2 2 
1ql 2

2 28q

On the other hand, Equation (0.16-2) gives 

a = 2a 
Q q 

and 

2 2 2 2 
0 Q 28 =48q
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Comparing Equations (0.16-5) and (0.16-7) we conclude that the mean 
value is unaffected when the correlation of the variables is taken 
into account. However, Equations (0.16-6) and (0.16-8) show that 
the uncertainty is underestimated if the correlation is ignored.  

Parallel Configuration

In the multiplicative case, Equation (0.16-3), we get

Q =c~ cq = 2cq OL q l Otq2 (0.16-9)

From Equations (0.16-4) and (0.12-26), we get

a =2 + 2 
Q q q (0.16-10)

Comparing Equations (0.16-9) 
mean value is underestimated 
accounted for.  

The effect of using (0.16-3) 
variance of Q can be further 
lognormally distributed q as

and (0.16-10) we conclude that even the 
when the correlation is not properly 

versus (0.16-4) on the "spread" or 
illuminated in the important case of 
follows.

• Lognormal Case

In Section 0.12 we discussed a convenient way 
lognormal distribution (Equation (0.12-40)).  
Equation (0.12-43)-with C1 = 1 and C2 = 2, we 
Equation (0.16-4)

Q = q2 = m2 e2OZ

to think about the 
Using 
get for Q of

Therefore, q2 is also lognormal with median m2 and lognormal 

standard deviation 2G.  

Also, if ql and q2 are two lognormal variates

ql = Mle Z

then (see Section 0.12) 

G1Zl + 02 z2 
qlq 2 = mlm2 e .

(0.16-11)

(0.16-12)

(0.16-13)

Since the sum of two normal curves is a normal curve we'have 

al1 + 2 z2 = 3 z3
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where 

03 = c + c2 (0.16-14) 

Thus, from (0.16-3) we see that 

03z3 
Q= qlq 2 = m1m2e 

i.e., that Q is a lognormal variate with median mlm2 and 

lognormal standard deviation (0.16-14).  

Now if ql and q2 have the same distribution: o il 

ml = m2 = m 

01 = u2 = a 

then 

Q m e (0.16-15) 

Comparing (0.16-15) with (0.16-11) we see that using Equation (0.16-3) 
rather than Equation (0.16-4) leads to a tighter distribution for Q.  
Thus, neglect of the dependence of the probability distributions for 
q and q2 leads to a severe understatement of the uncertainty in Q.  
Tle median of Q is correct, but the distribution about that median is 
too narrow, and leads to an erroneous and unconservative calculation of 
the mean value of Q.  

0.16.6 ERRORS IN MEANS AND VARIANCES RESULTING FROM USE OF LOGNORMAL 
DISTRIBUTIONS 

The lognormal is very convenient mathematically, but has the defect that 
the mathematical curve has a tail extending to infinity, whereas the 
true state of knowledge distribution truncates at finite values (for 
example, a true failure rate on demand cannot be greater than 1.0). The 
presence of this tail can be regarded as a mathematical artifact which, 
in most cases, does not distort the results of the analysis. In other 
cases, however, it does. The purpose of this section, in fact, is to 
point out that this artifact can result in severe error in calculated 
means and variances even while the usual percentiles are unaffected 
(Reference 0-28).  

To demonstrate the sensitivity of the mean value to the tails of distri
butions we can use the following simple example. Let the variable X 
take on two values as follows: 

Pr (X = 10-2) = 0.9999 = 1 -10 -4 

Pr (X =2) = 10- 4
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The mean value of X i-s, then, 

cX = 10-2 x 0.9999 + 2 x 10-4 = 1.020 x 10-2 

The major part of this Value comes from the point 10-2, which has the 
highest probability.  

Suppose, now, that we are interested in the cube of X., Then 

Pr (X3 = 10-6) 0.9999 

Pr (X3 = 8) =10-4 

The mean value js now 

-6 -4 -4 
a 3 10. x0.9999 8 X10 8.009.x10

a result that is completely dominated by the value X = 2. If this value happens to be unrealistic but tolerated due to some modeling approximation that assigns to it a viry small probability, it will distort any calculations that include X . Situations like this do arise in risk 
analysis in the following situations.  

0 The Exponential Approximation 

It is common practice to treat the timeto failure of items as an exponentially distributed random variable, i.e., the failure distri
bution is 

F(t) = 1-e-Xt (0.16-16) 

where X is the failure rate. Due to the smallness of X, F(t) is 
almost always approximated by 

F(t) Xt, for At < 0.10 (.0.16-17) 

The requirement that Xt be less than 0.10 is often forgotten since 
the most likely values of X are indeed small. However, if a lognormal distribution is used for X, then At is unbounded on the right. The condition of Equation (0.16-17) then, is violated by the high percentiles resulting in an overestimate of the mean and 
variance.  

* Frequency of Failure on Demand 

The frequency of failure on demand (unavailability), q, can take on values in the interval (0,1), while the lognormal distribution is defined over the interval (0, o). Even though the probability of the (nonphysical) values (1, -) is usually negligibly small, this tail may distort the mean and variance just as in the preceding case. To prevent this distortion in the current study we truncate 
the lognormal distribution at q = 1 or less.
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0.16.7 EXPRESSION OF SYSTEM FAILURE RATES IN TERMS OF COMPONENT FAILURE 
RATES. THE SUPERCOMPONENT IDEA. NECESSITY FOR PROPER TREATMENT 
OF DEPENDENCY 

The results of the preceding section suggest that theunavailability 
contribution from hardware failures cannot be calculated from the 
minimal cutsets in a mechanical way, because of the correlations, which 
the standard computer codes ignore.

To demonstrate 
Figure 0.16-2.

the effects of correlation, we use the example of

F --- - - - -- --
1 

A 
I -~ ,OOI

1W 
L------------------

Figure 0.16-2. Sample Case of Supercomponents 

The system consists of two parallel identical trains. In particular, 
the Y components are similar, as well as the Z components. Here Y and Z 
denote failure rates on demand. Each is lognormally distributed with 
the following characteristics: 

Y: . = -6.96, a = 0.698 

mean value = y =1.21 x 10-3 

variance = = 9.28 x 10

Z: = -9.26, a = 0.698

xZ= 1.21 x 10

2 9 

a= 9.28 x 10~
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There are nine minimal cutsets-of order two;' namely,

YIY2 ZIY 2  Z3Y2 Y1Z2  Z1Z2  Z3Z2 
Y1Z4  Z1Z4  Z3Z4 

A conventional calculation of the mean unavailability of the system, 
OK), ignores the correlation and is based on the expression 

Q =(Y + Z + Z3)Y + + Z (0.16-19) 
1 + 3)( 2 +z2 z 4) 

Evaluating this expression we get: 

5th Percentile: 4.2 x 10- 7 

Median: 1.4 x 10-6 

Mean: 2.1 x 10-6 

95th Percentile: 5.8 x 10-6 

The correct expression, which replaces Equation (0.16-19), is 

A = (Y + 2Z)2. (0.16-20) 

which gives: 

5th Percentile: 2.4 x 10-7 

Median: 1.5 x 10-6 

Mean: 3.1 x 10-6 

95th Percentile: 10, 5 

We see, therefore, that ignoring the correlation leads to substantial 
inaccuracy.  

Equation (0.16-20) suggests that we define supercomponents A and B 
(Figure 0.16-1) as: 

A {<YI, Z1 9 Z3>} 

B a {<Y 2, Z2, Z4>} 

The two supercomponents are identical. The mean and variance of A are: 

= ' cy + 2 = 1.452 x 10
-3 

2 2~ 2 
2 a' + a2 = 9.466 x 107
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The double failures of the system are due to failure of both supercom
ponents, i.e.,

Q = A2 (0.16-21)

The mean of Q is then 

2 2 1 x -6 a Q = A + aA 3.1 x 10 - 6 

which is the correct value.  

0.16.8 TEST AND MAINTENANCE CONTRIBUTION TO SYSTEM UNAVAILABILITY 

0.16.8.1 Test Contribution 

Referring to Figure 0.16-2, suppose that every T hours (usually 
T = 720 h) supercomponents A and B are tested consecutively. There is a 
contribution to system unavailability only if the test disables the 
supercomponent. Let the mean duration of testing be T. System 
failure occurs when A is being tested and B fails, or B is being tested 
and A fails. We have: 

Unavailability of A due to testing: frequency = T 

B fails on demand: frequency E qB qA; 

therefore,

(0.16-22)Qtest = 2T qA

The mean unavailability due to testing is then

(0.16-23)=2 T 

Qtest T qA 

and the variance is

2 
Qtest

22

SqA T
+ 221 

T q A]
(0.16-24)

Usually the uncertainty 
replaced by:

2 
Qtest

on T is negligible and Equation (0.16-.24) is

4=a (0.16-25)
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0.16.8.2 Maintenance Contribution 

Suppose now that supercomponent A is under maintenance with frequency f.  
The mean duration of maintenance is m. Then A is unavailable due to 
maintenance with frequency fm. The system fails when B fails on 
demand. Therefore

Qmaintenance = 2 fmqA (0.16-26)

where the factor of 2 accounts for the symmetric event (B is under main
tenance and A fails).  

The mean unavailability contribution is then

tenn =a2 fm Qmai ntenance :,f M qA (0.16-27)

The variance is calculated using Equation (0.13-19) twice. Note that we 
do include in the calculations the uncertainty in f, which the RSS does 
not.  

0.16.9 HUMAN ERROR CONTRIBUTIONS TO SYSTEM FAILURE RATE 

A common kind of human error is forgetting to return the tested item to 
its proper configuration thus rendering that train unavailable (error of 
omission). Again referring to Figure 0.16-2, suppose that Yo is the 
human error rate of omission and yj the conditional rate of 
repeating the error (see also Section 0.15). The system unavailability 
due to human error is then

QHE = YO Y1 (0.16-28)

with mean and variance

aQHE = aYo aY1
(0.16-29)

and

2 
QHE

a 2 0 2 YO YI + a2 02 .Y1 YO
+ a2 
IYO, YI (0.16-30)

These equations do not include the possibility of discovery (in the 
control room or otherwise) of the wrong position of the items, i.e., the 
disabled item will remain unavailable for the whole period T until the 
next test. If the mean time to discovery is TD, then Equation (0.16-28) 
becomes

Q - D QHE = YoY1 'T (0.16-31)
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PROBABILISTIC RISK ASSESSMENT METHODOLOGY 

Part 3 
EXTERNAL EVENTS
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0.17 SEISMIC ANALYSIS METHODOLOGY ..  

Section 0.8.3 pointed out thai groun.d accelerations 'of various magni 
tudes can be looked upon asi jUst another, type "of initia.tjhg. event. From 
that point of. view. the, analysis of sei sm i c, events- fall s" natural ly. within 
our overall matrix formulation and can be regarded as included in, what 
has gone' before. Because of the unique :commonocause nature of, this type 
of IE; however, the present section presents m6re. deta.il's ,on ,the.i,-'.  
specific features of the seismic methodology.  

0.17.1 ,METHODOLOGY 

A seismic safety analysis consists of five mAin steps:., 

1.... Seismicity. Determination of how frequentl ground motions ,of 
various sizes occur at the site.  

2. Fragil ity. Determination of the ability ofIvariu s structures and.  
• equipment in the plant to survive 'earthquakes of. various sizes.  

3. Plant Logic. Determination of the effects of various structural and 
equipment failures on the behavior of the plant.  

4. Initial Assembly. Combining these three types of information into 
curves showing the likelihood of occurrence of various plant states 
and release categories as a result of an earthquake.  

5. Final Assembly. Further combination of these curves with the 
results of the site model to obtain the final seismic risk.curve.  

0.17.2 SEISMICITY (Step 1) 

Following Cornell (Reference 0-29), Kennedy, et al (Reference 0-30), we 
choose to characterize earthquakes in terms of. a single parameter, a, 
the ground level acceleration. In terms of this parameter, the seis
micity of a site may be characterized by a curve such as.Figure 0.17-1 
which shows for each acceleration, a, the frequency D(a).in times per 
year, that an earthquake of that acceleration or' larger'occurs at the' 
site.  

Figure 0.17-1. Seismicity Curve (Deterministic)
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In using this mode of characterizing seismicity, we have adopted a 
certain traditional model of earthquake occurrence. In this model, 
quakes occur as a realization of an underlying random process. Thus, 
suppose at acceleration al, the frequency 0(a1) is 10 "?. We are 
saying that if we could see a record of the earth's history over 
millions of years (past and future), we would find that earthquakes of 
size aj or larger occurred at this site at random intervals with 
average frequency of once in 100,000 years.  

The curve 0(a) for the site is supplied by seismologists from whatever 
recorded history and knowledge of crustal dynamics is available. Now, 
since records have been kept for only a short time, geologically 
speaking, this history and this knowledge are limited. Thus, the seis
mologists do not know the curve 0(a) with great accuracy. To tell the 
truth then, about our state of seismic knowledge, and in keeping with 
the overall philosophy of this study, we need to quantitatively express 
our uncertainty about the curve 0(a). The most convenient format for 
thi's expression is to put forth a family of curves, D (a), and 
assign a probability, Pi, to each. Thus we obtain Figure 0.17-2.  

Figure 0.17-2. Family of Seismicity Curves 

We may express this family of curves as a set of doublets, 

{<Pi, 0i>1 

where 0i stands for the whole curve 0i(a), and 

SPi.= 1.0 (0.17-1) 

Observe that this set of doublets is nothing more than a discrete prob
ability distribution (DPD) on the space of curves 0(a). Note also 
that this is an instance of usage of the 'Probability of Frequency" 
framework..
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0.17.3 FRAGILITY (Step 2) 

By fragility we mean the likelihood"of failure as a function of effec
tive ground accelerati'on for plant structures, equipment, and other 
components. Let us focus now on a specific structural component of the 
plant, say for example, a particular ,"shear wall." We wish to know if 
this wall will fail under earthquake ;size a. We have a definite meaning 
assigned to the word "fail," so it is now a question of structural 
analysis--analyzing the movements and stresses in the wall when 
subjected to earthquake size a. The problem is that there are many 
different earthquakes, all having the same. peak acceleration a. Thus, 
when we say earthquake. ",a, ",-.we really define thereby a whole category of 
ground motions with different time histories, frequency content, etc.  
In the .same way, .when we say "shear wall" we actually have in mind a 
conceptual model of the specific physical wall in the plant. This 
conceptual wall is defined by certain specifications of thickness, 
height, materials, etc. This definition,, however detailed, actually 
defines 'a whole category of walls, all 'meeting the specification's but 
differing from each other at levels beneath the level of definition.  

Thus, when we ask if the wall will fail under quake "a," we are really 
envisioning a series of thought experiments in which we subject struc
tures randomly selected from the category "shear wall," to quakes 
randomly selected from the category "a." We wish to know in what 
fraction, F, of these experiments did the wall fail. This fraction F, 
of course, will'be a function of earthquake size a. Plotting this 
function, we obtain the fragility curve', Figure 0.17-3.

p1.0 

F 

Figure 0.17-3. Fragility Curve for Typial .Component 

This curve characterizes the seismic performance of the wall. If we had 
run the above series of experiments, we would know this curve,. Since we 
have not, we have uncertainty about what this curve'is and again express 
our uncertainty in the form of a family ofc'urves, Figure 0.17-4.
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F qk q 

Figure 0.17-4. Family of Fragility Curves for a Typical Component C 

To each such curve, Fk(a), we assign a probability, qk, and thus 
obtain the DPD 

{<qk, Fk>} (0.17-2) 

Note that this is another instance of the probability of frequency 
format.  

The family of fragility curves is developed by structural dynamicists 
for each important structure and equipment item in the plant. This set 
of fragility families constitutes step 2 and is the structural dynamics 
input to the risk analysis. When this input is received, the items are 
sorted and listed in order of increasing strength. Thus, the most 
fragile elements--those most vulnerable to seismic action--come first on 
the list. This ordering is a key step which makes it possible to handle 
the plant logic step, step 3, in a computationally feasible form.  

0.17.4 PLANT LOGIC (Step 3) 

If we have the fragility family for each structural and equipment compo
nent in the plant, we need next to aggregate these into fragility fami
lies for the plant as a whole. The meaning of this, more specifically, 
is as follows. Let y represent a certain plant damage state, one of the 
exit states from the plant matrix M. From the fault and event trees for 
the plant, we identify the set(s) of structural and equipment components 
whose failure in combination leads to state y. These combinations are 
stated in the form of Boolean expressions. For example, the expression: 

y A E® V @ 

would say that state y occurs if component (Q fails and, in addition,.  
either component or component ( fails.  

In a similar way, using the containment matrix, we may wish to write a 
Boolean equatjon for the occurrence of each release category. Thus, for 
example, if ( denotes the containment structure, the expressions 

P,- A E ® , , PB AO [0 IV , @ A
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would say that release category A occurs if component® fails along .: v 
with component 4 or and also if the containment, , does not 
fail. If (6) does fail, along with the components, then. we get a 
release of category B.  

Next, by means of the logic of these combinations, the fragility fami
lies for these components can be aggregated into a single fragility family., whicb ,ag4.inz:can be -wri tte in the formof'a DPDas follows:

Or .,f'a D . ! "I QW.,' 
{<qcP Fk>} (.0.17-3) 

This DPD, (0.17-3), represents the fragility family for the release 
category p. The set of these DPDs for all. plant. states c-haractedizes 
the seismic response of the plant.  

0.17.5 INITIAL ASSEMBLY (Step 4) 

It remai ns -.next :,to :assemble the's:eismicity -land-fragility. i nformation .n'" 
into a statement of the frequency of core damage and plant,:states, due to 
earthquake (step 4). To explain how this is done, consider first the 
case of no uncertainty. Thus, we have a single curve f(a) and a 
single fragility curve FP(a) for release category p. In this 
case, we can say that. the frequency with which category p occurs du'e 
to earthquake is 

0 

p-f dia)] FP(a)da (0.17-4) 

To understand this integral, note that 

[c (a) da (0.17-5) 
da 

is the frequency with which quakes occur in the size range da about a, 

and FP(a) is the fraction of such quakes which result in release p.  

0.17.6 FINAL ASSEMBLY (Step 5) 

Once the numbers 4P are obtained, giving the frequency of release 
categories as a result of seismic activity, the combination of these 
results with the site matrix proceeds as for internal initial events, 
and leads to risk curves against release category and against the 
various damage indices. These curves express the seismic risk. They 
may then be combined with those from the other IEs to obtain the total 
risk.  

To include uncertainty, we apply the basic idea of DPD arithmetic as 
follows.
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Write

P = - 2(a)da (0.17-6) 

0 

The probability that goes along with this value of frequency is the 
product of the probability of curve tj and that of Ft 

pk : Pj k(0.17-7) 

Thus, we have the DPO for each OP 

1< k' jk>1  (0.17-8) 

These DPDs constitute a probabilistic statement of the row matrix for 
rel ease categories 

OP = 0SMS 

resulting from the seismic events.
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0.18 WIND ANALYSIS METHODOLOGY

The wind analysis is done in a manner entirely parallel to the seismic 
analysis. The ground acceleration parameter, a, is now replaced by a 
wind speed parameter, w. The seismicity family, Figure 0.17-2, is now 
replaced by a family of wind hazard curves giving the frequency of 
exceedance of each wind speed w. Similarly, the fragility curves are 
now plotted against-w for components and structures vulnerable to wind.  
The Boolean equations are then written in terms of these components and 
structures and the assembly of results proceeds as before.
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0.19 FIRE ANALYSIS METHODOLOGY 

0.19.1 INTRODUCTION 

The evaluation of the core melt frequency-due to fires consists of six 
major steps: 

1. Identification of critical areas where fires can cause an initiating 
eventand, simultaneously, the failure of redundant engineered 
safety functions.  

2. Calculation of the probability distribution of the frequency' of 

fires in these areas.  

3. Calculation of fire propagation and of effects of fire extinguishing.  

4. Assessment of the effects of fires on LOCAs and transients.  

5. Assessment of' the effects of fires on accident sequences .originating 
from the initiating events identified in Step 4.  

6. Calculation of the frequencies of the various containment event tree 
states.  

The occurrence of fires and their effects on plant safety are very 
complex issues which have not received as detailed attention as have 
other parts of risk assessment in the literature. Therefore, major 
assumptions had to be conservative in order to perform the analysis.  
The following remarks will place the results of this study into 
perspective: 

1. The analysis is made for rooms where it is judged the most damage 
can occur and the frequencies of the fire-induced accident scenarios 
from these rooms dominate fire risk. A complete fire risk analysis 
would have to be much more detailed and would have to include fires 

.that partially disable the engineered safety functions. Many more 
areas of the plant would have to be investigated.  

2. The frequencies of fires are derived from evidence collected from 
all U.S. nuclear power generating stations. They are average 
frequencies and do not necessarily reflect the conditions that. exist 
at the plant. For example, it is debatable whether some actual fire 
occurrences such as Browns Ferry should be part of the data base.  
All these fires have been included in the data base..  

3. Simple models are used to assess the propagation of fires in cable 
trays and the temperature rise in compartments due to the heat 
released by the fire.  

4. Detailed analysis of the accident sequences is not done. Such an 
analysis would explicitly include the timing of events, the possi
bility of restoration of lost functions, the possibility of errors 
of commission, etc.
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5. Whenever a fire is postulated in an area where it can affect instru

mentation, the question of completeness of the analysis becomes very 

important. It is very difficult to know what information reaches 
the operators and how they respond.  

0.19.2 IDENTIFICATION OF CRITICAL AREAS 

A preliminary analysis is carried out to identify the locations that 
require a more detailed investigation. The first criterion for 

qualifying an area as a critical one is that a fire occurring in that 
location must be capable of causing an initiating event (a LOCA or a 
transient).  

Given that this postulated fire can cause an initiating event, the 
investigation proceeds to determine whether the same fire can induce failures that would prevent the following: 

1. Reaching and maintaining a condition of negative reactivity.  
2. Removing core decay heat.  
3. Monitoring and controlling the primary system coolant inventory.  

Each critical area is carefully studied to identify the physical posi
tions of the components whose simultaneous failure would lead to a plant 
damage state.  

0.19.3 THE FREQUENCY OF FIRES 

-Reference 0-31 presents distributions for the average frequency of fires 
(per year) in the following areas: control room, cable spreading room, 
diesel room, containment, turbine building, and auxiliary building.  
These distributions are derived using Bayes' theorem.  

The prior distributions are almost noninformative and, therefore, the 

evidence dominates the results. The evidence is derived from actual 
fire incidents as reported to the American Nuclear Insurers (ANI) (a 
survey of ANI records is reported in Reference 0-32). The room-years as 
of May 1, 1978 are calculated by surveying the FSARs of operating 
reactors.  

These distributions are generic, i.e., they are the distributions of the 
'frequency of fires averaged over all existing areas. For example, the 
distribution for the cable spreading room is a conservative distribution 
because it includes the Browns Ferry fire and does not take into account 
the changes in procedures and/or design that have resulted from that 
incident. In order to be conservative, the Browns Ferry fire was 
included even though the frequency of fires in cable spreading rooms has 

probably been reduced. The derived distribution represents fires of any 
magnitude. The only criterion for their inclusion in the data base is 
that they have been reported to ANI, which has stricter reporting 
requirements than the NRC.
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0.19.4 FIRE PROPAGATION

Fire propagation is modeled using simple heat transfer models (Reference 0-33). In some cases, we need to estimate the temperature 
rise within an electrical cabinet due to an external fire. The output 
of the propagation analysis depends upon the particular components in the zone of interest and their failure modes. The model computes the 
heat flux from the fire, the geometrical attenuation of the heat flux in 
passing from the fire to the cabinet, and the cabinet air temperature 
behavior given the external heat flux impinging on the cabinet surface.  
In this latter portion, both convective and radiative gains and losses 
are accounted for.  

* 0 0 

04 T 
Ii3 .I N.  

H-12 IN.  

Figure 0.19-1 Example Cable Tray Configuration 

In other cases, we are interested in determining the time to failure of 
various sets of power and/or control cables. These failure times, as 
well as other physical parameters of interest, e.g., temperatures, heat 
fluxes, and burning rates, are deterministically calculated by the 
computer code COMPBRN (Reference 0-33).  

To illustrate the modeling process, we consider the cable tray configura
tion shown in Figure 0.19-2, and investigate the time required for a fire 
to spread from tray 1 to tray 2. A small (12 inch x 12 inch) established 
pilot fire is assumed at the top surface and in the center of tray 1, 
Figure 0.19-1. The mean time to propagate to tray 2 (T*) is computed 
for a number of trials. The purpose of this calculation is to establish 
a functional relationship between T* and the input parameters that turn 
out to be important. In other words, a response surface is generated 
(Reference 0-34). The advantage of this approach is that the input 
parameter uncertainty analysis can be done more economically using the 
response surface, rather than running the code many times.  

The response surface is useful for the propagation of uncertainties due 
to our imperfect knowledge of the relevant parameters (e.g., burning rate 
of the fuel, heating value of the fuel, etc.). However, there is an 
additional source of uncertainty due to the basic model that COMPBRN implements. A combination of these two sources of uncertainty gives the 
uncertainty in the mean time T* for two trays to be within the flames.
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0.19.5 FIRE EXTINGUISHMENT 

The distribution for f , 'the mean time between -fire ignitio and 
extinguishment forcable insulation fires, is assessed fromCinformation 

given' in Reference 0-35, * and i nformati on about 'the fi re -,detection and 

extinguishment capabilities of a specific 'area. The extinguishmenttime 
estimates reported in Reference 0-35'are the results of expert evalu

ation. There are 17 fires.(nonconstruction) that are studied., The 

distributions of time to detection and time to start fire fighting 

activities are estimated for each critical area and specific fire.  
severity identified in'the fire propagation analysis.  

This extinguishment model is rather crude since it does not explicitly 

model slowing down of the propagation of the fire.  

0.19.6 COMBINED PROPAGATION AND EXTINGUISHMENT 

Given that a fire has started, the conditional frequency of a certain 

set of components being affected by the fire can now be derived.. This 

frequency is given by exp(-T*/T$). Using the probability distri

butions for r* and TS in DPD arithmetic, we get a histogram for 

the conditional frequency which; typically, has a range of several 
orders of magnitude reflecting the large uncertainties in our state of 
knowledge.  

0.19.7 ACCIDENT SEQUENCES 

Having identified the critical locations and quantified the likelihood" 
of fire occurrence and propagation in that area, it remains to assess 
the consequences from such events. These events tend to be common cause 

events in that they can cause an initiating event (LOCA or transient) 

and simultaneously cause failure of safety systems. From the plant 

event trees, the sequences which result from these common cause events 
are identified and quantified. In this way we obtain the plant matrix 
for fire events, Mf . That is, the conditional frequencies of core, 
melt and plant damage state given a 'fire in each critical area are 
obtained.  

0.19.8 UNCONDITIONAL FREQUENCIES g a 

room, are made unconditional by multiplying them. with the frequency of 
fires in the particular location of interest.  
The frequencies for the rooms are added (using DPD arithmetic) to derive 

histograms for the frequencies of core damage and for the various plant 
damage states.; 

Passing these -histograms, in turn, through the containment'matrix, C, we 

obtain the frequencies of the release categories.'..
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0.20 THE "OTHER" CATEGORY--COMPLETENESS AND LIMITATIONS OF RISK 
ANALYSIS, COMMON CAUSE EVENTS, AND SYSTEM INTERACTI-ONS 

In Sections 0.3 and 0.5, it was pointed out that a risk analysis may be 
viewed, fundamentally, as a listing of scenarios or, more accurately, of 
categories of scenarios, each with its frequency and consequent damage.  
From this point of view, the question of completeness of the list is 
obviously a matter of much importance. Closely connected to the ques
tion of completeness are the much talked about subjects of "common 
cause," "systems interaction," and the "other" category introduced in 
Section 0.3.5. It is, therefore, of interest at this point to look back 
over the methodology outlined in this section, and forward to the appli
cation of the methodology in the report proper, in 'order to point out 
the places and ways in which completeness and related questions are 
dealt with.  

.0.20.1 COMPLETENESS 

To begin with, note that certain categories of scenari-os, for example, 
war, have, by conscious decision, been considered 'outside the scope of 
the present study.  

With respect to identifying those scenarios which are within its scope, 
the study begins with the master logic diagram, Figure 0.6-2. This 
diagram and the reasoning process it represe 'nts are intended to be 
complete or exhaustive at each step. Thus, for example, since all 
significant radioactivity is held within the reactor core and, thus, 
within the plant containment system, the diagram states that there can 
be no significant release of radioactivity to the environment unless 
both the core melts and the containment system fails. The core cannot 
melt unless either the core power is above normal or the core cooling is 
lost. Cooling cannot be lost unless certain other things happen, and so 
on. If the master logic diagram is viewed as a pyramid, then each level 
of the pyramid may be thought of as a set of scenarios. The diagram has 
been designed so that, at each level,, the set of scenarios is complete.  

P roceeding down the pyramid then, the diagram comes to a set of cate
gories of initiating events. These categories, by the way they are 
defined, are considered to be a complete set. That is, unless at least 
one of these initiating events occurs, the core cannot melt.  

Given," then, that an initiating event does occur, the possible subse
quent scenarios are delineated in one of the event trees for the reactor 
plant. Arrayed across the top of this tree as the "top events," are the 
various plant safety systems or safety functions that would come into 
play given such an initiating event. The possible scenarios, again 
actually categories of scenarios, are represented by the various paths 
through the event tree, the branching at each safety function repre
senting the success or failure of that function.
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The set of f uncti ons shown, i n the, event tree i s a -compl ete set i n the 
sense that, if all those functions succeed, the core'cannot melt. The 
core can melt only if an Appropriate combination of safety functions 
fails.  

Thus, the set of paths in the plant event trees is also complete in the 
sense that any scenario which could possibly lead to core melt is repre
sented by, or included in, one of the paths in the plant event trees.  

In the same way, an event tree type analysis has been performed in this 
study for the containment system. Given a core melt, this analysis 
traces the course of the subsequent scenario through the 'containment.  
These scenarios are keyed to the occurrence or nonoccurrence of signifi
cant physical phenomena that relate to possible release mechanisms of 
the containment structure, i.e., design leakage, overpressure failure, 
missile penetration, basemat penetration, or containment bypass. This 
analysis is also complete in the sense that any possible scenario 
leading to release of radioactivity to the environment is represented 
by, or included in, one of the paths identified in the containment tree.  

Thus, at the level of the event trees the list of scenarios or scenario 
categories leading to radioactive release is complete. No "other" cate
gory need be added at this level.  

Given, then, that the set of event tree level scenarios is complete, 
what remains is to assign the frequencies and damages to eoch of these 
scenarios. In the course of doing this, the question of completeness' 
and "other" comes up again at more detailed levels. Let us review how 
this happens.  

0.20.2 INITIATING EVENT FREQUENCIES 

The first step in calculating the frequency of radioactive release 
scenarios is to determine the frequencies of the initiating events. As 
a basis for this determination, we now have considerable statistical 
evidence in the experience of the Indian Point plants themselves and in 
that of all the other commercial nuclear power plants. Thus, for those 
initiating events which are generated "internally" 'to the plant, we can 
treat the matter statistically using Bayes' theorem to evaluate the 
evidence. For "external" initiating events such as earthquakes of 
various sizes, the recorded statistical evidence on earthquake occur-0 
rence is used together with the most up-to-date seismological models of 
the area.  

In all cases, unc ertainty is explicitly included in the calculations.  
The result, therefore, is a set of probability curves against the 
frequency of each initiating event. These curves are complete in the 
sense that they express the current state of knowledge about the initi
ating event frequencies based on all the evidence, experience, and 
intelligence available at this time. New evidence will, of course, 
change these curves, but for now, they complete the discussion of 
initiating event frequencies.9
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0.20.3 FREQUENCIES OF, THE PLANT DAMAGE STATES--COMPLETENESS AT THE 
SYSTEM LEVEL 

With the initiating event frequencies establi.shed,..the next step is to 
determine the conditional frequency- of -each- path through the -plant event 
tree leading to a plant damage state. Each such path or plant event 
tree scenario is itself composed of numerous -lower level scenarios 
representing the various ways in which systems and combinations of 
systems can be unavailable. The question of completeness thus- comes up 
again at this level., 

Each system, as suggested in Figure 0.9-1, is divided into a set of '"components" in such a way'that, if all the components work, the system 
must work. A fault tree is then prepared for the system~to identify the 
minimum failure sets or "cutsets" for the system. The set of these 
cutsets is again complete in the sense that the system cannot fail 
unless all the components in at least one of the minimum cutsets fail.  
Thus,.wi:th reference to •Figure 0.9-4 we have, in establishing our list 
of scenarios, thus far maintained completeness down through. the compo
nent level. The next level in further detailing the list~consists of 
identifying the "causes" or combinations of causes which could lead to 
component and system failure.  

0.20.4 COMPLETENESS AT THE CAUSE LEVEL--COMMON CAUSE AND SYSTEMS 
INTERACTION 

Since our cutsets are complete, any cause that results in a system 
failure must cause all the components in at least one cutset to fail.  
Potential causes for component failure may be grouped into three classes: 

1. Random (independent) equipment failures.  
2. Independent human failures.  
3. Dependent or common cause failures.  

The first two of these are independent, individual failures. The 
frequencies of such independent failures are explicitly evaluated in the 
systems analyses and event tree calculations. The data used to estimate 
these independent failure frequencies include failures from all causes, 
thus effectively incorporating the "other" category. Although the 
frequencies of these independent failures can be significant, as a 
result of conservative and redundant design, system failure-leading to a 
damaging scenario is very unlikely. Since the frequencies of system 
failure due to independent causes are very low, the dependent or common 
cause failures become the most important failure modes. These are 
discussed next.  

Scenarios resulting from coincident independent failures have a very low 
frequency because the scenario, frequency i.s the product of the frequen
cies of the independent failures, each of which is itself low. For 
common cause events, this is not the case. "Common, cause events" are 
single events havin.g the potential to fail more-than one safety function 
and possibly cause'a'n' initiating event simultaneously. :Such events,
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therefore, merit much attention in a risk analysis. In the present 

study, common causes have been treated as follows: 

1. Common Support Equipment Failures. Common power supplies, cooling 
systems, signals, etc., are modeled explicitly in both the event and 
the fault tree diagrams. That is to say, the electric power system 
has multiple states so that in the event tree there are more than 

two branches (actually 16 are used) at the electric power system.  
In the fault tree diagrams for each other system the state of elec

tric power is used as a boundary condition in the top structure of 
the tree. Thus, in effect, a different subfault tree is calculated 
for each system assuming different states of electric power (avail

ability of buses). From this subfault tree the split fractions are 
calculated for the appropriate branch point in the event tree.  

2. Common Human Errors 

a. Dependent human actions such as a single maintenance man making 

the same mistake on two redundant pumps, two operators influ
encing each other such that they both make the same mistake, or 

sequential testing by one operator who makes the same mistake in 

each test are modeled explicitly for situations in which 

operator'action is expected. The NRC Human Reliability Handbook 
provided the basis for some of these calculations as explained 
in Sections 0.15 and 1.5.1.  

b. Misinterpretation of plant conditions can lead to multiple 
inappropriate actions. Such errors are somewhat less likely 

than single mistakes. Event tree and system models have been 

used in this study for such errors and have included the number 
of operators available and their likely interactions.  

c. Sequentially compounded errors can initiate a transient, may 
destroy the effectiveness of mitigating systems, and will add to 
the confusion of the operator. Some sequences of this type show 

up in our data and some recent administrative changes provide a 
good means for recovery from such situations. In particular, 
the shift technical advisor and the staff of the technical 
support center can provide somewhat independent oversight to 
determine what has happened and how recovery might proceed.  
Furthermore, emergency operating procedures have been revised 
since the TMI-2 accident to help the operator zero in on a 
minimum set of plant conditions to ensure the core remains 

cooled even if the details of what has happened are unclear.  
Nevertheless, such events can happen and are included in our 
event tree analyses by modeling specific systems interactions 
and test errors. Furthermore, the most often encountered effect 

of sequentially compounded errors is operator confusion; there
fore, broad uncertainty bands are assigned to operator ability 
to provide and maintain necessary plant functions. Such bands 

account for the wide variations in operator capability and 
situation complexity.
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3. Common Abnormal Environment. In Section 7, we explicitly model the 
contributions due to: 

a. Earthquake 
b. Fire 
c. Flood (internal and external) 
d. High Winds and Wind-Generated Missiles 
e. Aircraft Accidents 
f. Transportation of Hazardous Materials 
g. Turbine Missiles 

Here, the likelihood of the entire range of each environment (not just the "qualified" range) is determined along with the susceptibility or "fragility" of equipment to those environments.  

Other abnormal environments with common cause potential (such as dirt, grit, freezing, humidity, etc.).were considered in each system 
analysis as appropriate. The ideas in References 0-36 and 0-37 were 
relevant in this context.  

0.20.5 "OTHER" SCENARIOS 

4 As can be seen from the previous sections, a systematic and deliberate effort has been made to identify and explicitly model all significant scenarios. Notwithstanding that, what other scenarios might there be which have not been explicitly included in this study? 
1. There are abnormal environments other than those listed above. Some 

of these are known, e.g., volcanoes and meteor strikes, and some may be unknown and unimagined.  

2. Common Design, Manufacturing, or Installation Defects. These could 
lead to common cause failures under normal environments (eig., the Kahl failure). QA/QC programs help eliminate such problems. For 
plants like Indian Point that have operated for several years, such failures become extremely unlikely because the equipment has been operated, frequently tested, and changed by maintenance and 
replacement.  

3. There is some possibility that common equipment defects (design, 
manufacturing, or installation) were not corrected by QA/QC procedures and could lead to common cause failure under abnormal environ
mental conditions.  

4. Common Wearout. Many factors contribute to wearout--abrasion, 
fatigue, corrosion, etc. If similar equipment sees similar operation, environment, etc., all items-may fail due to wearout at nearly the same time. However, the chance that they all wear out within, say, 1 week following a specific initiating event, is vanishingly 
small when compared with other contributions to failure.
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5. Plant Configuration ,. ; Changes in plant configurationcan lead to 
excessive stress in operating components. Such failures were 
usually bounded in this analysis by assuming system failure when 
equipment was required to operate outside of its design conditions.  
Initiating events caused by such failures are embedded in the initi
ating event data.  

6. Miscellaneous, unimagined, oddball, human errors, or combinations of 
human error and equipment failure not otherwise included in the 
scenario list.  

The "other" category of failure causes that was included in the event 
trees and cause tables is the study team's attempt to allow for these 
scenarios. The assigned frequencies represent our state of knowledge 
concerning the likelihood of these "odd" occurrences. Although we 
recognize that others may assign different frequencies to the "other" 
categories, we believe that our approach provides a rational framework 
in which we can discuss these differences.  

In addition to the "other" category we have acknowledged the limited 
amounts of information that are available in certain areas as well as 
our difficulties in assigning very low frequencies, by broadeninq the 
generic distributions for failure and human error rates that are avail
able in the literature. Moreover, the uncertainty bounds for fragility, 
seismicity, effects of fires on cables,- etc., were quite broad.  

Based on these considerations, the study team feels that the uncertainty 
bounds and the final curves include a reasonable and determinable 
contribution from the "other" category.  

0.20.6 COMPLETENESS OF THE CONTAINMENT SCENARIOS 

The-containment analysis is complete at the level of categorizing 
release mechanisms. All phenomena that have been proposed in the 
literature as well as many not previously considered have been examined 
and included in the analysis. It is possible that some "other" 
phenomena leading to these mechanisms exist but have not been imagined 
and accounted for in this study. It is the feeling of the study group 
that such phenomena could not have a more severe effect than those which 
have been included. Moreover, the state of knowledge of containment 
phenomena is sufficiently high in the group's judgment that the 
frequency of any such unimagined phenomena is assigned a negligible 
value compared to the scenarios explicitly included in the analysis.  

0.20.7 COMPLETENESS OF THE SITE ANALYSIS 

The portion of the scenarios which relates to events subsequent to 
release of radioactivity has been modeled by the computer program 
CRACIT. This model includes numerous (effectively, about 9,000) samples 
of actual weather scenarios inthe Indian Point area.
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From this work,.an understanding has evolved of the conditions leading 
t .o most damage (i.e.*, movement of the plume to a populated area followed 
by rain at the worst possible time and inadequate sheltering or evacua
tion). The frequency of such conditions is uncertain, of course, and is 
represented by the uncertainty in the S matrix. The set of conditions 
as such, however, is felt to be effectively complete so that an explicit 
"other" category need not be added.
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SECTION 1 

PLANT ANALYSIS 

1.0 OVERVIEW AND SUMMARY 

The previous section, Methodology, describes the risk from Indian Point 
Units 2 and 3 in terms of health effects. The frequencies associated 
with these health effects are defined by the master assembly equation 

4 x = IMCS 

The initiating event and plant matrices, 4I and M, are developed in 
Section 1 for internal events and in Section 7 for external events.  
Initiating events are mapped through plant event sequences and even-.  
tually grouped into plant event sequence categories. These categories 
group the core melt sequences in terms of the in-vessel and ex-vessel 
conditions expected at the time of reactor vessel failure. This 
grouping defines plant conditions in a manner which permits meaningful 
analysis of containment response. The containment matrix, C, is 
developed in Sections 2, 3, 4, and 5. The health effects matrix, S, is 
developed in Section 6. Results are assembled in Section 8 to produce 
the risk curves, ox, for Indian Point Units 2 and 3.  

1.0.1 OVERVIEW 

The plant analysis section of the Indian Point probabilistic safety 
assessment is sufficiently broad in scope to quantify the physical 
response of the plant to all known and identifiable initiating events internal to the plant system and the interconnected electrical grid.  
External initiating events (earthquakes, fires, floods, winds and wind
induced missiles, aircraft accidents, and transportation and storage of 
hazardous materials) are analyzed in Section 7.  

The plant analysis is divided into five phases: 

* Phase A: Establish initiating event categories 
* Phase B: Develop plant event trees
* Phase C: Develop a state of knowledge data base 
* Phase D: Analyze key systems 
e Phase E: Quantify plant analysis 

Figure 1.0-1 is a flow chart depicting the plant analysis process. The 
plant analysis flow chart starts with the Master Logic Diagram intro
duced in the previous section and uses the five phases listed here as 
building blocks. Phase A uses the plant design, the Master Logic 
Diagram, the plant operating records, and other studies to establish a list of initiating events. The initiating events constitute the 
starting point for phase B which develops an event tree for each initiating event. First, a pl-ant response matrix is developed for each 
characteristic event sequence. These plant response matrices depict

1.0-1
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ensuing sequences of plant conditions and safety functions. Next, plant 
event trees are constructed in the following way: 

* First, key events are listed, including all the systems and features 
available to control and mitigate consequences.  

* Second, the logic of the event tree is constructed by indicating 
only those systems and features which have an influence on either 
the probability or the consequences for the event sequences. The 
event trees are refined by an iterative process. A good example of this process is the treatment of electric power. A two-state 
success/failure branch proved to be inadequate. The distinctions in 
the combinations of available essential buses led to development of 
a 16-state model. When quantified, it became clear that an eight
state model based on combinations of available diesel generators 
would be adequate.  

* Consideration of the possible status of containment engineered 
safety systems expands these classes into a manageable series of 
21 plant event states or "exit states" from the plant event tree.  Thus, the frequencies of the individual event tree endpoints are 
collected into the appropriate plant event categories which serve as 
input states to the containment analysis.  

Phase C of the plant analysis develops data bases specific to the two 
Indian Point units. Prior probability distributions are obtained from generic data sources, such as WASH-1400, IEEE-STD-500, NUREG reports, 
etc., and the judgment of experienced staff. Then, careful review of data for component failure testing and maintenance, and initiating 
events provides the plant specific data. Bayes' theorem, described in Section 0, is the mathematical basis used to update the prior distri
bution with the plant specific data.  

Phase D presents the plant systems unavailability analysis. Based upon 
the plant response matrices, a list of key systems and safety functions 
is established. For each of these systems, the plant event trees 
describe a set of boundary conditions. For example, systems are 
typically analyzed for all electric power states as mentioned herein.  
In addition, system success criteria are carefully defined. These may vary among event trees or even among different event sequences within a 
single event tree. For example, two out of three high pressure 
injection pumps are required to cool the core during a medium sized loss 
of coolant accident (LOCA), whereas, only one out of three high pressure injection pumps is required during a small LOCA. Thus, phase D provides 
an unavailability model for each key system and covers the complete 
range of plant conditions and success criteria specified for each event 
tree. These models describe the ways a given system can fail when needed, including hardware failures, testing, maintenance, human errors, 
and common cause failures. Failure to run is considered as well as 
failure to start.  

Phase E completes the plant analysis by quantifying: (1) the initiating 
event vector 4I, (2) the systems unavailabilities, and (3) the plant 
matrix M.

1.0-3



1.0.2 SUMMARY OF RESULTS

The results of each of the plant analyses are summarized in two tables.  
Tables 1.0-1 and 1.0-3 give the row vector, , of internal 
initiating event frequencies for each unit. Tables 1.0-2 and 1.0-4 give 
the plant matrix M for each internal initiating event.  

The uncertainties in the initiating event frequencies are displayed in 
Figures 1.0-2 and 1.0-3. Notice the obvious groupings: 

e Frequent Transients with Narrow Uncertainties - Loss of Main 
Feedwater (LMFW), Turbine Trip (TT), and Reactor Trip (RT).  

* Infrequent Events with Broad Uncertainties.- Small LOCA (SLOCA), 
Steam Generator Tube Rupture (SG), Trip of One MSIV (MSIV), Loss of 
RCS Flow (LFLOW), Core Power Excursion (Ap), and Turbine Trip 
Loss of Offsite Power (LOP).  

e Rare Events with Very Broad Uncertainties - Large LOCA (LLOCA), 
Medium LOCA (MLOCA), Steam Breaks Inside and Outside Containment 
(STMBRKS), Turbine Trip - Loss of Service Water (LSW), and Reactor 
Trip - Loss of Component Cooling (LCC).  

* Extremely Rare Events with Extremely Broad Uncertainties 
Interfacing System LOCA (V).  

Section 1.4, Accident Sequence Analysis Results, elaborates on the 
results of this section. The generic prior and Indian Point posterior 
initiating event distributions are plotted, details of the uncertainty 
in each element of the plant matrix M analysis are provided, and a 
discussion of the significance of the elements of M is included. The 
elements of M, mij, are the conditional split fractions of leaving the 
plant event trees in plant event category j, given that initiating 
event i has occurred.

1.0-4



TABLE 1.0-1

INDIAN POINT 2 ROW VECTOR 4I OF INTERNAL INITIATING EVENT FREQUENCIES (MEAN VALUE)
(Frequencies in Events Per Reactor Year

10-8 10-7 10r6 10-5 10-4 10- 3  10- 2  10-1 1.0 10+1 

FREQUENCY, OCCURRENCES PER YEAR

Probability of Frequency of Indian Point 2 Initiating Events

1 2 3 4 5 6 7 8 9 10 11a 11b llc 12a 12b V 

Steam Steam Steam Turbine Turbine Reactor InterLarge Medium Small Generator Break Break Loss of Trip of Loss of Core Turbine Trip, Trip, Reactor Trip, facing LOCA LOCA LOCA Tube Inside Outside Main One RCS Power Trip Loss of Loss of Loss of System 
Rupture Contain- Contain- Feedwater MSIV Flow Excursion Offsite Service Trip omponent LOCA ment ment Power Water Cooling 

= .95-3 1.95-3 1.85-2 2.74-2 1.95-3 1.95-3 6.70-0 1.25-0 1.36-1 2.21-2 7.32-0 1.82-1 1.95-3 6.84-0 1.95-3 4.58-7] 

Note: Values are presented in abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 16-5.

10-10
lO+2

Figure 1.0-2.



TABLE 1..0-2 

INDIAN POINT 2 PLANT MATRIX M FOR INTERNAL INITIATING EVENTS (MEAN VALUE)1

Initiating 
Plant Event Sequence Category 

Event SEFC SEF SEC SE SLFC SLF "SLC SL TEFC TEF TEC TE AEFC AEF AEC AE ALFC ALF ALC AL VE I Large LOCA: 0. 0 0 0 0 0 0 0 0 0 0 0 2.80-03 2.54-07 6.76-0 8.16-07 "5.39-03 4.53-07 1.18-07 3.84-10 0 
2 Medium LOCA: 0 0 0 0 0 0 0 0 0 0 0 1.28-03 1.35-07 7.30-06 8.2107 5.40-03 4.54-07 9.68-08 1.77-10 0 
3 Small LOCA: 1.90-04 3.95-08 7.25-06 8.21-07 6.97-04 2.26-07 4.84-09 3.01-11 3.95-10 4.89-14 1.64-13 8.04-14 0 0 0 0 0 0 0 0 0 
4 Stea.,Generator Tube Rupture: 1.65.11 1.35-15 2.71-13 2.88-12 6.62-13 S.64-17 1.04-11 5.48-12 3.31 06 1.65-09 1.05-06 8.21-07 0 0 0 0 0 0 0 0 
5 Steam Break Inside Containment: 1.23-07 1.01-11 1.62-12 6.34-13 7.46-06 6.05-10 8.56-11 5.39-12 9.41-05 1.26-DB 3.43-08 1.63-08 0 0 0 0 0 0 0 0 0 
6 Steam Break Outside Contaitrent: 1.23-07 1.01-11 1.62-12 6.34-13 7.46-06 6.05-10 8.56-11 5.39-12 9.41-05 1.26-08 3.43-08 1.63 8 0 0 0 0 0 0 0 0 
7 Loss of lain Feed"ater: 1.23-07 1.01-11 1.62-12 6.34-13 1.44-08 1.18-12 1.07-11 5.38-17 1.19-07 3.93-11 7.48-09 3.94-09 0 0 0 0 0 0 0 0 0 
8 Trip nf One MSIV: 0 0 0 0 9.47-09 7.67-13 4.49-13 3.64-17 1.19-07 3.93-11 7.48-09 3.94-09 0 0 0 0 0 0 0 0 0 
9 Loss af RC Flo.: 1.11-07 9.09-12 1.45-12 5.69-13 1.29-08 1.06-12 9.67-12 4.84-12 1.07-07 3.54-11 6.74-09 3.55-09 0 0 0 0 0 0 0 0 0 

:10 Core Power Excursion 4.33-14 3.53-18 5.67-19 2.21-19 5.04-15 4.13-19 3.76-18 1.88-18 4.17-14 1.38-17 2.62-15 1.38-15 0 0 0 0 0 0 0 0 0 
;-Ia Turbine Trip: 1.23-07 1.01-Il 1.62-12 2.81-12 1.44-08 1.18-12 1.07-11 5.38-12 1.19-07 3.93-11 7.48-09 3.94-09 0 0 0 0 0 0 0 0 0 
illb Turbine Trip, Loss of Offsite Poer: 1.79-04 1.61-08 2.18-0 5.56-06 8.57-07 3.70-10 3.77-10 1.32-12 9.56-07 2.27-09 6.17-09 1.97-09 0 0 0 0 0 v 0 
11c Turbine Trip. Loss of Service Water: 0 0 1.24-7 2.57-10 0 0 2.88-5 2.33-9 0 0 1.16-7 1.82-6 0 0 0 0 0 0 9 0 0 
2'a Reactor Trip: 0 0 0 0 9.47-09 7.67-13 4.49-13 3.64-17 1.19-07 3.93-11 7.49-09 3.94-09 0 0 0 0 0 0 0 0 0 

,12b Reactor Trip, Loss of Component Cooling Water: 0 0 0 0 1;89-5 1.53-9 3.29-10 2.66-14 1.19-7 3.89-11 7.44-9 3.94-9 0 0 0 0 0 0 0 0 0 
VI terfacing Systs LOCA: 0 0 0 0 0 0 . 0 0 .0 0 0 0 0 0 0 0 0 0 0 0 1.0 

NOTES: 1. mean values for conditional frequency of entering each plant event sequence category given that a specific initiating event has Occurred 

2. The Plant event sequence categories are.defined in Section 1.3.4.0. briefly: 

A - Large LOCA behavior 
S- Small LOCA.behavlor E - Early Melt F - Fan Coolers are operating 
T- Transient.behavior L - Late Melt C - Containment Sprays are operating 

3. Values are presented in abbreviated scientific notation, e.g.. 1.11-5 - 1.11 a 10
"
5.

0



0
TABLE 1.0-3

INDIAN POINT 3 ROW VECTOR 0 OF INTERNAL INITIATING EVENT FREQUENCIES (MEAN VALUE)
(Frequencies in Events Per Reactor Year)

1 2 3 4 5 6 7 8 9 10 Ila llb 11c 12a 12b V 

Steam Steam Turbine Turbine Reactor Steam Inter
Large Medium Small Generator Break Break Loss of Trip of Loss of Core Turbine Trip, Trip, Reactor Trip, facing LOCA LOCA Tube Inside Outside Main One RCS Power Trip Loss of Loss of Loss of ystem Rupture Contain- Contain- Feedwater MSIV Flow Excursion Offsite Service Component LOCA ment ment Power Water Cooling 

= [2.16-3 2.16-3 2.01-2 3.37-2 2.16-3 2.16-3 3.80-0 8.98-2 1.71-1 2.57-2 2.72-0 2.66-1 2.16-3 2.86-0 2.16-3 4.64-7] 

Note: Values are presented in abbreviated scientific notation, e.g., 1.11-5 1.11 x 10-5.
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TABLE 1.0-4 

INDIAN POINT 3 MATRIX FOR INTERNAL INITIATING EVENTS (MEAN VALUE) 1

Plant Event Sequence Category
2 

Initiatinq Event SEFC SEF SEC SE SLFC SLF SLC SL TEFC TEF TEE TE AEFC AEF AEC AE ALFC ALP ALC AL 0E 
I Large IOed: 0 0 0 0 0 0 0 0 0 0 0 0 3.01-03 1.33-07 7.19-06 1.26-07 5.34-03 1.97-07 1.87-07 3.78-07 0 
2 Mediu LOUCA: 0 0 0 0 0 0 0 0 0 0 0 0 1.00-03 6.10-08 7.62-06 5.06-07 5.35-03 1.97-07 1.68-07 1.23-11 0 
3 Small LOCA: 1.40-04 2.91-08 6.22-06 4.77-09 4.11-03 1.49-07 3.73-0 1.22-11 8.70-10 4.13-13 5.00-13 8.75-14 0 0 0 0 0 0 0 0 0 
4 Steam Generator Tube Rupture: 4.39-11 1.58-15 6.58-13 6.05-14 1.20-11 4.37-16 2.66-11 2.42-12 1.88-05 1.38-09 1.39-06 5.06-07 0 0 0 0 0 0 0 0 0 
5 Steam Break !eside Containoment: 2.80-07 1.04-11 9.82-12 1.90-13 6.17-06 2.22-09 2.94-09 7.97-12 6.88-05 4.00-09 4.48-08 9.61-09 0 0 0 0 0 0 0 0 0 
6 Steam Break Outside Containment: 2.88-07 1.04-11 9.82-12 1.90-13 6.17-05 2.22-09 2.94-09 7.97-12 6.88-05 4.00-09 4.48-08 9.61-09 0 0 0 0 0 0 0 0 
7 Loss of Main Feedwater: 2.88-07 1.04-11 9.82-12 2.34-13 7.42-07 5.14-12 5.02-11 9.65-12 7.18-08 9.01-12 1.57-10 1.86-11 0 0 0 0 0 0 0 0 0 
C Trip of One .SIV: 0 0 0 0 6.30-08 2.27-12 2.02-11 7.27-16 7.00-08 8.94-12 1.54-08 2.02-09 0 0 0 0 0 0 0 0 0 
9 Loss of RCS F!o: 2.59-07 9.39-12 8.85-12 1.71-13 1.28-07 4.62-12 4.53-11 7.07-12 6.38-08 8.08-12 1.38-08 1.82-09 0 0 0 0 0 0 0 0 0 
70 Core Powe- Ecursion: 1.01-13 3.66-18 3.44-18 6.67-20 4.98-14 1.80-18 1.76-17 2.75-18 2.47-14 3.13-18 5.37-1S 7.08-16 0 0 0 0 0 0 0 0 0 
17a Turbine Tripi 2.88-07 1.04-11 9.82-12 2.34-13 1.42-07 5.13-12 5.02-11 9.65-12 7.16-CA 9.00-12 1.57-10 1.86-11 0 0 0 0 0 0 0 0 0 
1I7 Turbine Trip, Loss of Offsite Power: 1.17-05 1.36-09 3.51-08 2.36-06 4.28-07 3.40-11 3.77-71 2.75-14 1.21-D6 1.09-09 8.50-09 4.05-09 0 0 0 0 0 0 0 0 0 
lic Turbine Trip, Loss of Service Water: 0 0 2.8-7 1.79-10 0 0 3.42-5 7.97-9 0 0 6.83-8 2.40-5 0 0 0 0 0 0 0 0 0 
12a Reactor Trio: 0 0 0 0 6.64-0 2.27-12 2.02-11 7.27-16 7.09-08 8.97-12 1.56-10 1.86-11 0 0 0 0 0 0 0 0 0 
12b Reactor Tric - Loss of Component Coolin9 Wate: 0 0 0 0 1.51-5 5.45-10 2.89-9 1.04-13 7.00-8 8.96-12 1.54-8 2.02-9 0 C 0 0 0 0. 0 0 0 V Interfacinc Systems LOCA: 0 0 0 0 C C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

NOTES: I. Mean values for conditional frequency of entering each Plant Event Sequence Category given that a specific initiating event has occurred 

2. The Plart Event Sequence Categories are defined in Section 1.3.6.0. briefly: 

A - Large LOCA behavior 
S - SealL OCA behavior E - Early Melt F - Fan Coolers are operating.  
7 - Transient behavior L - Late Melt C - Containment Sprays are operating 

3. Vale are presented in abbreviated scientific notation, e.g., 1.11-5 = 1.11 X 10 -
S



1.1 POTENTIAL FOR CORE DAMAGE 

This section identifies the ways in which core damage at Indian Point 
can occur. It uses the structure of the Master Logic Diagram presented 
earlier (Figure 0.6-2) to define a functional set of initiating event 
categories. These categories form a complete set in the sense that any 
event which leads to core damage must c use at least one of these.  
categories to occur. The frequencies *? with which these initiating 
event categories occur due to events "internal" to the plant systems and 
the interconnected electrical grid are determined. The basic functional 
framework for tracking sequential events following any initiator is 
devel oped.  

1.1.1 THE INITIATING EVENTS: * 

The Core Damage Master Logic Diagram (Figure 1.1.1-1) was, developed to 
systematically categorize all initiating events. Levels I, II, III, 
and IV structure the phenomena that must occur for core damage to be 
possible. Next, level V lists the initiating event categories that can 
induce those phenomena. The exact event sequences that lead to core 
damage (and no core damage) will be developed in Section 1.3.4.  

Level I of the Core Damage Master Logic Diagram asks how core damage can: 
occur. When the reactor plant is operating in a stable manner, the heat being generAted in the core eq uals the heat removed by the reactor 
coolant. F-or core damage to occur, the fuel temperature must increase.  
This is addressed in level 11 of the diagram. A fuel temperature 
increase can only occur if the heat generation rate exceeds -the heat 
removal rate; i.e., by a loss of core cooling or an excess of core 
power. This change from equilibrium heat generation and removal rates 
must occur or else heatup is not possible; thus, the diagram is complete.  
at level II.  

The excess core power branch bypasses levels III and IV, proceeding 
directly to the level V initiating event category 12, core power 
increase. The events of interest are those which are initiated by some 
form of reactivity increase leading to increased reactor power coupled 
with a failure of reactor shutdown for a time sufficient to cause core 
damage. The breakdown of initiating event category 12 shown in level VI 
is explained in Item 12 of Table 1.1.1-1 where the individual events which comprise category 12 are listed as follows: 

* 12.1 Uncontrolled Rod Withdrawal 
* 12.2 Boron Dilution 
* 12.3 Core Inlet Temperature Drop 
* 12.4 Other 

Thus, all events that can cause excess power are assigned to 
category 12. The excess core power branch of the diagram is complete at level V. Item 12.4, "Other," includes all unlisted events that may 
cause excess core power.
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The branch labeled "Loss of Core Cooling" at level II includes all core 
undercooling events. Level III identifies the only two paths leading to 
loss of core cooling: (1) structural breaches of the primary coolant 
boundary, or (2) inadequate core heat removal with an intact reactor 
coolant system (RCS). In level IV, the latter branch is further divided 
into those events that directly cause a reduction in core cooling and 
those events which do not directly lead to inadequate core heat removal, 
but which initiate sequences that can eventually lead to undercooling 
situations because they require operator action and actuation of standby 
systems.  

The events representing primary coolant boundary failure can be further 
divided into the four initiating events categories shown on level V: 

1. Large Loss of Coolant Accident 
2. Medium LOCA 
3. Small LOCA 
4. Leakage to Secondary Coolant 

.Review of the respective event divisions of Table 1.1.1-1 (level VI) 
shows that these categories are complete. Any primary coolant boundary 
failure can be assigned to one of the categories based on leak path or 
size. The exact reasons for the given categorization have to do with 
the functional development of the ensuing event sequences as described 
in the next section.  

The direct initiating events for insufficient core heat removal must 
either change the primary coolant flow rate, the primary coolant 
pressure, or the primary coolant temperature. Change in flow rate is 
shown as level V category 5 (V.5). Decreases in primary coolant 
pressure reduction are directly caused by the failures in the pressure 
boundary (V.1, 2, 3,. and 4) which were discussed previously. Primary 
pressure and temperature increases are caused by reduction in secondary 
cooling which can only occur from a reduction of feedwater flow into the 
steam generators (V.6) or from a reduction of steam flow out of the 
steam generators (V.7 or V.8). Level V is therefore complete; all 
direct initiating events for insufficient heat removal are included in 
the level V categories.  

The indirect initiating events include all events not yet accounted for 
that disrupt the stable operation of the plant and that require standby 
systems to terminate transient effects. Note that during, normal, 
controlled shutdown, the plant is near equilibrium, shutdown proceeds at 
a controlled rate, and standby systems are started before they are 
needed. If such systems fail, the normal systems can maintain oper
ation. Therefore, normal controlled shutdowns are not considered to be 
initiating events. 0 
Two rapid cooldown events are included as indirect initiating events: 
steam release inside and outside containment (V.10 and 11). If the 
increased steaming rate is sustained and the reactor does not trip, the 
sequence can cause a core power increase. If the reactor trips and 
standby cooling systems fail, a heatup (insufficient core heat removal)
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condition can develop. Logically, overfeed events must be considered, 
but these in themselves cannot cause serious cooldown effects. If they 
lead to high steam generator levels, the turbine should trip. If the 
turbine does not trip, carryover, subsequent turbine damage, and 
possibly steam breaks (loss of steam) can occur. All overfeed tran
sients tabulated in Sections 1.5.1 and 1.6.1 led to turbine trip, so 
overfeed is grouped under V.8. Finally, all other indirect events can 
be grouped under reactor trip (V.9). Again, no overheating can occur 
unless standby cooling systems fail after the turbine has tripped.  

The Core Damage Master Logic Diagram is complete. All events which can 
lead to core damage fit into one of the level V categories. Any 
specific initiating events not listed are included in the level VI 
"Other" categories. External events are important only if they cause 
one of the 12 level V categories to occur. External events and some 
internal initiating events, however, can disable standby or support 
systems needed to ensure core cooling. A search for these special 
"common cause"~ initiators has been made and is discussed in 
Section 1.3.4.  

The 12 initiating event cat egories are subdivided on level VI according
to the detail available in the collected data as shown in 
Table 1.1.1-1. The generic and plant specific data and the Bayesian 
posterior distributions for the frequencies of the initiating events are 
provided in the data appendices, Sections 1.5.1 and 1.6.1. The 
resulting probabilities of frequency are shown in Table 1.1.1-2.

1.1-3



TABLE 1.1.1-1 

INDIAN POINT UNITS 2 AND 3 INITIATING EVENT CATEGORIES

1. LARGE LOSS OF COOLANT ACCIDENT (blowdown greater than 6-inch pipe 
rupture) 
1.1 Pipe Failures 
1.2 Valve Failures 
1.3 Vessel Failures 
1.4 Other Large LOCAs 

2. MEDIUM LOSS OF COOLANT ACCIDENT (blowdown in range of 2 to 6-inch 
pipe rupture) 
2.1 Pipe Failures 
2.2 Pressurizer Safety and Relief Valve Failures (multiple) 
2.3 Other Valve Failures 
2.4 Other Medium LOCAs 

3. SMALL LOSS OF COOLANT ACCIDENT (Blowdown less than 2-inch pipe 
rupture) 
3.1 Pipe Failure 
3.2 Pressurizer Relief Valve or Safety Valve Failure 
3.3 Other Valve Failures 
3.4 Control Rod Drive Mechanism Failures 
3.5 Reactor Coolant Pump Seal Failure (4 or less) 
3.6 Other Small LOCAs 

4. LEAKAGE TO SECONDARY COOLANT 
4.1 Single Steam Generator Tube Rupture 
4.2 Other Steam Generator Leaks 

5. LOSS OF REACTOR COOLANT FLOW 
5.1 Loss of Reactor Coolant Flow in One Loop 
5.2 Loss of Reactor Coolant Flow in All Loops 
5.3 Other Losses of Reactor Coolant Flow

6. LOSS 
6.1 
6.2 
6.3 
6.4 
6.5 
6.6 
6.7 
6.8 
6.9

OF FEEDWATER FLOW 
Feedwater Pipe Rupture Outside Containment 
Loss/Reduction of Feedwater Flow in One Steam.Generator 
Loss of Feedwater Flow in All Steam Generators 
Feedwater Flow Instability - Operator Error 
Feedwater Flow Instability - Mechanical Causes 
Loss of One Condensate Pump 
Loss of All Condensate Pumps 
Condenser Leakage 
Other Secondary Leakage

7. PARTIAL LOSS OF STEAM FLOW 
7.1 Full Closure of Main Steam Isolation Valve (MSIV) 
7.2 Partial Closure of Main Steam Isolation Valve 
7.3 Other Losses of Steam Flow 

8. TURBINE TRIP 
8.1 Turbine Trip (general) 

8.1.1 Closure of all main steam isolation valves 
8.1.2 Increase in feedwater flow inone or more steam 

generators

8.1.3 
8.1.4 
8.1.5 

8.1.6 
8.1.7 
8.1.8

Loss of condenser vacuum 
Loss of circulating water 
Throttle-valve closure/electrohydraulic control 
problems 
Generator trip or generator-caused faults 
Turbine trip due to overspeed 
Other turbine trips

8.2 Turbine Trip Due to Loss of Offsite Power 
8.3 Turbine Trip Due to Loss of Service Water

9. REACTOR TRIP 
9.1 Reactor 

9.1.1 
9.1.2 
9.1.3 
9.1.4 
9.1.5 
9.1.6 
9.1.7 
9.1.8 
9.1.9 
9.1.10 

9.2 Reactor 
9.3 Reactor

Trip 
Control rod drive mechanism problems and/or rod 
High or low pressurizer pressure 
High pressurizer level 
Spurious automatic trip--no transient condition 
Automatic/manual trip--operator error 
Manual trip due to false signal 
Spurious safety injection.  
Spurious trip--cause unknown 
Primary system pressure, temperature, power imba 
Other reactor trips 
Trip Due to Loss of Component Cooling Water 
Trip Due to Loss of DC or AC Power

drop

alance

10. STEAMRELEASE INSIDE CONTAINMENT 
10.1 Steam Pipe Rupture Inside Containment 
10.2 Feedwater Pipe Rupture Inside Containment 
10.3 Steam Relief Valve or Safety Vavles Open Inadvertently 

(included with inside containment group for functional 
reasons -- leak upstream of MSIVS) 

10.4 Other Steam Releases Inside Containment

11. STEAM 
11.1 

11.2 
11.3 
11.4

RELEASE (DEMAND) OUTSIDE CONTAINMENT 
Steam Pipe Rupture Outside Containment 
Throttle-Valve Opening/Electrohydraulic 
Steam Dump Valves Failing Open 
Other Steam Releases Outside Containment

12. CORE POWER INCREASE 
12.1 Uncontrolled Rod Withdrawal 
12.2 Boron Dilution--Chemical Volume Control 
12.3 Core Inlet Temperature Drop 
12.4 Other Positive Reactivity Addition

Control Problems 

ystem.Mal function

0
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TABLE 1.1.1-2 

INITIATING EVENT FREQUENCIES, '
(Per Reactor Year)

Indian Point 2 Indian Point 3 Initiating Event Category* 
____ 

5th Median 95th Mean 5th Median 95th Mean 

1. Large LOCA 1.06-6 1.16-4 6.30-3 1.95-3 1.07-6 1.17-4 6.66-3 2.16-3 2. Medium LOCA 1.06-6 1.16-4 6.30-3 1.95-3 1.07-6 1.17-4 6.66-3 • 2.16-3 3. Small LOCA 1.00-4 1.08-2 5.21-2 1.85-2 1.03-4 1.11-2 5.43-2 2.01-2 4. Steam Generator 3.73-5 7.39-3 9.50-2 2.74-2 4.20-5 8.61-3 9.83-2 3.37-2 
Tube Rupture 

5. Loss of Flow 1.13-2 8.78-2 3.33-1 1.36-1 1.38-2 1.19-1 4.24-1 1.71-1 6. Loss of Feed Flow 4.84 6.47 8.23 6.70 2.18 3.55 5.48 3.80 7. Loss of One MSIV 5.30-1 1.14 1.99 1.25 1.09-3 3.81-2 2.96-1 8.98-2 8.1 Turbine Trip (General) 5.35 7.15 9.10 7.32 1.33 2.50 4.08 2.72 8.2 Turbine Trip (Loss of 5.02-2 1.47-1 4.32-1 1.82-1 3.66-2 1.95-1 5.78-1 2.66-1 
Offsite Power) 

8.3 Turbine Trip (Loss of 1.06-6 1.16-4 6.30-3 1.95-3 1.07-6 1.17-4 6.66-3 2.16-3 
Service Water) 

9.1 Reactor Trip (General) 4.95 6.58 8.54 6.84 1.44 2.70 4.18 2.86 9.2 Reactor Trip (Loss of 1.06-6 1.16-4 6.30-3 1.95-3 1.07-6 1.17-4 6.66-3 2.16-3 
Component Cooling Water) 

10. Steam Release Inside 1.06-6 1.16-4 6.30-3 1.95-3 1.07-6 1.17-4 6.66-3 2.16-3 
Containment 

11. Steam Release (Demand) 1.06-6 1.16-4 6.30-3 1.95-3 1.07-6 1.17-4 6.66-3 2.16-3 
Outside Containment 

12. Core Power Increase 3.23-5 9.23-3 6.82-2 2.21-2 4.40-5 1.02-2 8.18-2 2.57-2 

*These categories are numbered in a different order later, after the event trees are developed. That 
revised order is based upon event sequence similarities following the initiating events.  

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5 .
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1.1.2 DEVELOPMENT OF THE INITIATING EVENT CATEGORIES

Development of the structure of the Master Logic Diagram, including 
selection of the initiating event categories, was an iterative process 
linked to event sequence construction. The aim was to select and list A 
complete set of categories and thus ensure that all functionally 
distinct event sequences would be included. Many apparently unique 
event sequences differed only in unimportant details with respect to 
core damage. Thus, it was possible to condense the initially large list 
of event sequences. The resulting list could be reduced even further if: 
the only goal was to evaluate the risk from the existing plant. The 
detail that was retained accounts for event sequences, which are not the 
main contributors to risk, such that this analysis could be used in the 
future as a tool to evaluate possible changes to the existing plant.  

This section describes the development of the initiating event category 
list and the preliminary event sequences. The resulting category 
groupings were shown earlier in Table 1.1.1-1. The study team included 
risk analysts, engineers, and plant operators.' 

1.1.2.1 Preliminary Initiating Event Enumeration 

A preliminary list of initiating events (Table 1.1.2-1) was prepared 
based on a detailed master logic diagram, on the Indian Point Units 2 
and 3 FSARs (References 1.1-1 and 1.1-2), on a Preliminary Westinghouse 
Owners Group Event Tree Analysis (Reference 1.1-3), WASH-1400 
(Reference 1.1-4), and on plant experience (significant occurrence 
reports, LERs, personnel experience, and Edison Electric Institute 
[(EEl) data].  

Because an initiating event can cause a variety of plant event 
sequences, the team first developed models of normal plant responses, 
called plant response matrices. The matrices provided a valuable 
communications link between the plant operators and the risk analysts as 
well as a basis for later event tree development.  

1.1.2.2 Plant Response Matrices 

The plant response matrices (Reference 1.1-5) are logic diagrams that 
describe sequential changes in plant parameters. They follow the auto
matic signals and manual actions that should occur and the corresponding 
responses of plant safety systems to those events.  

In each matrix (see Figure 1.1.2-1), the bottom row of blocks depicts 
the monitored parameters that activate the logic circuitry, the auto
matic signals, and the manual actions taken by the operator in accor
dance with emergency operating procedures. The vertical column of 
blocks at the right shows the responses of plant systems; that is, the 
actuation and proper functioning of standby equipment.
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Initially, four general functional plant response Matrices were devel
oped that correspond to the following areas: 

1. Safeguards actuation system.  

2i Feedwater isolation and auxiliary feedwater.  

3. Loss of offsite power and loss of essential engineered safeguards 
features (ESF) buses.  

4; Heat removal modes including natural circulation.  

These general functional plant response matrices were used individually 
and in combination to provide a basis and a consistent logic for 
constructing the specific event sequence plant response matrices.  
Additional logic is provided Where necessary to specify the equipment 
function.  

The specific event sequence plant response matrices were constructed for 
both accident and transient initiating events. The following set of 
specific event sequence matrices encompasses the normal plant response 
to all the initiating events on the preliminary list, and provide a 
broad overview of plant and operator response to these initiating events: 

1. Large and medium LOCA.  
2. Small LOCA
3. Core power excursion.  
4. Loss of reactor coolant flow.  
5. Loss of feedwater (secondary) and feedwater break.  
6. Loss of steam flow.  
7. Loss of main circulating water.  
8. Excessive steam flow.  
9. Excessive secondary feed.  
10. Steam generator tube leak.  
11. Power decrease.  

The plant response matrices were developed for the combined Zion/ 
Indian Point project based on the Zion plant. Some were revised for 
Indian Point, while others were not because the Zion event trees had 
been developed and could be directly modified for Indian Point.  
Figure 1.1.2-1 (Safeguards Actuation System Logic Matrix) illustrates 
the logic of one of the Indian Point plant response matrices. The use 
of the matrix for a large LOCA scenario is presented in this section.  

High containment pressure and low pressurizer pressure signals are 
indicators of a LOCA. Either generates an automatic safety injection 
signal. The automatic safety injection signal causes: a reactor trip 
signal; a feedwater isolation signal; a unit trip and 6.9'kV bus 
transfer; phase A containment isolation; control room ventilation 
isolation; and a safeguards sequence signal. The phase A-containment 
isolation signal generates an isolation valve seal water signal and a 
containment ventilation isolation signal. The safeguards sequence 
signal, in turn, starts the emergency diesel generators, the safety 
injection and residual heat removal pumps, the service water pumps, the
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containment building fan coolers, and the electric auxiliary feedwater 
pumps. If there is a loss of offsite power, starting of the safety 
injection pumps, residual heat removal pumps, service water pumps, 
containment fan coolers, and electric auxiliary feedwater pumps are 
delayed until the associated diesel generator has loaded onto the appro
priate 480V bus.  

Manual safety injection performs the same functions as the automatic 
safety injection signal, with the exception of phase A containment 
isolation. Note that manual phase A containment isolation is-also 
provided.  

If containment pressure rises to the high-high setpoint, indicating a 
large LOCA, the following signals are generated: an additional auto
matic safety injection signal and containment spray actuation. The 
containment spray actuation signal starts the containment spray pumps, 
initiates containment isolation phase B, initiates sodium hydroxide 
(NaOH) addition after a 2-minute time delay, and causes containment 
ventilation isolation. Manual spray actuation and phase B containment 
isolation are also available. Various manual resets are provided to 
allow operator flexibility in the later stages of accident recovery.  

1.1.2.3 Plant Functional Event Tree 

Having reviewed the normal plant response to the initiating events, 
abnormal sequences were then studied. The way in which sequences 
progress to core-melt was specifically addressed. The Plant Functional 
Event Tree, Figure 1.1.2-2, was developed to describe the basic 
functions that are necessary to avoid core melt and, failing that, to 
minimize the chance of offsite release.  

The plant functional event tree addresses the following important 
functional questions: 

1. Is the-nuclear reaction shut down? Shutdown of the nuclear reaction 
may be necessary for other mitigating systems to be effective.  

2. Is the Core cooled? If the core cooling function succeeds, the core remains intact, no melt occurs, and the transient sequence ends. No 
further branches of the tree are required. If the cooling function 
fails, core melt may eventually occur.  

3. Is cooling provided for the containment atmosphere? If the core 
melts with no cooling, the failure of containment may eventually 
occur because the internal pressure will continue to rise.  

4. Is the containment atmosphere scrubbed to remove radioactivity? If 
the containment leaks, scrubbing will reduce the magnitude of 
radioactivity released.  

The plant functional event tree describes the functional requirements to 
successfully protect the core (sequences 1 and 6). In the analyses that 
follow, this tree will be specialized to Indian Point Units 2 and 3.
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Categories of specific initiating events were selected which cover the 
range of plant response progression. Detailed trees for each initiating 
event category were developed from the functional event tree, which 
applies to all initiating events. Unique combinations of the following 
Indian Point 2 and 3 systems can provide these functions for particular accident sequences, and appropriate models for the performance of these 
systems over a period of time were developed: 

* Reactor Shutdown 

S- Reactor Protection System 
- High Pressure Injection System 
- Low Pressure Injection System 

e Core Cooling 

- Safeguards Actuation System 
- High Pressure Injection SYstem 
- Low Pressure Injection System 
- Accumulator System 
- Recirculation System 
- Auxiliary Feedwater System 
- Component Cooling System 
- Service Water System 
- Electric Power System 

Containment Cooling 

- Safeguards Actuation System 
- Containment Spray System 
- Containment Fan Coolers 
- Service Water System 
- Recirculation System 
- Component Cooling System 
- Electric Power System 

* Radioactivity-Scrubbing in the Containment 

- Safeguards Actuation System 
- Containment Spray System 
- Sodium Hydroxide Addition System 
- Electric Power System 

The functional event tree logic shows that the two containment miti
gating, functions are unnecessary if the core is successfully cooled.  
Therefore, the event tree does not.show coptainment cooling and 
radioactivity-scrubbing branches on the successful core cooling branch.  
On a specific event tree, each function is developed in terms of one or 
more systems or design features that are capable of performing each 
safety function. The plant response matrices aid in the development of 
specific event trees by defining the expected plant response to 
initiating events.
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1.1.2.4 Event Tree Development

Event trees were constructed by the detailed process described herein.  
Using the appropriate plant response matrices as a reference, events 
necessary to return the plant to a stable condition following an 
initiating event were listed. Each branch point of the event tree was 
then analyzed. The sequences of the event tree were studied with 
respect to: (1) initiating event, (2) equipment required to function, 
(3) actuation signals, (4) operator action needed, (5) operator observ-_ 
ables, and (6) failure effects with respect to core melt and containment 
conditions. The events were arranged to enhance the simplicity of the 
trees and to facilitate the handling of special considerations, such as 
dependencies. The systems to be evaluated in detail were determined a~s 
the event tree branch points were finalized.  

Each initiating event was methodically analyzed and additional event 
trees were drawn whenever an initiating event did not fit into a 
previous event tree. Whenever an initiating event did fit, it was noted 
as being a part of that tree. If an initiating event was less severe 
than a previous event tree and its sequence of events was a subset of 
that tree, it was included in that event tree and the initiating events 
were grouped into the same category and quantified together. For 
example, the loss of reactor coolant system flow was developed for the 
locked rotor case; multiple and single pump trips (coast-down) were then 
included in the same tree. Sometimes one tree was adequate for several 
initiating events, but the system probabilities were conditional upon 
the specific initiating events. Here the tree would need to be 
quantified separately for each initiating event (e.g., turbine trip and 
loss of service water).  

After developing all-initiating events and all event trees, the trees
were reviewed and the basic branches were standardized to ensure 
consistency, dependency identification, and to account for variations in 
-system function from one event tree to another (e.g., high pressure 
injection differences between medium and small LOCA event trees).  

Trees were examined carefully to determine where regrouping of 
initiating events and condensation of the number of trees was desir
able. This entire process was an iterative one: first rough trees were 
developed for initially grouped initiating event s; trees were then 
refined and events were regrouped; later, systems were analyzed while 
trees and initiating event categories were evaluated again.  

When the set of selected initiating events was grouped into the final 
initiating event categories, both generic and plant specific data were 
collected. At this stage, the grouping of the initiating events was the 
same as that shown in the last section in the final Master Logic Diagram.  
(Figure 1.1-.1-1 and Table 1.1.1-1).
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TABLE 1.1.2-1

PRELIMINARY LIST OF INITIATING".,EVENTS

Primary coolant system pipe ruptures, breaks, cracks, etc.,--all 
sizes (e.g., loss of coolant) 
Reactor vessel failures 
Loss of primary coolants from openings in the primary systems 
(e.g., open valves, etc.) 
Primary system check valve failures 
Primary system valve failures 
Primary system safety and relief valves failures open (single and 
multiple) 
Steam break inside containment 
Steam break outside containment 
Control rod drive mechanism break/failure 
Steam generator tube rupture (single tube or multiple.) 
Feedwater break inside-containment 
Feedwater break outside containment, 
Turbine-generator overload 
Steam generator relief and safety Valve failure open (oneor more) 
Steam dump valves or equipment failure open 
Loss/reduction of feedflow in one or more steam-generator 
Feedwater flow instability- operator-caused 
Feedwater flow instability - mechanical caused 
Loss of condensate or condensate pumps 
Main condenser leakage 
Miscellaneous secondary leakage 
Closure-of one main steam-isolation valve 
Reactor coolant pump trip 
Reactor coolant pump locked rotor 
Short cycle steam generator (structural failure) 
Reactor coolant flow blockage 
Flow coastdown on 1, 2, 3, or 4 reactor coolant loops 
Boron dilution 
Rod ejection 
Rod withdrawal 
Startup of inactive loop 
Control rod disassembly 
Fuel or burnable poi-son/core-geometry-,incorrect 
Cold water addition

35. Excessive load increase - primary or secondary
36. Loss of service~water 
37. Loss of offsite power
38. Loss of essential service-buses 
39. Closure of all main steam -isolation valves 
40; Increase in feedwater-flow in one or more steam-generators 
41. Loss of condenser vacuum, 
42. Loss of circulating.water 
43. Turbine-generator throttle-valvq closure/electrohydraulic control 

problems, 
44. Generator trip-of generator caused faults 
45. Turbine-generator accidents - misc.  
46. Loss/reduction of external electric load..  
47. Turbine trip 
48. Excessive-heat removal due to feedwater addition, 
49. Spurious safety injection 
50. Control rod drive mechanism problem and/or-rod drop.  
51. High. or low pressurizer pressure 
52. High. pressurizer level (chemical: volume and. control system 

malfunction) 
53. Spurious automatic/manual reactor trip - no.-trans.ient condition 
54. Automatic/manual reactor-trip - operator error 
55. Spurious-reactor trip --cause. unknown
56. Primary system-pressure,-temperaturei power imbalance causing 

reactor trip 
57. Loss of power to plant systems causing reactor trip 
58. Loss of component:-cooling-water 
59; Loss-of instrument air causing reactor.trip 
60. External events* 

a. Fire.  
b. Flooding, 
c. Aircraft' accidents
d.. Transportation-accidents.  
e.. Seismic events 
f. Winds--and-tornadoes,.  
g4 Turbine-.miss.iles
h,. Other

*Not shown in the'initiating event category-list of Table1.1.11-. These-external events. can .initiate many -of.the categories ,_even. -several., 
concurrently. Discussion of external events- is-reserved'.for Section-7..
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1.2 KEY PLANT SYSTEMS 

Summaries of the plant systems important to the functional requirements 
of the accident sequence analysis are provided here. The detailed 
systems analyses summarized here and all quantified system results can 
be found in Section 1.5.2 for Indian Point 2 and Section 1.6.2 for 
Indian Point 3. The major systems to be addressed are: 

0 Electric Power System (EPS) 

* Protection Systems: 

- Reactor Protection System (RPS) 
- Safeguards Actuation System (SAS) 

* Fluid Systems: 

- Emergency Core Cooling Systems (ECCS): 

* High Pressure Injection System (HPIS) 
* Low Pressure Injection System (LPIS) 
* Accumulator System (AS) 
* Recirculation System (RS) 

Containment Cooling Systems: 

0 Containment Spray System (CSS) 
* Containment Fan Cooling System (CFCS) 

- Support Systems: 

* Component Cooling System (CCS) 
e Service Water System (SWS) 

- Auxiliary Feedwater System (AFWS) 

1.2.1 ELECTRICAL, INSTRUMENTATION, AND CONTROL SYSTEMS 

1.2.1.1 Electric Power System 

The EPS is discussed first because the availability of almost all of the 
safety systems is dependent on electric power. Therefore, an under
standing of the design and reliability of the EPS is essential.  

The functions of the electric power system are: 

* Provide a reliable source of motive power to those components 
necessary for mitigating any abnormal event affecting the reactor 
core, its heat removal systems, or systems which could affect the 
release of radioactivity to the environment.  

* Provide a reliable source of control power for the operation of 
these systems and for the initiation of safeguards systems actuation 
signals.
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v Provide a reliable source of power to instrumentation necessary for 
monitoring emergency system functions, for monitoring key plant 
parameters, and for inputs to safeguards systems actuation logic 
matrices.  

Simplified block diagrams of the Indian Point 2 and 3 electric power 
systems are shown in Figures 1.2-1, 1.2-2, and 1.2-3.  

The electric power system is modeled in detail to -the ley.el of iniv j
dual' motor control c6nters and p owe s is6ri6 i in panelsto i istra.  
eplicitly the interfaces between this system and the plant safeguards 
systems components and to develop fully the' interrela tinShip sngthe 
var ous electrical subsystems. The system fa IlIure qu a €tificatin " 
however, is limited to a determination of the power:unavailability at 
the four 480V essential switchgear buses. Currently impl e epted oper
ating, testing, and maintenance procedures and practics ff.Cting -he 
electric power systems are also considered.  

Because all initiating events in this study trip the main geneprato.r, 
power supply to the electric pQwer system from this source is not 

'included in this analysis. Offsite power is defined'in this study as 
the 345 kV and 138 kV normal offsite power sources to Units 2 and 3'.  
Manual operator actions for the recovery of any power source are 
excluded. Therefore, the status of theoffsite power supply, ,as a ppied 
herein, does not define the status of either the 13.8 kVffsit poffr 
supply from Buchanan substation or the status of the three gs turht 
generating units availableto the site. Loss of Offsitepw sein' 

the specific condition in which no power is available to Unit 2'or 3' I 
from sources other than each unit's onsite diesel generators, provioed 
that no manual operator actions are taken for alternate supply 
recovery. Failures of the station auxiliary transformer-are included in 
the analysis of onsite electric power yst"m f ail ur.s.  

Because mitigation of many of the initiating event categories cpnsiodere d 
may be accompl i shed with IesS ihan the desi gn basis power supply 
capabili ties',thle electric power system is anal"'ed With.in h .ntext 

of 16 operability states. Each of these states is developed further for 
the following boundary conditions: 

# Offsite power not available.  
* Offsite power available.  

The system failure analysis is extended to 6 hours following the 
initiation of any of the event sequences considered in this study. No 
operator actions for the recovery of failed equipment are considered at 
any time during this period. This approach ensures that the results are 
conservative bounds and are therefore applicable to all of the 
initiating event sequences studied. These recovery factors must be 
included in any complete evaluation of the contribution of electric 
power system failures to overall public risk,. The effect of power 
recovery and the probability of successful operator response, however, 
are both highly dependent upon the precise scenario during which the h
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failures occur. For these reasons, the system analyses do not quantify 
recovery actions; they are applied only within the context of those 
event sequences in which the failures of electric power prove to be 
significant contributors to risk.  

This analysis assumes that the system is in its normal configuration 
with all buses energized from their normal power sources immediately 
before the initiating event.  

The detailed electric power system analyses for Indian Point 2 and 3 are 
found in Sections 1.5.2 and 1.6.2, respectively.  

1.2.1.2 Reactor Protection System 

The RPS performs the following primary functions: 

0 Protects the reactor core against fuel rod cladding damage caused by 
departure from nucleate boiling or high power density.  

• Protects against reactor coolant system damage caused by high 
primary system pressure.  

• Protects the reactor coolant system from sudden loss of its heat 
sink through the steam generators.  

0 In conjunction with engineered safety features systems, detects 
reactor coolant system failure and initiates actions to mitigate the 
consequences of the accident.  

To accomplish these functions, the RPS uses trip signals from various 
process sensors which deenergize scram logic relays, and in turn 
deenergize undervoltage trip devices in the supply breakers to the rod 
control panels. Opening these breakers causes the-rod control cluster 
assemblies to fall into the active core region, thereby shutting down 
the reactor.  

As many as four instrumentation channels provide trip signals to both 
RPS logic channels. Each logic channel controls the undervoltage trip 
device for one normally closed reactor trip breaker. The reactor trip 
breakers are arranged in series; therefore, opening either reactor trip 
breaker removes the power from the rod control cluster assemblies.  

Bypass reactor trip breakers facilitate testing and maintenance of 
the RPS.  

The RPS interfaces with the 120 VAC instrument power supply system for 
power to the process sensors, and with the 125 VDC battery power system 
for power to the logic channels and the reactor trip breakers. Loss of 
either source results in a trip signal which leads to a reactor trip.  

Figure 1.2-4 depicts a simplified block diagram of the RPS for 
Indian Point 2 or 3. The detailed system analyses can be found in 
Sections 1.5.2 and 1.6.2, respectively.
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1.2.1.3 Safeguards Actuation System

The SAS limits plant damage in the event of breaks in the RCS or the W 
secondary systems (main steam, feedwater, or steam generators) by 
performing the following functions: 

f Initiates safety injection actuation and the related actuation of 
other safety related systems to limit core damage.  

t Initiates containment spray actuation, accident mo'de fan cooler 
operation, fluid system is-laion, and phased conitanme t i sio6tion 
actuation to ensure the accident Contaimenht function.! 

To accomplish these functions, the SAS uses trip signals from various 
Primary and secondary plant sensors, processes t0hese signals through' 
various logic matrices, and sends signals to the 'ESF systems bated on 

sh se odios The $AS logic trains do'nrdlteiitaii~ 
it distinctly different actions: 

Safety injection initiates feedwater isolation, turbine trip, and 
reactor trip(via RPS). Componehts automatically s§arted by the 

safety injection signal include the AWS pumps, safety injec-tion 
pumps, RHR pumps, containment fan coolers, service water pumps, 
component cooling pumps, and diesel generators. The safetY 
inj.ection signal also initiates phase A containment i§s6oItonj, 
containment VGentilatiion isolation, -ontro ropm, venil-tion 
isolation, and safeguards sequence.  

Containment spray initiates containment sp ray injection, phase B, 
containr-ent isolation (main steam, isolation aqd cq.ol'.ng wate fo -.  
reactor coopl;afnt pumps),, and containment ventilationf s la ion.  

The SAS interfaces with the 125 VOC system, p, ower is required to, 
actuate, the various safeguards relays.  

Block diagrams of the two functions of the. SAS are presented} in 
Figures 12-Sand 1.26. f6or indian Point 2 and Figue s 1.2-7 and 1.2-8 
for Indian Point 3. The detailed system analyses are found in 
Sections 1.5.2 and 1.6,.2, respectively., 

1..2 FLUID SYSTEMS, 

1.2.2.1. High Pressure, Injection, System 

The HPIS provides a source of coo],ing water to the reactor coo lant 
system in case of a. medium (2-inch to 6-inch), pipe break (LOCA), a smallf 
(less than 2-inch) pipe break (LOCA), or a seq ndary steam break when.  
the system is at a pressure greater than the, Operating pressure of the 
accumulators or low pressure injection.  

The HPIS receives an actuation signal from the SAS and deli,vers water 
from the refueling water storage tank to the four; RCS cold: leg injection 
lines. Two of three pumps are requi:red to proide sufficient makeup B
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following a medium LOCA, while only one of three pumps is necessary for 
a small LOCA. The HPIS interfaces with the SAS and the 480 VAC 
essential electric power system.  

A simplified block diagram of the HPIS is presented in Figure 1.2-9 for 
Indian Point 2 and in Figure 1.2-10 for Indian Point 3. The detailed 
system analyses can be found in Sections 1.5.2 and 1.6.2, respectively.  

1.2.2.2 Low Pressure Injection System 

The LPIS supplies water to the reactor core immediately after a large 
LOCA. The LPIS uses the residual heat removal (RHR) pumps to inject the 
borated water. One of the two pumps delivering water from the refueling 
water storage tank to the RCS through the cold leg injection lines is 
required for success of this system.  

The LPIS interfaces with the SAS and the 480 VAC essential electric 
power systems.  

A simplified block diagram of the LPIS is presented in Figure 1.2-11 for 
Indian Point 2 and in Figure 1.2-12 for Indian Point 3. The detailed 
system analyses can be found in Sections 1.5.2 and 1.6.2, respectively.  

1.2.2.3 Accumulator System 

The AS provides the initial core reflood after a large LOCA.  

This system consists of four nitrogen-pressurized water accumulators 
which are isolated from the RCS by individual check valves. When the' 
pressure in the RCS decreases below the pressure in the accumulators, 
the check valves open and the accumulators discharge into the cold leg 
injection paths. Three accumulators discharging into three intact RCS 
loops are necessary for success of this system.  

The accumulators are passive devices that operate independently from 
other ESF systems. Motor-operated valves in the accumulator discharge 
lines receive confirming open signals from the SAS if the normally 
deenergized open valves are closed.  

A simplified diagram of the accumulators is presented in Figure 1.2-13 
for Indian Point 2 and in Figure 1.2-14 for Indian Point 3. The 
detailed system analyses can be found in Sections 1.5.2 and 1.6.2, 
respectively.  

1.2.2.4 Recirculation System 

After the injection phase of a LOCA, the RS provides long term core 
cooling and, if necessary, containment spray. After the contents of the 
refueling water storage tank (RWST) have been pumped into the core, and 
when sufficient water is available on the containment floor, the 
operator manually aligns the recirculation pumps to take a suction from 
the recirculation sump (or the RHR pumps to take suction from the 
containment sump) and to pump this water through the RHR heat exchangers
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back to the reactor core. In low RCS pressure cases (large or medium 
LOCA), the operator will align the system to pump directly to the RCS through the cold leg injection lines while in higher pressure cases 
(small LOCA), the system will supply suction pressure to the safety injection pumps suction. Recirculation with containment spray is only 
necessary for the large and medium LOCAs in conjunction with failure of the fan cooler system. For the large LOCA, the operator aligns the 
recircu'lation system to discharge into the RCS hot legs after approxi
mately 24 hours.  

The recirculation system interfaces with the component cooling system,
service water system, containment spray system, the LPIS, the HPIS, and 
the 480 VAC essential electric power system.  

A simplified block diagram of the recirculation system is presented in 
Figure 1.2-15 for Indian Point 2 and in Figure 1.2-16 for Indian Point- 3.  
The detailed system analyses can be found in Sections 1.5.2' And i6.2, 
respectively.  

1.2.2.5 Containment Spray System - Injection Phase and Sodium 
Hydroxide Addition System 

In the event of a LOCA or steam break followed by a safety inject ion 
signal and a pressure buildup in containment, the CCS will spray borated, water from the RWST into the containment building to limit the pressure 

- rise.  

An integral part of the spray system is the introduction of a water 
solution of sodium hydroxide into the containment spray fldw. This reduces the level of radioactive iodine in the containment atmdophe& If 

* core damage has occurred.  

The spray system consists of two 100% capacity motoriH'ven pumps. Any 
* one of the two pumps discharging to the containment building spray rinhg, headers is sufficient to reduce containment building pressure, This 

system is redundant to the containment fan coolers for pressure 
reduction. These pumps take a suction from the RWST and must be stopped 
when the RWST is emptied. The condition necessary for success of the 
sodium hydroxide system is delivery of the sodium hydroxide solution to 
an intact and operating containment spray pump train.  

The containment spray system interfaces with the SAS with the 480 VAc 
essential elebtric power system 

A simplified block diagram of the CSS is presented in Figures 1.2-17 
and 1.2-18 for Indian Point 2 and in Figures 12-19 and 1.2-20 for Indian Point 3. The detailed system analyses can be found in 
Sections 1.5.2 and 1.6.2, respectively.  

1.2.2.6 Containment Fan Cooling System 

The CFCS is designed to limit containment pressure following a LOCA or 
steam break. During normal operation, the five containment fan cooling units are operated as necessary to cool and circulate the containment
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atmosphere. Given a LOCA or steam break followed by a safety injection.  
signal, the fan coolers will automatically transfer to the accident 
mode. At least three of the five units are required to limit and reduce 
the containment pressure if none of the containment spray trains are 
functional. The fan coolers require electric power to run the fan 
motors and service water to cool the atmosphere and condense steam. The 
normally closed service water valves on the common fan cooler discharge 
are opened by the safety injection signal to bypass service water flow 
around the normally throttled temperature control valve. Condensate 
from the cooling coils is routed to the containment sump.  

A simplified block diagram of the containment fan cooling system is 
presented in Figure 1.2-21 for Indian Point 2 and in Figure 1.2-22 for 
Indian Point 3. The detailed system analyses can-be found in 
Sections 1.5.2 and 1.6.2, respectively.  

1.2.2.7 Component Cooling System 

The CCS is a closed loop cooling system which removes residual and 
sensible heat from various primary plant components during power 
operations, shutdown operations, and under accident and transient 
conditions. The system consists of: three motor-driven component 
cooling pumps; two component cooling heat exchangers which are cooled' by 
the service water system; and the necessary piping and valves to supply 
the various cooled equipment. During normal plant operation, two of the three pumps are required to supply the necessary flow for the plant 
cooling loads. The safety injection pumps, RHR pumps, and recirculation 
pumps require component cooling. Also, the RHR heat exchangers require 
component cooling during recirculation to remove core decay heat. The 
component cooling supply to the RHR heat exchangers is automatically 
aligned by the SAS. Because of the low temperature of the RWST water, 
however, cooling of these heat exchangers is not required during the 
injection phase following a LOCA. Only one component cooling pump and 
one component cooling heat exchanger are required to meet the minimum.  
safeguards cooling requirements.  

A simplified block diagram of the component cooling system is presented 
in Figure 1.2-23 for Indian Point Units 2 and 3. The detailed system 
analyses can be found in Sections 1.5.2 and 1.6.2, respectively.  

1 .2.2.8 Service Water System 

The SWS is a heat transport medium which removes and transfers heat from 
the components that it supplies to the Hudson River. ,This system is 
necessary to remove reactor decay heat under LOCA conditions and under 
most transient events.  

T-he system is quantified to the first isolation valve'capable of 
isolating a major component. The component isolation valves are, in 
most cases, -included with the components which are isolated; for
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.;example, the component cooling heat exchanger isolatipn valves are 
included with the component cooling heat exchangers in the cpmponent 
Cooling'system analysis. Operator interaction with the service water 
system to correct deficiencies or to recover the system following 
,failure is only considered for the mode selectior switch. Before the 
iniitiating event, it is assumed that two service water pumps were 
supplying the nuclear header and two service water punmps were supplying 
the 'conventional header (normal c~nditions)., 

Success of the system is defined as two service water pumps sup lying 
the nuclear header for 24 hours after the initiating event arid one 
se'vice water pump supplying the'conventional header fpr 2, hours after 
the initiating vppt.'hae p 4 pr fe 

A simplified block diagram of the service water system is presented in 
Fjgure 1.2-24 for Indian Point 2 and in figue d1'2-25 for India 'Poi nt 3 
The-detailed system analyses can be found in Sections 1,.2 ap .6?, " 

respectively.  

1.2.2.9 Auxiliary Feedwater System 

The function of the AFWS is to remove heat from the reactor coolant 
system when the main feedwater system is unavailable. Water, is supplied 

from two water sources (condensate storage'tank backed up by city wate) 
through three pum s to each of four steam generatoi .rs.  

The AFWS must remove heat during a LOCA smaller than 2 inches as well as 
during transients that lead to a loss of main feedwater. The AFwS 
proyides initial cooling to prevent overpressurization of the reactor 
c9oliant system and has sufficient water. suppl i es to, remove the, residual, 
heat-generated by the reactor for at least' 24 ho,urs at hot shutdown 
conditions. The system is 'also used dring nr'mal p'hau t-sta-ups'hut 
down, and hot standb cond!:- ' s 

The AFWS interfaces with the electric power system and the safeguards 
actuation system. The analysis is conditional on, the. presence of an, 
AFWS 'actuation signal and is evaluated f6r specipfic states of electric 
power to buses 3A and 6A.  

Requirement for success under emergency condi!tions is that flow from at 
least one pump be dellivered to at least two steam generators wtth in 
30 minutes of the. ini tial. demand to, preclude,' total " ,,.oss. of %water. i nven-.  
tory in the steam. generator.  

A simplified block diagram of the auxiliary feedwater system is 
presented in Figure 1.2-26 for Indian Point 2- or 3. The detailed.system 
analyses can, be found in Sections 1.5.2. and, 1.6.2, respectively..  

1.2.3 SYSTEMS INTERACTIONS -- FUNCTIONAL DEPENDENCIES

A brief description of each key system has been given. previously,.  
Dependencies among the principal systems. and the support sysitems which 
are required to accomplish the safety functions are shown in.
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Figure 1.2-27 for transients and in Figure 1.2-28 for LOCAs. For 
transients the two safety functions are reactor shutdown and RHR.  
Reactor shutdown is accomplished by the reactor protection system which 
does not depend on any primary support from other systems. Residual 
heat removal is accomplished by forced or natural convection from the 
core to the steam generators which requires maintaining physical 
integrity and coolant inventory of the reactor coolant system. Decay 
heat is removed from the steam generator by the auxiliary feedwater 
system. Decay heat removal requires steam relief from the steam gener
ators and the availability of one of several water supplies as well as 
DC electric power. AC electric power is only required if the steam
driven AFWS pump fails. Failure of either the reactor shutdown or the RHR safety function can transform a transient initiated accident 
sequence into a LOCA sequence if, as a result, the integrity of the 
primary coolant boundary is lost.  

Safety system dependencies for LOCAs shown in Figure 1.2-28 are much 
more complex than for the transient events. Four safety functions are 
required: 

* Reactor shutdown.  
* Coolant injection.  
* Coolant recirculation.  
* Containment integrity.  

Although reactor shutdown can be accomplished without any direct depen
dencies, the other three safety functions are closely interrelated both 
in the sense of time sequencing and in terms of the systems and support 
systems employed. In the blowdown phase of a LOCA, coolant injection 
keeps the core from becoming extensively uncovered. Various combin
ations of the high pressure injection system, the accumulator system, 
and the low pressure injection system are required for coolant injection 
under specific LOCA blowdown conditions. The safeguards actuation 
system is required to initiate either injection system.  

Following the coolant injection phase, the injection systems (HPIS and 
LPIS) are realigned by the operator to perform the coolant recirculation 
function. Alignment in the high or low pressure mode depends upon the 
primary coolant pressure at the time of switchover.  

The containment spray system and the containment fan cooling system 
maintain containment integrity following a LOCA. The containment 
buildings for Indian Point Units 2 and 3 are normally isolated except 
during the short periods of venting which are under administrative 
control. The containment isolation system (CIS) further isolates most 
lines passing through the containment wall. The containment safety 
features are all initiated by the safeguards actuation system.  

The safety grade support systems include the AC and DC electric power 
systems and two fluid systems, namely the component cooling system and the service water system. Excepting the passive accumulator system and 
the turbine-driven AFWS pump train, all systems require DC electric 
power and all but the protection and actuation systems need AC power.
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Pumps used for recirculation cooling (LPIS and HPIS equipmen't require 
component cooling system water. Service water cools the diesel 
generators (EPS-AC), the component cooling system and the fan coolers.  
All systems except the accumulators, the protection system, and the DC 
power system rely upon the safeguards actuation systehi fo start signal 
during a LOCA.  

The plant analysis models the interactions among thee systemist; 

0
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Figure 1.2-5. Indian Point 2 Safety Injection Subsystem Block Diagram
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Figure 1.2-11. Indian Point 2 Low Pressure Injection System Block Diagram
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Figure 1.2-12. Indian Point 3 Low Pressure Injection System Block Diagram
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Figure 1.2-13. Indian Point 2 Accumulator System Simplified Diagram
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Figure l.2-.18.. Indian Poin.t 2 NaOH Addition System Block Diagram

0 00



I.- - -

IRWSTI 
BORATED WATER 
.SUPPLY L__ ...- J
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Figure 1.2-20,. Indian 'Point 3 NaOH Addition System Block Diagram
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Figure 1.2-21. Indian Point 2 Fan Cooler System Block Diagram
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Figure 1.2-23. Indian Point 2 or 3 Component Cooling Water System.Block Diagram
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Figure 1.2-25. Indian Point 3 Service Water System Block Diagram
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1.3 ACCIDENT SEQUENCE ANALYSIS: THE PLANT MATRIX M 

1.3.0 INTRODUCTION 

1.3.0.1 Overview of Event Tree Analysis 

This section explains plant event trees in detail. The initial develop
ment of these event trees was described in Section 1.1.2.4. The 
complete Indian Point systems analyses (Section 1.5.2 and Section 1.6.2) 
provide the system details and unavailability quantification. The 
present section will help the reader understand how the event tree top 
events are linked to these systems analyses.  

For each event tree, there is a discussion of the normal progression of 
events following specific initiating events. Next, initiatingevents 
for each event tree are explained and the events along the tree are 
described carefully to ensure that it is clear exactly what system, 
subsystem, and operator functions are involved. The system interactions 
and other dependencies are also reviewed. Finally, each sequence is assigned to a specific plant event sequence category, which is an input 
state to the containment event tree.  

Data for each event includes uncertainty, and the sequences are quan
tified in terms of mean values for the conditional frequency of entering 
each containment event tree input condition (or entry state). In 
Section 1.4, the results of the event tree calculations are combined to Sf the complete plant matrix, M. In Section 8, risk is calculated 
(4MCS), dominant sequences are identified, and uncertainty is 
incorporated into the results.  

The information in Sections 1.3.0.2 through 1.3.3 addresses the 
following generic items: 

Section 1.3.0.2 - Overview of Cause Analysis 
Section 1.3.1 - Event Tree Simplifications--Bounding Models 
Section 1.3.2 - Electric Power in the Event Tree Models 
Section 1.3.3 - Supporting Analyses 

This information provides a basis for understanding Section 1.3.4, which 
*describes each event tree.  

1.3.0.2 Overview of Cause Analysis 

At this point, a discussion of the causes of equipment and system 
failure is needed. Common cause failure and systems interactions are 
addressed as specific examples of failure cause possibilities. The 
approach for analyzing system unavailability separates the problem into 
two logically distinct parts--determination of minimal cutsets of equip
ment failure modes and determination of cause sets; i.e., causes that 
can bring about failures of the equipment in the cutsets.  

The first step is to develop a detailed functional model or fault tree 
of the system performance requirement. That model is developed to the 
level of basic component failure modes, such as "valve FCV-95 fails to 
open." Thus, when the minimal cutsets of this model are determined,

1.3-1



they represent groups of equipment functional failure modes that must 
occur together if the system is to fail. These cutsets are character
istic of the system hardware alone.  

The second step is to tabulate the possible causes for each failure 
mode. A single equipment functional failure mode may be caused by 
random independent faults, test and maintenance, common or independent 
human interactions, or common environmental conditions, such as high 
temperature or flooding, aging, etc. A detailed list of causes is given * herein. Entire cutsets may fail due to any single cause or coincident 
combinations of causes. Cutset failures may be recoverable or nonrecov
erable by operator actions. Note that a recoverable random failure does 
not cause system failure unless the operator fails to take corrective 
action. Recoverable failures are those that can be corrected before 
some time criteria is exceeded. For example, the AFWS at Indian Point @ is considered successful if operation occurs within 30 minutes of demand.  

All these causes of system failure are analyzed, but the question of 
completeness always arises. Although this question has no answer, it 
has a solution: we allow for the chance that something has been 
neglected; we look at the available evidence; we quantify the frequency 
(including uncertainty) with which the unforeseen will occur.  

Where can our prevision be incomplete? If our logic is not faulty, the 
minimall cutsets are complete (at the level to which we have dissected 
the system). Thus, we must look for omissions in our list of causes for 
equipment functional failure modes.  

Equipment failure modes can be grouped into three cause classes: 

1J. Random independent equipment failures.  
,2. Independent human actions.  

3.Common cause (dependent) failures.  

Conservative design enhanced by the single failure criterion and compre
hensive review/inspection requirements has led to very low probability 
of system loss due to random independent equipment failures. Because 
human actions and common causes can defeat redundancy and successful 
operation of equipment, these failure modes are most important for 
nuclear plants. One kind of common cause failure which has received__ 
recent attention is systems interaction. Three categories of systems 
interaction have been described in a recent study performed for theW 
Nuclear Regulatory Commission (NRC) (Reference 1.3-1). These are 
included in our list under different names: 

NRC (Brookhaven) Link to 
Systems Interaction Category Indian Point PSS Common Cause List 

i. Functional Dependencies 3a. Common Support Equipment 
Failures 

ii. State Dependencies 3b. Common Human Errors 
3f. Plant Configuration 

iii. Dependencies on Extreme' 3c. Common Abnormal Environment 
E nvi ronments 
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The complete list of causes annotated with descriptions of each cause 
and the possibility of omissions is given in the following: 

1. Random Independent Equipment Failures. While some causes of failure 
may have been omitted, the accumulated failure histories are 
convincing evidence'that the major contributors are included. This 
history includes many sources, such as other risk and reliability 
studies and plant experience (significant occurrence reports, 
licensee event reports (LERs), personnel experience, EEl and The 
Institute of Electrical and Electronics Engineers, Inc. (IEEE) 
data, etc.).  

2. Independent Human Actions 

a. Random Errors. Again, the accumulated failure histories are 
convincing evidence that the major contributors are included, 
Such events are embedded in initiating event, equipment failure, 
and repair time data and exist separately as human failure 
data. In situations where human action is required, these 
events are explicitly quantified.  

b. Misinterpretation of Plant Conditions. The operator may take an 
inappropriate action because he does not understand the true 
condition of the plant due to erroneous instruments, his own 
confusion during a high stress situation, or his own misunder
standing of the physical processes involved. Such mistakes are 
modeled in the event trees as failure to perform required plant 
functions or interference with these functions. The probability 
of loss of instrumentation has been considered separately.  
Stress factors and consideration of dependencies among operators 
and maintenance personnel are explicitly included in the quan-, 
tification of situations requiring human action. Furthermore, 
broad uncertainties are used to account for wide variations 
among operators and possible conditions. While errors of 
commission, due to misunderstanding of correct or mostly correct 
indications (as at TMI-2) are not explicitly modeled, the above 
approach to human error is considered to account for such events.  

c. Dilemmas. Conditions can arise in which no completely satis
factory course of action is available. Actions to save one 
piece of equipment may cause problems elsewhere. Some dilemmas 
have been modeled in the event trees; e.g., given loss of recir
culation capability, should the operator save RWST water for 
containment spray to minimize the ex-plant damage that would 
follow melt, or delay the melt by continuing injection. In such 
cases, both paths are modeled and a probability is assigned to 
each.  

3. Common Cause Failures. When more than one equipment functional 
failure mode occurs because of some single condition, a "common 
cause failure" has occurred. Quantifying common cause is viewed by 
many as a difficult, subjective procedure. Among the most
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straightforward models is the "a-factor" approach (Reference 1.3-2).  
The common cause and independent contributions, Xc and Xi, 
to failure rate, are modeled as a linear function of the independent 
single component failure rate X 

X Xij + Xc 

where a is the conditional probability of redundant subsystem 
failure, given that failure of a single redundant component occurs.  

By reviewing data sources for "a"; i.e., common cause failure 
data, underlying causes can be identified. The common cause-list 
shows that these contributions are very plant specific. By detailed 
plant specific quantification of the list of causes, the unavail
ability of plant systems due to common causes can be determined.  
Some residual contribution by unidentified "other" causes will 
remain, but the magnitude of that contribution is greatly reduced.  
This approach provides a framework for using a wide range of exper
ience for analyzing rare, common cause contributions. Based on 
engineering judgment, bounding a-factors (e.g., Section 1.3.3.6, az1) 
were used in some cases. In others, after examining the potential 
for additional common cause contribution, it was judged that speci
fically identified contributors were predominant.  

Common causes are categorized as follows: 

a. Common Support Equipment Failures. Common power supplies, 
cooling systems, logic circuitry, etc., are modeled explicitly 
i n the event trees.  

b. Common Human Errors 

(1) Dependent Human Actions. For situations in which operator 
action is expected, the following dependent human actions 
are modeled explicitly: a single maintenance person making 
the same mistake on two redundant pumps; two operators 
influencing each other such that they both make the same 
mistake;, sequential testing by one operator who makes the 
same mistake in each test. Swain's Human Factors Handbook 
(Reference 1.3-3) provided the basis for- some of these 
calculations as explained in Sections 0, 1.5.1, and 1.6.1.  

(2) Misinterpretation of Plant Conditions. When operators 
misunderstand plant conditions as discussed in 2.b, multiple 
inappropriate actions can result. Such errors are somewhat 
less likely than single mistakes. Event tree and system 
models for such errors included the number of operators 
available and their likely interactions.
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(3) Sequentially Compounded Errors. A series of related or 
unrelated errors may initiate a transient, render the miti
gating systems ineffective, and result in confusion of the 
operators. Some sequences of this type show up in the data 
and some recent administrative changes provide a good means 
for recovery from such situations. In particular, the shift 
technical advisor and the staff of the technical support 
center can provide somewhat independent oversight to deter
mine what has happened and how recovery might proceed.  
Furthermore, emergency operating procedures have been 
revised since the TMI-2 accident to help the operator focus 
in on a minimum set of plant conditions to ensure the core 
remains cooled even if the details of what has happened are 
unclear. Nevertheless, such events can happen and are 
included in our event tree analyses in the following way.  
Specific systems interactions and test errors have been 
modeled. Furthermore, the most often encountered effect of 
sequentially compounded errors is operator confusion; there
fore, broad uncertainty bands are assigned to operator 
ability to provide and maintain necessary plant functions.  
Such bands account for the wide variations in operator 
capability and situation complexity.  

c. Common Abnormal Environment. In Section 7, we explicitly model 
the contributions due to: 

# Earthquake 
e Fire 
@ Flood (internal and external) 
* High Winds and Wind-Induced Missiles 
o Aircraft Accidents 
* Transportation and Hazardous Materials 
* Turbine Missiles 

Here the probability of the entire range of each environment 
(not just the "qualified" range) is determined along with the 
"fragility" of equipment to those environments. Nevertheless, 
it is possible that some environment has been omitted. This is 
unlikely, however, because there are centuries of experience to 
help the analyst determine the range of potential conditions.  
Moreover, unless an environment is more severe than the design.  
qualifications of the plant, little damage is expected. There 
are only two areas where "other" causes related to abnormal 
environments can fall: 

(1) There is some chance that common equipment defects (design, 
manufacturing or installation) were not corrected by QA/QC 
procedures, are not included in our fragility curves, and 
could lead to dependent failure under the abnormal environ
mental conditions considered. Reviews of historical data 
support the judgment that the frequency of severely abnormal 
environmental conditions is low compared to other quantified 
failure causes, especially for widespread effects.
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(2) Abnormal environments more severe than those analyzed could 
cause multiple failures; however, environments so far beyond 
design "qualifications" and analyzed conditions are very 
improbable.  

d. Common Design, Manufacturing, or Installation Defects. These 
defects could lead to common cause failures under normal environ
ments; e.g., the Kahl failure, Reference 1.3-4 (such defects for 
adverse environments are included in c.(1) on the previous 
page). Quality assurance/quality control programs help 
eliminate such problems. For plants that have operated for 
several years, such failures become improbable because the 
equipment has been operated, frequently tested, and changed by 
maintenance and replacement. With extensive plant specific 
data, the correlated variable treatment of nominally identical 
equipment used in this study (see Section 0.15.5) to some extent 
accounts for such effects.  

e. Common Wearout. Many factors, such as abrasion, fatigue, corro
sion, etc., contribute to wearout. Similar equipment experi
encing similar operation and environment may fail due to wearout 
at nearly the same time. The chance that they all wear out 
Within, for example, 1 week following a specific initiating 
event is small, however, when compared with other contributions 
to failure.  

f. Plant Configuration. Changes in-plant configuration can lead to 
excessive stress in operating components. Such failures were 
usually bounded in this analysis by assuming system failure When 
equipment was required to operate outside its design condi
tions. Initiating events caused by such failures are embedded 
in the initiating event data.  

'As described previously, consideration of the various possible causes is 
distributed among the event tree and individual system analyses.  
Results Of the systems studies can appear overly optimistic because 
systems interactions, many human failures, and common environmental 
effects are analyzed elsewhere. For example, one of the most important 
systems interaction related common cause effects involves failure of active systems due to failure of electric power. Such systems are 
analyzed conditional on the availability of electric power, which is 
calculated in separate analyses. Furthermore, failure of some systems 
that are normally operating would lead to a unit trip; e.g., ESF 
electrical buses and service water. For these systems only reliability 
over their required mission time is calculated; they must be running at the time of the initiating event or a different initiating event would 
already have occurred.
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AMENDMENT 1 
IPPSS DEC 1982 

1.3.0.3 Revision of Service Water Model 

1.3.0.3.1 Introduction 

The Indian Point Probabilistic Safety Study model for service water 
system failures has been revised to provide more detailed and rigorous 
descriptions of the scenarios. Changes resulting from the service water 
model modifications are summarized in this section. Because these 
changes do not affect the final risk results and have only a minor impact 
on core melt frequency, they have not been propagated throughout the 
remainder of the study.  

1.3.0.3.2 Effects of Service Water 

Two changes were made with respect to modeling and quantifying the 
effects of service water system failures on the two Indian Point units.  
First, there are two service water headers at each unit. The "nuclear 
header" supplies cooling to the diesel generators and the fan coolers; 
the "conventional header" supplies cooling to the component cooling 
system. In the original analysis, service water was conservatively 
modeled as a single system with failure of either header meaning system 
failure. Second, under the "all power available" case for each event 
tree, the probability of service water failure was not included in 
calculating the unavailability of fan coolers and recirculation cooling.  

The event trees have been recalculated as follows: 

0 Electric Power - Service Water Dependency (Correction to 
Section 1.3.2.1 Electric Power State Probabilities). The formula for 
electric power state following all initiating events other than loss 
of offsite power (Item 2, page 1.3-14) were incorrectly printed.  
They should be: 

M v i a l f ' ( I E ' ) 1  = f ( I E ) , 
Al Buses l 
Available 

Vf(SWC) =f(SWCIEP1), f'(SWN) =f(SW~jEPj) 

No Buses jY1 or 8 fE~fSNE~ 

Available 
f '(WO f f' (W) = 1 

EPj $'(IE)i = (IE) f(EPi)[1-f(S-VNIEPi)] 

i1 or 8 

f'(SWC) = f(WCIEPi), f'(W-N) = 0 

where SWC is conventional header service water and SWN is nuclear 
header service water.  

1.3-6A-1 
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AMENDMENT 1 
IPPSS DEC 1982 

Here f(WNIEPj) refers to the nuclear headers with one or more 
pumps operating (from the final sections of the Service Water System 

Analyses, Section 1.5, and Section 1.6, System Quantification with 
Differing Boundary Conditions for Electric Power). The corrected 
results are shown below.  

Indian Point 2 

EP State Power at Buses 5th Median 95th Mean 

I 2A,3A,5A,6A 9.98-1* 9.99-1 1.00 1.00 
2 2A,3A,6A 3.72-7 6.16-6 7.80-5 1.71-5 
3 2A,3A,5A 3.72-7 6.16-6 7.80-5 1.71-5 
4 5A,6A 4.24-5 8.49-5 1.64-4 9.55-5 
5 2A,3A 1.32-8 2.13-7 2.64-6 5.82-7 
6 6A 1.32-8 2.08-7 1.54-6 5.78-7 
7 5A 2.82-8 2.08-7 1.78-6 5.78-7 
8 No Power 1.62-8 4.64-8 1.54-7 6.62-8 

Indian Point 3 

EP State Power at Buses 5th Median 95th Mean 

1 2A,3A,5A,6A 9.97-1 1.00 1.00 1.00 
2 2A,3A,6A 3.43-7 4.99-6 5.87-5 1.31-5 
3 2A,3A,5A 3.05-7 4.69-6 5.69-5 1.26-5 
4 5A,6A 6.09-4 1.20-3 2.90-3 1.48-3 
5 2A,3A 7.03-9 1.32-7 1.77-6 3.84-7 
6 6A 4.06-8 1.97-7 1.79-6 4.41-7 
7 5A 3.72-7 7.96-7 1.84-6 9.81-7 
8 No Power 1.04-8 3.44-8 2.35-7 6.03-8 

* CF1 or CF2, Fan Cooling Failure. There is no longer any distinction 
between CF1 and CF2; call them both CF. Fan coolers rely only on the 
nuclear header of the service water system and electric power. , If 
AC power is supplied from offsite then 

f(C'FIEPi) f(ANIEPj) + f(fan cooler unitsIEPj) 

when AC power is supplied by the diesel generators, the same 
expression is very slightly conservative. Although the electric 
power state calculation verifies at least one service water pump 
operable, the fan coolers require at least two. Thus 

f(SlNIEPi) 

is taken from the nuclear header results in Tables 1.5.2.3.8.-.1 
and 1.6.2.3.8-1.  

*Values are presented in an abbreviated scientific notation; 

e.g., 9.98-1 = 9.98 x 10-1.  
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* R-1, R-2, and R-3, Recirculation Cooling. There is no longer any 
distinction between R-2 and R-3 for high pressure recirculation. R-1 
is low pressure recirculation. The following expression is used in 
all cases.  

f(RiIEPj) f(S-W-CIEPj) + f(C-CIEPj) + f(Recirculation SystemIEPj) 

where 

f( WCI EPj) 

is taken from the conventional header results in Tables 1.5.2.3.8-1 
and 1.6.2.3.8-1, and 

f.(MfEPj) and f(Recirculation SystemIEP) 

are taken from the appropriate systems analyses of 
Sections 1.5.2.3.7, 1.6.2.3.7, 1.5.2.3.4, and 1.6.2.3.4.  

1.3.0.3.3 Revised Results 

IPPSS revisions described in Section 1.3.0.3.2 above result in minor 
changes to the plant state and core melt frequencies, due to internal 
events, previously reported. Those changes are summarized in terms of 
plant state frequencies in the following table. These changes have no 
significant impact on the final risk curves.  
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NOTE: Values are presented in an abbreviated 
e.g., 4.20-5 = 4.20 x 10- 5 .

scientific notation;

1.3-6A-4

0709P121182

Indian Point 2 Indian Point 3 

Plant State Original Revised Original Revised 
Mean Mean Mean Mean 

Frequency Frequency Frequency Frequency 

SEFC 4.20-5 2.83-5 7.88-6 6.92-6 
SEF 4.17-9 2.77-9 1.02-9 7.63-10 

SEC 4.58-6 1.36-6 1.34-7 1.30-7 
SE 1.15-6 1.69-6 6.29-7 5.12-7 

SLFC 1.34-5 1.40-5 8.41-5 8.57-5 
SLF 4.28-9 4.79-9 3.05-9 3.12-9 

SLC 3.23-10 6.01-8 1.17-9 4.36-8 
SL 7.72-11 7.52-11 7.90-11 1.61-12 

TEFC 3.30-6 2.52-6 5.18-7 1.07-6 
TEF 1.43-9 8.61-10 3.87-10 1.43-10 
TEC 1.97-7 1.37-7 7.46-8 2.50-8 
TE 1.14-7 2.75-8 7.05-8 1.24-8 
AEFC 7.96-6 7.96-6 8.61-6 8.66-6 
AEF 7.59-10 7.59-10 4.19-10 4.19-10 
AEC 2.74-8 2.98-8 3.20-8 3.24-8 
AE 3.19-9 2.56-9 1.37-9 1.11-9 
ALFC 2.10-5 2.10-5 2.31-5 2.35-5 
ALF 1.77-9 1.77-9 8.51-10 8.66-10 
ALC 4.19-10 6.96-9 7.67-10 2.41-9 
AL 1.09-12 1.35-11 8.16-10 8.21-10 

CORE MELT 9.37-5 7.71-5 1.25-4 1.27-4



1.3.1 EVENT TREE SIMPLIFICATIONS - BOUNDING MODELS

Emergency safeguards equipment and their automatic actuation were 
modeled in the event trees.' Manual operation was also modeled based on 
approved written procedures.  

Many other procedures and additional nonsafety related equipment were 
available, but were not modeled due to: (1) sufficient redundancy with 
existing equipment, (2) insufficient analysis and documentation to 
verify the benefits of the systems or equipment, (3) complexity of 
inclusion versus ensuing benefit, and (4) lack of supporting procedures 
for emergency use of such items.  

Examples of systems not modeled include: 

Main Feedwater. When the main turbine trips during power operation, 
the main feed pump turbines will subsequently be tripped. Several 
signals also trip the main feedwater pumps or the main feed valves.  
Recovery of the main feedwater system is a slow, manual process 
which would not noticeably improve the feedwater availability calcu
lation based upon only the automatic auxiliary feedwater system.  

Normal Reactor Coolant Charging System. The normal charging system 
is stopped by an SI signal. It is used for normal makeup to the 
reactor coolant system, for reactor coolant pump seal injection, and 
could be used to supplement injection for some events. Inclusion of 
the normal charging system, however, would not noticeably improve 
the calculated availability of the injection system.  

0 Instrument Air System. Because the motor control centers powering 
the air compressors are stripped from their ESF buses upon loss of 
power, and are not automatically restarted, they may not be avail
able during all accidents and transients. Important valves 
controlled by instrument air fail in the "desired" position on loss 
of air pressure. Certain valves are provided with automatic 
nitrogen backup.  

As a conservative measure, recovery of failed equipment was not modeled 
in most cases. For sequences contributing to risk, where recovery of 
equipment is likely, more realistic models were developed.  

The early versions of the event trees showed all automatic signals and 
kept careful account of dependencies. A simple example from the 
"Steam-Line Break Outside Containment" tree is shown in Figure 1.3.1-1 
where the following signal combinations are applicable: 

Safety Injection MSIVs 
Signal Actuated Tripped 

Low Pressurizer Pressure Yes No 
High Steam Flow With Low SG Pressure Yes Yes 
High Steam Flow With Low Tav Yes Yes
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As can be seen in the figure, even this simple arrangement leads to 
56 initial sequences which in turn generate complex and lengthy event 
trees that are difficult to follow.  

A simple bounding technique is to assign only one independent automatic 
trip signal to each system that is to be actuated. Dependent, redun
dant, and manual signals are neglected. This bounding approach is 
conservative, simplifies the tree structure, and eliminates a source of 
dependency from the analysis. Figure 1.3.1-2 shows the result of 
applying this approach to the structure of Figure 1L3.1-1. Note that 
the 56 sequences have become only 4 sequences.  

Fortunately, this upper bound is a tight one. Failure of automatic 
signals is not a major contributor to any functional failure. There
fore, treating automatic signals exactly and including manual backup 
causes no distinguishable change in numerical results.  

This simplifying approach has led to the following definitions which are 
used in the event trees that follow: 

K1 - Reactor trip signal.  
K2 - Automatic reactor trip given a reactor trip signal.  
K3 - Automatic reactor trip and reactor trip signal.  
K4 - Manually deenergize and rods drop.  
K5 - Automatic runback.  
SA1 - Safety injection signal.  
SA2 - Safety injection signal and high head pumps run.  

A final area of simplification concerns success branches. When events 
have progressed successfully to a point where the plant is stabilized 
and only normal shutdown activities are required, the sequence is 
considered ended and is not modeled further. In such cases, long time 
periods are available for correcting any additional failures. There
fore, most functions are only analyzed over the first 24 hours following 
the initiating event. One exception is the auxiliary feedwater system.  
The capacity of its normal water supply and the associated emergency 
operating procedures provide for maintaining hot standby conditions for 
at least 4 hours followed by cooldown to 350'F over the next 4 hours.  
Therefore, AFWS performance is analyzed over an 8-hour period.  

For the LOCA trees (ET-1 to ET-3) in cases where both safety injection 
and recirculation cooling (along with reactor trip and secondary or 
primary cooling for small LOCA) are successful, no further branching is 
needed. While failure of containment spray and fan coolers could lead 
to containment failure, the core is.not damaged and no significant 
release occurs. The recirculation and RHR pumps at Indian Point are 
designed to operate under all containment conditions and would not fail 
on loss of containment integrity (References 1.3-5 and 1.3-6).  

For the steam generator tube rupture, ET-4, the sequence ends when 
reactor trip occurs, secondary cooling or primary bleed and feed cooling 
followed by recirculation cooling is successful, and the operator 
depressurizes and stabilizes the plant.
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For steam break and transient trees (ET-5 to ET-12) in cases where 
reactor trip, turbine trip, and auxiliary feedwater and secondary 
cooling are successful, no further branches are necessary because 
cooling is provided and the transient is ended. Therefore, the primary 
system is not modeled for these cases. In this mode, the reactor 
coolant system is stable, and even without letdown and makeup capabil
ities, it would be many hours before the plant could change to a state 
requiring additional equipment to prevent core melt or severe damage.  

All but three of the event trees (ET-1 - large LOCA, ET-2 medium LOCA, 
and ET-12 reactor trip) include the sequences shown separately as the 
failure of reactor trip event tree, ET-13 ATWS. Discussion of its 
success branches is reserved for Section 1.3.4.13.
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1.3.2 ELECTRIC POWER IN THE EVENT TREE MODELS

1.3.2.0 Introduction 

The availability of AC electrical power is essential to many of the 

systems analyzed. To account for this strong systems interaction, the 
event trees were constructed with an eight-state electric power branch 
immediately following the initiating event (see Figure 1.3.2.0-1). All 
possible combinations of the three emergency diesel generators are 
modeled. Because buses 2A and 3A are powered from the same diesel 
generator, it is very unlikely that one of those buses would be avail
able without the other. Such cases are bounded tightly by assuming that 
if either bus fails, both fail. Accordingly, 16 possible states are 
reduced to 8 possible states.  

For clarity, the event trees are developed without the electric power 

branch. The event trees are quantified in a manner equivalent to the 
tree structure of Figure 1.3.2.0-1. The simplified tree (with no 
EP branches) is quantified eight times, once for each state of electric 
power, EPi, using the following values: 

=(IE')i  = (IE A EPi) = (IE) x P(EPiIIE) 

Q(X'j) i = Q(XjIEP i) 

where 

O(IE) = frequency of the initiating event, 

(IE')i  = frequency of the initiating event and electric 
power state i, 

EPi = electric power state i, 

P(EPiIIE) = probability that the plant is in electric power 
state i given that the initiating event has occurred, and 

Q(XjIEP i) = unavailability of event tree function X given 
that the plant is in electric power state 4.  

Thus, the frequency of each sequence of the event tree of 
Figure 1.3.2.0-1 is calculated from the simplified tree as follows: 

€(sequence) = *(IE')i x H Q(X iEPi) 
j in 

sequence 

1.3.2.1 Electric Power State Probabilities 

The electric power system is complex. The buses are linked to: offsite 
power sources; the two Indian Point generators (Units 2 and 3); six 
onsite emergency diesel generators (three for each unit); and one onsite
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and two nearsite gas turbine generators. Numerous possible cross 
connections can be made among these power supplies and the ESF buses of 
a single unit. Therefore, the system is not only highly reliable, but 
also easily recoverable. To analyze this system thoroughly would 
require an elaborate time dependent model that is beyond the scope of 
the present project. Several bounding techniques, however, have been 
employed to produce a conservative model for recovery.  

A coarse filter was devised to screen the event trees for sequences in 
which reduced electric power conditions contribute significantly to 
plant risk. In this model, no recovery beyond an automatic first start 
of the diesel generators was considered. If power is available for the 
first 6 hours following the initiati'ng event, the plant can generally be 
brought to a stable condition. If power should fail after that, suffi
cient time exists, given the recoverability of the electric power 
system, to nearly guarantee that power would be restored before further 
core damage scenarios could evolve. With the exception of the no-power 
state, the electric power states are defined as power continuously 
available to the specified buses for the first 6 hours (except for 
ini'tial transfers and diesel generator starting and loading sequences).  
In the electric power system analyses of Sections 1.5.2 and 1.6.2, split 
fractions are determined for each electric power state conditional on 
the initiating event 

f(EPilloss of offsite power) = f(EPiIP) 
f(EPiany other initiating event) 

These split fractions must be modified because of the diesel gene r
ator/service water interaction. Upon loss of offsite power, all 
AC power, and therefore service water, is lost. The diesels must start 
and be loaded before service, water can be restored. Without service 
water, the diesel generators will overheat and fail. Therefore, 
although service water is considered in the event tree analysis to 
establish whether or not other equipment can operate, for electric power 
states requiring the diesels, service water must be working. Using the 
notation introduced herein, the following corrections apply: 

1. Loss of Offsite Power Initiating Event 

EP8  ¢'(IE') = (IE) f(EP8 IDl) + f(EPIlup)f(SWIEPI) EP8  881 

No Buses + f(EP jIU -) f(SWIEP.)]} 
Available jl or 8 

fl(S-W) = 

EPi  *'(IE')i = (IE) f(EP.IOP)[1-f("9IEPi)] 

f'(S) = 0
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2. All Other Initiating Events 

EP1  0'(IE') = (IE') 
All Buses 
Available f,( ) = f(S-J1EP1 )

EP8  '(IE') 8  = (IE) 
No Buses 
Available1

f (EP )8 + jt1 or 8f(EP j)f(WEPjd)

EP. 4'(IE)i = 4(IE) f(EPi)[1-f(S-WEPi)1 
i4 or 8 

Data from the service water system analysis and the electric power 
system analysis in Sections 1.5.2 and 1.6.2 were used to calculate the 
following results:

Electric Power System: Loss of Offsite Power Initiating Event

IndianPoint 2:

EP State 

1 

2 
3 
4 
5 
6 
7 
8

Power at Buses 

2A,3A,5A,6A 
2A,3A,6A 
2A,3A,5A 
5A,6A 
2A,3A 
6A 
5A 
No Power

Indian Point 3:

Power at Buses 

2A,3A,5A,6A 
2A,3A,6A 
2A,3A,5A 
5A,6A 
2A,3A 
6A 
5A 
No Power

5th 

8.63-1 
1.85-2 
1.85-2 
1.85-2 
5.14-2 
5.14-2 
5.14-2 
6.19-4

Median 

8.96-1 
2.96-2 
2.96-2.  
2.96-2 
9.81-4 
9.81-4 
9.81-4 
9.61-4

95th Mean 

9.35-1 8.99-1 
4.37-2 3.16-2 
4.37-2 3.16-2 
4.37-2 3.16-2 
1.67-3 1.09-3 
1.67-3 1.09-3 
1.67-3 1.09-3 
1.47-3 1.01-3

1.3-14

5th 

8.28-1 
2.99-2 
2.99-2 
2.99-2 
7.56-4 
7.56-4 
7.56-4 
4.52-4

Median 

8.57-1 
4.33 -2 
4.33-2 
4.33-2 
1.30-3 
1.30-3 
1.30-3 
6.03-4

95th 

8.81-1 
5.90-2 
5.90.-2 
5,90-2 
2.01-3 
2.01-3 
2.01-3 
7.82-4

Mean 

8.59-1 
4.54-2 
4.54-2 
4.54-2 
1.40.-3 
1.40-3 
1.40-3 
6.18-4

EP State

0



Electric Power System: Initiating Events Other 
Than Loss of Offsite Power 

Indian Point 2: 

EP State Power at Buses 5th Median 95th Mean 

1 2A,3A,5A,6A 9.98-1 9.99-1 1.00+0 1.00+0 
2 2A,3A,6A 3.71-1 6.46-6 4.49-5 1.71-5 
3 2A,3A,5A 3.71-1 6.46-6 4.49-5 1.71-5 
4 5A,6A 4.24-5 8.48-5 1.63-4 9.54-5 
5 2A,3A 1.24-8 2.05-7 1.52-6 5.36-7 
6 6A 1.50-8 2.05-7 1.45-6 5.32-7 
7 5A 1.52-8 2.15-7 1.70-6 5.30-7 
8 No Power 2.14-5 2.93-5 4.14-5 3.00-5 

Indian Point 3: 

EP State Power at Buses 5th Median 95th Mean 

1 2A,3A,5A,6A 9.97-1 9.99-1 1.00+0 1.00+0 
2 2A,3A,6A 3.42-7 5.18-6 5.87-5 1.31-5 
3 2A,3A,5A 2.57-7 4.89-6 5.69-5 1.26-5 
4 5A,6A 5.09-4 1.27-3 2.75-3 1.48-3 
5 2A,3A 6.26-9 1.37-7 1.07-6 3.77-7 
6 6A 3.99-8 2.05-7 2.87-6 4.33-7 
7 5A 3.42-7 7.80-7 1.82-6 9.63-7 
8 No Power 3.25-7 9.38-7 5.11-6 1.40-6 

Recovery was calculated for those sequences that included reduced 
electric power states and were found to affect total risk under the 
bounding model described herein. To take a closer, more realistic look 
at those sequences, a first level recovery model is developed in the 
following section.
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Figure 1.3.2.0-1. Modeling AC Electric Power in the Indian Point 0 
Plant Event Trees 
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1.3.2.2 Electric Power Recovery Analysis, Indian Point Unit 2 

If operator recovery actions during the 6-hour period following the 
initiating event are not taken into account, 4 of the 15 possible onsite 
electric power failure states contribute significantly to the frequency 
of core melt scenarios. All of the sequences to which these states 
contribute are initiated by the turbine trip loss of offsite power.  
initiating event. The power failure states and sequences of interest 
are: 

1. Failure of power at only buses 2A and 3A, and failure of component 
cooling pump 21: reactor coolant pump seal LOCA.  

2. Failure of power at only buses 2A, 3A, and 5A: reactor coolant pump 
seal LOCA.  

3. Failure of power at only buses 2A, 3A, and 6A, and failure of 
auxiliary feedwater pump 22: loss of secondary cooling.  

4. Failure of power at all four buses 2A, 3A, 5A, and 6A: reactor 
coolant pump seal LOCA.  

5. Failure of power at all four buses 2A, 3A, 5A, and 6A, and failure 
of auxiliary feedwater pump 22: loss of secondary cooling.  

This study assumes that the reactor coolant pump seals will fail if both 
seal injection flow and component cooling water flow are lost for more 
than 30 minutes. Therefore, if either seal injection or component 
cooling could be reestablished within this 30 minutes, the seal failure 
LOCA could be avoided. Because normal steam generator water inventory.  
is sufficient to provide approximately 30 minutes of heat removal before 
the steam generators boil dry, restoration of auxiliary feedwater within 
30 minutes after its failure would also mitigate the loss of secondary 
cooling sequences.  

The loss of offsite power initiating event has been defined as failure 
of the 345 kV and 138 kV power supplies to Indian Point Unit 2, such 
that a turbine trip occurs and the plant must rely on power from the 
diesel generators. Under these severe conditions, it is very likely 
that the 13.8 kV supply from Buchanan substation will also be unavail
able. Because one or more diesel generator failures are required to 
achieve any of the four reduced power states discussed above, this 
analysis quantifies the effects of electric power restoration from any.  
of three different sources: 

1. Recovery of the failed diesel generators.  

2. Starting of onsite gas turbine generator 1 or either of the two gas..  
turbine generators at Buchanan substation.  

3. Recovery of the offsite power supply from either the 345 kV or the 
138 kV transmission-lines..
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1.3.2.2.1 Seal Injection Flow Recovery 

The charging pumps are automatically tripped following a loss of normal 
bus voltage at the 480V buses. Because a charging pump must be manually 
restarted after the diesel generators have reenergized their buses, this 
action was not considered in the bounding analysis, even though power 
was available at one or more charging pump buses.  

One of the first "Immediate Operator Actions" in Emergepcy Procedure E-4 
for loss of outside power instructs the operator to restart a charging 
pump to maintain reactor coolant pump seal injection flow, provided the 
reactor coolant pump seal inlet temperatures are less than 1700 F. If 
the seal temperatures are above 170 F, the operator is instructed to 
isolate the seal water return lines to stop the flow of reactor coolant 
to the volume control tank. Under these conditions, the operator is 
subsequently instructed to reestablish seal injection flow slowly after 
the reactor coolant pump lower bearing temperatures have decreased to 
less than'2250F, to preclude the possibility of reactor coolant pump 
shaft warpage as the relatively cold injection water is introduced to 
the stationary pump.  

Emergency Procedure E-4 first instructs the operator to verify that all 
automatic reactor trip and turbine trip actions have occurred, that all 
the diesel generators are supplying their respective buses, and that the 
auxiliary feedwater system is supplying the steam generators. If seal 
injection flow and component cooling water flow are lost simultaneously, 
it is estimated that the reactor coolant pump seal inlet temperatures 
will reach 1709F within approximately 1 to 2 minutes due to the flow 
of reactor coolant water through the seal assemblies. The initial 
operator verification actions will take at least this amount of time, 
especially in those situations involving failure of one .or more diesel 
generators. Therefore, based upon the guidance in Emergency 
Procedure E-4, the operators are not expected to attempt to reestablish 
seal injection flow prior to restoration of component cooling water to 
the reactor coolant pump thermal barrier heat exchangers.  

Whether or not the operator isolates the seal leakoff lines may not 
significantly affect the timing or nature of the seal failure. While 
this action balances pressures across the number one seals and stops 
reactor coolant flow to the volume control tank, the seal failure mode 
of concern is attributable to temperature-induced degradation of the 
seal assembly 0-rings. Furthermore, the seal leakoff isolation valves 
are air-operated and fail to the open position when air pressure is 
lost. Even though Emergency Procedure E-4 instructs the operators to 
reestablish instrument airpressure, reduced electric power conditions 
may prevent operation of one or more of the leakoff isolation valves.  
(Upon restoration of air pressure, if a safety injection signal had been 
generated, containment phase A isolation would have to be reset and the 
instrument air containment isolation valve reopened to provide air to 
the valves inside containment.) If the common seal water return 
motor-operated isolation valve were closed (valve 222, powered from
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MCC 26A, bus 5A), the 150 psig relief valve located upstream of this 
valve would open to provide a leakoff flow path to the pressurizer relief tank. In summary, lack of understanding of the nature or precise timing of the O-ring failure prevents differentiation between conditions with and without the number one seal leakoff lines isolated, and the success or failure of this operation is assigned no significant impact 
upon the event sequence analysis.  

1.3.2.2.2 Failed Diesel Generator Recovery 

Control room alarms, electrical equipment inoperability, and the verification actions in Emergency Procedure E-4 will essentially provide immediate notification to the control room operators that one or more diesel generators have failed following the initial loss of offsite power. According to station operating practices, a nuclear plant operator will be dispatched to the diesel generator building to attempt to rectify the failures. Based upon discussions with plant personnel, it is estimated that the operator will arrive at the diesel generators within approximately 5 minutes of the initial indications of failure.  All the local plant operators carry emergency keys to allow them access to this area in the event that reduced power conditions inhibit normal operation of the electronic security lock system. Because of the high priorities assigned to the operation of the diesel generators, it is.  expected that a second plant operator or the watch supervisor will also proceed to the diesel generator building if no other plant conditions 
require immediate attention. For this analysis, however, it is assumed that only one nuclear plant operator is initially dispatched to investigate the problem and to attempt rapid recovery.  

A diesel generator may fail to supply power to its associated bus for any one of several reasons. In this study, three specific types of causes have been identified which contribute most significantly to these failures. The diesel generator may experience some type of hardware related failure, either during its starting sequence or during subsequent operation. The diesel generator may have been out of service for maintenance when the initiating event occurred. Failures of the common diesel fuel oil transfer system will cause the failure of all three diesel generators, but only after they have been operating for approximately 1 hour and after their day tank fuel supplies have been exhausted. (Failures of the supply from the day tank to the diesel engine are included in the hardware failures of the engine itself.) This analysis assumes that a diesel generator out of service for maintenance is unrecoverable within the 6-hour study period. Similarly, if the diesel generators fail during operation due to failure of the fuel oil transfer system, power will be lost to the fuel oil transfer pumps, and these failures are also considered unrecoverable within 6 hours.  
(Of course, if power is restored from another source, the need for 
diesel generator operation is eliminated.) 

The causes of diesel generator hardware failures can range from the spurious operation of a trip solenoid to major physical damage of mechanical or electrical components. Recovery from these failures may
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involve the simple resetting of a local trip interlock and restarting of 
the diesel generator, or may require disassembly and repair of the 
engine, generator, or their control systems. The following assigned 
histogram is representative of the time required to recover from a hard
ware related failure of a single diesel generator, following operator 
arrival at the diesel generator room: 

TIME TO RECOVERY OF FAILED DIESEL GENERATOR

Time Following Operator Response

minutes 
minutes 
minutes 
mi nutes 
hours 
ho urs 
hours 
hours 
hours 
days 
day s

Probability Density 

.05 

.10 
.10 
.05 
.13 
.12 
.25 
.10 
.07 
.025 
.00 5

The following table indicates some of the key actions which can be 
accomplished within the given recovery time periods:

Time Foll owing Operator Response Action

0 - 5 minutes 

5 - 15 minutes 

15 - 30 minutes 

30 - 60 minutes 

1 - 2 hours 

2 - 4 hours 

4 - 8 hours

hours 
hours 
days

-Reset trip relay and attempt local 
manual restart 

-Troubleshoot simple problems; check 
electrical and mechanical indications 

-Perform step-by-step problem 
diagnosis; notify cognizant 
engineering and maintenance personnel 

-Operators refer to technical manuals 
and drawings for diagnosis of more 
complex failures; response time for 
first offsite personnel 

-Offsite personnel troubleshoot 
problems not requiring component 
repair; make complex adjustments to 
control systems 

-Replacement of simple failed compo-.  
nents (includes maintenance crew 
response time) 

-Repair of failed components requiring 
minor disassembly 

-More complex repairs 
-Repairs requiring disassembly 
-Diesel engine overhaul
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It is emphasized that this histogram applies to the recovery time for a 
given failed diesel generator following operator response to that unit 
and applies only to the recovery from hardware related failures. It is 
not the time required to recover any one of several failed units.  
Because of limited manpower during the first hour following the 
initiating event, it is expected that failed diesel generators would be 
attended to sequentially during this period. The local operator would 
divide his time among all failed diesel generators, attempting to 
restore at least one to service as soon as possible. Typical recovery 
actions which could be accomplished are resetting trip relays, prelimi
nary problem troubleshooting, and attempted manual restarts of each 
failed diesel generator. During the period from 1 to 2 hours after the 
event, additional personnel arriving at the site could begin simulta
neous repairs of at least two of the diesel generators. After suffi
ci-ent manpower has arrived--approximately 2 to 4 hours following the 
initiating event--all three diesel generators may be worked on 
simul taneously.  

Using the information discussed above as the basis for single diesel 
generator recovery evaluation, separate recovery distributions have been 
developed for each of the event sequences of concern following the loss 
of offsite power.  

1. Failure of Power at Only Buses 2A and 3A, and Failure of Component 
Cooling Pump 21. Immediately following the loss of offsite power, 
buses.2A and 3A will remain deenergized if diesel generator 22 was 
either out of service for maintenance before the event or if the 
diesel generator fails during its starting sequence. Approximately 
70% of this unavailability has been identified as being due to 
maintenance and is therefore unrecoverable. The remaining 30% of 
these cases follow the general recoverability distribution presented 
above for single diesel generator failures due to hardware related 
causes. For the cases in which the diesel generator fails during 
starting, Figure 1.3.2.2-1 illustrates the cumulative probability 
distribution applicable to the restoration of power at buses 2A 
and 3A from recoverable failures of diesel generator 22. It was 
obtained by scaling the general recoverability histogram according 
to the percentage of unrecoverable failures from maintenance and by 
shifting the distribution in time to account for the operator's 
response to the diesel generator building. The indicated bounds 
assigned to either side of the base case (median) recovery distri
bution account for uncertainty in estimating such factors as 
operator response time, variability in diesel generator repair 
times, etc.  

If, after the initiating event, buses 2A and 3A lose power because 
diesel generator 22 fails during operation, then all such failures 
can be attributed to hardware related causes. (If the diesel 
generator started, it could nothave been out of service for mainte
nance. Failure of the fuel oil supply affects all three diesel 
generators, and this case is defined with both diesel generators 21 
and 23 in operation for the full' 6-hour period.) Therefore, for
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failures occurring at some time after the initiating event, the 
cumulative recovery probability distribution shown in 
Figure 1.3.2.2-2 applies. It has been developed directly from the 
base case recovery histogram, shifted in time to account for local 
operator response. Of course,.the reference time for this distri
bution is the 'time of diesel generator failure, rather than the time 
of the initiating event, because recovery is unnecessary until the 
diesel generator actually fails.  

2. Failure of Power at Only Buses 2A, 3A, and 5A. Because each of 
these buses supplies a component cooling water pump, power recovery 
is defined for this case as the restoration of power to any one of 
the three 'buses (i.e., recovery of either diesel generator 21 or 
diesel generator 22). Approximately 75% of the contribution to this 
electric power failure state is from cases in which one of the two 
diesel generators is out of service for maintenance and is therefore 
unrecoverable. To simplify the analysis, it is assumed that in all 
cases, only one of the two diesel generators can be recovered. This 
assumption is conservative, because in approximately 25% of the 
failure events the operators will have the opportunity to attempt 
recovery of both diesel generators. However, these effects ire 
relatively minor in the early period following loss of power, due to 
the limited manpower available to work on both diesel generators 
simultaneously. The assigned distribution for recovery of a single 
diesel generator only slightly underestimates the power recovery 
probability for thi s failure state within the 1 to 2-hour time 
period following initial failure. The cumulative distribution shown 
in Figure 1.3.2.2-2 is therefore also applied to the recovery of 
power in this case. It is referenced to the time of failure of the 
recoverable diesel generator, which includes the instant immediately 
following the loss of offsite power.  

3. Failure of Power at Only Buses 2A, 3A, and 6A, and Failure of 
Auxiliary Feedwater Pump 22. Motor-driven auxiliary feedwater 
pumps 21 and 23 are 'supplied from buses 3A and 6A, respectively.  
Successful power recovery is defined for this case as the restor
ation of power to either one of these buses (i.e., recovery of power 
from either diesel generator 22 or diesel generator 23). The 
analysis of power unavailability at only buses 2A, 3A, and 6A has 
shown this electric power failure state to be symmetric to the 
failure of power at buses 2A, 3A, and 5A discussed above. Since the 
diesel generator recovery actions are also the same as those applied 
to diesel generators 21 and 22, the distribution in Figure 1.3.2.2-2 
is also applicable to power recovery from either diesel generator 22 
or diesel generator 23 when power is lost at only buses 2A, 3A, 
and 6A.  

4. Failure of Power at all Four Buses 2A, 3A, 5A, and 6A. This failure 
scenario is important to the plant analysis For two reasons. As 
discussed previously, if power is not restored to at least one 
component cooling pump bus (2A, 3A, or 5A),within 30 minutes of total power failure, the reactor coolant pump seals are assumed to,

1.3-22



fail, with subsequent loss of reactor coolant inventory. In 
addition to this seal LOCA sequence, if the turbine-driven auxiliary 
feedwater pump is unavailable, steam generator water inventory will 
be consumed within approximately 30 minutes following the failure of 

.AC power, resulting in a loss of secondary heat removal. Therefore, 
restoration of power to at least one of the motor-driven auxiliary 
feedwater pump buses (3A or 6A) is also necessary to mitigate this 
event sequence. Because of these combined requirements, power 
recovery from the diesel generators is defined for this failure 
state as either recovery of diesel generator 22 (power to buses 2A 
and 3A: component cooling pumps 22 and 23, auxiliary feedwater 
pump 21) or recovery of both diesel generators 21 and 23 (power to 
buses 5A and 6A: component cooling pump 21, auxiliary feedwater 
pump 23).  

Approximately 75% of the events involving loss of power to all four 
buses within.1 hour after the initiating event result from cases in 
which one of the three diesel generators is out of service for main
tenance and is unrecoverable. Because maintenance work is evenly 
distributed among all three diesel generators,, the recoverability of, 
power, as it has been defined for this analysis, is restricted to 
the scenarios summarized in Table 1.3.2.2-1.  

When faced with more than one failed diesel generator, the local 
operator will be primarily concerned with restoring at least one of 
the units to operation as soon as possible. Because the plant 
emergency procedures do not specify that any of the diesel gener
ators is more essential than the others, it is assumed that all 
three will be treated equally. Once the operator has arrived at the 
diesel generator building, he is expected to attempt to start all, 
three diesel generators in sequence. Regardless of whether or not 
each starts, it is assumed that he will spend approximately 
5 minutes with each diesel generator before proceeding to the next 
unit. After he has attempted to start each diesel generator once, 
he is exptected to concentrate on one of the failed units for 
approximately 15 minutes, attempting to diagnose its problem more 
thoroughly before attempting additional starts of another unit. He 
would divide his time among the diesel generators, spending approxi
mately 15 minutes with each failed unit until additional help 
arrives. For this analysis, it is conservatively estimated that 
sufficient manpower will be available to allow work on at least two 
diesel generators after 1 hour has passed. Simultaneous repairs of 
all three diesel generators may begin, if necessary., within approxi
mately 4 hours of the initiating event.  

Figure 1.3.2.2-3 shows the cumulative probability distribution for 
the recovery of power from either diesel generator 22 or from diesel 
generators 21 and 23 for events in which power is lost at all four.  
buses within 1 hour after the loss of offsite power. This distri
bution lies below and to the right of that shown in Figure 1.3.2.2-2 
for the recovery of a single failed diesel generator. In the first 
1 to 2 hours after power failure, manpower is limited and the
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operators will allocate their efforts among all three diesel 
generators. Although it is likely that power will be restored from 0 
one of the diesel generators during this period, recovery of a 
single diesel generator does not meet the defined success criteria 
unless the recovered unit is diesel generator 22. Recovery of more 
than one diesel generator is much less likely until additional help 
arrives onsite. Therefore, the probability of successful restor
ation of power from both diesel generators 21 and 23 during this 
period is small. Even after adequate manpower is available to work 
on all of the diesel generators, the contribution of unrecoverable 
maintenance events restricts the available options -to those shown in 
Table 1.3.2.2-1. These limited success criteria and restricted 
recoverability options combine to increase the mean time required 
for restoration of power from the diesel generators in this case as 
compared with those cases in which all early recovery efforts are 
concentrated on a single failed diesel generator.  

For power failures occurring over 1 hour after the loss of offsite 
power, approximately 45% of the unavailability is attributable to 
failures of the diesel fuel oil transfer system which prevent 
recovery of any of the diesel generators. Of the remaining 55% of 
the cases, the maintenance unavailability contribution is approxi
mately the same as discussed above for failures occurring during the 
first hour. Therefore, the recovery distribution for power failures 
occurring after 1 hour has the same shape as that shown in 
Figure 1.3.2.2-3, but it is scaled by the percentage of totally 
unrecoverable events. This distribution is shown in 
Figure 1.3.2.2-4.  

1.3.2.2.3 480V Bus Crossties 

If at least one of the diesel generators is supplying power to its 
associated bus, then it is possible to reenergize a second bus by 
closing the appropriate bus crosstie breaker and paralleling both buses 
from the single diesel generator output (e.g., for the case in which 
buses 2A and 3A are deenergized and component cooling pump 21 has 
failed, closing breaker 2AT5A would supply power to component cooling 
pump 22 from diesel generator 21, or closing breaker 3AT6A would supply 
power to component cooling pump 23 from diesel generator 23. For the 
case in which buses 2A, 3A and 5A are deenergized, closing breaker 3AT6A 
would supply power to component cooling pump 23 from diesel gener-0 
ator 2-3). The Indian Point 2 emergency procedures do not address this 
operation. Operating procedure SOP 27.1.3 includes instructions for the 
operation of tie breaker 2AT3A but does not specifically address the 
conditions or operations necessary to parallel two buses from a single 
diesel generator supply through breaker 2AT5A or 3AT6A. Under the power failure states being analyzed, there exist no physical or electrical 

interlocks preventing either of these breakers from being closed.  
Caution would have to be exercised, however, to ensure that the diesel 
generator was not overloaded by the combined demand when the buses were 
paralleled.
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Because the operators are aware of the load limitations on the diesel 
generators, it is assumed that they would bereluctant to crosstie these 
buses in an already reduced power situation due to concern for loss of 
the diesel generator and additional onsite power reduction. This 
reluctance would be enforced by the lack of specific procedural guidance 
in either the emergency or normal operating procedures.  

For these reasons, it is expected that the operators will not attempt to 
utilize the crossties. If the reduced power condition were to persist, 
it is probable that the operators would receive guidance for these 
actions from support personnel responding to the site. This guidance, 
however, would not be available until: a significant period of time after 
the initial loss of offsite power, and it is conservatively assumed for 
this analysis that the crosstie operation is never performed.  

1.3.2.2.4 Recovery of Power from Gas Turbines 

Three gas turbine generating units are available to supply an alternate 
source of electrical power for the Indian Point Unit 2 and Indian Point 
Unit 3 stations. During normal plant operation, gas turbine 1 is 
designated for service to Unit 2, while gas turbine 2 is designated for 
service to Unit 3. Gas turbine 3 can substitute for either of the other 
gas turbines through manual interconnection of 13.8 kV feeders (13W92, 
13W93, 13W94L) at the Indian Point Unit 1 synchronizing bus.  

Each gas turbine can be started remotely from the Indian.Point Unit 2 
control room. The procedures require a conventional plant operator to 
prepare gas turbine 1 locally prior to a remote start, and it is common 
station practice that plant personnel locally monitor the remote start.  
of gas turbines 2 and 3.  

Although a gas turbine may also be locally started, because plant 
procedures (SOP 31.1 Revision 0) only provide guidance for a remote 
start, this analysis assumes that the local start capability is not used.  

The three 13.8 kV lines from the Buchanan substation to the Indian Point 
site are normally energized from the Buchanan 138 kV bus through 
separate 138 kV/13.8 kV stepdown transformers. In the event that the 
138 kV supply is not present, it is necessary to open the transformer 
supply breaker prior to energizing the associated 13.8 kV feeder with a 
gas turbine. This isolates the gas turbine from the 138 kV system, 
preventing a possible overload. The configuration of the 13.8 kV system 
is summarized below: 

138 kV/13.8 kV 138 kV/13.8 kV 
Transformer Transformer 13.8 kV Alternate Gas 
Supply Breaker (Number) Feeder Turbine Supply 

BK-1 1 13W 94L GT 3 

BK-2 2 13W 92 GT 1 

BK-3 3 13W 93 GT 2
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The Unit 1 gas turbine 1 installation (see Figure 3 of the Electric 
Power System Analysis) is normally aligned with breaker GT-1 open and 
breaker GT-2 closed. This isolates feeder 13W92 from the output of gas 
turbine 1 and permits operation without opening breaker BK-2 at the 
Buchanan substation.  

The Buchanan substation is classified as an unmanned substation.  
Although personnel qualified to operate substation equipment are present 
in adjacent offices during normal working hours, this analysis assumes 
that plant personnel must be dispatched to perform any necessary 
substation operations. This is not unduly restrictive, because plant 
personnel normally locally monitor remote gas turbine starts and thus 
would be present to perform substation operations.  

When started remotely, a gas turbine enters a preprogrammed sequence 
which warms up the unit and then automatically shuts the output 
breaker. It is possible to select either a normal or a fast start mode.  
from the control room, the primary difference being length of warmup 
time. The normal and fast start modes are approximately 15 and 8 
minutes in length, respectively, and it is assumed that the fast start 
mode would be preferred in an emergency start situation.  

Following a total loss of offsite power with subsequent diesel generator 
failures, the primary concern of station personnel will be to stabilize 
the plant and effect repairs of at least one of the diesel generators.  
It is believed that the watch supervisor would not direct the starting 
of gas turbines until it is apparent that a diesel generator will not be 
rapidly restored. This determination is expected to take place within 
approximately 15 minutes from the time onsite power is lost.  

Furthermore, plant personnel will initially attempt to restore power to 
Indian Point Unit 2 with gas turbine 1 and will only start gas 

*turbines 2 and 3 upon failure of gas turbine 1. This assumption is 
based on the following considerations: 

* Gas turbine 1 is located onsite and is easily monitored during 
startup and operation.  

* The opening of the Buchanan 138 kV/13.8 kVtransformer isolation 
breaker BK-2 is not required before operation of gas turbine 1.  

a If gas turbine 2 or 3 were used, plant personnel would be required 
to go to the Buchanan substation both to open bre~aker BK-i or BK-3 
and to monitor gas turbine startup.  

Once the order is given to start gas turbine 1, the following histogram 
is assigned for the time required for the conventional plant operator to, 
respond to the gas turbine building, to prepare the gas turbine for 
remote start, and to inform the control room that the unit is ready to 
start.
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The following considerations are incorporated into this histogram: 

When ordered to prepare gas turbine 1, the conventional plant 
operator is expected to be monitoring operation of the turbine
driven auxiliary feedwater pump. It will take him approximately 
5 minutes to reach the gas turbine building.  

* Upon arrival at the gas turbine, a few minutes will, be expended 
reviewing the remote startup procedure and conducting a prestartup 
inspection per SOP 31.1.  

* When ready for remote startup, the conventional plant operator will 
notify control room personnel, who will start gas turbine 1i 

The control room operator will start gas turbine 1 immediately upon 
receiving the report from the conventional plant operator. Analysis of 
the Indian Point combined gas turbine operating history between 
January 1980 and May 1981 reveals that the gas turbines have failed to start 22 times out of 172 attempts (there have been no failures of gas 
turbine 1 in a total of 48 starts of that unit). Because very little information is available in the generic literature for failures of gas 
turbine generators to start on demand, a noninformative prior distri
bution was assumed. The Indian Point experience results in an updated 
posterior distribution with mean value of 1.28 x 10- failure/demand 
and a variance of 6.45 x 10-4.  

Once started, gas turbine 1 is controlled by the automatic sequencer and 
should be available for loading in approximately 8 minutes. At this time, the control room operators will reenergize 6.9 kV buses 5 and 6 by

1.3-27



shutting breakers GT-25 and GT-26. Because there is a chance that the 
normal start sequence could be selected accidentally, or that the 
operators could be delayed in reenergizing the buses, the following 
histogram is assigned for the time required to restore onsite power from 
gas turbine 1 following start.  
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0.3, 
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0 5 10 15 20 
TIME, MINUTES 

NOTE: GAS TURBINE 1 SUPPLYING BUSES 5 AND 6 FOLLOWING START 

The total time required to supply power from gas turbine 1 is determined 
from the combination of the histograms for gas turbine preparation and 
warmup. The resulting cumulative distribution for the recovery of power 
from gas turbine 1 is illustrated in Region I of Figure 1.3.2.2-5. The 
possibility that the gas turbine will fail to start on demand has been 
included. This distribution applies to recovery times following the 
decision to start the gas turbine. This decision is made within 
approximately 15 minutes following the loss of onsite power. Therefore, 
the "zero" time of Figure 1.3.2.2-5 does not correspond to the time of 
the initiating loss of offsite power event; it is a delayed time 
reference, depending upon the time at which power fails from the diesel 
generators.  

Should gas turbine 1 fail to start or unsuccessfully complete the warmup 
sequence, gas turbines 2 and 3 are available as backups. Upon determin
ation that gas turbine i cannot be used as an alternate power source, 
emphasis will shift to the startup of gas turbines 2 and 3. Although 
this could occur as early as the failure of gas turbine 1 to start, it 
is assumed that failure is recognized only when the unit does not 
complete the automatic startup sequence. Plant personnel would then be, 
dispatched to the Buchanan substation to open the 138 kV/13.8 kV trans
former isolation breakers prior to the startup of gas turbines 2 and 3.  
The sequence of actions, as well as the estimated times for these 
actions, is as follows: 

0 Leave Unit 2 security area and-proceed to parking lot 
(2 to 5 minutes).
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0 Obtain a vehicle and drive one-half mile to Buchanan substation 
(4 to 15 minutes).  

0 Enter Buchanan substation control blockhouse, contact district 
operator, open 138 kV/13.8 kV transformer breakers BK-1, BK-2, and BK-3 (2 to 5 minutes).  

0 Proceed to gas turbines, conduct brief inspection, and inform 
control room that both are ready for remote start (2 to 5 minutes).  

The following histogram is assigned for the completion of the above 
actions: 

co 
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Upon receiving the report that the gas turbines are ready for remote 
start, the control room operator will start both gas turbine units.  Once started, the time until one of the gas turbines is supplying power to buses 5 and 6 is approximately the same as that for gas turbine 1.  Any additional delay resulting from either shutting the 6.9 kV crosstie breaker GT/BT (when using gas turbine 2) or aligning the Indian Point Unit 1 synchronizing bus (when substituting gas turbine 3 for 1) is not considered significant. The contribution to the cumulative power recovery distribution from gas turbines 2 and 3 is indicated in 
Region II of Figure 1.3.2.2-5.  

1.3.2.2.5 Recovery of Power from Offsite Lines 

The Buchanan substation is connected to the Consolidated Edison system 
as shown in Figure 1.3.2.2-6. Following a-loss of 345 kV and 138 kV power at Buchanan, restoration of offsite power is defined as
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reenergizing the 138, kV bus at Buchanan and supplying electrical power 
to Indian Point Unit 2 through any one of the two 138 kV or three 
13.8 kV feeders.  

The Buchanan 138 kV bus is supplied by two 138 kV lines (96951 
and 96952) from the Millwood West substation and from the Buchanan 
345 kV north ring bus through a 345 kV/138 kV transformer (TA5).  
Because the Millwood lines are supplied by a common source and are 
routed together, they are considered to behave as a single line. The 
power supplies to the north ring bus are the 345 kV Ramapo line (Y94) 
and the 345 kV Eastview line (W93), with no intertie possible to the 
south ring bus.  

The Buchanan substation 138 kV bus is thus modeled as being supplied 
from the following three separate sources: 

1. Millwood 138 kV (lines 96951 and 96952) 
2. Ramapo 345 kV (line Y94) 
3. Eastview 345 kV (line W93) 

After a loss of 345 kV and 138 kV power at Buchanan, the most time and 
effort will be spent in reestablishing power at the Buchanan 138 kV bus 
from one of the above sources. Because plant personnel are familiar 
with the plant-to-substation interties and the multiple paths available, 
the time necessary to reconnect power from Buchanan to the plant is 
expected to be small in comparison with the time required for line 
restoration.  

Shortly following a system disturbance where offsite power is lost, the 
Indian Point Unit 2 watch supervisor will first verify that the plant is 
stable and will then contact the Transmission System Operations Center 
to reemphasize the importance of restoring offsite power. Beyond this 
one communication, it is expected that the corrective actions necessary 
to restore the Buchanan 138 kV.bus are not strongly influenced by 
Indian Point personnel and will proceed uninterrupted until successful.  

The complexity of the Consolidated Edison transmission system makes it 
extremely difficult to analyze the possible recovery scenarios for all 
offsite power failure modes. The analysis of single line outage data, 
however, provides some insight into the time required to recover a 
single line. It is recognized that many of these tabulated times are W 
for rbutine maintenance outages and are conservative time estimates for 
application to emergency conditions. However, the recovery time data 
for forced line outage conditions (e.g., those due to major storms or 
local system disturbances) should be more representative of situations 
such as the loss of all offsite power, and this data has been used as a 
major input to this analysis.  

The cumulative distribution for the time to restoration of power to 
Indian Point Unit 2 from the offsite lines is shown in 
Figure 1.3.2.2-7. It should be noted that offsite power recovery 
efforts are initiated immediately following power failure and, there
fore, the "zero" time of this distribution corresponds to the time of 
the offsite power failure initiating event.
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Upon recognition of the loss of power at Buchanan, the district operator 
and systems operations personnel will carry out emergency actions in an 
attempt to maintain system stability. Although these actions may result 
in the early restoration of power at Buchanan, analysis of forced line 
outage data and previous occurrences indicates that recovery of large 
deenergized grid sections is usually not immediate and, therefore, this 
is not expected to be the predominant means of power recovery.  
Following their immediate actions, systems operations will communicate 
with the district operator and systematic attempts will be made to 
restore power through remote switching of transmission system compo
nents. Because these switching operations do not require local 
inspections or repair crews, the chance of power recovery increases 
dramatically following the initial 5 to 10 minutes of evaluation and 
communications (see Figure 1.3.2.2-7, Region I).  

Should the initial corrective efforts fail, repair crews would be 
dispatched to restore the least damaged path. Under a range of forced 
line outage conditions, these repair efforts have historically required 
2 to 4 hours. It is estimated that under emergency conditions when 
repair crews are concentrating on one line, this restoration time could 
be reduced to 1-1/2 to 2 hours (see Figure 1.3.2.2-7, Region II).  
Outages extending longer than 2 hours indicate a more substantial 
problem, and it is expected that maintenance crews would be directed to 
simultaneously work on all three supply paths. Although recovery of any 
one supply is sufficient for power restoration to the Indian Point site, 
the extensive nature of these failures indicates that relatively long 
periods of time could be required to return the local grid to a stable 
condition (see Figure 1.3.2.2-7, Region III).  

1.3.2.2.6 Quantification of Power Recovery 

Discussions with plant personnel indicate that the operators will decide 
to start the gas turbines only after it has become apparent that the 
failed diesel generators will not be quickly recovered. It is expected 
that this determination would be made within approximately 15 minutes 
following the loss of power from the diesel generators. Therefore, this 
power recovery model assumes that the only situations in which the 
operators will attempt to start any of the gas turbines are those in 
which power is not restored from the diesel generators within 15 minutes.  

The frequency at which power is recovered from either the diesel gener
ators.or the gas turbines within a time period of AT minutes following 
the loss of onsite power (i.e., following diesel generator failure) is 
given by the expression 

ON(AT) = DG(AT) + [1 - tDG(AT)] [1 - tDG( 15 )] 4GT(AT - 15) 

where 

O0N(AT) 2 frequency of power recovery from diesel 
generators or gas turbines within AT minutes 
following loss of onsite power,
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frequency of power recovery from diesel 
generators within AT minutes following loss of 
onsite power, and

GT(AT - 15) frequency of power recovery from gas turbines 
within AT minutes following loss of onsite power, 
including a 15-minute time delay for diesel generator 
problem investigation.

The frequency at which power is recovered from either the offsite power 
lines or the diesel generators or the gas turbines within a time period 
of AT minutes following a loss of onsite power occurring at time t is 
given by the expression 

R(t + AT) = L(t + AT) + [1 - L(t + AT)] t0N(AT,t) 

where 

R(t + AT) F frequency of power recovery from any source 
within t + AT minutes following the loss of offsite 
power initiating event, 

L(t + AT) E frequency of power recovery from the offsite 
power lines within t + AT minutes following the loss 
of offsite power initiating event, and 

0N(AT,t) frequency of power recovery from the diesel 
generators or gas turbines within AT minutes 
following a loss of onsite power at time t.  

To include these power recovery considerations in the event trees, 
information is required about the frequency at which onsite power is 
lost and is not restored within a time period of AT minutes following 
its failure (e.g., reactor coolant pump seal failure would be mitigated 
if power were restored to a component cooling pump bus within 30 minutes 
after the time it was lost). Because failure and recovery can occur at 
any time during the 6 hours following the initiating event, this entire 
period is modeled in the analysis. Let

a( t) frequency at which power is lost at buses a 
between times 0 and t,

dt ( t ) 
f =  dt frequency at which power is lost at buses a in dt minutes at time t,

R(t + AT)

%XAT

frequency at which power is recovered from any 
source between times 0 and t + AT, given loss of 
offsite power at time t = 0-, and 

frequency at which power is lost at buses a for 
longer than AT minutes between times 0 and t.
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This analysis quantifies 4 ;AT for the entire 6-hour study period.

f 3 6 0 

0-

f-(t)[1 - R(t + AT)]dt

360 

- 1J(360) 

- -(360) - p(O)4

f-(t)R(t + AT)dt 

360 

FR(AT) - f a(t)%(t + AT)dt, 

fo+0

Because of the definition of R(t + AT), the application of this 
equation is restricted to sequences initiated by the loss of offsite: 
power at t = 0- and includes power recovery from offsite lines, diesel 
generators and gas turbines. For simplicity in presentation of the 
results, the following quantity is defined: 

X(t,AT) = f(xt)R(t + AT) 

1. Case 1: Failure of power at only buses 2A and 3A 

Given: Loss of offsite power at t = 0

e The probability that both buses are failed for more than AT =30 minutes is

Oa,30 = 03b60)

360 

- 0 
0o

Table 1.3.2.2-2 illustrates a sample calculation for this case using 
median values obtained from the distributions in the preceding 
sections. Figure 1.3.2.2-8 shows the density function derived from 
the propagation of uncertainties through this calculation. The mean 
frequency at which power is lost at both buses 2A and 3A and both 
buses remain deenergized for longer than 30 minutes during the time 
period from t = 0- to t = 6 hours is calculated to be 

23,30 = 2.4 x 10-2 failures per loss of offsite power event
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e The probability that both buses are failed for more than AT = 60 minutes is

360 

O =,60 2(360) - 2S3O)hR(60) -i 
0

X(t,60)dt

Table 1.3.2.2-3 illustrates a sample calculation for this case, and 
Figure 1.3.2.2-9 shows the density function. The mean frequency at 
which power is lost at both buses 2A and 3A and both buses remain 
deenergized for longer than 60 minutes duringthe time period from 
t = 0 to t = 6 hours is 

27T,60 = 3.5 x 10-3 failures per loss of offsite power event 

* The probability that both buses are failed for more than AT 90 minutes is

360, 

0~2,90 2"'~(360) - ~-1 

.0

X(t,90)dt

Table 1.3.2.2-4 and Figure 1.3.2.2-10 present a sample calculation 
and the density function for this case. The mean frequency at which 
power is lost at both buses 2A and 3A and both buses remain 
deenergized for longer than 90 minutes--d-uring the time period from 
t = 0- to t = 6 hours is 

@2,90 = 9.3 x 10-4 failures per loss of offsite power event 

The probability that both buses are failed for more than AT = 180 minutes is

36 0 

f27,180 = cfr- 3(36O) - 0230% 18)- X(t,180)dt

The 
and 
5 e

mean frequency at which power is lost at both buses 2A and 3A 
both buses remain deenergized for longer than 180 minutes during 
time period t = 0- to t = 6 hours is

2T,180 = 3.9 x 10-4 failures per loss of offsite power event 

Table 1.3.2.2-5 and Figure 1.3.2.2-11 illustrate a sample calcu
lation and the density function from which this mean value was 
computed.  

2. Case 2: Failure of power at only buses 2A, 3A, and 5A.or buses 2A, 
3A, and 6A 

Given: Loss of offsite power at t = 0-
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The quantification of power recovery for these two failure states is 
identical. In either situation, restoration of power from the 
diesel generators is defined as recovery of either of the two failed 
diesel generators. For simplicity in presentation, the tables and 
figures of this section show the calculations performed for the 
state in which power is lost at buses 2A, 3A, and 5A.  

* The probability that all three buses are failed for more than 
AT = 30 minutes is 

360 
@ 2T5,30 = @ 35-(360) - @ ()¢(0 -.1+ 

-OMU 025436) OZr)4 ) OR30)X(t,30)dt' 

0 

Table 1.3.2.2-6 illustrates a sample calculation for this case using 
median values obtained from the distributions in the preceding 
sections. Figure 1.3.2.2-12 shows the density function derived from 
the propagation of uncertainties through the calculation. The mean 
frequency at which power is lost at buses 2A, 3A, and 5A and all 
buses remain deenergized for longer than 30 minutes durin-the time 
period from t = 0- to t = 6 hours is calculated to be 

O2W,30 = 5.6 x 10- 4 failures per loss of offsite power event 

The probability that all three buses are failed for more than 
AT = 60 minutes is 

= 6360 
O=35,60 = @m4T3 60 ) -@ (0R (60 ) -. X(t,60)dt 

0 

Table 1.3.2.2-7 illustrates a sample calculation for this case, and 
Figure 1.3.2.2-13 shows the density function. The mean frequency at 
which power is lost at buses 2A, 3A, and 5A and all buses remain 
deenergized for longer than 60 minutes durin-the time period from 
t 0- to t = 6 hours is 

-3- ,60 = 8.9 x 10- 5 failures per loss of offsite power event 

e The probability that all three buses are failed for more than 
AT = 90 minutes is 

360 

O235M,90 = OM35 "(360) -'M(0)OR
(gO )  X(t,g0)dt 

0
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Tab le 1.3..2.2-8 and Figure 1.3.2.2-14 present a sample calculation 
and the density function for this case. The mean frequency at which 
power is lost at buses 2A, 3A, and 5A and all buses remain 
deenergized for longer than 90 minutes-during the time period from 
t = 0- to t = 6 hours is 

(p2-- 90 = 3.8 x. 107 5 failures per loss of offsite power event 

q, The. probabil-ity that all, three. buses are fa-i-l-ed for- more, than.  
AT = 180 minutes is 

733,180 - 13)(360) - ..3 0 1dR(1 80) / X(ta80 )'dt.  

0.  
The mean frequency at which power is lost at both buses. 2A. and 3A, 
and, 5A and all buses remain deenergized for- longer than 180. minutes, 
during the time period t = 0.- to t = 6 hours is 

q2F3,180 = 1.4 x 10-5 failures per loss of, offsite power event 

Table. 1.3.2.2-9 and Figure 1.3,.2..2-15 illustrate a sample calcu
lation and the density function from which this mean. value was 
computed.  

3. Case 3: Failure of power at all four buses. 2A, 3A, 5A, and 6A 9 
Given.: Loss of offsite power at t =0

Because this electric power failure s.tate contributes, to both the 
reactor coolant pump seal LOCA and the loss of secondary. cooling 
sequences, restoration of power from the. diesel, generators. is defined 
for this failure state as recovery of either diesel generator 22 or 
recovery of both diesel generators 21 and 23.  

9 The probability that all: buses are failed for more than AT = 30 minutes i.s 

_ 360.  

o~3530= u(360) 026-(0 X(t,30)dt0 0.  
Table 1.3.2.2-10. illustrates a sample calculation for this case 
using median values obtained- from the distributions in, the preceding
sections. Figure 1.3.2.2-16 shows the density function. derived from 
the propagation of uncertainties through the calculation., The mean 
frequency at which power is lost at all- four buses and, power remains 
unrecovered for longer than 30 minutes during the tTime period from.  
t = 0- to t = 6 hours is calculated to be 

3-530 = 3.0 x 10-5 failures per loss of offsite power event
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The probability that all buses are failed for more than AT = 60 minutes is 

360 

0=,60 0735-4-360) -77 0 )R( 60) X(t,60)dt 

Table 1.3.2.2-11 illustrates a sample calculation for this cas6, and 
Figure 1.3.2.2-17 shows the density function. The mean frequency at 
which power is lost at all four buses and power remains unrecovered 
for longer than 60 minutes during the -ime period from t = 0- to 
t = 6 hours is 

¢233-,60 = 3.5 x 10-6 failures per loss of offsite power event 

The probability that all buses are failed for more than AT = 90 minutes is 

360 

O3 90 :-- ( 360) - ~) j90 X(t,90)dt 

Table 1.3.2.2-12 and Figure 1.3.2.2-18 present a sample calculation 
and the density function for this case. The mean frequency at which 
power is lost at all four buses and power remains unrecovered for 
longer than 90 minutes during thetime period from t = 0- to 
t = 6 hours is 

€ ,90 = 7.5 x 10-7 failures per loss of offsite power event 

The probability that all buses are failed for more than AT = 180 minutes is 

f360 

0735,180 075 -(360)- 02035 )4R(180) ,X(t,180)dt 

The mean frequency at which power is lost at all four buses and 
power remains unrecovered for longer than 180 minutes during the 
time period t = 0- to t = 6 hours is 

C97-6,180 = 2.9 x 10- 7 failures per loss of offsite power event 

Table 1.3.2.2-13 and Figure 1.3.2.2-19 illustrate a sample calcu
lation and the density function from which this mean value was 
computed.
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TABLE 1.3.2.2-1 

RECOVERY SCENARIOS FOR RESTORATION OF POWER 
fROM THE DIESEL GENERATORS 

Failure of Power at all Four Buses, .2A, 3A, 5A and 6A

Note: Power recovery requires, at a minimum, resto ation of power to 
buses 2A a nd 3A (diesel generator 22) or to buses 5A a'nd 6A 
(diesel generators 21 and 23).  

Diesel Generators 
Approximate Diesel Generators Necessary For Successful 

Percehtage of Cases Available for Recovery Res........ o Power . ,.... . • . ... ' ... .- .. . ..... Restorati!on of Power 

25 21, 22, 23 22; 21 and 23 

25 21, 22 22 

25 21, 23 21 and, 23 

25 22, 23 22.

1.3-38
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TABLE 1.3.2.2-2 

BUSES 2A AND 3A DEENERGIZED FOR LONGER THAN 
AT = 30 MINUTES 

(Example Calculation - Median Values)

(mi) 23(t h -I  L(t+30) fDG(t+I 5) fDG(t+30) CG( ) t3) X(t, 30) (hr- I) 

0+  6.7 x 10- 4  0.37 0.15 0.250, 0.11 0.572 3.83 x 10- 4 

30 6.7 x 10- 4  0.55 0.15 0.250 0.11 0.694 4.65 x 10- 4 

60 6.7 x 10- 4  0.67 0.15 0.250 0.11 0.776 5.20 x I0 - 4 

90 6.7 x 10- 4  0.75 0.15 0.250 0.11 0.830 5.56 x 10- 4 

120 6.7 x 10- 4  0.81 0.15 0.250 0.11 0.871 5.84 x 10- 4 

150 6.7 x 10- 4  0.85 0.15 0.250 0.11 0.898 6.02 x 10- 4 

180 6.7 x 10- 4  0.86 0.15 0.250 0.11 0.905 6.06 x 10- 4 

210 6.7 x 10- 4  0.88 0.15 0.250 0.11 0.918 6.15 x 10- 4 

240 6.7 x 10- 4  0.89 0.15 0.250 0.11 0.925 6.20 x 10- 4 .  

270 6.7 x 10- 4  0.89 0.15 0.250 0.11 0.925 6.20 x 10- 4 

300 6.7 x 10- 4  0.90 0.15 0.250 0.11 0.932 6.24 x 10- 4 

330 6.7 x 10- 4  0.90 0.15 0.250 0.11 0.932 6.24 x 10-4 

23(360) = 4.36 x 10-2 

-(0) = 3.96 x 10-2 

R( 3 0) : 0.478

360 

5O+
X (t,30) = 3.41 x 10- 3



TABLE 1.3.2.2-3

BUSES 2A AND 3A DEENERGIZED FOR LONGER THAN 

AT:. 60 MINUTES 

(Example Calculation - Median Values)

4.36 x 10- 2

b-3(O) = 3.96 x 10-2 

R(60) = 0.940

X (t,60) = 3.91 x 10-3

t (mn 2f3(t (h - )(t+60) DG(t+I 5) qbDG(t+60 )  tGT(45) MR(t+60) X(t,60) (hr-I) 

0+  6.7 x 10 4  0.55 0.15 0.355 0.89 0.929 6.22 X 0
30 6.7 x 10- 4 0.67 0.15 0.355 0.89 0.948 6.35 x 10,4 60 6.7 x 10-  0.75 0.15 0.355 0.89 0.961 6.44 x 10- 4 
90 6.7 x 10- 4  0.81 0.15 0.355 0.89 0.970 6.50 x 10- 4 

120 6.7 x 10- 4  0.85 0.15 0.355 0.89 0.976 6.54 x 10- 4 
150 6.7 x 10 - 4  0.86 0.15 0.355 0.89 0.978 6.55 x10- 4 
180 6.7 x 10-4  0.88 0.15 0.355 0.89 0.981 6.57 x 10
210 6.7 x 1O- 4  0.89 0.15 0.355 0.89 0.983 6.59 x 10- 4 

240 6.7 x 104 0.89 0.15 0.355 0.89 0.983 6.59 x 10- 4 
270 6.7 x 10 - 4  0.90 0.15 0.355 0.89 0.984 6.59 x 104 

300 6.7.x 10- 4  0.90 :0.15 0.355 0.-89 0.984 6.59 x 10- 4 
330 6.7 x 10- 4 0.9.1 0.15 0.355 0.89 0.986 6.61 x 10 - 4

- 360)

0 
0 +

1 .



0 0

TABLE 1.3.2.2-4 

BUSES 2A AND 3A DEENERGIZED FOR LONGER THAN 
AT = 90 MINUTES 

(Example Calculation - Median Values)

t 
(min) f-x(t )(hr -I ) Lt+90) 0DG(t+15) DG(t+90) GT(75) .(t+90) X(t,90)(hr -1) 

0+  6.7 x 10-4  0.67 0. 15 0.433 0.99 0.970 6.50 x 10- 4 

30 6.7 x 10-4  0.75 0.15 0.433 0.99 0.978 6.55 x 10- 4 
60 6.7 x 10- 4  0.81 0.15 0.433 0.99 0.983 6.59 x 10- 4 

190 6.7 x 10- 4  0.85 0.15 0.433 0.99 0.987 6.61 x 10- 4 

120 6.7 x 10- 4  0.86 0.15 0.433 0.99 0.987 6.61 x 10- 4 

150 6.7 x 10- 4 0.8 0.15 0.433 0.99 0.989 6.63 x 10- 4 

180 6.7 x 10- 4  0.89 0.15 0.433 0.99 0.990 6.63 x 10- 4 

210 6.7 x 10- 4  0.89 0.15 0.433 0.99 0.990 6.63 x 10- 4 

240 6.7 x 10- 4  0.90 0.15 0.433 0.99 0.991 6.64 x 10- 4 
270 6.7'x 10- 4  0.90 0.15 0.433 0..99 0.991 6.64 x 10- 4 

300 6.7 x 10- 4  0.91 0.15 0.433 0.99 0.992 6.65 x 10- 4 

330 6.7 x 10- 4  0.93 0.15 0.433 0.99 0.994 6.66 x 10- 4 

3-(360) = 4.36 x 10-2

42-(0) 3.96 x 10-2 

R(9 0) : 0.984

360 

10-+
X (t,90) = 3.97 x 10- 3



TABLE 1.3.2.2-5

BUSES 2A AND-3A REENERGIZED:FOR LONGER THAN 
At = 180 MINUTES 

(Example Calculation - Median Values)

t 
(min) f- ()kr I R(t+180 SDG(t l5 -DG(t+180) ffiGT(165) MR(t+180 )  X(t,180) (hr-l) 

0+  6.7 x 10-4  0.85 0.15 0.600 0.99 0.,990 6.63 x 10- 4 

30 6.7 x 10 4  0.86 0.15 .0.600 0.99 0.991 6.64 x 10- 4 

60 6.7 x 10- 4 0.88 0.15 0.600 0.99 0.992 6.65 x 10- 4 

90 6.7 x 10 4  0.89 0.15 0.6,00 0.99 .0.9.93 6.65 x lo- 4 
120 6.7 x 10- 4  0.-89 0.15 0.600 0.99 0.993 6.65 x 10- 4 
150 6.7 x 10- 4  0.90 0.15 0.600 0.99 0.994 6.66 x 10- 4 
180 6.7 x i0- 4  0.90 0.15 0.600 0.99 0.994 6.66 x 10- 4 
210 6.7 x 10- 4  0.91 0.15 0.600 0.99 0.994 6.66 x 10- 4 

240 6.7 x 10- 4  0.93 0.15 0.600 0.99 .0..996 6.67 x 10- 4 
270 6.7 x 10-4  0.94 0.15 0.600 0.99 0.996 6.67 x 1O- 4 
300 6.7 x 10-4  0.96 0.15 0.600 0.99 0.997 6.68 x 10 - 4 

330 6.7 x -O" 4  0.98 0.1.5 0.600 0..99 0..99.9 6.69 x 10-4 

4-2(360) : 4.36 x 10-2 

4-2(0) = 3.96 x 10-2 

4R(30) = 0.993

f60 
0'+

X (t,1.80) = 4.00 x I0-3

0 10 . I - .-,0



0

TABLE 1.3.2.2-6 

BUSES 2A, 3A AND 5A DEENERGIZED FOR LONGER THAN 
AT = 30 MINUTES 

(Example Calculation - Median Values)

t (min) f-2-5(t ) (hr- 1) kL(t +30) DG( .t 1 5 ) DG(t+30). GT(15) MbR( t+30) X (t, 30) (hr-I ) 

0+  6.7 x 10- 5  0.37 0.150 0.250 0.11 0.572 3.83 x 10- 5 
30 7.1 x 10- 5  0.55 0.150 0.250 0. II 0.694 4.93 x 10- 5 
60 7.4 x I0- 5  0.67 0.150 0.250 0.1] 0.776 5.74 x 10- 5 
90 7.7 x 10-5 0.75 0.150 0.250 0.11i 0.830 6..39 x i0- 5 

120 7.9 x 10- 5  0.81 0.150 0.250 0.11 0.871 6.88 x 10- 5 
150 8.2 x 10- 5  0.85 0.150 0.250 0.11 .0.898 7.36 x 10-5 
180 8.2 x 10- 5  0.86 0.150 0.250 0.11 0.905 7.42 x 10- 8 210 8.2 x 10- 5  0.88 0.150 0.250 0. 11 0.918 7.53 x 10-5.  
240 8.4 x 10- 5  0.89 0.150 0.250 0.11 0.925 7.77 x 10- 5 
270 8.6 x 10-5 0.89 0.150 0.250 0.11 0.925 7.96 x 10- 5 
300 8.9 x 10- 5  0.90 0.150 0.250 0. 11 0.932 8.30 x 10- 5 
330 9.2 x 10- 5  0.90 0.150 0.250 0.1 0.932 8.57 x 10 - 5 

235(360) : 1.42 x 10- 3

-(O) = 9.35 x 10- 4 

R(30) = 0.572 

360 

+ (t,30) : 4.13 x 10- 4



TABLE 1.3.2.2-7

BUSES 2A, 3A AND 5A DEENERGIZED FOR LONGER THAN 
AT = 60 MINUTES 

(Example Calculation - Median Values)

t (min) f 2(t)(hr-I ) @Lt6) @Gkl5 @Gt6) @T4)@(t+60) X(t, 60)(hr - l ) 

0+  6.7 x 10 5  0.55 0.150 0.355 0.8,9 0.929 6.22 x l0 - 5 

30 7.1 x l0 - 5  0..67 0.150 0.355 0.89 0.948 6.73 x 10- 5 

60 7.4 x iO- 5  0.75 0.150 0.35.5 0.8.9 0.961 7.11 x 10- 5 

90 7.7 x 10- 5  0.81 0.150 0.355 0.89 0.970 7.47 x 10- 5 

120 7.9 x l0 - 5  0.85 0.150 0.355 0.89 0.976 7.71 x 1O- 5 

150 8.2 x 10- 5  0.86 0.1 50 0.355 0.89 0.978 8.02 x 10- 5 

180 8.2 x 10- 5 0.88 0.1"50 0.355 0.89 0.981 8.04 x 10- 5 

210 8.2 x O- 5  0.89 0.150 0.355 0.89 0.983 8.06 x 1a- 5 

240 8.4 x lO " 5  0.89 0.150 0.355 0.89 0..983 8.26 x l0 - 5 

270 8.6 x lO- 5  0.90 0.150 0.3.55 0.89 0.984 8.46 x 10 5 

300 8.9 x 10- 5  Q.90 0.150 0.355 0.89 0.984 8.76 x 10- 5 

330 9.2 x lO- 5  0.91 0. 150 0.35:5 0.89 0.986 9.07 x 10- 5 

@2-35(360) = 1.42 x 1O-3 

= 9.35 x 10- 4 

dR( 6 0) = 0.929

f 60 0 +
X (t,60) : 4.70 x 10

4

-0 -0 0



TABLE 1.3.2.2-8

BUSES 2A, 3A AND 5A DEENERGIZED FOR 
Ar = 90 MINUTES

LONGER THAN

(Example Calculation - Median Values)

t (min) f235(t) (hr-I  L(t+90) fDG(t+I 5) fDG(t+90) GT(715) M(t+90) X(t,90) (hr-l 

0+  6.7 x 10-5  0.67 0.150 0.433 0.99 0.970 6.50 x 10-5 

30 7.1 x 10-5  0.75 0.150 0.433 0.99 0.978 6.94 x 10- 5 

60 7.4 x 10- 5  0.81 0.150 0.433 0.99 0.983 7.27 x 10- 5 

90 7.7 x 10-5  0.85 0.150 0.433 0.99 0.987 7.60 x 10- 5 • 

120 7.9 x 10-5 0.86 0.150 0.433 0.99 0.987 7.80 x 10- 5 

150 8.2 x 10-5 0.88 0.150 .0.433 0.99 0.989 8.11 x 10- 5 
180 8.2 x 10-5  0.89 0.150 0.433 0.99 0.990 8.12x 10- 5 210 8.2 x 10-5  0.89 0.150 0.433 0.99 0.990 8.12 x 10- 5 240 8.4 x 10- 5  0.90 0.150 0.433 0.99 0.991 8.32 x 10

270 8.6 x I0-5 0.90 0.150 0.433 0.99 0.991 8.52 x 10- 5 

300 8.9 x 10- 5  0.91 0.150 0.433 0.99 0.992 8.83 x 10-5 

330 9.2 x 10-5  0.93 0.150 0.433 0.99 0.994 9.15 x 10- 5 

6235(360) : 1.42 x 10-3 

2-50) = 9.35 x 10-4 

R(90) = 0.970 

,60 9-)= 476, iO J X (t, 90) =4.76, x 10- 4 :.. .



TABLE 1.3.2-2-9

BUSES 2A, 3A-AND 5A DEENERGIZED FOR LONGER THAN 
At = 180 MINUTES 

(Example Calculation Median Values);

2(360) =

= 9.35 x l0-4 

4R(186) - 0.990

x (t,180) = 4.80 x 10 4:

0

(min) f235(t ) (hr-I @Lt1@ DGtI5) DG(t+ 180)' GT.(16 5) MR(t+180) Xt 8)h

0+  6'.7 x 10-5 0.85, 0.150 0.600 0.99 0.990 6.63 x. lO- 5 

30 7.1 x lO-  0.86 0. 150 0.600 0.99 0.991 7.04 x l0
60 7.4 x 10-5  0.88 0.150 0.600 0.99 0.992 7.34 x I,8-5 

90 7.7 x 1,O-5 0.89 0. 150 0.600 0.99 0.993 7.65 x 10-5 

120 7.9 x lO- 5  0.89 0.150 0.600 0.99 0.993 7.85 x. 10- 5 

150 8.2 x lO-5. 0.90 0. I50 0.600 0.99 0.994 8.15 x l0
180 8.2 x 1O-5 0.90 0. 150 0.600 0.99 0.994 8.15 x. 10-5 

210 8.2 x lO-5 0.91 0.150 0.600 0.99- 0.994: 8.15 x 10-5 

240 8.4 x 10-5 0.93 0.150 0.600 0.99 0.996 8.37 x 1.0-5 

270 8.6 x 10 5  0.94 0.150 0.600 0.99 0.996 8.57x 1O-5 

300 8. 9- x 10-5  0.96 0.150 0.600 0.99 0.997 8.87 x 10-5 
330 9.2: x I:o,- 5 0.98 0.1;5'0 0.600 0.99 0.999 9.19' x 110-5

1.42 x 10-3

360 

50+



0

TABLE 1.3.2.2-10 

ALL BUSES DEENERGIZED FOR LONGER THAN 
AT = 30 MINUTES 

(Example Calculation - Median Values)

2-6(360) = 8.30 x 10-5

42356(0) = 2.38 x 10- 5

R(30) = 0.482 

S60.  
X (t,30) =4.59 x 10-5 

0~



TABLE. 1.3.2-.2--I

ALL BUSES, DEENERG.IZED, FOR LONGER THAN 
AT = 60 MINUTES,

(Example Calculation - Median Values):

2356(360) =: 

@,2356(0) -2.

8.30 xi0-5 

.38x, 10-5

0R(60),: 0.948

f360, f X (t,60)H& 5.78x 
0+

(mi) f 2 3 5 6 (t)( hr-l) L(t+60) fDG.(t+1 5). 4DG(t+60) tGT(4 5 ): dR(.t+60) X(t.,60)(hr-l) 

0+  3.1. x 10- 6  0'.55 0.033 0. 175 0.891 0. 948 2.94 x 10-6 
30 3.1 x 10-6 0.67 0.033 0.175 0.89 O, 96-2- 2.98 x 1:0-6 
60 6.6 x 10- 5; 0.75, 0.018 0.096. 0.89: 0.97-2 6'. 41 x 10- 5 

90 3.9 x 10- 6 .  0.8.1, 0.018 0-.096 0.89 0.978, 3,82 x 10 - 6

120 4..0 x. l.0- 6 •0.85 0.,01.8 0.096 0.89- 0.98-3 3:.93 x. 10-6 
150 4.2. x 106 0.86 0.018 0.096 0.-89-' 0.984: 4.13, x 10-"6 
180 4:.5 x 10-6 0.88 0.01,8, 0.096 0. 89- 0. 98.6 4-.4 x 10-6 
210 4.7 x 10-6 0.89' 0.018 0.096 0.89' 0'..987 ' 4:.64 x 1O-6 
240 5.1. x 1:0-6 0.89 0,,0,18. 0.096 0.89 0..987 5.04 x 10-6, 
270 5.5. x 1.0- 6 .  0. 90! 0.018 0.096. 0 .89 0..9189- 5.44 x. I0- 6 

300 6.5 x,. 10- 6., 0.90 0.018. 0.096 0..89- 0.989 6,.,4.3: x 10-6 330 7.8 x. 10-6" 0.91 0:.018 0.-096 0..89" 0.990: 7.72 x, 106

0



TABLE 1.3.2.2-12 

ALL BUSES DEENERGIZED FOR LONGER THAN 

AT = 90 MINUTES 

(Example Calculation - Median Values).

2356(360) = 8.30 x 10-5 

2356 (0) = 2.38 x 10

$R( 9 0) : 0.990

S360 

50+
X (t,90) = 5.90 x 10- 5



TABLE 1.3.2.2,13' 

ALL BUSES "DEENERGIZED- FOR LONGER-THAN 
A-T = 180 MINUTES" 

(Example Ca1culation.- Median Valdes)

t 

(min) f23 (t) (hr-I) CL(t+180) "¢iG(t+lS) ¢DG(t+I8 ) ¢GT(.165) .G ((tt980) X(t,180)(hr,-1), 

3.1 x 106 0.85 0.03 3, 0.410 O. 99 0" 996', 3.09 x. 10-6.  
30* 3.1 x 10-6  0.86 02033. 0.410. 0.99! 0,:996- 3.09x-106 
60 6.6 x 10 5 ' 0.88- 00.01.8 0.226 0.99 0.997 6.58 x 1- 5 , 
90 3.9 x 10- 6  0.89 0.018- 0.226 0.99'  0.998. 3.89 x 10-6, 

120 4. Ox- 10 6 0.89 O 018 - 0.226, 0. 99.; 0.998-. 3.99-x. 10- 6 

150 4.-2 x 10-6" 0.90 0-018; 0.226 0 99 0.998; 4.19'x. 10-6

180 4.5 x 10- 6  0.90 0.018 0'226 0.99 0.;.998 " 4.49 x 106 
210 4.7 x-10-6  0.91 0,01:8 0.,226-: 0.99 0..998% 4.69 x, 10-6 
240 5.1I x 10-61 0.93 0:..01T8 0.226: 0,99, 0,.998 5.09 x 10- 6 

270 5.5:x 10-6 0.94 041:01 8 0.,226 0..99, 0.999' 5.49 x I0-6 

300 6.5.x 10-,6 0.96 0.'018, 0.226'.k 0.,.99: 0.999- 649 x 10-6 
330 7.8 1x 1076 0.98 Or0,8'0. 226; 0.99 . .000 7.80 x 106 

(12356(360)
.= 8-8.30'.x I0-5 

•2356(0)- 2.38 x 10-5 

4)(lo8O) 0.;996.'-.

S360 X (.t,180) = 5.91x- 10'

0 0
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Cumulative Distribution for Recovery of a Single Failed Diesel GeneratorFigure. 1 .3.2. 2-1I.
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Figure 1.3.2.2-2. Cumulative Distributi-on for Recovery of a Single Fa.il.ed' Diesel Generator
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Figure 1.3.2.2-3. Cumulative Distribution for Restoration of Power from Diesel Generator 22 or from Diesel Generators 21 and 23
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Figure 1.3.2.2-4.. Cumulative Distrib.utiion for Restoration of Power. from Diesel! Generator. 22 or from 
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1.3.2.3 Electric Power Recovery Analysis, Indian Point Unit 3 

If operator recovery actions during the 6-hour period following the 
initiating event are not taken into account, 4 of the 15 possible onsite 
electric power failure states contribute significantly to the frequency 
of core melt scenarios. The power failure states and sequences of 
interest are: 

1. Failure of power at only buses 5A and 6A, and failure of component 
cooling pump 32: reactor coolant pump seal LOCA.  

2. Failure of power at only buses 2A, 3A, and 5A, and failure of compo
nent cooling pump 33: reactor coolant pump seal LOCA.  

3. Failure of power at only buses 2A, 3A, and 6A, and failure of compo-, 
nent cooling pump 31: reactor coolant pump seal LOCA.  

4. Failure of power at only buses 2A, 3A, and 6A, and failure of 
auxiliary feedwater pump 32: loss of secondary cooling.  

5. Failure of power at all four buses 2A, 3A, 5A, and 6A: reactor 
coolant pump seal LOCA.  

6. Failure of power at all four buses 2A, 3A, 5A, and 6A, and failure 
of auxiliary feedwater pump 32: loss of secondary cooling.  

This study assumes that the reactor coolant pump seals will fail if both 
seal injection flow and component cooling water flow are lost for more 
than 30 minutes. Therefore, if either seal injection or component 
cooling could be reestablished within 30 minutes, the seal failure LOCA could be avoided. Because normal steam generator water inventory is 
sufficient to provide approximately 30 minutes of heat removal before 
the steam generators boil dry, restoration of auxiliary feedwater within 30 minutes after its failure would also mitigate the loss of secondary 
cooling sequences.  

The loss of offsite power initiating event has been defined as failure 
of the 345 kV and 138 kV power supplies to Indian Point Unit 3, such that a turbine trip occurs and the plant must rely on power from the 
diesel generators. Under these severe conditions, it is very likely 
that the 13.8 kV supply from Buchanan substation will also be unavail
able. Because at least two diesel generator failures are required to achieve any of the four reduced power states discussed above, this 
analysis quantifies the effects of electric power restoration from any 
of three different sources: 

1. Recovery of the failed diesel generators.  

2. Starting of any of the three gas turbine generator units available 
to the site.
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3. Recovery of the offsite power supply from either the 345 kV or the 
138 kV transmission lines.  

1.3.2.3.1 Seal Injection Flow Recovery 

The charging pumps are automatically tripped following a loss of normal 
bus voltage at the 480V buses. Because a charging pump must be manually 
restarted after the diesel generators have reenergized their buses, this 
action was not considered in the bounding analysis, even though power 
was available at one of the charging pump buses.  

In three of the four event sequences contributing to failure of the 
reactor coolant pump seals, the control room operators are faced with 
the following sc6nario: 

s Offsite power is unavailable.  

* The reactor has tripped.  

* Onsite AC power is available from only one diesel generator.  

* The component cooling pump powered from the operating diesel gener
ator bus has failed.  

Although this combination of circumstances is not addressed directly in 
any of the Indian Point 3 emergency procedures, the various contributing 
causes are treated separately in several procedures. Analysis of the 
operators' response to these events is, therefore, extremely difficult 
and must be based upon interpretation of the existing procedural guid
ance and estimates of likely performance under these conditions. It is 
expected that the operators' primary concerns, in order of priority, 
would be: 

1. Restore power to the deenergized buses.  
2. Maintain auxiliary feedwater flow to the steam generators.  
3. Maintain reactor coolant system inventory.  
4. Restore component cooling water, as necessary, to operating 

equipment.  

The control room operators will quickly dispatch the local conventional 
plant operator to investigate the diesel generator problems. These 
actions and the subsequent recovery of the diesel generators are 
discussed in more detail in Section 1.3.2.3.2. Following this initial 
reaction to the power failure, the control room personnel will turn 
their attention to the other items noted above.  

In each of the three partial power event sequences, auxiliary feedwater 
is available from at least one of the auxiliary feedwater pumps, and 
adequate heat removal capacity is available for the operators to control 
reactor coolant system temperatures. Once they have verified auxiliary 
feedwater flow and the establishment of natural circulation cooling, the 
operators will likely use Emergency Procedure PEP-RCS-6 for natural 
circulation to provide guidance for continued reactor coolant system
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heat removal. Because this procedure emphasizes the need for additional 
equipment to be operable for long term plant stabilization (e.g., 
control air, component cooling, service water, and charging pumps), the 
necessity for electric power restoration will be reinforced.  

Loss of normal power to the 480V buses will result in eventual loss of 
instrument air pressure because the motor control centers for the 
instrument air compressors are automatically stripped from their supply 
buses (MCC 34 - bus 2A, MCC 39 - bus 5A). This loss of air pressure0 
will cause isolation of the normal reactor coolant system letdown flow 
path (valves 200A, 200B, 200C, LCV-459, and LCV-4.60 fail closed on loss 
of air), And will prevent isolation of the individual reactor coolant 
pump number one seal water return lines (valves 261A, 261B, 261C, and 
261D fail open on loss of air). One of the "Immediate Operator Actions" 
in Emergency Procedure PEP-EL-i for loss of outside power instructs the9 
operators to reestablish the instrument air system. This can be accom
plished either by restoring power to the instrument air compressor MCCs 
and restarting the compressors or by restarting the station air 
compressor (an automatic crosstie is provided between the service and 
instrument air systems). The station air compressor is powered from 
480V bus 5A. In one of the event sequences discussed (failure of power 
at buses 2A, 3A, and 5A), restoration of air pressure will not be 
possible, because power is unavailable to all three compressors. In the 
other two sequences, at least one air compress 'or could be restarted.  
Upon restoration of air pressure, if a safety injection signal had been.  
generated, containment phase A isolation would, have to be reset and the 
instrument air containment isolation valve reopened to provide air to 

the valves inside containment.  
For this analysis, the only reason for interest in the availability of.  
Air pressure is to account for its impact upon loss of inventory from 
the reactor coolant system. If air is not restored, letdown will remain 
isolated, and all four number one seal return lines will remain open.  
The common seal return line motor-operated isolation valve, MOV 222, is 
powered from the same 480V bus as two of the air compressors (MCC 36A
bus 5A). Therefore, it is likely that reactor coolant pump seal water 
return flow could not be isolated from the control room under those 
reduced power conditions which prevent operation of the instrument air 
system. Flow could be isolated manually, if necessary, at the seal 
water return filter or heat exchanger in the primary auxiliary building.  

One of the "Subsequent Actions" of Emergency Procedure PEP-EL-i 
instructs the operators to reestablish normal charging and letdown flow 
as necessary to maintain pressurizer level above 23% of span. If the 
operators cannot reestablish the instrument air system, letdown will 
remain isolated. If instrument air pressure is restored, it is assumed 
that the operators will not reestablish letdown flow because, in the 
scenarios being modeled, no component cooling water is available to the 
nonregenerative heat exchanger. Emergency Procedure PEP-CC-i, for loss 
of component cooling, instructs the operator to isolate letdown and 
maintain minimum charging flow to the reactor coolant pump seals if 
component cooling is unavailable to the nonregenerative and excess.  
letdown heat exchangers.
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If seal injection flow and component cooling water flow are lost simul
taneously, it is estimated that the operator will receive high reactor 
coolant pump seal temperature alarms within approximately 1 to 2 minutes 
due to the flow of reactor coolant water through the seal assemblies.  
When these alarms occur, it is expected that the operator would refer to 
Emergency Procedure PEP-RCS-5 for reactor coolant pump seal malfunction 
for guidance in taking action to prevent possible seal damage. The 
"Immediate Operator Actions" of this procedure, under the condition of 
loss of seal injection, instruct the operator to close the number one 
seal return valves and restore seal injection flow to the pumps. As 
noted in at least one of the three reduced power scenarios, the 
operators will be unable to isolate the seal return lines from the 
control room. The "Subsequent Actions" of PEP-RCS-5 note that caution 
should be used in reestablishing seal injection flow to prevent thermal 
shock and the possibility of reactor coolant pump shaft warpage as the 
relatively cold injection water is introduced to the pump. The 
"Subsequent Actions" of Emergency Procedure PEP-CVCS-1, for loss of 
charging or letdown, provide additional guidance for the situation in 
which seal injection and component cooling flow are lost simulta
neously. This procedure also instructs the operator to isolate the seal 
return lines. The instructions in PEP-CVCS-1, however; specifically 
require the restoration of component cooling water flow to the reactor, 
coolant pump thermal barriers before reestablishing seal injection flow, 
due to concern for thermal shock of the pump shaft and bearing.  

It is assumed that the operators would use a combination of these 
procedural guidelines and their general training in determining whether 
or not to reestablish reactor coolant pump seal injection flow with no 
component cooling water available. It is very likely that they would 
isolate the reactor coolant pump seal return line (locally if neces
sary), because their procedures indicate that this action is prudent 
from the standpoint of minimizing reactor coolant system inventory loss 
and minimizing damage to the pump seals. Isolation of the seal leakoff 
lines alone, however, may not significantly affect the timing or nature 
of the seal failure event. While this action balances pressures across 
the number one seals and stops reactor coolant flow to the volume 
control tank, the seal failure mode of concern is attributable to 
temperature induced degradation of the seal assembly O-rings. If both 
letdown and seal return flow are isolated, operation of the charging 
pumps should be unnecessary for maintenance of reactor coolant inven
tory. Depending upon their training and experience, the operators may 
decide to reestablish minimum seal injection flow to maintain a source 
of clean, cool water to the seal assemblies. Concern for possible 
thermal shock damage to the pump seals or shaft, however, could counter
balance this decision under the condition with no component cooling 
available. The operators are also aware that component cooling water 
cools the charging pump fluid drive coupling and pump lube oil and, 
therefore, they would be reluctant to run these pumps for extended times 
with no cooling water available.
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For this analysis, it is estimated that there is approximately a 25% 
probability that an operator faced with these conditions will restart an 
available charging pump. It is also assumed, however, that the operator 
will run the pump only intermittently because of conflicting concerns 
for provision of injection water to the reactor coolant pump seals and 
the possibility of charging pump damage due to extended operation with
out cooling. With no indications of significant reactor coolant system 
inventory loss and no apparent damage to the reactor coolant pump seals, 
it is expected that full injection flow will not be reestablished until 
some time after component cooling water flow is restored. This inter
mittent injection flow could conceivably delay the 0-ring failure, 
especially under conditions of balanced pressures resulting from seal 
leakoff isolation. Repeated thermal cycling of the seal assembly and 
pump shaft, however, could also contribute to accelerated failure.  
Because of a lack of general understanding of the nature or precise 
timing of the O-ring failure, conditions for these operations for miti
gation against seal failure within 30 minutes after loss of component 
cooling and seal injection flow are noted, but the analysis (conserva
tively) does not account for them.  

1.3.2.3.2 Failed Diesel Generator Recovery 

Control room alarms, electrical equipment inoperability, and the verifi
cation actions in Emergency Procedure PEP-EL-1 will essentially provide 
immediate notification to the control room operators that one or more 
diesel generators have failed following the initial loss of offsite 
power. According to station operating practices, the conventional plant 
operator will be dispatched to the diesel generators to attempt to 
rectify the failures. Based upon discussions with plant personnel, it 
is estimated that the operator will arrive at the diesel generators 
within approximately 5 minutes of the initial indications of failure.  
All the local plant operators carry emergency keys to allow them access 
to these rooms in the event that reduced power conditions inhibit normal 
operation of the electronic security lock system. Because of the high 
priorities assigned to the operation of the diesel generators, it is 
expected that a second plant operator or the shift supervisor will also 
proceed to the diesel. generators if no other plant conditions require 
immediate attention. For this analysis, however, it is assumed that 
only the conventional plant operator is initially dispatched to investi
gate the problem and to attempt rapid recovery.  

A diesel, generator may fail to supply power to its associated bus for 
any one of several reasons. In this study,, three specific types of 
c auses have been identified which contribute most significantly to these 
failures. The diesel generator may experience some type of hardware 
related failure, either during its starting sequence or during subse
quent operation. The diesel generator may have been out of service for 
maintenance when the initiating event occurred. 'Failures of the common 
desel fuel oil transfer system will cause the failure of all three 
diesel generators, but only after they have been operating for approxi
mately 1 hour and after their day tank fuel supplies have been 
exhausted. (Failures of the supply from the day tank to the diesel 
engine are included in the hardware failures of the engine itself.)
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This analysis assumes that a diesel generator out of service for mainte
nance is unrecoverable within the 6-hour study period. Similarly, if 
the diesel generators fail during operation due to failure of the fuel 
oil transfer system, power will be lost to the fuel oil transfer pumps, 
and these failures are also considered unrecoverable within 6 hours.  
(Of course, if power is restored from another source, the need for 
diesel generator operation is eliminated.) 

The causes of diesel generator hardware failures can range from the 
spurious operation of a trip solenoid to major physical damage of 
mechanical or electrical components. Recovery from these failures may 
involve the simple resetting of a local trip interlock and restarting of 
the diesel generator, or may require disassembly and repair of the 
engine, generator, or their control systems. The following assigned 
discrete probability distribution is representative of the time required 
to recover from a hardware related failure of a single diesel generator, 
following operator arrival at the diesel generator room: 

TIME TO RECOVERY OF FAILED DIESEL GENERATOR

Time Following Operator Response

0- 5 
5 - 15 
.5 - 30 
0- 60 
1- 2 
2- 4 
4- 8 
8 24 
'4 - 72 
3- 7 

> 7

Probability Density

mi nutes 
minutes 
minutes 
mi nutes 
hours 
hours 
hours 
hours 
hours 
days 
days

.12 

.25 

.10 
.07 
.025 
.005

The following table indicates some of the key actions which can be 
accomplished within the given recovery time periods:

Time Following Operator Response Action

0 - 5 minutes 

5 - 15 minutes 

15 - 30 minutes 

30 - 60 minutes 

1 - 2 hours

- Reset trip relay and attempt local 
manual restart 

- Troubleshoot simple problems; check 
electrical and mechanical indications 

- Perform step-by-step problem diag
nosis; notify cognizant engineering 
and maintenance personnel 

- Operators refer to technical manuals 
and drawings for diagnosis of more 
complex failures; response time for 
first offsite personnel 

- Offsite personnel troubleshoot 
problems not requiring component 
repair; make complex adjustments to 
control systems
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Time Following 
Operator Response Probability Density 

2 - 4 hours - Replacement of simple failed compo
nents (includes maintenance crew 
response time) 

4 - 8 hours - Repair of failed components requiring 
minor disassembly 

8 - 24 hours - More complex repairs 
24 - 72 hours - Repairs requiring disassembly 
3 - 7 days - Diesel engine overhaul 

It is emphasized that this discrete distribution applies to the recovery 
time for a given failed diesel generator following operator response to 
that unit and applies only to the recovery from hardware related 
failures. It is not the time required to recover any one of several 
failed units. Because of limited manpower during the first hour 
following the initiating event, it is expected that failed diesel gener
ators would be attended to sequentially during this period. The local 
operator would divide his time among all failed diesel generators, 
attempting to restore at least one to service as soon as possible.  
Typical recovery actions which could be accomplished are resetting trip 
relays, preliminary problem troubleshooting, and attempted manual 
restarts of each failed diesel generator. During the period from 1 to 
2 hours after the event, additional personnel arriving at the site could 
begin simultaneous repairs of at least two of the diesel generators.  
After sufficientmanpower has arrived--approximately 2 to 4 hours 
following the initiating event--all three diesel generators may be 
worked on simultaneously.  

Using the information discussed above as the basis for single diesel 
generator recovery evaluation, separate recovery distributions have been 
developed for each of the event sequences of concern following the loss 
of offsite power.  

1.3.2.3.2.1 Failure of Power at Only Buses 2A, 3A, and 5A and Failure 
of Component Cooling Pump 33; Failure of Power at Only Buses 5A and 6A 
and Failure of Component Cooling Pump 32; Failure of Power at Only 
Buses 2A, 3A, and 6A and Failure of Component Cooling Pump 31. Because 
each diesel generator supplies a component cooling water pump, power 
recovery is defined for this case as the restoration of power from 
either of the two failed diesel generators. Approximately 50% of the 
contribution to this electric power failure state is from cases in which 
one of the two diesel generators is out of service for maintenance and 
is, therefore, unrecoverable. This limits the possible recovery 
scenarios to those summarized in Table 1.3.2.3-1.  

When faced with more than one failed diesel generator, the local 
operator will be primarily concerned with restoring at least one of the 
units to operation as soon as possible. Because the plant emergency 
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procedures do not specify that any of the diesel generators is more 
essential than the others, it is assumed that both will be treated 
equally. Once the operator has arrived at the diesel generator rooms, 
it is assumed he will firstattempt to sequentially start both diesel 
generators. Regardless of whether or not it starts, it is assumed he 
will spend approximately 5 minutes with the first diesel generator 
before proceeding to the other unit. After attempting to start each 
diesel generator once, he is expected to concentrate on one of the 
failed units for approximately 15 minutes, attempting to diagnose its 
problem more thoroughly before attempting additional starts of the other 
unit. He would divide his time between the diesel generators, spending 
approximately 15 minutes with each unit, until additional help arrives.  
For this analysis, it is conservatively estimated that sufficient 
manpower wil.l be available to allow work on both diesel generators after 
1 hour has passed.  

Figure 1.3.2.3-1 shows the cumulative probability distribution for the 
recovery of power from at least one of two failed diesel generators, 
including the effects of unrecoverable maintenance events. The 
indicated bounds assigned to either side of the base case (median) 
recovery distribution account for uncertainty in estimating such factors 
as operator response time, variability in diesel generator repair times,.  
etc. This distribution lies slightly below that for recovery of a 
single failed diesel generator during the first hour following failure.  
This is due .to the combined effects of the limited scenarios in which 
only one diesel generator is recoverable and to the allocation of 
limited manpower between both diesel generators in the remaining cases.  
(Because of the nature of the general recovery time distribution, 
splitting one operator's time between both units is not necessarily more 
efficient than having him spend all of his time trying to recover one of 
theunits. This effect, however, is relatively slight.) 

After approximately 1 hour, the distribution in Figure 1.3.2.3-1 rises 
above that for single diesel generator recovery because the additional 
manpower availability allows simultaneous work on both failed units.  

1.3.2.3.2.2 Failure of Power at All Four Buses 2A, 3A, 5A, and 6A.  
This failure scenario is important to the plant analysis for two. ...  
reasons. As discussed previously, if power is not restored to at least 
one component cooling pump bus (2A, 5A, or 6A) within 30 minutes of 
total power failure, the reactor coolant pump seals are assumed to fail, 
with subsequent loss of reactor coolant inventory. In addition to this 
seal LOCA sequence, if the turbine driven auxiliary feedwater pump is 
unavailable, steam generator water inventory will be consumed within 
approximately 30 minutes after the failure of AC power, resulting in a 
loss of secondary heat removal. Therefore, restoration of power to at 
least one of the motor-driven auxiliary feedwater pump buses (3A or 6A) 
is also necessary to mitigate this event sequence. Because of these 
combined requirements, power recovery from the diesel generators is 
defined for this failure state as recovery of diesel generator 31 (power
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to buses 2A and 3A: component cooling pump 32, auxiliary feedwater 
pump 31) or recovery of diesel generator 32 (power to bus 6A: component 
cooling pump 33, auxiliary feedwater pump 33). 'Although recovery of 

diesel generator 33 will restore power to component cooling pump 31 and 

aid in mitigating the reactor coolant pump seal failure event, it has no 
impact on the auxiliary feedwater system. Therefore, to simplify the 

analysis and provide a single recovery distribution applicable to the 
scenarios including both seal failure and auxiliary feedwater failure 

events, it has been conservatively assumed that recovery of only diesel 

generator 33 does not lead to success for these sequences.  

Approximately 45% of the events involving loss of power to all four 

buses within 1 hour after the initiating event result from cases in 

which one of the three diesel generators is out.of service for mainte

nance and is unrecoverable. Because maintenance work is evenly distri
buted among all three diesel generators, the recoverability of power, as 
it has been defined for this analysis, is restricted to the scenarios 

summarized in Table 1.3.2.3-2.  

It is assumed that the timing and nature of the local operator's actions 

in this situation will be similar to those discussed previously for the 
case in which only two diesel generators had failed. He will attempt to 

start each diesel generator once, in relatively rapid succession, and 

will then divide his time among all three units, attempting to rectify 

more complex problems. It is estimated that sufficient manpower will be 

available to allow work on at least two of the diesel generators after 

1 hour has passed. Simultaneous repairs of all three diesel generators 

may begin, if necessary, within approximately 4 hours of the initiating 

event.  

Figure 1.3.2.3-2 shows the cumulative probability distribution for the.  

recovery of power from either diesel generator 31 or diesel; generator 32.  
for events in which power is lost at all four buses within 1 hour after 

the loss of offsite power. This distribution is similar to and lies 
slightly below that shown in Figure 1.3.2.3-1 during the first 4 hours 

after power failure. Successful power restoration in each of these 

cases requires the recovery of at least one of two failed diesel 

generators. When only two diesel generators have failed, recovery of 

.either will result in success. If all three diesel generators are 

unavailable, however, (i.e., the case of power failure at all four 

buses) successful power restoration has been defined only as recovery of 

either diesel generator 31 or diesel generator 32. Any efforts which 

result in restoration of only diesel generator 33 do npt contribute to 

the defined success state. In fact, because of these limited success 

criteria, any time spent repairing diesel generator 33 actually reduces 

the probability of power recovery from either of the other diesel 
generators (the limited manpower availability during the time period 

from 0 to 2 hours does not allow simultaneous work on all three failed 

units). The distribution in Figure 1.3.2.3-2 rises slightly above that 

in Figure 1.3.2.3-1 after approximately 4 hours, due to the effects of 

increased personnel availability, which allows both diesel generators 31 

and 32 to be attended continuously.  0
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For power failures occurring after 1 hour has elapsed following the loss 

of offsite power, approximately 33% of the unavailability is attri

butable to failures of the diesel fuel oil transfer system which prevent 

recovery of any of the diesel generators. Of the remaining 67% of the 

cases, the maintenance unavailability contribution is approximately the 

same as discussed herein for failures occurring during the first hour.  

Therefore, the recovery distribution for power failures occurring 
after 

1 hour has passed has the same shape as that shown in Figure 1.3.2.3-2, 
but is scaled by the percentage of totally unrecoverable events. This
distribution is shown in Figure 1.3.2.3-3.  

1.3.2.3.3 480V Bus Crossties 

If at least one of the diesel generators is supplying power to its asso
ciated bus, then it is possible to reenergize a second bus by closing 
the appropriate 480V bus crosstie breaker and paralleling both buses 
from the single-diesel generator output (e.g., for the case in which 

buses 2A, 3A, and 6A are deenergized and component cooling pump 31 has 
failed, closing breaker 2AT5A would supply power to component cooling 
pump 32 from diesel generator 33). The Indian Point 3 emergency 
procedures do not address this operation. Under the power failure 

..states being analyzed, there exist no physical or electrical interlocks 

preventing either breaker 2AT5A or 3AT6A from being closed. Caution 
would have to be exercised, however, to ensure that the operating diesel 

generator was not overloaded by the combined demand when'the buses were 
paralleled.  

Because the operators are aware of the load limitations on the diesel 

generators, it is assumed that they would be reluctant to crosstie these 

buses in an already reduced power situation due to concern for loss of 
the diesel generator and additional onsite power reduction. This 
reluctance would be enforced by the lack of specific procedural guidance 
in either the emergency or normal operating procedures.  

Because of their unfamiliarity with this operation, it is expected that 
the operators will not attempt to use the crossties to load more than 
one bus onto a single diesel generator. If the reduced power condition 
were to persist, it is probable that the operators would receive guid
ance for these actions from support personnel responding to the site.  

This guidance, however., would not be available until a significant 
period of time after the initial loss of offsite power, and it is 
conservatively assumed for this analysis that the crosstie operation is 
never performed.  

1.3.2.3.4 Recovery of Power from Gas Turbines 

Three gas turbine generating units are available to supply an alternate 
source of electrical power for the Indian Point Unit 2 and Indian Point 
Unit 3 stations. During normal plant operation, gas turbine 1 is 
designated for service to Unit 2, while gas turbine 2 is designated-for 

service to Unit 3. Gas turbine 3 can substitute for either of the other 
gas turbines through manual interconnection of 13.8 kV feeders (13W92, 
13W93, 13W94L) at the Indian Point Unit 1 synchronizing bus.
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The gas turbine generating units are controlled and operated from the 
Indian Point Unit 2 control room. When Indian Point Unit 3 requires the 4 
operation of a gas turbine, it is necessary to contact the Unit 2 
control room to request that a particular turbine be started. Following 
notification from Unit 2 that the desired gas turbine iS ready to load, 
the shutting of 6.9kV crosstie breaker GT/BT (when using gas turbine 1) 
and the necessary in-plant breaker operations are performed from the 
Unit 3 control room.  

Although each gas turbine can be started remotely frbm the Indian Point 
Unit 2 control room, the procedures require a Unit 2 conventional plant 
operator to prepare gas turbine, 1 locally prior to a remote start, and 
it is common station practice that plant personnel locally monit6r the 
remote start of gas turbines 2 and 3.  

A gas turbine may also be locally started, but because Indian.oint 
Unit 2 plant procedures (SOP 31.1 Revision 0) only provide guidance for 
a remote start, this analysis assumes that the local start capability is 
not used.  
The three i3.8 kV lines from the Buchanan substation to the Indian Point 

site are normally energized from the BUchanan i38 kV bus through separ

ate 138.kV/13.8 kV stepdown transformers. In the event that the 138 kV 
supply is not present, it is necessary to open.the transformer supply 
breaker prior to energizing the associated 13.8 kV feeder with a gas 
turbine. This isolates the gas turbine from the 138.kV system, " 
preventing a possible Overload. The configuration of the 13.8 kV system 
is summarized below: 

138 kV/13.8 kV 138 kV/13.8 kV 
Transformer Transformer 13.8 kV Alternate Ga sa 
Supply Breaker (N rbe) Feeder TUrbine Supp ly 

BK-I 1 13W 94L GT 3 
Bk-2 2 13W 92 GT 1 
BK-3 3 13W 93 GT 2 

The Unit 1 gas turbine 1 installation (see Figure 2 of the Electric 
PoWer System Analysis) is normally aligned with breaker GT-1 open and 
breaker GT-2 closed. This isolates feeder 13W92 from the output of gas 
turbine 1 and permits operation without opening breaker BK-2 at the 
Buchanan substation.  

The Buchanan substation is classified as an unmanned substation, 
Although personnel qualified to operate substation equipment are present 
in adjacent offices during normal working hours, this analysis assumes 
that plant personnel must be dispatched to perform any necessary 
substation operations. This is not unduly restrictive, because plant 
personnel normally locally monitor remote gas turbine starts and thus 
would be present to perform substation operations.
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When started remotely, a gas turbine enters a preprogrammed sequence 
which warms up the unit and then automatically shuts the output 
breaker. It is possible to select either a normal or a fast start mode 
from the control room, the primary difference being length of warmup 
time. The normal and fast start modes are approximately 15 and 
8 minutes in length, respectively, and it is assumed that the fast start 
mode would be preferred in an emergency start situation.  

Following a total loss of offsite power with subsequent diesel generator 
failures, the primary concern of Unit 3 station personnel will be to 
stabilize the plant and effect repairs of at least one of the diesel 
generators. Because the gas turbines can provide an alternate source of 
power to Unit 3, it is expected that the Unit 3 operators would also 
request that the Unit 2 personnel start a gas turbine. After discussion 
with station personnel, it is estimated that approximately 15 minutes 
will transpire between the time that onsite power is lost at Unit 3 and 
the time that the Unit 2 conventional plant operator is given the order 
to prepare a gas turbine. This 15-minute period provides the necessary 
time for the Unit 3 operators to evaluate the reduced power conditions, 
dispatch the conventional plant operator to the failed diesel gener

ators, and call the Unit 2 control room.  

Itis further assumed that the Unit 2 operators will initially attempt 
to restore power with gas turbine 1 and will only start gas turbines 2 
and 3 upon failure of gas turbine 1. This assumption is based on the 
following considerations: 

0 Gas turbine 1 is located at the Unit 2 site and is easily monitored 
during startup and operation.  

* The opening of the Buchanan 138 kV/13.8 kV transformer isolation 
breaker BK-2 is not required before operation of gas turbine 1.  

* If gas turbine 2 or 3 were used, plant personnel would be required 
to go to the Buchanan substation both to open breaker BK-i or BK-3 
and to monitor gas turbine startup.  

Once the order is given to start gas turbine 1, the following histogram 
is assigned for the time required for the Unit 2 conventional plant 
operator to respond to the gas turbine building, prepare the-gas turbine 
for remote start, and to inform the control room that the unit is ready 
to start.
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The following considerations are incorporated into this histogram: 

0 When ordered to prepare gas turbine 1, the Unit 2 conventional plant 
operator will take approximately 5 minutes to reach the gas turbine 
building.  

0 Upon arrival at the gas turbine, a few minutes will be expended 
reviewing the remote startup procedure and conducting a prestartup 
inspection per SOP 31.1.  

# When ready for remote startup, the Unit 2 conventional plant 
operator will notify Unit 2 control room personnel, who will start 
gas turbine 1.  

The Unit 2 control room operator will start gas turbine 1 immediately 
upon receiving the report from the conventional plant operator.  
Analysis of the Indian Point combined gas turbine operating history 
between January 1980 and May 1981 reveals that the gas turbines have 
failed to start 22 times out of 172 attempts (there have been no 
failures of gas turbine 1 in a total of 48 starts of that unit).  
Because very little information is available in the generic literature 
for failures of gas turbine generators to start on demand, a noninfor
mative prior distribution was assumed. The Indian Point experience 
results in an updated posterior distribution with a mea value of 
1.28 x 10- failure/demand and a variance of 6.45 x 10- .  

Once started, gas turbine 1 is controlled by the automatic sequencer and 
should be available for loading in approximately 8 minutes. At this 
time, the Unit 3 control room operators will reenergize 6.9 kV buses 5
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and 6 by shutting breakers GT/BT, GT-35, and GT-36. Because there is a 
chance that the normal start sequence could be selected accidentally, or 
that the operators could be delayed in reenergizing the buses, the 
following histogram is assigned for the time required to restore onsite 
power from gas turbine 1 following start.  

0.6 

CJ 

0 

0.3 

0.1 

0 5 10 15 20 
TIME, MINUTES 

NOTE: GAS TURBINE I SUPPLYING BUSES 5 AND 6 FOLLOWING START 

The total time required to supply power from gas turbine 1 is determined 
from the combination of the histograms for gas turbine preparation and 
warmup. The resulting cumulative distribution for the recovery of power 
from gas turbine 1 is illustrated in Region I of Figure 1.3.2.3-4. The 
possibility that the gas turbine will fail to start on demand has been 
included. This distribution applies to recovery times following the 
decision to start the gas turbine. This decision is made within 
approximately 15 minutes following the loss of onsite power at Unit 3.  
Therefore, the "zero" time of Figure 1.3.2.3-4 does not correspond to 
the time of the initiating loss of offsite power event; it is a delayed 
time reference, depending upon the time at which power fails from the 
diesel generators.  

Should gas turbine 1 fail to start or unsuccessfully complete the warmup 
sequence, gas turbines 2 and 3 are available as backups. Upon determi
nation that gas turbine 1 cannot be used as an alternate power source, 
emphasis will shift to the startup of gas turbines 2 and 3. Although 
this could occur as early as the failure of gas turbine 1 to start, it 
is assumed that failure is recognized only when the unit does not 
complete the automatic startup sequence. Unit 2 plant personnel would 
then be dispatched to the Buchanan substation to open the 138 kV/13.8 kV
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transformer isolation breakers prior to the startup of gas turbines 2 
and 3. The sequence of actions, as well as the estimated times for 
these actions, is as follows: 

9 Leave Unit 2 security area and proceed to parking lot (2 to 5 minutes).  

@ Obtain a vehicle and drive one-half mile to Buchanan substation 
(4 to 15 minutes).  

0 Enter Buchanan substation control blockhouse, contact district 
operator, open 138 kV/13.*8 kV transformer breakers BK-i, BK-2, and 
BK-;3 (2 to 5 minutes).  

* Proceed to gas turbines, conduct brief inspection, and inform Unit 2 
control room that both are ready for remote start (2 to 5 minutes).

The following 
actions:

c

0

histogram is assigned for the completion of the above

TIME, MINUTES

OPERATOR REACHES BUCHANAN SUBSTATION, OPENS TRANS FORMER BREAKERS, 
ARRIVES AT GAS TURBINES AND NOTIFIES UNIT 2 CONTROL ROOM 

Upon receiving the report that the gas turbines are ready for remote 
start, the Unit 2 control room operator Will start both gas, turbine 
units. Once started, the time until one of the gas turbines is 
supplying power to Unit 3 buses 5 and 6 is approximately the same as 
that for gas turbine 1. The slight differences in circ'uit breaker 
operations required to connect power from these gas turbines to -Unit 3 
are not considered to be significant contributors to the total time 
required for power restoration when compared with operator response and 
gas turbine warmup times. The contribution to the cumulative power 
recovery distribution from gas turbines 2 and 3 is indicated in 
Region II of Figure 1.3.2.3-4.
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1.3.2.3.5 Recovery of Power from Offsite Lines

The Buchanan substation is connected to the Consolidated:Edison system 
as shown in Figure 1.3.2.3-5. Following a loss of 345 kV and 138 kV 
power at Buchanan, restoration of offsite power is defined as reener
gizing the 138 kV bus at Buchanan and supplying electrical power to 
Indian Point Unit 3 through any one of the two 138 kV or three 13.8 kV 
feeders.  

The Buchanan 138 kV bus is supplied by two 138 kV lines (96951 and 96952) from the Millwood West substation and from the Buchanan 
345 kV north ring bus through a 345 kV/138 kV transformer (TA5).  
Because the Millwood lines are supplied by a common source and are 
routed together, they are considered to behave as a single line. The 
power supplies to the north ring bus are the 345 kV Ramapo line (Y94) 
and the 345 kV Eastview line (W93), with no intertie possible to the 
south ring bus.  

The Buchanan substation 138 kV bus is thus modeled as being supplied 
from the following three separate sources: 

1. Millwood 138 kV (lines 96951 and 96952) 
2. Ramapo 345 kV (line Y94) 
3. Eastview 345 kV (line W93) 

After a loss of 345 kV and 138 kV power at Buchanan, the most time and 
effort will be spent in reestablishing power at the Buchanan 138 kV bus 
from one of the above sources. Because plant personnel are familiar 
with the plant-to-substation interties and the multiple paths available, 
the time necessary to reconnect power from Buchanan to the plant is 
expected to be small in comparison with the time required for line 
restoration.  

Shortly following a system disturbance where offsite power is lost, the 
Indian Point Unit 3 shift supervisor will first verify that the plant is 
stable and will then contact the Unit 2 control room to notify the 
Unit 2 personnel of his power supply status. The Unit 2 watch super
visor will contact the Consolidated Edison Transmission System 
Operations Center to reemphasize the importance of restoring offsite 
power. Beyond this one communication, it is expected that the correc
tive actions necessary to restore the Buchanan 138kV bus are not 
strongly influenced by Indian Point personnel and will proceed uninter
rupted until successful.  

The complexity of the Consolidated Edison transmission system makes it 
extremely difficult to analyze the possible recovery scenarios for all 
offsite power failure modes. The analysis of Consolidated Edison single 
line outage data, however, provides some insight into the time required 
to recover a single line. It is recognized that many of these tabulated 
times are for routine maintenance outages and are conservative time 
estimates for application to emergency conditions. However, the
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recovery time data for forced line outage conditions (e.g., those due to 
major storms or local system disturbances) should be more representative 
of situations such as the loss of all offsite power; this data has been 
used as a major input to this analysis.  

The cumulative distribution for the time to restoration of power to 
Indian Point Unit 3 from the offsite lines is shown in 
Figure 1.3.2.3-6. It should be noted that offsite power recovery 
efforts are initiated immediately following power failure and, there
fore, the "zero" time of this distribution corresponds to the time of 
the offsite power failure initiating event.  

Upon recognition of the loss of power at Buchanan, the Consolidated 
Edison district operator and systems operations personnel will carry out 
emergency actions in an attempt to maintain system stability. Although 
these actions may result in the early restoration of power at Buchanan, 
analysis of forced line outage data and previous occurrences indicates 
that recovery of'large deenergized grid sections is not usually 
immediate and, therefore, this is not expected to be the predominant 
means of power recovery. Following their immediate actions, systems 
operations will communicate with the district operator and systematic 
attempts will be made to restore power through remote switching of 
transmission system components. Because these switching operations. do 
not require local inspections or repair crews, the chance of power 
recovery increases dramatically following the initial 5 to 10 minutes of 
evaluation and communications (see Figure 1.3.2.3-6, Region I).  

Should the initial corrective efforts fail, repair crews would be 
dispatched to restore the least damaged path. Under a range of forced 
line outage conditions, these repair efforts have historically required 
2 to 4 hours. It is estimated that under emergency conditions when.  
repair crews are concentrating on one line, this restoration time could 
be reduced to 1-1/2 to 2 hours (see Figure 1.3.2.3-6, Region II).  
Outages extending longer than 2 hours indicate a more substantial 
problem, and it is expected that maintenance crews would be directed to 
simultaneously work on all three supply paths. Although recovery of any 
one supply is sufficient for power restoration to the Indian Point site, 
the extensive nature of these failures indicates that relatively long 
periods of time could be required to return the local grid to a stable 
condition (see Figure 1.3.2.3-6, Region III).  

1.3.2.3.6 Quantification of Power Recovery 

Discussions with plant personnel indicate that the Unit 3 operators will1 
request power from the gas turbines within a relatively short period of 
time following failure of their diesel generators. For this analysis, 
it is assumed that approximately 15.minutes will. be expended in evalu
ation of the degraded power conditions and communication with the Unit 2 
control room. If power were to be restored from the Unit 3 diesel 
generators during this 15-minute period, it is expected that the request 
for gas turbine operation would be canceled.
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The frequency at which power is recovered from either the diesel gener

ators or the gas turbines within a time period of AT minutes following 
the loss of onsite power (i.e., following diesel generator failure) is 
given by the expression 

4ON(AT) = DG(AT) + [1 - tDG(AT)] [1 - DG( 15 )] 4GT(AT - 15) 

where

4ON(AT) 

DG(AT)

= frequency of power recovery from diesel 
generators or gas turbines within AT minutes 
following loss ofonsite power, 

= frequency of power recovery from diesel 
generators within AT minutes following loss of 
onsite power, and

cGT(AT - 15) H frequency of power recovery from gas turbines 
within AT minutes following loss of onsite power, 
including a 15-minute time delay for problem 
investigation and communication with Unit 2.

The frequency at which power is recovered from either the offsite power 
lines or the diesel.generators or the gas turbines within a time period 

of AT minutes following a loss of onsite power occurring at time t is 
given by the expression 

fR(t + AT) = @L(t + AT) + [1 -L(t + AT)] N(AT,t) 

where

WR~t + AT) 

(t + AT) 

4ON(AT,t)

frequency of power recovery from any source 
within t + AT minutes following the loss of offsite 
power initiating event, 

frequency of power recovery from the offsite 
power lines within t + AT minutes following the loss 
of offsite power initiating event, and 

frequency of power recovery from the diesel 
generators or gas turbines within AT'minutes 
following a loss of onsite power at time t.

To include these power recovery considerations in the event trees, 
information is required about the frequency at which onsite power is 
lost and is not restored within a time period of AT minutes following 
its failure (e.g., reactor coolant pump seal failure would be mitigated' 
if.power were restored to a component cooling pump bus within 30 minutes
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after the time it was lost). Because failure and recovery can occur at 
any time during the 6 hours following the initiating event, 
this entire period is modeled in the analysis. Let

frequency at which power is lost at buses ci 
between times 0 and t,

fa-(t) - frequency at which power is lost at buses ot in dt minutes at time t,

4R(t + AT) - frequency at which power is recovered 
from any source between times 0 and t + AT, 
given loss of offsite power at time t = 0-, and

UAT frequency at which power is lost at buses a 
for longer than AT minutes between times 0 and t.  

This analysis quantifies q A for the entire 6-hour study period.

360 
*TmT -

f-f(t)[1 - R(t + AT)]dt

360 

: (360) - f0
fy(t)4 R(t + AT)dt

360 

= -360) -~(O) R (AT) - f-4 fY(t)R(t + AT)dt

Because of the definition of R(t + AT), the application of this 
equation is restricted to sequences initiated by the loss of offsite 
power at t = 0- and includes power recovery from offsite lines, diesel 
generators, and gas turbines. For simplicity in presentation of the 
results, the following quantity is defined: 

X(t,AT) = fl(t)R(t + AT)

1. Case 1: Failure of power at only buses 5A and 6A, buses 2A, 3A, and 
5A, or buses 2A, 3A, and 6A

Given: Loss of offsite power at t = O

The quantification of power recovery for these three failure states 
is identical. In each situation, restoration of power from the 
diesel generators is defined as recovery of either of the two failed 
diesel generators. For simplicity in presentation, the tables and 
figures of this section show the calculations performed for the 
state in which power is lost at buses 2A, 3A, and 6A.
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* The probability that all three buses are failed for more than 
AT = 30 minutes is 

360 

cF 236,30 = c (360) - @ n-(0)¢R(30) -Jf X(t,30)dt 

0 

Table 1.3.2.3-3 illustrates a sample calculation for this case using 
median values obtained from the distributions in the preceding 
sections. Figure 1.3.2.3-7 shows the density function derived from 
the propagation of uncertainties through the calculation. The mean 
frequency at which power is lost at buses 2A, 3A, and 6A and all 
buses remain deenergized for longer than 30 minutes during the time 
period from t = 0- to t 6 hours is calculated to be 

26,130 = 4.0 x 10-4 failures per loss of offsite power event 

The probability that all three buses are failed for more than 
AT = 60 minutes is 

360 

073W,60 = 43- (360)- 7Z3- (0)R(60)-j+ X(t,60)dt 

Table 1.3.2.3-4 illustrates a sample calculation for this case, and 
Figure 1.3.2.3-8 shows the density function. The mean frequency at 
which power is lost at buses 2A, 3A, and 6A and all buses remain 
deenergized for longer than 60 minutes during the time period from 
t O-to t = 6 hours is 

K3 ,60 = 5.1 x 10-5 failures per loss of offsite power event 

The probability that all three buses are failed for more than 
AT = 90 minutes is 

360 

1 2,90 4,ZW (360)- t35- (0)4R(90)f X(t,90)dt 
0+ 

Table 1.3.2.3-5 and Figure 1.3.2.3-9 present a sample calculation 
and the density function for this case. The mean frequency at which 
power is lost at buses 2A, 3A, and 6A and all buses remain deener
gized for longer than 90 minutes during-the time period t = 0- to 
t = 6 hours is 

-,90 = 1.7 x 10
-5 failures per loss of offsite power 

event
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e The probability that all three buses are failed for more 
than AT = 180 minutes is 

360 

- -(360) - (p (0) ,R(180)f X(t,180)dt 
=3, 180 *23W7 0+ 

The mean frequency at which power is lost at buses 2A, 3A, and 6A 
and all buses remain deenergized for longer than 180 minutes during 
Wt ime period t = 0- to t = 6 hours is 

--6,180 4.9 x 10-6 failures per loss of offsite power event 

Table 1.3.2.3-6 and Figure 1.3.2.3-10 illustrate a sample calcu
lation and the density function from which this mean value was 
computed.  

2. Case 2: Failure of power at all four buses 2A, 3A, 5A, and 6A 

Given: Loss of offsite power at t =0

Because this electric power failure state contributes to both the 
reactor coolant pump seal LOCA and the loss of secondary Cooling 
sequences, restoration of power, from the diesel generators is 
defined for this failure state as recovery of either diesel 

generator 31 or diesel generator 32.  

* The probability that all buses are failed for more than 
AT = 30 minutes is 

(p - -,3 (p (360) - (0) (p (30) (f X(t,30)dt 
R$3 0+ 

Table 1.3.2.3-7 illustrates a sample calculation for this case using 
median values obtained from the distributions in the preceding 
sections. Figure 1.3.2.3-11 shows the density function derived from 
the propagation of uncertainties through the calculation. The mean 
frequency at which power is lost at all four buses and power remains 
unrecovered for longer than 30 minutes during the period from 
t = 0- to t = 6 hours is calculated to be 

2356,30 = 2.0 x 10- 5 failures per loss of offsite power event 

• The probability that all buses are failed for more than AT = 60 minutes is 

f360 

S o(360) ( (0) R(60) f X (t,60)dt 
=6,60 0+
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Table 1.3.2.3-8 illustrates a sample calculation for this case and 
Figure 1.3.2.3-12 shows the density function. The mean frequency at 
which power is lost at all four buses and power remains unrecovered 
for longer than 60 minutes during the B-ime period from t = 0- to 
t = 6 hours is calculated to be 

cF[53,60 = 2.3 x 10-6 failures per loss of offsite power event 

* The probability that all buses are failed for more than AT =90 minutes is 

360 
, :(360) - O  (90) - f+ X(t,90)dt 

=35,90 73W75f0+ 

Table 1.3.2.3-9 and Figure 1.3.2.3-13 present a sample calculation 
and the density function for this case. The mean frequency at which 
power is lost at all four buses and power remains unrecovered for 
longer than 90 minutes during the time period from t = 0- to 
t = 6 hours is calculated to be 

173-5-,90 = 7.0 x 10-7 failures per loss of offsite power event 

The probability that all buses are failed for more than AT = 180 minutes is 

360 

, = 5- (360) - (5_ (180) -JO X(t,180)dt 
735W, 90 735WR foW + 

The mean frequency at which power is lost at all four buses and 
power remains unrecovered for longer than 180 minutes during the 
time period from t = 0 to t = 6 hours is calculated to be 

ct75W,180 2.2 x 10- failures per loss of offsite power event 

Table 1.3.2.3-10 and Figure 1.3.2.3-14 illustrate a sample calcu
lation and the density function from which this mean value was 
computed.
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TABLE 1.3.2.3-1

RECOVERY SCENARIOS FOR RESTORATION OFPOWER
FROM EITHER OF TWO DIESEL GENERATORS

Given: Failure of power from two diesel generators* 

Note: Power recovery requires, at a minimum, restoration of power from 
one of the two diesel generators 

Approximate Diesel Generators Diesel Generators 
.Percentage of Cases Available for Recovery Necessary for Successful 

Restoration of Power 

50 31, 33 31 or 33 

25 31 31 

25 33 33

*Table shows the specific case of 
and 5A. Other cases are similar.

power failure at buses 2A, 3A,
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TABLE 1.3.2.3-2

RECOVERY SCENARIOS FOR RESTORATION OF POWER 
I.FROM THE DIESEL GENERATORS

Given: Failure of power at all four buses, 2A, 3A, 5A and 6A, 

Note.: Power recovery requires, at a minimum, rest oration of power to 
buses 2A and 3A (diesel generator 31) or to bus 6A (diesel 
generator 32) 

Approximate Diesel Generators Diesel Generators 
Percntae o Cass Aailble or ecoery Necessary for Successful 
Percntae o Cass Aailble or ecoery Restoration of Power 

55 31, 32, 33 31 or 32 

15 31, 32 3l or 32 

15 31, 33 31 

15 32, 33 32
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TABLE 1.3;2.3-3

BUSES 2A, 3A, AND 6A DEENERGIZED FOR LONGER-THAN 

AT = 30.MINUTES 

(Example Calculation - Median Values)

2(36060) =

4236:(0) = 6.91 x 10- 4 

4R(30 ) = 0.557

X (t,30) = 2.70 x 10, 4

t (mi n) f23-6(t)(hr -1 )  L(t+30) DG(t+I5) ODG(t+30) 03GT(15) OR(t+30) X(t,30)(hr -1 ) 

0+  3.4 x 10-5  .37 .100 .220 .11 .557 1.90 x 10, 5 

30 5.4 x 10-5  .55 .100 .220 .11 .684 3.69 x 10-5 

60 4.8 x 10-5  .67 .100 .220 .11 .768 3.69 x 10-5 

90 5.0 x 10-5  .75 .100 .220 .11 .824 4.12.x 10-5 

120 5.6 x 10-5  .81 .100: .220 .11 .867 4.85 x 10- 5

150 5.6 x 10-5  .85 .100 .220 .11 .895 5.01 x 10- 5 

180 5.6 x 10-5  .86 .100 .220 .11 .902 5.05 x 10-5 

210 5.6 x 10-5  .88- .100 .220 .11 .916 5.13 x 10-5 

240 5.6 x 10-5  .89 .100, .220 .11 .923 5.17 x 10-5 

270 5.6 x 10-5  .89 .100. .220 .11 .923 5i.17 x 10- 5 

300 5.6 x 10-5  .90 .100 .220 .11 .930 5.21 x 10- 5 

330 5.4 x 10-5 .90 .100- .220 .11 .930 5.02 x 10- 5

1.007 x.1O -3

360 
0O

-0



TABLE 1.3.2.3-4 

BUSES 2A, 3A, AND 6A DEENERGIZED FOR LONGER THAN 

AT = 60 MINUTES 

(Example Calculation - Median Values)

t 
(min) f23(t)(hr -1 ) L(t+60) 4DG(t+15) dDG(t+60) 4GT(45 ) bR(t+6 0) X(t,60)(hr 1 ).  

0+  3.4 x 10-5  .55 .100 .375 .89 .944 3.21 x 10- 5 

30 5.4 x 10-5  .67 .100 .375 .89 .959 5.18 x 10- 5 

60 4.8 x 10-5  .75 .100 .375 .89 .969 4.65 x 10-5 

90 •5.0 x 10-5  .81 .100 .375 .89 .976 4.88 x 10- 5 

120 5.6 x 10-5  .85 .100 .375 .89 .981 5.50 x 10-5 : 

150 5.6 x 10- 5  .86 .100 .375 .89 .983 5.50 x 10-5 

180 5.6 x 10-5  .88 .100 .375 .89 .985 5.52 x 10-5 

210 5.6 x 10-5  .89 .100 .375 .89 .986 5.52 x 10- 5 

240 5.6 x 10- 5  .89 .100 .375 .89 .986 5.52 x 10-5 

270 5.6 x 10- 5  .90 .100 .375 .89 .988 5.53 x 10- 5 

300 5.6 x 10- 5  .90 .100 .375 .89 .988 5.53 x 10-5 

330 5.4 x 10-5  .91 .100 .375 .89 .989 5.34 x 10- 5 

42(360) = 1.007 x 10-3 

26(0) = 6.91 x 10-4

R(60 )-= 0.944 

360 O+ x (t,60) =3.09 x 10
-4 .. . ..



TABLE 1.3.2.3-5

BUSES 2A, 3A, AND 6A DEENERGIZED FOR LONGER THAN 

AT = 90 MINUTES 

(Example Calculation - Median Values)

@ 23(360) = 1.007 x 10-
3

23(0)= 6.91 x 10-4 

-o0)= 0.981

J 360 ,,+ X (t,90) = 3.14 x 10-4 

0

0 0

t (min) f2-6(t)(hr -1 ) kL(t+90) DG(t+15) DG(t+90) tGT(75) WRt+90) X(t,90)(hr-1) 

0+  3.4 x 10- 5  .67 .100 .480 .99 .981 3.34 x 10-5 
30 5.4 x 10-5  .75 .100 .480 .99 .986 5.32 x 10-5 
60 4.8 x 10-5  .81 .100 .480 .99 .989 4.75 x 10
90 5.0 x 10- 5  .85 .100 .480 .99 .991 4.96 x 10- 5 

120 5.6 x 10-5  .86 .100 .480 .99 .992 5.56 x 10- 5 

150 5.6 x 10-  .88 .100 .480 .99 .993 5.56 x 10- 5 

180 5.6 x 10-5  .89 .100 .480 .99 .994 5.57 x 10- 5 

210 5.6 x 10-5  .89 .100 .480 .99 .994 5.57 x 10- 5 

240 5.6 x 10-5  .90 .100 .480 .99 .994 5.57 x 10-5 
270 5.6 x 10- 5  .90 .100 .480 .99 .994 5.57 x 10-5 

300 5.6 x 10- 5  .91 .100 .480 .99 .995 5.57 x 10-5 

330 5.4 x 10- 5 .93 .100 .480 .99 .996 5.38 x 10-5

0 0 0



TABLE 1.3.2.3-6

BUSES 2A, 3A, AND 6A DEENERGIZED FOR LONGER THAN 

AT = 180 MINUTES 

(Example Calculation - Median Values)

t (min) f2t-t(r 1  Lt10 D~+5 D~+8) @T (165 )  R(t+180) X(t,180 )(h r-1 ) 

0+  3.4 x,1O- 5  .85 .100 .670 .99 .995 3.38 x 10-5 

30 5.4 x 10-5  .86 .100 .670 .99 .995 5.37 x 10-5 

60 4.8 x 10-5  .88 .100 .670 .99 .996 4.78 x 10-5 

90 5.0 x 10-5  .89 .100 .670 .99 .996 4.98 x 10-5 
120 5.6 x 10- 5  .89 .100 .670 .99 .996 5.58 x 10-5 
150 5.6 x 10-5  .90 .100 .670 .99 .996 5.58 x 10

180 5.6 x 10-5  .90 .100 .670 .99 .996 5.58 x 10-5 

210 5.6 x 10-5  .91 .100 .670 .99 .997 5.58 x 10-5 

240 5.6 x 10-5  .93 .100 .670 .99 .998 5.59 x 10-5 

270 5.6 x 10-5  .94 .100 .670 .99 .999 5.59 x 10-5 

300 5.6 x 10-5  .96 .100 .670 .99 .999 5.59 x 10- 5 

330 5.4 x 10-5  .98 .100 .670 .99 .999 5.40 x 10-5 

-236(360) : 1.007 x 10
-3 

2-6(0) = 6.91 x 10-4 

W180)= 0.995

J 360 
0

X (t,180) = 3.15 x 10-4



TABLE 1.3.2.3-7

ALL BUSES DEENERGIZED FOR LONGER THAN 

AT = 30 MINUTES 

(Example Calculation - Median Values)

t 
(min) f 2- 6(t)(hr - 1)  kL(t+30) DG(t+15) tDG(t+30) GT(15) WRt+30) X(t,30)(hr-1) 

0+  2.2 x 10-6 .37 .070 .180 .11 .536 1.18 x 10-6 
30 2.2 x 10-6 .55 .070 .180 .11 .669 1.47 x 10-6 
60 2.76 x 10-5  .67 .047 .120 .11 .740 2.04 x 10-5 
90 2.4 x 10-6 .75 .047 .120 .11 .803 1.93 x 10-6 

120 3.0 x 10-6 .81 .047 .120 .11 .850 2.55 x 10-6 
150 3.2 x 10-6 .85 .047 .120 .11 .882 2.82 x 10-6 
180 3.6 x 10-6 .86 .047 .120 .11 .890 3.20 x 10-6 
210 4.0 x 10-6 .88 .047 .120 .11 .906 3.62 x 10-6 
240 4.2 x 10-6 .89 .047 .120 .11 .913 3.84 x 10-6 
270 4.4 x 10-6 .89 .047 .120 .11 .913 4.62 x 10-6 
300 4.4 x 10-6 .90 .047 .120 .11 .921 4.05 x 10-6 
330 4.6 x 10-6 .90 .047 .120 .11 .921 4.24 x 10-6 

,2356(360) = 5.-65 x 10

-2356(0. = 2.36 x 10-5 

R 30 ) = 0.536

0

X (t,30) = 2.67 x 10-5 

0@Q



0 0

TABLE 1.3.2.3-8 

ALL BUSES DEENERGIZED FOR LONGER THAN 

AT = 60 MINUTES 

(Example Calculation - Median Values)

(min) f2-356(t)(hr-
1 ),  kL(t+60) DG(t+15) 4DG(t+60) 4GT(45 ) R(t+6 0 ) X(t,60)(hr- l) 

0+  2.2 x 10-6 .55 .070 .330 .89, .948 2.09 x 10-6 

30 2.2 x 10-6 .67 .070 .330 .89 .962 2.12 x 10-6 

60 2.76 x 10-5  .75 .047 .220 .89 .970 2.68 x 10- 5 

90 2.4 x 10-6 .81 .047 .220 .89 .978 2.35 x 10-6 

120 3.0 x 10-6 .85 .047 .220 .89 .982 2.95 x 10-6 

150 3.2 x 10-6 .86 .047 .220 .89 .983 3.15 x 10-6 

180 3.6 x 10-6 .88 .047 .220 .89 .986 3.55 x 10-6 

210 4.0 x 10-6 .89 .047 .220 .89 .987 3.95 x 10-6 
240 4.2 x 10-6 .89 .047 .220 .89 .987 4.15 x 10-6 

270 4.4 x 10-6 .90 .047 .220 .89 .988 4.35 x 10-6 

300 4.4 x 10-6 .90 .047 .220 .89 .988 4.35 x 10-6 

330 4.6 x 10-6 .91 .047 .220 .89 .989 4.55 x 10-6 

42356(360) = 5.65 x 10-5 

@2356(0) = 2.36 x 10-5 

6 = 0.948 

X360 ..32 S O+ X (t,60) =3.22 x 10 - 5 '.



TABLE 1.3.2.3-9

ALL BUSES DEENERGIZED FOR LONGER-THAN 

AT = 90 MINUTES 

(Example Calculation- Median Values)

t 

(min) f2-3 56(t)(hr
-1 ) k(t+90) fDG(t+15) $DG(t+90) 'GT(75 ) R(t+90) X(t,90)(hr-1 ) 

2.2 x 10-6 .67 .070 .430 .99 .985 .2.17 x 10-6 
30 2.2 x 10-6 .75 .070 .430 .99 .989: 2.18 x 10-6 
60. 2.76 x 10- 5  .81 .047 .287 .99 .992 2.74 x 10- 5 
90 2.4 x 10-6 .85 .047 .287 .99 .994 2.39 x 10-6 

.120 3.0 x 10-6 .86 .047 .287 .99 .994 2.98 x 10-6 
150 3.2 x 10-6 .88 .047 .287 .99 .995 3.19.x 10-6 
180 3.6 x 10-6 .89 .047 .287 .99 .996 3.58 x 10-6 
210: 4.0 x-10 -6  .89 .047 .287 .99 .996 3.98 x 10-6 
240 4.2 x 10-6 .90 .047 .287 .99 .996 4,18-x 10-6 
270 4.4 x 10-6 .90 .047 .287 .99 .996 4.38 x 10-6 

300 4.4 x 10-6 .91 .047 .287 .99 .996 4.38 x 10-6 
330, 4.6'x 10-6 .  .93 .047 .287 .99 .997 4.59 x,10-6 

-23561360) = 5.65 x 10-5

-235(0)= 2.36 x 10-5 

R(,,90').= 0:.985

J 360 f 30 X (t,90) = 3.27 x i0-
5:'

tp+.

0 0 0



TABLE 1.3.2.3-10

ALL BUSES DEENERGIZED FOR LONGER THAN 

AT = 180 MINUTES 

(Example Calculation - Median Values)

t 
(mi n) f2-356(t)(hr - 1) kL(t+180) DG(t+I5) DG(t+180) ¢GT(165) R(t+180) X(t,180)(hr -1 ) 

0+  2.2 x 10-6 .85 .070 .630 .99 .996 2.19 x 10-6 

30 2.2 x 10-6 .86 .070 .630 .99 .996 2.19 x 10-6 

60 2.76 x 10-5  .88 .047 .420 .99 .996 2.75 x 10-5 

90 2.4 x 10-6 .89 .047 .420 .99 .996 2.39 x 10-6 

120 3.0 x 10-6 .89 .047 .420 .99 .996 2.99 x 10-6 

150 3.2 x 10-6 .90 .047 .420 .99 .997 3.19 x 10-6 

180 3.6 x 10-6 .90 .047 .420 ,99 .997 3.59 x 10-6 
210 4.0 x 10-6 .91 .047 .420 .99 .997 3.99 x 10-6 

240 4.2 x 10-6 .93 .047 .420 .99 .998 4.19 x 10-6 

270 4.4 x 10-6 .94 .047 .420 .99 .998 4.39 x 10-6 
300 4.4 x 10-6 .96 .047 .420 .99 .999 4.39 x 10-6 

330 4.6 x 10-6 .98 .047 .420 .99 .999 4.60 x 10-6 

42356(360) 5.65 x 10-5 

02356(0) = 2.36 x 10

R(180 ) = 0.996

f 360 0+
X (t,180) = 3.28 x i0-5
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1.3.3 SUPPORTING ANALYSES 

Specializations of the detailed systems analyses (Sections 1.5.2 S 
and 1.6.2, and analyses of additional simple functions) were required 
for some of the event tree functions. Short analyses for those 
functions that rely heavily on the detailed work in Sections 1.5.2 and 
1.6.2 are provided here with their quantification. The analyses are 
coded in agreement with the associated event tree notation used later in 
Section 1.3.4. Variations on the failure of the following functions are 
examined: 

1. Refueling Water Storage Tank 
2. Turbine Trip 
3. Main Steam Isolation Valve Closure 
4. Reactor Trip 
5. High Head Injection 
6. Auxiliary Feedwater and Secondary Cooling 
7. Recirculation Cooling 
8. Reactor Coolant Pump Seal LOCA 
9. Operator Actions 

10. Safeguards Actuation 
11. ATWS Pressure Relief 

1.3.3.1 Refueling Water Storage Tank 

The refueling water storage tank provides the borated water (greater 
than 2,000 ppm) for emergency coolant injection and containment spray in 
case of a LOCA. It also supplies the water for bleed and feed cooling 
and primary makeup during cooldown. The success criterion in this 
analysis is that the tank must contain more water than required by the 
technical specifications. Lesser quantities of water could keep the.  
core intact, but all analyses have been performed based on the specified 
water level. The system consists of the stainless steel tank and its 
water but no valves.  

The RWST level is alarmed in the control room to assist in detection of 
deviations from the desired water level. Each of the following compo
nents has a suction line from the RWST: 

* Containment spray pumps (shared suction line).  
* Safety injection pumps (shared suction line).  
e Residual heat removal (RHR) pumps (shared suction line).  

To assess the unavailability of the RWST over its mission time, the 
following failure rate for large unpressurized tanks from WASH-1400 is 
used: 

Mean: 8.48 x 10-10 (failure per hour) 

Variance: 5.10 x 10-7 

The tank level is checked and recorded at least once per shift at 
Indian Point; i.e., every 8 hours., This observation is backed up by
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alarms. The injection phase lasts between approximately 20 minutes and 
12 hours, depending on the leak size. Using an 8-hour test interval and 
a maximum mission time of 24 hours, the unavailabilty for the RWST is 

Mean: 2.37 x 10-8 

Variance: 5.10 x 10-17 

1.3.3.2 Turbine Trip 

Failure of turbine trip can be divided into three events: (1) no trip 
signal, (2) given a trip signal, the. trip does not actuate, and (3) 
given successful actuation, the turbine stop valves and control valves 
do not close. The fault tree for the failure of turbine trip is 
:presented in Figure 1.3.3-1. The probabilities for failure of these 
three basic events are discussed and presented in the following 
paragraphs.  

1. No Trip Signal. In cases of transients with reactor trip, the trip 
signal for the turbine comes from auxiliary contacts on the reactor 
trip breakers. A signal from either reactor trip breaker opening 
causes a turbine trip signal. In the event trees, questions 
concerning the event "turbine trip" follow questions concerning 
success of the reactor protection system. If the reactor protection 
system has failed--which includes failure of both reactor protection 
system logic trains--the event "turbine trip" is considered 
separately in the ATWS event tree.  

The frequency of failure assigned to the event "no trip signal" is 10-8.  
This is because questions concerning the trip signal are included in 
the probability of failure of the reactor protection system.  

2. Trip Does Not Actuate Given a Successful Trip Signal. The signal 
from the reactor trip breakers goes to two solenoid valves in the 
turbine control system. Opening of either solenoid valve discharges 
the high pressure electrohydraulic control (EHC) oil for the turbine 
stop and control valves. Because these valves are similar to the 
solenoid valves associated with air-operated valves, the probability 
of failure on demand of these solenoid valves can be used here as 
well (Item 8 in the failure data tables of Section 1.5.1). This 
probability of failure has the following distribution: 

Mean: 1.44 x 10-3 

Variance: 7.93 x 10-7 

For two valves in parallel, the probability of failure of the trip 
given a successful trip signal has the following distribution: 

Mean: 2.84 x 10-6 

Variance: 2.03 x 10-11
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3. Failure of the Turbine Stop Valves and Control Valves Given 
Successful Actuation. There are four main steam lines to the high 
pressure turbine. Each line contains a turbine stop valve and a 
turbine control valve. Closure of either valve in each line 
successfully trips the turbine.  

These valves are hydraulically opened and spring closed. They 
operate with spring pressure in a manner similar to a relief valve.  
Therefore, the probability of failure on demand of a relief valve 
can be used as the probability of failure of a single turbine stop 
valve or turbine control valve.  

In WASH-1400, the probability of failure on demand of a single 
relief valve is 1.0 x 10-5 with a range factor of 3. Using the 
5th and 95th percentile values obtained With this range factor as 
the 20th and 80th percentile values of a broad distribution (as 
described in the methodology section of this report), the distri
bution for the probability of failure on demand of a single valve is 

Mean: 2.43 x 10-5 

Variance: 3.26 x 10-9 

For two valves in series and four lines, the distribution for the 
probability of failure for the event failure of the turbine stop 
valves and control valves, given successful actuation is 

Mean: 1.42 x 10-8 

Variance: 1.12 x 10-13 

The probability of failure of turbine trip is the sum of the 
failures of the individual events. This failure probability is 
represented by the following distribution and is used in the event 
trees in which questions concerning turbine trip following a 
successful reactor trip are asked: 

Mean: 2.85 x 10-6 

Variance: 1.89 x 10-11 

1.3.3.3 Failure of Main Steam Isolation Valves to Close 

This event is defined as the failure of one or more MSIVs to close on 
demand. Automatic closure signals should be generated in the steam line 
break transient event trees. Only manual signals are present in the 
other event trees.  

Each MSIV is an air opened reverse seating check valve (see 
Figure 1.3.3-2). The air (piston) operator is an air-to-operate 
spring-to-close mechanism. Air is controlled by four solenoid valves, 
two series supply valves and two parallel exhaust valves. One of each 
must operate to vent the air and trip the MSIV.
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Main steam pressure closes the valve (positively) when air pressure is 
released. In 1974, each plant had one failure to close on demand with 
the steam generators pressurized. There has been one failure at 
Indian Point 2 and two failures at Indian Point 3 of the valve to close 
during testing. Testing is performed during plant cold shutdown 
conditions and is not typical of normal plant operating conditions.  
Therefore, the test failures are not representative of the true valve 
failure probability on demand. The fact that there have been no 
failures since 1974 for the valves with the plant at elevated temper
ature and pressure indicates that the failure probability may be lower 
than implied by the test program. Based on engineering judgment, the 
frequency of MSIV failure on demand has been assigned a median value of 
3 x 10-3 and a range factor of 3. This results in the following 
distribution for failure of an MSIV to close on demand: 

Mean: 3.75 x 10- 3 

Variance: 7.90 x 10-6 

Based on the simplified fault tree of Figure 1.3.3-3, the DPD equation 
used for the event MSIV failure to close on demand (any one of four 
valves) is: 

P(F) = Signal failure + 4 (MSIV failure + 2 AOV2 ) 

IP 2 IP 3 

Signal failure: 6.8 x 10-7  6.8 x 10- 7  (mean) 
6.4 x 10-12 6.4 x 10-12 (variance) 

MSIV failure: 3.75 x 10- 3  3.75 x 10-3  (mean) 
7.90 x 10-6 7.90 x 10-6 (variance) 

AOV failure: 7.47 x 10- 4  4.95 x 10- 4  (mean) 
4.05 x 10-7  4.03 x 10-7  (variance) 

leading to the following results: 

IP 2 IP 3 

MSIV (failure: 1.5 x 10-2 1.5 x 10-2 (mean) 
to trip on demand) 1.2 x 10-4  1.2 x 10-4  (variance) 

1.3.3.4 Reactor Trip 

Six events are listed under the symbol K for reactor trip in the event 
trees. These all use segments of the reactor protection system analysis 
from Sections 1.5.2 and 1.6.2.
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1. K-i--Reactor Trip Signal. The unavailability of a signal from the 
appropriate protective instrumentation to the reactor protection 
logic trains.  

K-i: 

5th Median 95th Mean 

IP 2 5.2-11 9.0-9 6.7-7 4.6-7 

IP 3 5.0-11 1.0-8 6.0-7 4.6-7 

2. K-2--Automatic Reactor Trip Given a Reactor Trip Signal. The 
unavailability of K-2 is that of the scram breakers, wiring, and the 
CRDMs themselves.  

K-2:

3. K-3--Automatic Reactor T 
failure of K-1 or K-2.

rip and RT Signal. Failure of K-3 is simply 
Its value is numerically equivalent to K-2.

4. K-4--Manually Deenergize and Rods Drop.' This event appears only in 
the ATWS event tree. It requires a successful manual trip of the 
reactor within 10 minutes of an ATWS event. If the reactor trip 
failed because no automatic signal was generated, the operator may 
generate a manual trip signal directly to the trip breakers or 
through the protection logic. If this action fails, the operator 
can trip the control rod power supply motor-generator set supply 
breakers. If the reactor trip failed because of the failure of the 
released rods to insert, no action is possible. The fault tree for 
K-4 is given in Figure 1.3.3-4. The model for initial human 
response to a demand for low pressure recirculation, developed in 
Sections 1.5.2 and 1.6.2, also applies to this case in terms of 
number of operators available, training, and timing of response.
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The unavailability for completing a reactor trip within 10 minutes 
following ATWS is: 

P(RT failed by logic)P(operator fails to initiate manual trip) 

+ P(RT failed by electrical fault)P(operator fails to deenergize 

system) + P(RT failed by individual RCCAs failing to insert).  

The results are: 

K-4: 

5th Median 95th Mean 

IP 2 3.7-5 1.9-3 2.3-2 4.8-3 

IP 3 4.0-5 1.9-3 2.3-2 4.8-3 

5. K-5--Automatic Runback. Automatic runback is grouped with K, 
reactor trip, because if rod control is in AUTO, the control rods 
will insert following turbine runback. The runback is generated 
from the overpower AT circuitry. If the runback is not 
successful, a reactor trip should develop.  

Mean: 1.0 x 10-3 (failure per demand) 

1.3.3.5 High Head Injection, HH 

Two high head events are used in the event trees and special analysis 
that follow. Both are quantified and described in detail in 
Sections 1.5.2 and 1.6.2.  

1. HH-1--High Head Injection for the Medium LOCA, ET-2. Success 
requires that two out of three safety injection pumps deliver water 
to the reactor coolant system.  

2. HH-2--High Head Injection for the Small LOCA, ET-3. Success 
requires that any one out of three safety injection pumps deliver 
water to the reactor coolant system.  

1.3.3.6 Auxiliary Feedwater and Secondary Cooling 

Auxiliary feedwater provides the preferred cooling mechanism during all 
transients and accidents except the larger LOCAs. Core heat is trans
ferred to the steam generators by forced or natural convection.  
Secondary side water supplied by the AFWS is boiled and the steam is 
removed to the main condenser through the turbine bypass valves or to 
the atmosphere through the power-operated steam relief valve or the five 
steam safety valves. The AFWS-secondary cooling event is analyzed under 
normal and ATWS conditions.
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As a bounding approximation, only the five safety valves on one steam 
generator are modeled. Failure of heat removal occurs only if all five 
valves fail to open. From the data appendices, Sections 1.5.1 and 1.6.1, 
the failure rate on demand for each valve is: 

Mean Variance 

IP 2 1.11-6 1.67-12 
IP 3 1.44-6 3.48-12 

Even for the most severe common cause failure conditions equivalent to 
no redundancy, failure of the safety valves to lift would be no greater 
than this value for a single valve.  

1. Normal AFWS and Secondary Cooling, L-1. A fault tree for Event L-1 0 
is given in Figure 1.3.3-5. The criterion for AFWS success in 
removing decay heat of flow from at least one pump to at least one 
steam generator is supported by recent calculations (Reference 1.3-7) 
in response to the NRC's short-term-lessons-learned requirements 
(Reference 1.3-8). Nevertheless, the AFW system is analyzed under 
the conservative criteria of delivering water to at least two steam 
generators. Under these conditions, reactor coolant system pressure 
is maintained below the pressurizer PORV setpoints for realistic 
cases. Therefore, primary relief and safety valves neither lift nor 
need to reseat. Combining the AFWS analysis results with the recent 
heat removal capability results, the unavailability for Event L-1 is: 

L-l: 

5th Median 95th Mean 

IP 2 
Power at Buses 

2A,3A,5A,6A 2.75-6 1.06-5 4.67-5 1.94-5 
2A,3A,6A 2.75-6 1.06-5 4.67-5 1.94-5 
2A,3A,5A 7.03-5 1.31-4 2.79-4 1.59-4 
5A,6A 7.03-5 1.31-4 2.79-4 1.59-4 
2A,3A 7.03-5 1.31-4 2.79-4 1.59-4 
6A7.03-5 1.31-4 2.79-4 1.59-4 
5A 3.88-3 9.69-3 3.55-2 -1.36-2 

No Power 3.88-3 9.69-3 3.55-2 1.36-2 

IP 3 
Power at Buses 

2A,3A,5A,6A 1.07-6 7.63-6 8.16-5 1.50-5 
2A,3A,6A 1.07-6 7.63-6 8.16-5 1.50-5 
2A,3A,5A 4.43-5 9.08-5 1.98-4 1.08-4 
5A,6A 4.43-5 9.08-5 1.98-4 1.08-4 
2A,3A 4.43-5 9.08-5 1.98-4 1.08-4 
6A 4.43-5 9.08-5 1.98-4 1.08-4 
5A 5.35-3 1.15-2 3.07-2 1.57-2 

No Power 5.35-3 1.15-2 3.07-2 1.57-2
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2. AFWS and Secondary Cooling During ATWS, L-2. A fault tree for 
Event L-2 is given in Figure 1.3.3-6. It is identical to Event L-1 
except that additional flow is required to limit the primary system 
pressure spike (Reference 1.3-9). The success criterion for L-2 is: 

e Flow from both motor-driven pumps or from the turbine pump to 
all four steam generators.  

Data developed in the AFWS analyses of Sections 1.5.2 and 1.6.2 are 
used to quantify the fault tree. The resulting unavailability for 
Event L-2 is: 

L-2: 

5th Median 95th Mean 

IP 2 
Power at Buses 
2A,3A,5A,6A 3.80-3 6.99-3 1.52-2 8.55-3 
2A,3A,6A 3.80-3 6.99-3 1.52-2 8.55-3 
2A,3A,5A 7.08-3 1.14-2 2.02-2 1.30-2 
5A,6A 7.08-3 1.14-2 2.02-2 1.30-2 
2A,3A 7.08-3 1.14-2 2.02-2 -1.30-2 
6A 7.08-3 1.14-2 2.02-2 1.30-2 
5A 9.37-3 1.59-2 3.09-2 1.86-2 

No Power 9.37-3 1.59-2 3.09-2 1.86-2 

IP 3 
Power at Buses 

2A,3A,5A,6A 4.25-3 8.55-3 2.05-2 1.09-2 
2A,3A,6A 4.25-3 8.55-3 2.05-2 1.09-2 
2A,3A,5A 7.41-3 1.27-2 2.49-2 1.50-2 
5A,6A 7.41-3 1.27-2 2.49-2' 1.50-2 
•2A,3A 7.41-3 1.27-2 2.49-2 1.50-2 
6A 7.41-3 1.27-2 2,49-2 1.50-2 
5A 9.58-3' 1.71-2 3.58-2. 2.06-2 

No Power 9.58-3 1.71-2 3.58-2 2.06-2 

1.3.3.7 Recirculation Cooling 

Three cases of recirculation cooling appear in the event trees.  

1. R-1 - Low Pressure Recirculation. This applies to the large and 
medium LOCAs and is examined in detail in the recirculation system 
analyses of Sections 1.5.2 and 1.6.2. As an upper bound, the split 
fraction for recirculation system failure calculated for the case in 
which fan coolers are not available is used for all sequences. The 
analyses of Sections 1.5.2 and 1.6.2 include a model for failure of 
the operator to recognize the need to shift to recirculation 
cooling. The model and associated quantification is judged to apply 
to the broader recognition that continued safety injection is 
required until the time for shifting to recirculation cooling is 
reached.
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2. R-2 High Pressure Recirculation. This applies to the small LOCA and 
is analyzed in Sections 1.5.2 and 1.6.2. As an upper bound, the 
split fraction for recirculation system failure calculated for the 
case in which fan coolers are not available is used for all 
sequences. The analyses of Sections 1.5.2 and 1.6.2 include a model 
for failure of the operator to recognize the need to shift to recir
culation cooling. The model and associatedquantification is judged 
to apply to the broader recognition that continued safety injection 
is required until the time for shifting to recirculation cooling is 
reached. Thus, this analysis includes the error made at TMI of 
failing to recognize the need for continued injection. Failure to 
shift to recirculation or failure to continue injection results in 
severe core damage and is considered to progress to melt in the 
event tree analysis; i.e., failure probability conceptually includes 
initial failure and failure to recover.  

Under small LOCA conditions, it is highly probable that the oper
ators will depressurize and cool down the reactor coolant system 
thereby effectively terminating the LOCA long before high pressure 
recirculation is required. The analyses and quantifications 
presented in Sections 1.5.2 and 1.6.2, with respect to the number of 
operators and time available for switching to high pressure recircu
lation, also apply to the more probable cooldown scenario. Either 
case, if successful, leaves the plant in a stable configuration.  

3. R-3 Recirculation Cooling. This applies to transient event tr~e 
sequences in which early cooling is supplied through the bleed and 
feed procedure. Eventually the operator must: 

* Terminate the bleed operation and shift to RHR cooling, 

* Shift to high pressure recirculation, or 

Depressurize the RCS below 150 psig and shift to loW pressure 
recirculati on.  

The timing, kinds of decisions, equipment required, and number of 
operators available are essentially the same as for R-2. Although 
R-3 is functionally similar to R-2, the calculation of R-3 is 
complicated by differences between the LOCA and transient event 
trees.  

The transient tree structure was simplified for greater functional 
clarity by not explicitly showing two support systems--service water
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and component cooling water. While the tree structure is easier to 
follow, the calculations are more involved because: 

0 The success of R-3 depends on recirculation or RHR pump cooling 
and recirculating water cooling. More explicitly stating those 
requirements: 

[success of CCW to the recirculation or RHR pumps which requires 

success of service water to the CCW heat exchangers] 

AND 

{[success of the CCW to the RHR heat exchangers which also 
requires success of service water to the CCW heat exchangers] 

OR 

[success of fan cooling which requires success of service water 
to the fan coolers]}.  

The success of CF-2 (fan coolers) is now probabilistically.  
dependent on R-3 since R-3 is functionally dependent on both 
service water and fan coolers; i.e., the analyst's state of 
knowledge about fan cooler operation changes when the status of 
R-3 is known.  

Derivation of the expression for frequency of failure of R-3 and 
conditional frequency of failure of CF-2 is straightforward. Define 
the following frequencies: 

F1 = f(high head recirculation failsifan coolers are failed).  

F2 = f(high head recirculation failsifan coolers succeed).  

F3  f(fan coolers faillservice water succeeds).  

F4  f(service water fails).  

F5 = f(component cooling fails).  

F1 , F2 , F3 , F4, and F, are tabulated in the systems 
analyses of Sections 1.5.2 and 1.6.2. Using the rule of conditional 
probability (Bayes' theorem) and simplifying the expressions for the 
case when each frequency of success is nearly one: 

F(R-3 fails) = (F1 x F3 ) + F2 + F4 + F5 

F(CF-2 fails) = F(fan coolers failIR-3 fails) 

F(R-3 fails fan coolers fail)F(fan coolers fail) 

F(R-3 fails) 

= [(F1 + F4 ) x (F3 + F4 )]/F(R-3 fails)
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Appropriate values of the failure frequencies for R-3 and CF-2 are 
tabulated with each event tree quantification in Sections 1.3.5 
and 1.3.6.  

1.3.3.8 Reactor Coolant Pump Seal LOCA, LS 

The reactor coolant pump seals are normally supported by a flow of seal 
injection water. If the seal 'injection flow stops, the reactor coolant.  
is cooled in the thermal barrier region of the RCP by component cooling 
water and flows through the seals. Should component cooling water also 
b6 lost, the hot reactor coolant would flash while passing through the 
seals and could be expected to' eventually cause'seal failure after at 
least 30'minutes. A total leak rate of 1,200 gpm from all four pumps 
might occur (Reference 1.3-10).  

Loss of both seal injection and component cooling water is very unlikely 
unless the electric power system is in a degraded state. .Furthermore, 
such states are very unlikely unless a loss of offsite power initiating 
event has occurred. Therefore, Event LS is only modeled in the turbine 
trip, loss of offsite power event tree, ET-11b. A more detailed 
discussion of Event LS and the possible recovery modes is given in 
Section1i.3.2. The following quantification is based on the 'analyses of 
Sections 1.5.2 and 1.6.2.  

Frequency of Event LS 

5th Median 95th Mean 

IP 2 
Power at Buses 

2A,3A,5A,6A 2.6-6 7.6-6 2.2-4 1.0-5 
2A,3A,6A 1.6-4 4.5-4 1.3-3 6.1-4 
2A,3A,5A 2.6-6 7.6-6 2.2-4 1.0-5 
5A,6A 2.8-3 76-6 2.2-4 6.5-3 
2A,3A 1.6-4 4.5-4 1.3-3 6.1-4 
6A - - - 1.0 
5A 2.8-3 5.7-3 9.9-3 6.5-3 

No Power - - 1.0 

IP3 
Power at Buses 

2A,3A,5A,6A 4.1-8 1.9-7 9.1-7 3.0-7 
2A,3A,6A 3.8-6 1.9-5 9.2-5 3.0-5 
2A,3A,5A 3.8-6 1.9-5 9.2-5 3.0-5 
5A,6A 3.8-6 1.9-5 9.2-5 3.0-5, 
2A,3A 4.3-4 3.4-3 1.2-3 1.5-3 
6A 4.3-4 3.4-3 1.2-3 1.5-3 
5A 4.3-4 3.4-3 1.2-3 1.5-3 

No Power - - 1.0 

0,
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1.3.3.9 Operator Actions (OP)

Operator actions (OP) required to determine the course of the sequence 
were used as top events in several of the event trees. The models used 
and the quantification of each of the OP designations will be described 
here.  

The OP top events used numbers OP-1, OP-2, OP-3, OP-4 and OP-5, with data as follows: 

OP Data: Mean Variance 

IP 2 
Block valve (MOV) fails to open 7.47-4 4.05-7 
PORV fails to open 2.31-3 1.23-6 
HH-2: Power at buses 2A, 3A, 5A, 6A 1.20-4 1.00-8 

Power at buses 5A, 6A 1.90-4 1.00-7 
Human error, low pressure injection 4.75-3 6.00-4 
Human error, high pressure injection 3.46-4 3.19-6 
Relief safety valve 1.11-6 3.67-12 

IP 3 
Block valve (MOV) fails to open 1.51-3 2.64-6 
PORV fails to open 4.98-4 4.03-7 
HH-2: Power at buses 2A, 3A, 5A, 6A 1.35-4 1.20-8 

Power at buses 5A, 6A 1.41-4 1.20-8 
Human error, low pressure injection 4.75-3 6.00-4 
Human error, high pressure injection 3.46-4 3.19-6 
Relief safety valve 1.44-6 3.48-12 

1. OP-1--Primary Bleed. OP-1 is used in ET-3, small loss of coolant 
accident: ET-5, steam break inside containment, and ET-6, steam 
break outside containment. The sequence of interest for this event 
is for the operator to establish primary feed and bleed given that 
the secondary cooling capability is failed. A high head safety 
injection pump has been successful in the event tree. The operator 
must now: 

a. Recognize that secondary cooling is lost.  

b. Recognize that the size of the break is too small to provide 
adequate cooling; i.e., reactor coolant system pressure is so 
high that flow from the safety injection pump is limited.  

c. Open both power-operated relief valves and their associated 
block valves.  

d. Verify that the primary system is stabilized with heat removal 
being equal to or greater than heat generation rate.
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A simple fault tree is given in Figure 1.3.3-7. The time response 
for the function which the operator must perform is not immediate.  
It is considered a low stress condition. The recognition depends S 
on: (1) the reactor operator, (2) the senior reactor operator, 
(3) the watch supervisor (Indian Point 2) or shift supervisor 
(Indian Point 3), or (4) the shift technical advisor. The timing 
and stress are such that the quantification of the operator's 
response to recognize the need for high pressure recirculation 
(Sections 1.5.2 and 1.6.2) is judged to apply. Yalve failure data 
is taken from the data appendices, Sections 1.5.1 and 1.6.1. For a 
small LOCA, the action must occur between the time that the 
auxiliary feedwater fails and the time after the steam generators 
boil dry. If the relief valve is opened too late, the primary 
pressure will remain so high that the safety injection p.umps will 
not be able to supply enough flow to provide adequate co01in g' 
(Reference 1.3-7). The primary system would have to boil/blow down 
before core melt would begin.  

Following the EPRI sponsored relief valve testing in late 19810, it 
became apparent that some motor-operated block valves might not be 
able to close under system pressure. A series of tests demonstrated 
that by resetting the motor torque switches, ,the valves would 
operate as well as implied by the previous data. Indian Point 2 has 
these valves and has reset the torque switches in accordance with 
revised manufacturer's recommendations. The valves at Indian Point 3 
have not been through this test program. The ability of the valves 
to open as required in this analysis was not questioned by the test 
program.  

The PORVs are powered by AC instrument buses but both normally 
closed block valves are powered via ESF buses 5A and 6A. The 
calculated unavailabilities for OP-I are: 

OP-I: 

5th Median 95th Mean

IP 2 
Power at Buses 

2A,3A,5A,6A 3.0-3 5.7-3 1.1-2 6.2-3 
2A,3A,6A - - - 1.0 
2A,3A,5A - - - 1.0 
5A,6A 3.0-3 5.7-3 1.1-2 6.2-3 
2A,3A - - - 1.0 
6A - - - 1.0 
5A - - - 1.0 

No Power - - - 1.0

0 

S 

0
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OP-I:

5th
t r

Median 95th Mean

IP 3 
Power at Buses 

2A,3A,5A,6A 1.7-3 3.7-3 1.0-2 4.4-3 
2A,3A,6A ..... 1.0 
2A,3A,5A - - - 1.0 
5A,6A 1.7-3 3.7-3 1.0-2 4.4-3 
2A,3A - - 1.0 
6A . ... 1.0 
5A - - - 1.0 

No Power - 1.0

2. OP-2--Operator Feed and Bleed. OP-2 is used in ET-7, Loss of Main 
Feedwater; ET-8, Closure of One MSIV; ET-9, Loss of Primary Flow; 
ET-IO, Core Power Excursion; ET-11, Turbine Trip; ET-12, Reactor 
Trip. The sequence of interest for these events is for the operator 
to establish primary feed and bleed given that a reactor trip has 
occurred and secondary cooling has failed. The operator must: 

a. Recognize that auxiliary feedwater and secondary heat removal 
has failed.  

b. Start a safety injection pump (if pressure is low enough) and 
establish valve lineup if needed.  

c. Open both power-operated relief valves and their associated 

block valves.  

d. Verify that adequate heat removal is taking place.  

A simplified fault tree is given in Figure 1.3.3-8. Note that this 
event is identical to OP-1 except that one high head pump must 
deliver water. The event can be modeled as failure equals: 
OP-1 fails or, HH-2 fails.
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Therefore, the unavailability for OP-2 is: 

OP-2: 

5th Median 95th Mean 

IP 2 
Power at Buses 

2A,3A,5A,6A 3.1-3 5.8-3 1.1-2 6.4-3 
2A,3A,6A - - - 1.0 
2A,3A,5A - - - 1.0 
5A,6A 3.3-3 6.1-3 1.2-2 6.4-3 
2A,3A - - - 1.0 
6A - - - 1.0 
5A - - - 1.0 

No Power - - - 1.0 

IP 3 
Power at Buses 

2A,3A,5A,6A 1.2-3 3.7-3 8.1-3 4.5-3 
2A,3A,6A - - 1.0 
2A,3A,5A - - - 1.0 
5A,6A 1.7-3 3.8-3 8.1-3 4.5-3 
2A,3A - - - 1.0 
6A - - - 1.0 
5A - - - 1.0 

No Power .... 1.0 

3. OP-3--Operator Controls Transient. OP-3 is used in event tree ET-8, 
Closure of One MSIV, and ET-IO, Core Power Excursion. The sequence 
of interest is for the operator to stabilize the reactor coolant 
system given the initiating event, thereby terminating the 
transient. These operator actions are taken without tripping the 
plant and result in a controlled plant shutdown.  

OP-3 is included, since operator action for these cases could be 
effective. If turbine and reactor trip do not occur in ET-8, 
Closure of One MSIV, operator action results in the plant operating 
in a three loop mode until it is shut down in a controlled manner in 
accordance with normal operating procedures. The situation is 
possible if the plant was at low power levels when the MSIV was 
closed. If no reactor trip occurs, the plant should easily 
stabilize and no core damage would ensue. Therefore, OP-3 is 
assigned an unavailability of 0.0 in ET-8.  

For ET-IO, Core Power Excursion, the operator can take action by 
emergency borating or manually inserting control rods or changing 
power level on the turbine-generator. Here, positive action ends 
the transient while failure simply calls upon the next level of 
protection. While the time to act before backup measures are A.n
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encountered can be fairly short (less than 15 minutes), the stress is 
low and the backup systems actuation alert the operators. Operator 
response is considered to be well represented by the model for 
recognizing the need for high pressure recirculation presented in 
Sections 1.5.2 and 1.6.2.  

OP-3: 

5th Median 95th Mean 

IP 2 3.5-6 6.8-5 2.1-3 3.5-4 

IP 3 3.3-6 6.6-5 1.3-3 3.5-4 

4. OP-4--Operator Depressurize and Stabilize. OP-4 is used in event 
tree ET-4, Steam Generator Tube Break. Following a steam generator 
tube break, the emergency operating procedures instruct the operator 
to depressurize the primary system to a pressure less than the steam 
generator relief setpoint to prevent release to the environment and 
to a pressure equal to that in the steam generator to stop the flow 
of primary water to the secondary system. The procedure includes 
cooling the primary through the intact steam generators to maintain 
pressure control.  

The success of OP-4 terminates this event; therefore, it is of 

interest.  

The operator must: 

a. Recognize that a steam generator tube break has occurred.  
b. Follow emergency operating procedure instructions.  
c. Control safety injection as necessary.  

In this event, the operator is operating under moderate stress. The 
plant depressurization to steam generator pressure may occur, for 
the most part, on its own. Safety injection operates to restore 
primary inventory. The operator could do nothing for a long period 
of time. In this mode, the water/steam would eventually pass 
through the steam generator relief valves on the affected steam 
generator, but the core would be adequately cooled. However, the 
operator is trained to prevent this; therefore, he would take action 
within the first 30 to 45 minutes.  

The success of OP-4 depends on proper equipment operation.  

The quantification is numerically identical to OP-2.  

5. OP-5--Rods in By 1 Minute and OP-6--Manually Deenergize and RCCAs 
Fall: Manual Actions to Shut Down the Reactor in ET-13, ATWS.  
FoTowing ATWS, some initial rapid actions by the operators are 
nearly certain to occur. If the situation continues to degrade, 
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stress builds and proper interpretations and successful actions 
become less likely. Peak reactor coolant system pressures occur0 
at about 2 minutes into the transients, so early actions must-occur 
q u ick ly.  

First, all operator s we have observed and interviewed respond to 
plant trip signals by immediately checking for turbine-generator 
trip (and decreasing load) and reactor trip (rod bottom lights).0 
This is an almost automatic or "second ntr" response with no 
hesitation (incredulity response) about completing those actions 
(trip the turbine-generator if it has not tripped, trip the reactor 
if it has not tripped, and carry out the required actions to shut 
down the reactor if reactor trip fails). Also even though ATWS is 
hypothesized to have potentially severe effects, operators are 
confident about their own and their plant's performance under such 
conditions. The stress level would not immediately be especially 
high. Second, as clearly laid out in the-recirculation system 
analysis (Section 1.5.2), four people are usually available in the 
control room. Two of the four are control board operators and at 
least one of them has a senior reactor operator's (SRO) license.  
The remaining two are the watch supervisor at Indian Point 2 (called 
the shift supervisor (SS) at Indian Point 3) who has an SRO license 
and the shift technical advisor (STA). The shift technical advisor 
does not have an operator's license but has been trained in the 
mechanics of accident control and plant response characteristics.  
Of the available personnel, two reactor operators (an RO and an SRO) 
are in the control room at all times. So even in the first 
2 minutes, two operators are available to support the ATWS. The SS'0 
and STA may also be involved within the first 2 minutes. Both are 
most likely there, but may be in an adjacent area or anywhere else 
in the plant. From discussions with plant operators, we believe the 
following discrete probability distribution is a reasonable model of 
the mean response time for the SS to arrive in the control room: 

Time for SS to Reach 
Control Room (minutes) Probability 

0 0.35 
0-1 (0.5) 0.30 
1-5 (3) 0.20 
5-20 (12.5) 0.15 

We assign a probability of 0.5 that the STA is in the control room 
and give no credit for his arrival and participation within 
2 minutes if he is not there initially.  

Let us break the human response into two components: recognizing 
the failure to trip, and performing the required actions to protect 
the plant. In the recognition phase, it is only necessary to 
observe the presence of a trip condition and no actual reactor trip; 
i.e., no rod bottom lights. High readings on nuclear instruments 
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reinforce this observation. For this phase, we see little or no 
dependence among the operators and model the situation as low 
dependence.  

From the earlier discussion and the remarks on page 17-9 of the 
handbook for "second nature" responses, it seems appropriate to 
consider the stress level optimum. The basic human error 
probability for this situation is 0.003. Then for low dependence, 
the second RO's human error probability (HEP) is 

1 + 19(.003) -0.05 
20 

Since the STA and SS, if they are in the control room, will not 
respond as quickly and thus have less time to recognize the ATWS 
condition, we multiply their HEP by 2; i.e., 0.1. If the SS arrives 
in the control room within 1 minute, we again double his HEP to 
0.2. Therefore, the total HEP for failing to discover the ATWS 
condition is 

0.5{0.35[0.003 x 0.05 x 0.1 x 0.1] + 0.30[0.003 x 0.05 X 0.1 x 0.21 

+ 0.35[0.003 x 0.05 x 0.111 + 0.5{0.35[0.003 x 0.05 x 0.1] 

+ 0.30[0.003 x 0.05 x 0.2].+ 0.35[0.003 x 0.05]} = 3.67 x 10-5.  

After acknowledging very broad uncertainty in these results by 
assuming a lognormal distribution and assigning a range factor 
of 20, the mean HEP for recognizing the ATWS condition is 
1.93 x 10- 4 .  

The first actions required of the operators, to manually trip the 
reactor and the turbine, are of a routine or automatic nature. To 
quote the handbook (page 17-9), "If personnel at a plant indeed 
have such frequent practice that the tasks in question could be 
regarded as 'second nature,' the HEPs assigned to the moderately 
high level of stress will not apply, as the stress level will be 
closer to optimum." We expect the manual trip to be attempted 
immediately, before the real significance of the ATWS condition is 
appreciated. Nevertheless, because the timing is short, we double 
the basic HEP; i.e., 0.006. Then for low dependence, the second 
RO's HEP is 

1 + 19(.006) 20 - 0.056 20 
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As above, we double this to 0.111 for the STA and the SS if they are 
in the control room and double it again if the SS arrives within the 
first minute. Thus, the total HEP for failing to initiate a manual 
reactor trip is 

0.5{0.3510.006 x 0.056 x 0.111 x 0.111] + 0.30[0.006 x 0.056 x 0.111 

x 0.222] + 0.35[0.006 x 0.056 x 0.111]} + 0.510.35[0.006 x 0.56 x 0.111] 

+ 0.30[0.006 x 0.056 x 0.222] + 0.35[0.006 x 0.056]} = 1.62 x 10-4 

Assigning a range factor of 20, the mean HEP is 8.48 x 10-4 .  

If the reactor still has not tripped, it is apparent to the 
operators that a very unexpected condition exists. Despite their 
extensive training for this situation, we believe the operators will 
feel high stress as they begin to carry out the ATWS emergency 
procedure. The first step after attempting the manual trips of the 
reactor and turbine is to open the normal supply breakers for 480V 
buses 2A and 6A which supply the rod drive motor generator sets.  
Alternatively, the operator could manually drive in the control 
rods. We consider the action to drive rods here and address 
deenergizing the motor generator sets later. If either action 
begins within 1 minute, it should successfully terminate the ensuing 
pressure rise. Under these conditions, we assign a basic HEP of 
0.25. The second operator may be closely working with the first, so 
we consider this as a case of high dependence with an HEP of 

1 + 0.25 
2 0.63 

Because the STA and SS will be delayed in responding, probably until 
the RO's concern is voiced, we consider them moderately dependent 

1 + 6(0.25) = 0.357 
7 

but double this value because of the time constraint to 0.71.  
Remember though that the required action is simple. In fact, all the 
STA really needs to do is say, "Why aren't you driving rods?" 'and the 
event could be terminated. Finally, if the SS (or STA) is outside the 
control room, we give him no credit in helping the situation. Thus, 
the total HEP for failing to drive rods within 1 minute is 

0.5{0.35[0.25 x 0.63 x 0.71 x 0.71] + 0.65[0.25 x 0.63 x 0.71]} 

+ 0.5{0.35[0.25 x 0.63 x 0.71] + 0.65 [0.25 x 0.63]} 

= 1.21 x 10-1 

If we assign a range factor of 7 (i.e., the upper bound is 0.847), then the 
mean HEP is 0.24 for failing to drive control rods given that automatic and 
manual trip have failed.  

0709P121182 1.3-132A-2



AMENDMENT 1 
IPPSS DEC 1982 

To calculate OP-5, the human factors analysis above is coupled with 
the hardware analysis of Sections 1.5.2 and 1.6.2 using the fault 
tree of Figure 1.3.3-9. In the reactor protection system analysis of 
Sections 1.5.2 and 1.6.2 results are given for automatic reactor 
trip. If the operator pushes the reactor trip button, all logic 
circuits are bypassed and the trip coils for the reactor trip 
breakers are energized (automatic reactor trip only deenergizes the 
undervoltage coils--no breaker failures-to-trip have been observed 
when the trip coils are energized). When the motor generator sets 
are deenergized, all circuitry is bypassed. These results are 
summarized in the following table.  

Indian Point 2 

Automatic Manual' Manually CompnentDeenergize 
Component Reactor Trip Reactor Trip and RCCAs Fall 

Rods 1.96-6 1.96-6 1.96-6 
Double Failures 4.24-5 8.64-7 0 
Test and Maintenance 5.58-6 <10-7 0 
Common Cause 4.96-7 4.96-7 0 

System 5.05-5 3.33-6 1.96-6 

Indian Point 3 

Manually 
Component Automatic Manual Deenergize 

Reactor Trip Reactor Trip and RCCAs Fall 

Rods 5.77-6 5.77-6 5.77-6 
Double Failures 4.56-5 3.19-6 0 
Test and Maintenance 7.97-6 <10-7 0 
Common Cause 4.96-7 4.96-7 0 

System 5.98-5 9.45-6 5.77-6 

NOTE: Values are presented in an abbreviated scientific notation:
e.g., 3.77-6 = 3.77 x 10-6.

1 .3-132A-3
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Data for failure of the rods to insert in :response to an operator 
driving rods (failure of CRDCS) can be obtained from a recent NRC 
report.* We obtain the following distribution: 

5th Percentile: 3.14 x 10-5 

50th Percentile: 2.70 x 10-4 

95th Percentile: 2.32 x 10-3 

Mean: 6.35 x 10-4 

If the reactor has not been tripped and inward rod motion has not 
begun within 1 minute, and if the pressure is successfully 
controlled by the relief and safety valves (PR-1, discussed in 
Section 1.3.3.11), we next look for reactor shutdown by manually 
deenergizing power to the rods over the following 10-minute period.  
This action is fully described in the procedures and training 
program and can be accomplished from the control room. We apply the 
same dependency assumptions as applied above in the actions to drive 
in the rods. We assume high stress (0.25) in deciding to carry out 
the action, high dependence for the second RO and the STA 

1 + 0.25 0.63 

and moderate dependence for the SS 

I + 6(0.25) 0.36 
7

We neglect the influence of the SS if he has not returned within 
5 minutes. Thus, the total HEP for deciding to disable power to the 
rods is 

0.5{0.85[0.25 x 0.63 x 0.63 x 0.36] + 0.15[0.25 x 0.63 x 0.63]} 

+ 0.5{0.85[0.25 x 0.63 x 0.36] + 0.15[0.25 x 0.63]}• 

= 1.17 x 10-1 

Assigning a range factor of 5; i.e., the upper bound is 0.59 and the 
mean is 0.189.  

To calculate OP-6, the human factors analysis above is coupled with 
the reactor trip hardware analysis results shown earlier, using the 
fault tree of Figure 1.3.3-10.  

*Hubble, W. H., and C. F. Miller, "Data Summaries of Licensee Event 

Reports of Control Rods and Drive Mechanisms at U.S. Commercial Nuclear 
Power Plants January 1, 1972 to April 30, 1978," NUREG/CR-1331, 
EGG-EA-5079, February 1980.  
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1.3.3.10 Safeguards Actuation 

Generation of the safeguards actuation signal and the actual start of 
high pressure injection are both listed under the symbol SA in the event 
trees. They use the analysis of the engineered safeguards actuation 
system and the high pressure injection system in Sections 1.5.2 
and 1.6.2.  

1. SA-1--Safety Injection Signal. Success requires that an SIS signal 
be generated from one automatic input signal.

2. SA-2--Safety Injection Signal and High Pressure Injection. Success
requires that both SA-1 and HH-2 be successful.  

1.3.3.11 ATWS Pressure Relief 

ATWS Pressure Relief (PR-1) is used only in the ATWS event tree. The 
conservative ATWS pressure spike criterion of 3,200 psia 
(References 1.3-9, 1.3-11) can be exceeded if certain moderator 
temperature coefficient (MTC) and reactor coolant system relief 
capability criteria are not met. The fault tree, Figure 1.3.3-11, 
depicts a discretized three-state model for MTC. The MTC relief 
criteria and their conditional frequencies given ATWS have been assessed 
from the analyses of References 1.3-8 and 1.3-10, the technical specific 
limitation on power escalation rate, and the power history at Indian 
Point 2 and 3: 

MTC Frequency 
mC Fequediancy 95% MeaPressure Relief Criteria" pam/°F 5% " Median 95% Mean 

>-5 2.9-6* 1.0-4 3.4-3 1.0-3 Pressure will exceed 
3,200 psia.  

-5 2.9-5 1.0-3 3.4-2 1.0-2 Three safety valves must 
>MTC>-7 open and one PORV must 

be opened to limit the 
system pressure to less 
than 3,200 psia.** 

<-7 9.6-1 9.99-1 9.999-1 9.89-1 Only three safety valves 
must open to limit 
system pressure.  

*Values are presented in an abbreviated scientific notation, 
e.g., 1.11-5 = 1.11 x 10- 5 .  
**This is conservative for Indian Point 2 since, based on lower power 
rating, operation of the PORV/block valve combination is not required 
(Reference 1.3-15).  

1.3-133 
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Recognizing that the operators are under high stress and that their 

principal concern would be to shut down the reactor, the human error 

probability for opening the PORV block valves if needed for pressure 

relief, is assigned a mean value of 0.5. Quantifying the fault tree for 

PR-I yields:

*Values are presented in tn abbreviated scientific notation, 

e.g., 1.11-5 = 1.11 x 10- .  

Secure Pressure Relief (PR-2) is quantified using the fault tree of 

Figure 1.3.3-12. Data on the failure of relief and safety valves to 

close after passing two phase flow is scanty. Recent EPRI testing data 

seems to support the use of generic data for PORVs:

5th Percentile: 

50th Percenti I e: 

95th Percentile: 

Mean:

6.7 x 10- 3 

2.0 x 10-2 

6.0 x 10-2 

2.5 x 10-2

but implies that safety valves m~y perform much more poorly after 

passing water than the 2.9 x 10- mean generic value for passing 

steam. We have decided to use a conservative value of 0.1 failures per 

demand for the safety valves. Then the result for PR-2 is 0.27.

1.3-134
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Figure 1.3.3-1. Fault Tree for Failure.of Turbine Trip
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Figure 1.3.3-3. Fault Tree for Failure of MSIV Trip
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Figure 1.3.3-5. Fault Tree for L-l, AFWS and Secondary Cooling
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Figure 1.3.3-9. Fault Tree for OP-5, Rods In By One Minute
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1.3.4 PLANT EVENT TREES 

1.3.4.0 Summary and Link to the Containment Event Tree 

This section gives an overview of the final event trees and their 
initiating events, lists the systems and functions that affect each 
event tree, and provides the link used to couple plant event tree 
sequences to the containment tree input conditions.  

Twelve event trees have been developed to describe the variation in 
sequences leading to degraded core conditions. A 13th event tree that 
describes sequences following a failure of the reactor to trip is an 
extension of the previous 12 trees.  

1.3.4.0.1 Event Trees and Initiating Events 

The event trees and their initiating events are as follows: 

1. ET-1 Large LOCA. The large LOCA tree includes all openings greater 
than 6 inches in diameter. The initiating events are: 

a. Pipe rupture, cracks, etc.  
b. Valve failures.  
c. Vessel failures.  
d. Other openings from the primary system greater than 6 inches in 

diameter for whatever reason.  

2. ET-2 Medium LOCA. The medium LOCA includes all openings from the 
primary system of 2 to 6 inches in diameter. The initiating events 
are: 

a. Pipe rupture, cracks, etc.  
b. Safety and relief valve failures (multiple).  
c. Other valve failures.  
d. Other openings from the primary within this size range.  

3. ET-3 Small LOCA. The small LOCA includes all openings from the 
primary less than 2 inches in diameter. Steam generator tube 
rupture is considered separately. The initiating events are: 

a. Pipe breaks, cracks, etc.  
b. Safety or relief valve failures.  
c. Valve failures.  
d. Control rod drive mechanism failures.  
e. Other openings from the primary within this size range.  

4. ET-4 Steam Generator Tube Rupture. The steam generator tube rupture 
is a release of primary inventory to the secondary system. The 
dynamics of the event are quite different from the LOCA events just 
described. The size of the break can vary depending on the number 
of steam generator tubes involved. The initiating events are: 

a. Single steam generator tube rupture from any cause.  
b. Other primary to secondary leakage.  

1.3-146
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5. ET-5 Steam Break (Steam Release) Inside Containment. This event 
tree is a steam or a feedwater break from the secondary system that 
is large enough to actuate the safety injection system. The 
initiating events are: 

a. Steam break inside containment.  
b. Feedwater break inside containment.  
c. Steam generator relief and safety valves opening.  
d. Other steam losses inside containment.  

Feedwater break is included as part of this tree because the effects 
on the steam generator and some of the actuation signals are similar 
to those of the steam break. From a response standpoint it is 
considered a subset of the steam break. The effects of a steam 
generator relief or safety valve opening is grouped with steam break 
inside containment because shutting the MSIVs will not isolate the 
leak.  

6. ET-6 Steam Break (Steam Release/Demand) Outside Containment. This 
event includes all excessive steam demands from outside the contain
ment. The initiating events include: 

a. Steam breaks outside containment.  
b. Turbine-generator overload or sudden load increase.  
c. Steam dump valves failing open.  
d. Other steam losses outside containment.  

7. ET-7 Loss of Main Feedwater. This event is initiated by the loss of 
main feedwater to one or more steam generators from causes outside 
containment. The initiating events include: 

a. Feedwater break.  
b. Loss/reduction of feedwater flow in one steam generator.  
c. Loss/reduction of feedwater flow in all steam generators.  
d. Feedwater flow instability--operator causes.  
e. Feedwater flow instability--mechanical causes.  
f. Loss of condensate pumps.  
g. Condenser leakage.  
h. Other secondary leakage.  

8. ET-8 Closure of One Main Steam Isolation Valve (Partial Loss of 
Steam Flow). This event is initiated by closure of one of the four 
main steam isolation valves. It is considered separately from other 
events because the response characteristics did not match the other 
secondary events that were modeled. It is considered a minor event 
when compared to other secondary event trees. Simultaneous multiple 
MSIV trips are very unlikely and can be grouped with this tree (two 
or three failures) or the ET-11 Turbine Trip (all four MSIVs trip).  
The initiating events include: 

a. Trip of one MSIV.  
b. Trip of two or three MSIVs.  
c. Partial closure of one or more MSIVs.  
d. Other losses of steam flow.
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9. ET-9 Loss of Reactor Coolant Flow. This event tree includes ahy 
event that causes a loss of flow in single or multiple reactor 
coolant loops. The initiating events include: 

a. Reactor coolant pump trip.  
b. Reactor coolant pump locked rotor.  
c. Short cycle steam generator (structural failure).  
d. Flow blockage.  
e. Flow coastdown 1, 2, 3, 4 loops.  
f. Other.  

10. ET-1O Core Power Excursion. This event tree covers a large number 
of events that could cause the core to increase power while in hot 
shutdown or at power. The initiating events include: 

a. Boron dilution accidents.  
b. Rod ejection.  
c. Rod withdrawal.  
d. Startup of inactive loop.  
e. Control rod disassembly.  
f. Fuel or burnable poison/core geometry change.  
g. Cold water addition.  
h. Excessive load increase.  
i. Other positive reactivity additions.  

11. ET-11 Turbine Trip. This event is used to describe events whose 
effects on the RCS are initiated by a turbine trip. The initiating 
events included are: 

a. Closure of all main steam isolation valves.  
b. Increase in feedwater flow in one steam generator.  
c. Increase in feedwater flow in all steam generators.  
d. Loss of condenser vacuum.  
e. Loss of circulating water.  
f. Throttle valve closure/electrohydraulic control problems.  
g. Generator trip or generator caused faults.  
h. Turbine-generator accidents--miscellaneous.  
i. Turbine trips.  

12. ET-12 Reactor Trip. This event tree is initiated by a reactor 
trip. The initiating events included are: 

a. Control rod drive mechanism problems and/or rod drop.  
b. High or low pressurizer pressure.  
c. High pressurizer level.  
d. Spurious automatic trip--no transient condition.  
e. Automatic/manual trip--operator error.  
f. Manual trip resulting from false signal.  

g. Spurious trip--cause unknown.  
h. Primary system pressure, temperature, power imbalance.  
i. Loss of power to necessary plant systems.  
j. Loss of instrument air.  
k. Spurious safety injection. 0
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13. ET-13 Failure of Reactor to Trip. Several of the event trees 
include branch points that ask whether a reactor trip has occurred.  
These are ET-3, 4, 5, 6, 7, 8, 9, 10, and 11. Since the failure to 
trip event has received much attention in recent years, the event 
trees just listed were structured to branch to ET-13. An input 
probability of failure to trip the reactor is provided from each 
event tree to ET-13. This also allowed a collective determination 
of the potential for this event to occur.  

1.3.4.0.2 Special Initiating and External Events 

A number of initiating events do not fit well into these event trees or 
are handled specially in the event trees to give them proper treatment.  

The initiating events that are handled separately from these event trees 
are the external events analyzed in Section 7: 

1. Seismic 
2. Fire 
3. Flood 
4. High Winds and Tornadoes 
5. Aircraft Accidents 
6. Transportation and Hazardous Materials 
7. Turbine Missiles 

The initiating events that have been handled inside the event trees in 
special ways are: 

1. Loss of Offsite Power 
2. Loss of DC and ESF AC Buses 
3. Loss of Service Water 
4. Loss of Component Cooling 

Electric power to the plant is very important. The availability of the 
plant diesel generators and their associated emergency safeguard buses 
determines the course of the transient that follows when offsite power 
is lost. The turbine trip tree was used to describe the event sequence 
for loss of offsite power, with the emergency buses modeled in the 
system fault trees.  

The loss of DC buses causes a reactor trip with degraded electrical 
power capability. The loss of AC ESF buses requires shutdown in accord
ance with technical specifications; electric power capability is 
degraded. These initiating events are examined using the reactor trip 
event tree. For all other internal initiating events (except loss of 
offsite power), all buses are energized at the time of the event.  

The loss of service water initiating event affects many components. The 
turbine trip event tree was used to model sequences progressing from a 
loss of service water. All subsequent events are conditional on the 
loss of service water.  

The loss of component cooling initiating event affects alternate long 
term cooling systems. It is modeled using the reactor trip event tree.  
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1.3.4.0.3 Event Tree Matrix 

This section provides a matrix, Table 1.3.4.0-1, that couples the 
symbols describing the system and operator function in all plant event 
trees with the specific event trees ET-1 through ET-13. A brief 
description of the symbols* follows: 

1. LS - used to describe the success/failure of the reactor coolant 
pump seals in the turbine trip event tree given a loss of offsite 
power. It results in a small loss of coolant accident.  

2. TK - used to describe success/failure of the refueling water 
storage tank to supply water for safety injection.  

3. SA - used to describe safeguards actdfation signals and injection.  
The numbers after the SA symbol refer to different combinations of 
actuation signals and equipment.  

4. K - used to describe reactor trip signals, physical reactor trip 
(control rods inserted), and related events. The number following 
K is used to define various combinations of reactor trip signals 
and trip related events.  

5. HH - used to describe combinations of safety injection pumps. The 
system injects (high head) water into the reactor coolant system 
when an SA signal is present.  

6. LP - used to describe low pressure injection systems including : 
accumulators and/or pumps.  

7. L - used to describe the secondary cooling capabilities including 
auxiliary feedwater, steam dumps, and steam generator reliefs and 
safeties.  

8. OP - used to describe actions taken by the operator using his 
procedures with respect to primary feed and bleed, power operated 
relief valve operation, manual operation of safety injection pumps, 
and emergency boration. In addition, it is used to describe the 
operator's role to achieve stable operation under certain transient 
conditions.  

9. PL - used to identify the initial power level (greater or less 
than 80%) which is crucial to the peak pressure spike following 
ATWS.  

10. PR - used to describe the pressure relief requirements following 
ATWS. Depending on the value of the moderator temperature coeffi-0 
cient, success may require: (1) operation of the three safety 
valves, or (2) operator action to open the power-operated relief 
valve and operation of the three safety valves. Success may be 
impossible.  

*Numbers following many of the symbols in Table 1.3.4.0-1 describe, 
special situations analyzed in Section 1.3.3.
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11. R - used to describe the recirculation cooling mode at high or low 
pressures. Success depends on the combination of recirculation, 

residual heat removal and high head pumps, valves, and containment 
and recirculation sumps.  

12. RS - used to describe the recirculation phase containment spray 

given that the recirculation or residual heat removal pumps are 

available and used for that function.  

13. TT - used to describe the turbine trip and the turbine trip signals 

and circuitry.  

14. MS used to describe the automatic or manual closing of the main 
steam isolation valves including signals when appropriate.  

15. CS - used to describe the success/failure of the injection phase 

containment spray system, including pumps, to deliver spray to the 

containment. This system included automatic signal generation or 

manual actuation as needed.  

16. NA - used to describe the addition of sodium hydroxide to the 
containment given containment spray.  

17. CF - used to describe the success/failure of the containment fan 

coolers under pressure-temperature conditions in the containment 

generated by the event.  

1.3.4.0.4 Plant Event Sequence Categories: The Link to the Containment 
Event Tree 

The plant event trees describe many sequences leading to damaged core 

conditions. These sequences are grouped into 21 categories based on a 

discrete set of conditions describing in-vessel phenomenon and the 

status of containment engineered safety features. Table 1.3.4.0-2 

describes each of the plant event sequence categories. The selection of 

this specific categorization was based on the collective judgment of the 

study team after evaluating the following competing desiderata: 

* Preserving relevant information 
0 Making containment analysis tractable 
e Organizing the plant analysis results into a scrutable form
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TABLE 1.3.4.0-I 

-EVENT TREE MATRIX TOP EVENT SYSTEM FUNCTION DESIGNATION* 

EVENT TREES LS TK SA K .HH LP L OP PL PR R RS TT IMS CS NA CF 

ET-1 LARGE LOCA 1 1 1 1 

ET-2 MEDIUM LOCA 1 1 r 2 1 1 

ET-3 SMALLLOCA 0 1 3 2 1 r2 1 

ET-4 SG TUBE RUPTURE S 2 1,2 1 4 3 2 

ET-5 STMBREAK 02 3 1 13 12 INSIDE CONT 

ET-6 STM BREAK2 3 OUTSIDE CONT 3 2 

ET-7 LOSSOFMAINFW 0 3 1 2 3 1 2 2 

ET-8 CLOSUREOF'IMSIV 3 -1 2,3 3 .1 2 2 

ET-9 LOSS OF FLOW RCS 3 1 2 3 2 

ET-10 CORE POWER 3,5 .1 .2,3 32 EXCURSION 2 

ET-11 TURBINE TRIP 0 3,6 1 2 '3 2 

ET-12 REACTOR TRIP 0 1 2 3 1 2 2 

ET-13 FAILURE TO TRIP 4 "
1  

2 r6 
r  

3 2 2 

'NUMBERS DESCRIBE SPECIAL SUBCASES OF EACH FUNCTION:ANALYZED IN SECTION 1.3.3

0



0
TABLE 1.3.4.0-2 

DEFINITION OF PLANT EVENT SEQUENCE CATEGORIES

Containment Engineered 
Safety Features Status • Plant 

Sequence Time of Event Type and Applicable Core Physical Description of Sequence ,Group Plant System Containment Sequence 
(Symbol) Event Tiees Melt and Conditions Fan Coolers Spray Category 

(Symbol) F if operating, C if operating, Symbol 
blank if failed blank if failed 

Large eET-1 Large LOCA Early Sequences that progress'like a large LOCA Safety Injection F C AEFC 
LOCA (A) OET-2 Medium LOCA (E) coupled with failure of safety injection Failure F AEF 

in that the reactor coolant system is C AEC 
depressurized and degraded core condi- AE 
tions occur early.  

Late Sequences that progress like a large LOCA Safety Injection Success F C ALFC 
(L) coupled with failure of low pressure AND F - ALF 

recirculation cooling in that the reactor Recirculation Cooling C ALC 
coolant system is depressurized-and Failure - AL 
degraded core conditions occur later than 
for AE above.  

Small 9ET-3 Small LOCA Early Sequences that progress like a small LOCA Safety Injection Failure F C SEFC 
LOCA (S') eReactor Coolant (E) coupled with failure of safety injection OR F SEF 

Pump LOCA: or heat removal functions in that the [Steam Generator Cooling - C SEC 
Sequences in reactor coolant system remains pressurized Failure AND Primary - SE 
ET-11b Turbine and degraded core conditions occur fairly Bleed and Feed Cooling 
Trip due to early. Failure] 
Loss of Late Sequences that progress like a small LOCA Safety Injection Success F C SLFC 
Offsite Power (L) coupled with failure of long term recir- AND [Steam Generator F - SLF eATWS Pressure culation cooling in that the reactor Cooling Success OR - C SLC 
Spike Failure coolant system may remain pressurized and Primary Bleed and Feed - SL 
Sequences in degraded core conditions occur late. Cooling Success] AND 
any Event Tree Recirculation Cooling 

Failure 
Transient eAll Failure Early Sequences that progress like transients Steam Generator Cooling F C TEFC 

(T) Sequences (E) coupled with complete loss of primary and Failure AND Primary F • TEF 
in Event secondary cooling capability in that the Bleed and Feed Cooling - C TEC 
Trees ET-4 reactor coolant system is overpressurized Failure " TE 
through ET-12 and degraded core conditions occur fairly 
except RCP early. :__ 
LOCA and Late [hese sequences behave like SL above, [Steam Generator Cooling F C SLFC ATWS Sequences (L). i.e., sequences that progress like a small Sucess OR Primary Bleed F SLF delineated LOCA coupled with failure of long term Cooling Success] AND - C SLC 
above. recirculation cooling in that the reactor Recirculation Cooling -SL 

coolant system may remain pressurized Failure 
and degraded core conditions occur late.  

Inter- eSubset of Large Early LOCA to interfacing RHR system that dis
facing LOCA (E) ables safety injection leading to depres- .NOT-APPLICABLE NOT APPLICABLE V 
System surization, early melt,'and bypassing of 
LOCA (V) containment.



1.3.4.1 Large LOCA--Event Tree.1

The large LOCA event tree (Figure 1.3.4.1-1, event tree 1) applies to 
all reactor coolant system ruptures inside the containment with blowdown 
rates equivalent to double-ended circumferential breaks in pipes ranging 
from 6 inches in diameter to the reactor coolant loop cold leg (the 
design basis accident). Two other large LOCAs are considered; a large 
LOCA beyond the capability of the ECCS system and a large LOCA that 
creates a direct path to outside containment.  

The event tree (ET-1) uses the following symbols to identify system and 
operator functions: 

ET-1 - Initiating Event, Large LOCA 
TK - Refueling Water Storage Tank 
SA-1 - Safety Injection Actuation Signal 
LP-1 - Low Pressure Injection, Accumulator Injection, and Core 

Geometry 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 
CF-i -Containment Fan Coolers 
R-1 - Low Pressure Recirculation 
RS - Recirculation Spray 

The large LOCA is a severe event in which blowdown of the reactor 
coolant system occurs within a very short period oof time (from seconds 
to a few minutes). The accumulators reflood the reactor vessel down- * 
comer, and the residual heat removal pumps restore and maintain the W 
water level in the reactor vessel (low pressureinjection LP-1).  
Because of rapid depressurization, the nuclear reaction is shut down 
quickly because of voiding in the core region. Continued shutdown is 
ensured by the boron concentration in the injection water. Within 20 to 
30 minutes the operator must switch to a recirculation mode for long 
term cooling (R-1).  

The containment pressure rises. Pressure suppression and containment 
cooling is provided by the CSS and the containment fan coolers (CF-f).  
Analysis based on FSAR assumptions shows that this pressure rise is 
limited to the containment design pressure given that the required 
equipment functions as designed. In the containment event tree analysis 
(Section 2), ultimate strength rather than conservative containment 
design pressure is used to predict containment performance for sequences 
that lead to degraded core conditions.  

Event tree ET-1 is used to calculate the frequencies of degraded core 
conditions following a large LOCA. To avoid degraded core conditions, 
both low pressure injection (LP-1) and low pressure recirculation (R-1) 
must be successful. Detailed definitions of each sequential event and 
all systems interactions are provided. Data and computational results 
Sare included.
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The large LOCA beyond ECCS capability and the large LOCA that creates a 
direct path outside containment are analyzed separately in 
Sections 1.3.5.1 and 1.3.6.1.  

1.3.4.1.1 Initiators 

The large LOCA event tree (ET-1) is initiated by random pipe breaks.  
Reactor vessel ruptures of a size and location within the capability of 
the ECCS system also initiate ET-1. Because of the nature of the data 
analysis of Sections 1.5.1 and 1.6.1, these breaks are included in the 
calculated frequency of a large LOCA. No large pipe or vessel breaks 
have yet occurred in pressurized water reactors (PWRs). Large breaks 
may also be caused by external event influences or by sequential damage 
following other initiating events. External events such as seismic 
events and turbine missiles are analyzed separately in Section 7.  

1.3.4.1.2 Systems and Operator Functions 

The top events of the large LOCA event tree (ET-1), TK through RS, are 
described in detail-to provide an understanding of the systems and oper
ator functions involved. The numerical calculations of each top event 
are performed in the individual system analyses of Sections 1.5.2 
and 1.6.2 and in the supporting analyses of Section 1.3.3.  

1. TK - Refueling Water Storage Tank. The refueling water storage tank 
provides the borated water necessary for low pressure injection and 
recirculation cooling of the core. It also provides the water for 
containment spray following the large LOCA event. The success 
criterion in this analysis is that the tank must contain more water 
than required by the technical specifications. The system consists 
of the stainless steel tank and its water but no valves.  

The RWST is alarmed in the control room to assist in detection of 
deviations from the desired water level. Each of the following 
components have a suction line from the RWST: 

0 Containment spray pumps (shared suction line).  
e Safety injection pumps (shared suction line).  
* Residual heat removal pumps (shared suction line).  

2. SA-1 - Safety Injection Actuation. The input signals generated for 

E7-1 are: 

0 Low pressurizer pressure.  

• High containment pressure.  

0 High-high containment pressure (indirectly through the high 
steam flow logic circuits).  

* Manual activation of the safety injection signal.  
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The success of SA-1 depends on a safety injection signal resulting 
from any one of the listed input sources. Only one of the automatic 
signals is used for quantification of the top event SA-I. Startup 
of the equipment is included with the respective systems.  

3. LP-1 - Low Pressure Injection, Accumulator Injection, and Core 
Geometry. For injection cooling to be successful, one out of two 
RHR pumps and three out of four accumulators must deliver flow to 
the reactor coolant system. Because delivery of accumulator flow 
into the ruptured loop would be ineffective, three out of three 
accumulators must deliver flow to the three intact legs. Core 
geometry must not have been so deformed by the blowdown forces that 
successful cooling is impossible. Although manual actuation of the 
LP System is possible, only Starting in response to an SA-1 signal 
is modeled.  

4. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure conditions and scrubs the containment 
atmosphere of radionuclides. These functions are important because 
they reduce the chance of containment failure should Core melt 
occur, and the severity of release if the containment fails. Event 
CS includes successful generation of an automatic actuation sighal 
on high-high containment pressure. One of the two pumps is required 
for success in this analysis. Intermittent manual operation can be 
effective as long as water is available in the RWST.  

5. NA - Sodium Hydroxide Addition. Success of this system depends on 
the proper lineup of the sodium hydroxide tank with the containment 
spray system to provide a high pH containment spray. Basic Spray 
improves scrubbing of radioactive nuclides from the containment 
atmosphere. If the containment fails following core melt, improved 
scrubbing reduces the severity of any release.  

6. CF-1 - Containment Fan Coolers. Containment fan coolers provide 
long term cooling for the containment atmosphere. They preVent 
overpressure and can effectively supply cool recirculation water to 
the containment sumps (References 1.3-5 and 1.3-6). The success 
criterion used in this analysis for the fan coolers is three out of 
five fan coolers operating in the emergency mode. As the heat load 
is reduced after several hours, this criterion becomes quite 
conservative. In addition, no credit for the radionuclide removal 
capability of the charcoal filters associated with the fan coolers 
has been taken in this analysis. Because the heat sink for the fan 
coolers is the service water system, CF-1 is analyzed conditional on 
the success of the service water system.  

7. R-1 - Recirculation Cooling. Following injection of the RWST water 
into the reactor coolant system and the containment, operators 
initiate recirculation through the eight-switch sequence. This 
sequence, in part, starts a recirculation pump taking suction from 
the recirculation sump. Alternatively, the operators can realign 
the suction of at least one RHR pump from RWST to the containment
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sump. The success of this switchover operation depends on both 
equipment and human action success in a limited timeframe. Time is 
a most important factor because difficulties in switchover from 
injection to recirculation can cause rapid fuel degradation., A 
great deal of care is given in the procedures and in the training of 
plant operators in this area. In the recirculation mode, with hot' 
water flowing through the system, component cooling provides cooling 
to the recirculation and RHR pumps and RHR heat exchangers. In the 
absence of component cooling to the RHR heat exchangers, heat can be 
removed by the fan coolers that are cooled by service water. The 
system is modeled conditional on these bases.  

8. RS - Recirculation Spray. When the RWST is empty and successful 
recirculation cooling has been established, the discharge of one of 
the recirculation or RHR pumps may be aligned through the RHR heat 
exchangers to the containment spray headers. This provides 
continued or intermittent containment spray as needed.  

1.3.4.1.3 Tree Structure 

A discussion of system interdependencies and functional dependencies.  
follows.  

1. Displayed Dependencies 

a.. If recirculation cooling (R-1) fails, then recirculation spray 
also fails since both require the same pump trains.  

b. If safety injection actuation fails (SA-1), then no automatic 
actuation signals are present to start 

emergency cooling.  

Therefore, LP-1 is assumed to fail.  

c. If SA-1 fails, then CF-1 fails.  

d. If the RWST (TK) fails, then LP-1, CS, NA, R-1 and.RS fail since 
there is no water supply. However, with service water avail
able, the fan coolers can provide some cooling to mitigate the 
effects of overpressure in the containment.  

2. Systems Interaction. Most dependencies caused by systems inter
action have already been discussed as displayed dependencies in the 
event tree. Other significant interactions follow.  

a. The same containment pressure transmitters supply signals for 
both the safety injection actuation signal in SA-1 and the 
containment spray actuation signal on high-high containment 
pressure. Because pressure transmitter failure is not dominant 
for the failure of SA-1 or CS, this dependency is not important 
from the standpoint of random independent failure. Furthermore, 
because the SA-1 signal is generated early in time compared to 
the CS signal, common failure of the containment pressure 
transmitters must precede the LOCA or occur immediately 
following it.  
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b. The most important of the systems interactions is the dependence 
of all active systems on electric power. This is handled in the 
quantification of our event tree by making separate quantifi
cation runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the large LOCA.  

c. The diesel generators depend on service water for cooling.  

3. Degraded Core States. All degraded core states (LP-1 or R-1 failed) 
are assigned to the containment accident sequence type A in accord
ance with Table 1.3.4.0-2, since all are large LOCA sequences.  
Depending on the success or failure of the fan coolers and contain
ment spray, the assignments are as follows (see Figure 1.3.4.1-1): 

Plant Event System Failure 
Sequence Responsible For CF-1* CS* 
Category Core Melt 

AEFC LP-1 1 1 
AEF (early melt) 1 0 
AEC 0 1 
AE 0 0 

ALFC R-1 1 1 
ALF (late melt) 1 0 
ALC 0 1 
AL 0 0 

*1 = Success 
0 = Failure
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SAFETYNMCNT SODIUM CNAMET LW CONTAINMENT PLANT 
LOCA RWST INJECTION PRESSURE SPRAY HYDROXIDE FAN PRESSURE SPRAY EVENT 

ACTUATI ON ADDITION COOLERS RECIRCULATION RECIRCULATION SEOUENCE SEQUENCE 

ET-1 TK SIGNAL LP1 CS NA CF-1 R-1 RS CATEGORY 
SA1 

1 SUCCESS 

2 ALFC 

3 SUCCESS 

4 ALC 

5 SUCCESS 

6 ALFC 

7 SUCCESS 

S ALC 

9 SUCCESS 

10 ALP 

12 AL 

13 AEFC 

14 AEFC 

15 AEFC 

16 AEC 

17 AEC.  

18 AEC 

19 AEFC 

20 AEFC 

21 AEFC 

22 AEC 

23 AEC 

24 AEC 

25 AEF 

26 AE 

.27 AEC 

28 AEC 

29 AEC 

30 AEC 

31 AEC 

32 AEC 

33 AE 

34 AEF 

36' AE 

36 AE 

Figure 1.3.4.1-1 Large LOCA - Event Tree 1



1.3.4.2 Medium LOCA--Event Tree 2

The medium LOCA event tree (Figure 1.3.4.2-1, event tree 2) applies to W 
all reactor coolant system ruptures with blowdown rates equivalent to 
double-ended circumferential breaks in pipes ranging from 2 to 6 inches 
in diameter. The event tree uses the following symbols to identify 
systems and plant functions: 

ET-2 - Initiating Event, Medium LOCA 
TK - Refueling Water Storage Tank 
SA-1 - Safety Injection Actuation Signal 
LP-2 - Low Pressure Injection 
HH-1 - High Head Injection 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 
CF-1 - Containment Fan Coolers 
R-1 - Recirculation Cooling 
RS - Recirculation Spray 

The medium LOCA is much less severe than the large LOCA. To avoid 
extensive core damage following a medium LOCA anYwhere from 2 to 
6 inches in size, emergency coolant injection must be provided by one 
low pressure injection train and two high pressure injectipn trains.  
This criterion is conservative for specific break sizes, and is adequate 
to cover the entire range of medium LOCAs. In fact, the lpw head pump 
may not be needed at all (References 1.3-24 and 1.3-25). As in the 
large LOCA, depressurization leads to voiding in the core region and 
shutdown of the nuclear reaction. Recirculation cooling (R-1) must also 
be successful.  

* While containment cooling is necessary to prevent long term over
pressure, the pressure transient is much less severe than for the large 
LOCA.  

Event tree ET-2 is used to calculate the frequencies of degraded core 
states following a medium LOCA. Such states can occur only when the 
functions already described fail. r 

1.3.4.2.1 Initiators 

The medium LOCA event tree (ET-2) is initiated by random pipe breaks.  
Medium breaks may also be caused by external event influences. External 
events are analyzed separately in Section 7.  

1.3.4.2.2 Systems and Operator Functions 

The top events of the medium LOCA event tree (ET-2), events TK through 
RS, are described in detail to provide an understanding of the system 
and operator interactions as they specifically relate to this event.  
The numerical calculations of each top event are performed in the 
individual systems analyses of Sections 1.5.2 and 1.6.2 and in the 
supporting analyses of Section 1.3.3.
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1.- TK - Refueling Water Storage Tank. The refueling water storage tank 
provides the borated water necessary for low pressure injection and 
recirculation cooling of the core. It also provides water for 
containment spray following the medium LOCA event. The success 
criterion in this analysis is that the tank must contain more water 
than that required by the technical specifications. The system 
consists of the stainless steel lined concrete tank and its water 
but no valves.  

The RWST is alarmed in the control room to assist in detection of 
deviations from the desired water level. Each of the following 
components have a suction line from the RWST: 

9 Containment spray pumps (shared suction line).  
e Safety injection pumps (shared suction line).  
e Residual heat removal pumps (shared suction line).  

2. SA-1 - SI Actuation. The input signals generated for SA-1 are: 

* Low pressurizer pressure.  

• High containment pressure.  

* High-high containment pressure (indirectly through the high 
steam flow logic circuit).  

* Manual activation of the safety injection signal.  

The success of SA-1 depends on a safety injection signal resulting 
from any one of the listed input sources. Only one of the automatic 
signals is used for quantification of SA-1. Startup of the equip
ment is included with the respective systems.  

3. LP-2 Low Pressure Injection. All medium LOCAs are conservatively 
judged to require the delivery of low pressure injection flow from 
one RHR pump to the reactor coolant system. Although manual 
starting of low pressure injection is possible, only starting in 
response to an SA-1 signal has been modeled.  

4. HH-1- High Head Injection. For the smaller range of medium LOCAs 
two out of three high head injection pumps may be required to 
deliver sufficient flow to the reactor coolant system. Although 
manual starting of high head injection is possible, only starting in 
response to an SA-1 signal has been modeled.  

5. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure conditions and scrubs the containment 
atmosphere of radionuclides. These functions are important because 
they reduce the chance of containment failure should core melt occur 
and the severity of release if the containment fails. Event CS
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includes successful generation of an automatic actuation signal.  
Automatic actuation occurs on high-high containment pressure. One 
out of two pumps is required for success in this analysis. Inter
mittent manual operation can be effective as long as water is avail
able in the RWST.  

6. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray. Basic 
spray improves scrubbing of radioactive nuclides from the contain
ment atmosphere. If the containment fails following core melt, 
improved scrubbing reduces the severity of any release.  

7. CF-1 - Containment Fan Coolers. Containment fan coolers Provide 
long term cooling for the containment atmosphere. They prevent 
overpressure and can effectively supply cool recirculation water to 
the containment sumps (References 1.3-5 and 1.3-6). The success 
criterion used in this analysis for the fan coolers is three out of 
five fan coolers operating in the emergency mode. As the heat load 
is reduced after several hours, this criterion becomes quite 
conservative. In addition, no credit for the radionuclide removal 
capability of the charcoal filters associated with the fan coolers 
has been taken in this analysis. Because the heat sink for the fan 
coolers is the service water system, CF-1 is analyzed conditional on 
the success of the service water system.  

8. R-1 - Recirculation Cooling. Following injection of the RWST water 
into the reactor coolant system and the containment, operators 
initiate recirculation through the eight-switch sequence. This 
sequence,in part, starts a recirculation pump taking suction from 
the recirculation sump. Alternatively, the operators can realign 
the suction of at least one RHR pump from RWST to the containment 
sump. Success of this switchover operation depends on equipment and 
human action success in a limited time frame. Time is a most 
important factor because difficulties in switchover from injection 
to recirculation can cause rapid fuel degradation. A great deal of 
care is given in procedures and in the training for plant operators 
in this area. In the recirculation mode, with hot water flowing 
through the system, component cooling provides cooling to the recir
Culation and RHR pumps and the RHR heat exchangers. In the absence 
of component cooling to the RHR heat exchangers, heat can be removed 
by the fan coolers that are cooled by service water. The system is 
modeled conditional on these bases.  

9. RS - Recirculation Spray Discharge. Lineup. When the RWST is empty 
and successful recirculation cooling has been established, the 
discharge of one of the recirculation or RHR pumps may be aligned 
through the RHR heat exchangers to the containment spray headers.  
This provides continued or intermittent containment spray as needed.
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1.3.4.2.3 Tree Structure

1. Displayed Dependencies 

a. If recirculation cooling (R-1) fails, then recirculation spray 
fails since both require the same pump trains.  

b. If safety injection actuation fails (SA-1), then no actuation 
signals are present to start emergency cooling. Hence, LP-2 
must fail.  

c. Also, if SA-1 fails then CF-1 is assumed to fail.  

d. If the RWST (TK) fails then LP-2, CS, NA, R-1 and RS fail since 
there is no water available for cooling.  

2. Systems Interaction. Most dependencies caused by systems 
interaction have already been discussed as displayed dependency in 
the event tree. Other significant interactions follow.  

a. The same containment pressure transmitters supply signals for 
both the safety injection actuation signal in SA-1 and the 

containment spray actuation signal on high-high containment 
pressure. Because pressure transmitter failure is not dominant 
for the failure of SA-1 or CS, this dependency is not important 
from the standpoint of random independent failure. Furthermore, 
because the SA-1 signal is generated early in time compared to 
the CS signal, common failure of the containment pressure 
transmitters must precede the LOCA or occur immediately 
following it.  

b. The most important of the systems interactions is the dependence 
of all active systems on electric power. This is handled in the 
quantification of our event tree by making separate quantifi
cation runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the medium LOCA.  

c. Diesel generators-depend on service water for cooling.  

3. Degraded Core Status. All degraded core states (LP-2, HH-1 or 
R-1 failed) are assigned to the containment accident sequence type A 
in accordance with Table 1.3.4.0-2, since all medium LOCA sequences 
behave like large LOCA sequences with respect to in-vessel 
behavior. Depending on the success or failure of the fan coolers 
and Containment spray, the assignments are as follows (see 
Figure 1.3.4.2-1).
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Plant Event System Failure 
Sequence Responsible For CF-1* CS* 
Category Core Melt 

AEFC LP-2 or HH-1 1 1 
AEF (early melt) 0 
AEC 0 i 
AE 0 0 

ALFC R-1 1 1 
ALF (late melt) 1 0 
ALC 0 1 
AL 0 0 

*1 Success 
0 = Failure
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1.3.4.3 Small LOCA - Event Tree 3 

The small LOCA event tree (Figure 1.3.4.3-1, event tree 3) applies to 
all reactor coolant system ruptures with blowdown rates equivalent to 

double-ended circumferential breaks 
in pipes less than 2 inches in 

diameter. The event tree uses the following symbols to identify systems 
and operator functions: 

ET-3 - Initiating Event, Small LOCA 
TK - Refueling Water Storage Tank 
K-3 - Reactor Trip 
SA-1 - Safety Injection Actuation Signal 
HH-2 -High Head Pumps 
L-1 - AFWS Actuation and Secondary Cooling 
OP-1 - Primary Cooling Feed and Bleed 
CF-1 - Fan Coolers 
R-2 - Recirculation Cooling 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 
RS - Recirculation Spray 

The small LOCA should be a relatively mild event. Event tree ET-3 is 
used to calculate the frequencies of degraded 

core conditions following 

a small LOCA. To avoid core damage, emergency coolant injection must be 
provided by one high pressure safety injection pump. Since the reactor 
coolant system is not depressurized, a reactor trip is required to shut 
down the nuclear chain reaction. Also, because blowdown may be insuffi
cient to provide core cooling, either AFWS operation with secondary 
cooling or primary bleed and feed cooling is required. For long term 
cooling, several alternatives are possible: high pressure recircu
lation, depressurization and low pressure recirculation, or depressuriz
ation and RHR cooling (with leak isolation or make up if needed).  
Containment cooling prevents long term pressure buildup.  

1.3.4.3.1 Initiators 

The small LOCA event tree (ET-3) is initiated by random pipe breaks and 
valve failures. Small breaks may also be initiated by external event 
influences or by sequential damage following other initiating events.  
External events are analyzed separately in Section 7.  

1.3.4.3.2 Systems and Operator Functions 

The top events of the small LOCA event tree (ET-3), TK through RS, are 
described in detail to provide an understanding of the systems and 
operator functions involved. The numerical calculations of each top 
event are performed in the individual systems analyses of Sections 1.5.2 
and 1.6.2, and in the supporting analyses of Section 1.3.3.  

1. TK - Refueling Water Storage Tank. The refueling water storage tank 
provides the borated water necessary for low pressure injection and 
recirculation cooling of the core. It also provides the water for
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containment spray following the small LOCA event. The success 
criterion in this analysis is that the tank must contain more water 
than required by the technical specifications. The system consists 
of the stainless steel lined, concrete tank and its water but no 
valves.  

The RWST is alarmed in the control room to assist in detection of 
deviations from the desired water level. Each 6f the following 
components have a suction line from the RWST: 

* Containment spray pumps (shared suction line).  
e Safety injection pumps (shared suction line).  
e Residual heat removal pumps (shared Suction line).  

2. K-3 Reactor Trip. The success of K-3 requires scram of control rods 
by automatic direct signal, from safety injection actuation, or by 
manual operator action. Only the direct automatic signal is 
included in the quantification of K-3.

3. SA-1 - Safety Injection Actuation Signal.  
generated for ET-3 are:

The input signas

0 Low pressurizer pressure.  

q High containment pressure.  

e High-high containment pressure (indirectly through the high 
steam flow logic circuits).  

Manual activation of the safety injection signal.  

The success of SA-1 depends on a safety injecti:on signal, resu.lting 
from any one of the listed inpyt sources. Only one of the automatic 
signals is used for quantificati-on of SA-1. Startup, of the 
equipment is included with the respective sy.stems.  

4. HH-2 - High Head Injection. For the smal-l LOCA, one h.igh head 
-injection pump is required; to deliver sufficient flow to the reactor 
coolant system. Success for high head injection depends on the 
delivery of water from one out of three h.igh head safety injection 
pumps to the reactor coolant system. Although manual starting of 
high head injection is possible, only starting in response to a 
safety injection signal has been modeled.  

5. L-1 Auxiliary Feedwater Actuation and Secondary Cooling. The 
success of the auxil-iary feedwater system depends on the automatic 
start on safety injection or low-low SG level signal or on manual 
start of one motor-driven or turbine-driven auxiliary feedwater 
(AFW) pump. Secondary cooling, success requires manual steam.  
discharge to the main condenser or the atmosphere, or automatic 
steam relief through any of the steam generator relief or safety.  
valves. Given these conditions, the reactor core will be cooled,
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by single or two-phase natural circulation cooling (References 1.3-7, 
1.3-12). The safety injection system will keep the primary coolant 
single phase unless significant steam generator blowdown has 
occurred.  

6. OP-1 Primary Cooling Bleed. If auxiliary feedwater cooling should 
fail, the operator can manually open the power-operated relief valve 
(PORV) block valves and PORVs to provide bleed and feed cooling to 
the primary system. For success of this branch, the operator must 
determine that such action is necessary and take the proper action.  
In addition, the appropriate valves must open.  

7. CF-1 - Containment Fan Coolers. Containment fan coolers provide 
long term cooling for the containment atmosphere. They prevent 
overpressure and can effectively supply cool recirculation water to 
the containment sumps (References 1.3-5 and 1.3-6). The success 
criterion used in this analysis for the fan coolers is three out of 
five fan coolers operating in the emergency mode. As the heat load 
is reduced after several hours, this criterion becomes quite conser
vative. In addition, no credit for the radionuclide removal 
capability of the charcoal filters associated with the fan coolers 
has been taken in this analysis. Because the heat sink for the fan 
coolers is the service water system, CF-1 is analyzed conditional on 
the success of the service water system.  

8. R-2 - Recirculation Cooling. Following the injection of the RWST 
water into the reactor coolant system, operators must initiate 
recirculation through the eight-switch sequence. This sequence, in 
part, starts a recirculation pump taking suction from the recircu
lation sump. Alternatively, the operators can realign the suction 
of the RHR pumps from the RWST to the containment sump. Further
more, since this is a small LOCA, the operators actuate the appro
priate sequence switch that aligns the discharge of the recircu
lation and/or RHR pumps to the safety injection pump suction to 
provide high pressure recirculation. The success of this switchover 
operation depends on equipment and human action success. However, 
there is a less limiting time period involved here than for the 
large or medium LOCAs.  

9. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure conditions and scrubs the containment 
atmosphere of radionuclides. These functions are important because.  
they reduce the chance of containment failure should core melt occur 
and the severity of release if the containment fails. Event CS 
includes successful generation of an automatic actuation signal.  
Automatic actuation occurs on high-high containment pressure. One 
out of two pumps is required for success in this analysis. Inter
mittent manual operation can be effective as long as water is 
available in the RWST.  

10. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray. Basic
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spray improves scrubbing of radioactive nuclides from the contain
ment atmosphere. If the containment fails following core melt, 
improved scrubbing reduces the severity of any release.  

il. RS - Recirculation Spray. When the RWST is empty and successful 
recirculation cooling has been established, the discharge of one of 
the recirculation or RHR pumps may be aligned through the RHR heat 
exchangers to the containment spray headers. This provides 
continued or intermittent containment spray as heeded. W 

1.3.4.3.3 Tree Structure 

1. Displayed DependenCies 

a. If the RWST (TK) fails, then there are h6 branch points for high  
head injection (HH72) and primary cooling (OP-i) since a Water 
supply is not available.  

b. If reactor trip (K-3) fails, there are no further branches and 
the sequence branches to the ATWS tree for furthe' analysis.  

c. If safety injection actuation signal (SA-i) fails, then there 
are no branch points for HH-2 or OP-i since there is no start 
signal for the pumps.  

d. If SA-1 fails, then containment fan coolers, CF-i, fail.  

e. if HH-2 is not available or fails, then recirculation cooling, 
(R-2) and recirculation spray fail since there is insufficient 
water on the floor of the containment to supy the rcircu
lation or RHR pump suctioh. Extensive core damage is likely.  

f. If K-3, HH-2, auxiliary feedwater (L-1), and R-2 succeed, then 
no further branches Are required, And the transient is concluded 
since it does not lead to core melt.  

g. If L-1 fails, but OP-1 and R-2 succeed, no further branches are 
required and the transient is concluded.  

2. Systems Interaction. Most dependencies caused by systems inter
action have already been discussed as displayed dependencies in the 
event tree. Others are as follows: 

a. The high head safety injection pumps are already running because 
of the successful operation of the SA-1 signal when OP-1 is 
required. Thus, the only operator action required for OP-1 is 
to open the PORVs.  

b. R-2 depends on the availability of component cooling. However, 
if component cooling is not available to the RHR heat 
exchangers, and only service water is available to the fan 
coolers, core cooling is still achieved using the fan coolers 
and the recirculation or RHR pumps. a
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c. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the small LOCA.  

d. The diesel generators require service water for cooling.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to accident sequence type S in accord
ance with Table 1.3.4.0-2 since, all are small LOCA sequences.  
Depending on the success or failure of the fan coolers and contain
ment spray, the assignments are as follows (see Figure 1.3.4.3-1): 

Plant Event System Failure 
Sequence Responsible For CF-I* CS* 
Category Core Melt 

SEFC HH-2 or 1 1 
SEF (L-1 and OP-1) 1 0 
SEC (early melt) 0 1 
SE 0 0 

SLFC R-2 1 1 
SLF (late melt) 1 0 
SLC 0 1 
SL 0 0

*1 = Success 
0 = Failure
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REACTOR SAFETY HIGH HEAD AFWS PRIMARY CONTAINMENT RECIRCULATION CONTAINMENT SODIUM RECIRCULATION PLANT 
TRIP INJECTION INJECTION ACTUATION AND COOLING FAN COOLERS COOLING SPRAY HYDROXIDE SPRAY SEQUENCE EVENT 

ACTUATION SECONDARY FEED AND ADDITION SEQUENCE 

K-3 SIGNAL HH-2 COOLING BLEED CF-1 R-2 CS NA RS I CATEGORY 

SA- I L-1 OP-1

1 SUCCESS 

2 SLFC 

3 SLFC 

4 SLF 

5 SUCCESS 

6 SLC 

7 SLC 

8 SL 

9 SUCCESS 

10 SLFC 

11 SLFC 

_ 12 SLF 

13 SUCCESS 

14 SLC 

15 SLC 

16 SL 

17 SEFC 

18 SEFC 

19 SEFC 

20 SEFC 

21 SEF 

22 SEF 

23 SEFC 

24 SEFC 

25 SEF 

26 SEC 

27 SEC 

28 SEC 

29 SEC 

30 SE 

31 SE 

32 SEC 

33 SEC 

_, 34 SE 

35 SEFC 

36 SEFC 

37 SEF 

38 SEC 

39 SEC 

40 SE 

41 SEC 

42 SEC 

43 SE 

44 ATWS 

45 SEP Figure 1.3.4.3-1. Small LOCA 
SE Event Tree 3 

47 SEF 

48 SE 

49 SE 
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1.3.4.4 Steam Generator Tube Rupture - Event Tree 4 

The steam generator tube rupture initiating event is unique for several 
reasons. First, it is a small LOCA, in some ways more severe and in 
other ways less so than the small LOCA analyzed in Section 1.3.4.3. It 
is an interfacing system LOCA, releasing reactor coolant into the 
secondary steam system which provides several potential paths outside 
containment--the normal path for noncondensible gases via the main steam 
lines to the turbine, condenser, and condenser exhaust; the main steam 
lines, turbine bypass, condenser, and condenser exhaust; the main steam 
line and steam generator atmospheric relief valve; the main steam line 
and steam generator safety valves; and the steam generator blowdown line.  

Because the main steam system is a high pressure system, the loss of 
coolant can be controlled. If the secondary side of the ruptured steam 
generator is isolated and the reactor coolant system pressure is reduced 
below the steam generator safety valve setpoint, the leak is stopped.  
However, these are both manual actions (except automatic isolation of 
blowdown on high radiation); the operator must respond or the leak will 
continue and, unlike the "normal" small LOCA, the lost water will be 
outside containment, unavailable for recirculation cooling.  

Again, on the positive side, the leak is small, limited by both the size 
of the tube rupture and the leakage mode from the steam generator. Thus, 
the time available for successful operator action is long--he has at 
least 15 minutes to well over 1 hour to control the break flow to avoid 
opening a steam generator safety valve (such that potential to stick open 
exists), and many hours (8 to 24) to secure the leak, cool down, and 
depressurize.  

In fact, analysis has shown that with a single double-ended tube rupture, 
a successful supply of auxiliary feedwater, and uncontrolled safety 
injection flow with a stuck-open steam generator safety Valve, the RWST 
will not be emptied until about 24 hours have elapsed. At that time, the 
reactor coolant system would be fully cooled down and depressurized and 
effectively on a standpipe head filled to and vented at the stuck-open 
safety valve. Therefore, a stable condition could be maintained by 
instituting closed loop RHR cooling or continuing to cool the steam 
generators. With no additional cooling, several hours would be required 
before the reactor coolant system heated up and boiled off exposing the 
core to overheating. Therefore, if makeup water and cooling are 
available, there are long time windows for successful operator 
intervention before serious core damage occurs. During this period, it 
can be expected that many technical resources beyond just the operators 
on shift would be brought to bear on the problem--plant technical staff, 
utility engineering staff, vendor experts, NRC staff, and others.  

The following analysis applies to double-ended ruptures of a single 
tube. Sensitivity studies indicate that the models would apply to 
multiple breaks but some events would occur more quickly--hence, the 
operator would need to act more quickly and his chances for failure would
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increase. Comparing effects, the present analysis should bound all SGTR 
initiating events. The frequency of multiple tube ruptures is much less 
than single ruptures. In fact, all SGTR events to date have involved 
leakage through a single tube and only one has approached the flow rate 
of a double-ended rupture. Thus, the chance that the loss of coolant 
rate from two or three ruptured tubes would exceed the flow rate analyzed 
here is small. Furthermore, even with multiple double-ended breaks, the0 
most striking effect is the reduction in time required to flood the steam 
lines and possibly stick open a steam generator safety valve with full 
safety injection flow. If one were to conservatively assume that 
multiple ruptures ensure a stuck-open safety valve, core damage is still 
very unlikely. Many hours still remain in which to control the break 
flow by reducing safety injection and reactor coolant pressure. So,0 
although timing is shortened, the remaining time available for key 
actions is more than adequate.  

The frequency of SGTRs used in this evaluation, 3 x 10-'2 events per 
reactor year, is based on all reported ruptures greater than the capacity 
of-one positive displacement charging pump (75 gpm). The frequency of 
ruptures approximating the double-ended break criterion of this analysis 
i s 7 x 10~ per reactor year. Finally, the frequency of multiple 
double-ended breaks can be estimated in the following way: 

0 None have occurred in over 340 reactor years.  

* If we assume one occurrence (in the next year of experience), an 
upper bound on the frequency of multiple tube ruptures is obtained of 
3 x 103per reactor year.  

9 As a lower bound, we calculate the frequency of a second independent 
tube rupture within 4 hours of the first one, obtaining 8 x 10-8 
per reactor year.  

* If we assign a lognormal distribution between the upper and lower 
bounds, the mean frequency of multiple double-ended breaks is 
2 x 10-4 per reactor year.  

To assess whether the SGTR model bounds the case of multiple tube 
ruptures, consider that the most significant effect of multiple ruptures 
is that water moves more quickly into the ruptured steam generator from0 
the RCS, decreasing the time to fill the steam generator and empty the 
RWST. Flooding the steam generator and main steam lines leads to a 
challenge to the steam generator safety valves and steam line; since the 
first challenge can come more quickly (as early as about 5 minutes rather 
than 15), there is a slightly higher chance of an open path to atmosphere 
if core melt occurs. Emptying the RWST more quickly reduces the time0 
available to control break flow and prevent melt; however, many hours are 
still available so the chance of operator error is low. Based on the 
mean frequency of multiple breaks, the chance of operator error must 
increase by a factor of 150 (10 if we use the upper bound frequency) for 
the multiple break case to have a substantial impact on the risk fromAs
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SGTR. Therefore, the current model should bound the case of multiple 
tube ruptures. Furthermore, since SGTR contributes less than 1% of both 
core melt frequency and the frequency of serious release, the operator 
error frequency for multiple tube rupture events must increase by a 
factor of 15,000 (1,000 for the upper bound case) if those events are to 
contribute to overall risk. Thus, multiple tube ruptures should not 
contribute significantly to plant risk.  

The steam generator tube rupture event tree (Figure 1.3.4.4-1, event 
tree 4) applies to the rupture of one or more steam generator tubes 
causing primary coolant to leak to the secondary system. The event tree 
uses the following symbols to identify system and operator functions: 

ET-4 - Initiating Event Steam Generator Tube Rupture 
S - Reactor Trip and Safety Injection Signals 
K-2 - Reactor Trip 
HH-* - High Head Injection 
L-3 - AFWS Actuation and Secondary Cooling 
0P-4* - Operator Controls Break Flow 
CF - Fan Coolers 
CS - Containment Spray 
SL - No Secondary Side Leakage to Atmosphere 
OP-5* - Depressurization and Makeup 
R-4 - Long Term Cooling 

Following a steam generator tube rupture, the automatic reactor trip, 
safety injection, and AFWS actuation can bring the plant to an 
equilibrium condition as in the regular small LOCA case. The leak is 
terminated when the operator brings the primary system pressure below the 
ruptured steam generator pressure which is limited by the steam generator' 
relief and safety valves. Event tree 4 is used to quantify the 
frequencies of degraded core conditions that can develop following a 
steam generator tube rupture if the leak cannot be stabilized.  

A description of the typical response to a steam generator tube rupture, 
including the manual or automatic actions that may occur, follows. The 
trends described are representative responses expected during the 
accident. Variations in manual actions or operable equipment, as well as 
tube rupture size, can result in different plant behavior. For this 
reason, the discussion is limited to the expected plant response 
following an SGTR accident if the events modeled in the event tree meet 
their success criteria.  

Initially, RCS pressure will decrease as flow 'through the tube rupture, 
in excess of chargi'ng pump capacity, depletes the primary coolant 
inventory. The rate of RCS pressure drop will increase with tube rupture 
size and decrease with increased charging pump flow.  

*The asterisks in the event tree symbols are placeholders which take on 
different values depending on the preceding sequence of events.
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For the accident presented, reactor trip could occur on either low 
pressurizer pressure or overtemperature.delta-T; depending on leak size 
and trip setpoints, the operator may only receive an alarm. For smaller 
tube ruptures, the operator may trip the reactor manually prior to 
automatic trip. The turbine trips automatically when the reactor trip 
breakers open.  

Following reactor trip, primary system pressure decreases more rapidly as 
sensible energy transfer to the secondary system quickly cools the RCS 
and tube rupture flow continues to deplete primary inventory. This 
decrease in RCS pressure results in a low pressurizer pressure safety 
injection signal soon after reactor trip. For smaller tube ruptures, the 
operator may manually initiate safety injection prior to automatic 
actuation. Normal feedwater flow is automatically terminated on safety 
injection and auxiliary feedwater is actuated to deliver flow to all 
steam generators. Eventually, operator action is required to adjust 
auxiliary feedwater flow to maintain water level in the unfaulted steam 
generators and terminate flow to the faulted generator.  

Secondary pressure will increase rapidly due to the automatic isolation 
of the turbine following reactor trip, which momentarily stops steam flow 
from the steam generator. Normally, automatic steam dump to the 
condenser would be expected to dissipate energy transferred from the 
primary system, thereby limiting the secondary pressure increase and 
maintaining programmed no-load RCS temperature. In some cases, the steam 
dump may not adequately control the rapid increase in pressure, which may 
cause the steam generator relief valves or the steam generator safety 
valves to lift, releasing steam to the atmosphere. If offsite power is 
unavailable, automatic steam dump to condenser will not occur resulting 
in an increase in secondary pressure to the relief or safety valve 
setpoint pressure. The relief capacity is sufficient to maintain 
secondary pressure approZimately constant. In the event of an 
uncontrolled secondary steam release, such as a stuck-open safety valve 
or a steam line rupture, secondary pressure and RCS temperature will 
continue to decrease below no-load values.  

With offsite power available, automatic steam dump control is expected to 
establish and maintain programmed no-load RCS temperature after reactor 
trip. If a reactor coolant pump continues running, only a small core 
delta-T will exist. Consequently, the core inlet and core outlet 
temperatures will tend to stabilize at no-load temperature until manual 
cooldown of the RCS is initiated. Safety injection and auxiliary 
feedwater flow aid in reducing the RCS average temperature.  

When the post-trip RCS cooldown subsides, safety injection is expected to 
begin refilling the pressurizer and increase RCS pressure until injection 
flow equals break flow, tnus maintaining primary coolant system inventory 
constant. This equilibrium pressure is dependent on the size of the tube 
rupture and injection capacity. For multiple tube ruptures or reduced 
injection capacity, RCS pressure may continue to decrease toward the 
ruptured steam generator pressure until equilibrium is established.  
Manual actions may reduce RCS pressure and safety injection flow prior to 
reaching equilibrium.
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Operator action is required to properly control the steam generator tube 
rupture accident. The Westinghouse Owner's Group Optimum Recovery 
Guidelines, which form the basis for the actions modeled, have been 
developed through a comprehensive analysis program that investigates the 
sensitivity of system response to potential operator actions. Prior to 
reactor trip, feed flow/steam flow mismatch may identify the ruptured 
steam generator. For a double-ended tube rupture, significantly more 
coolant mass exists in the ruptured steam generator early in the 
transient so that identification on high water level is expected. For 
smaller tube ruptures, high radiation indications may be necessary for 
positive identification of the ruptured steam generator. However, in 
such instances, the break flow would be less and, consequently, more time 
exists to recover.  

Once identified, the ruptured steam generator is manually isolated 
(MSIVs, auxiliary feedwater, and blowdown) to minimize activity releases 
and to permit termination of the break flow. Pressure in the ruptured 
and isolated steam generator will be higher than in the remaining steam 
generators which will help terminate the break flow. Auxiliary feedwater 
flow is isolated to reduce the chance of filling the steam lines with 
water. Steam dump from the nonruptured steam generators to the condenser 
via the steam dump system or the atmospheric relief valves is initiated 
to reduce the RCS temperature to 50OF below the saturation temperature 
at the ruptured steam generator pressure. This assures subcooling of the 
RCS after depressurization to the ruptured steam generator pressure.  

After the primary temperature is reduced, the RCS is depressurized to the 
ruptured steam generator pressure to terminate break flow. The preferred 
method of depressurization is the normal pressurizer spray system. When 
this is not available or not effective, the primary pressure is reduced 
by opening one pressurizer PORV. This method will cause release to the 
pressurizer relief tank (PRT), possibly failing the rupture disk, and 
results in additional primary inventory loss into the containment.  

When the RCS pressure is equal to the ruptured steam generator pressure, 
the PORV (or spray valve) is closed. In some cases, depressurization of 
the RCS may be terminated on high pressurizer level to prevent filling of 
the pressurizer. Pressurizer level and, consequently, RCS pressure 
continue to increase until safety injection is terminated, after primary 
pressure increases 200 psi. The 200-psi termination criteria are 
required to verify the integrity of the pressurizer vapor space and to 
collapse any voids in the RCS which may have been generated as a result 
of the depressurization phase.  

During cooldown and depressurization, the ruptured steam generator water 
level is maintained sufficient to cover the tubes. This is to ensure 
that no condensation of steam on the cold tubes depressurizes the 
ruptured generator, resulting in loss of pressurizer level control.  

Cooldown of the RCS is continued by dumping steam from the nonruptured 
steam generators until the residual heat removal (RHR) system can be
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placed in service. The ruptured steam generator is slowly depressurized 
via steam dump to condenser or through a steam generator power operated 
relief valve (PORV). The RCS pressure is simultaneously reduced using 
pressurizer spray or a pressurizer PORV to maintain RCS/ruptured steam 
generator pressure equilibrium.  

While operator actions to cool down and depressurize are required to 
recover from SGTR, very long times are available to complete the 
necessary actions. For example, calculations indicate that even if 
safety injection is not promptly secured and a steam generator safety 
valve sticks open, approximately 24 hours are required to empty the RWST.  

1.3.4.4.1 Initiators 

The steam generator event iree (ET-4) is initiated by single, random tube 
ruptures. While the events are modeled for a single double-ended break, 
sensitivity calculations indicate that in most respects, breaks of one to 
three tubes will behave in much the same way. Furthermore, multiple tube 
ruptures are not likely to all be double-ended breaks. External events 
are analyzed separately in Section 7.  

1.3.4.4.2 Systems and Operator Functions 

The top events of the steam generator event tree (ET-4), S through CS, 
are described in detail to provide an understanding of the systems and 
operator functions involved. The numerical calculations of each top 
event are performed in the individual system analyses of Sections 1.5.2 
and 1.6.2, the supporting analyses of Section 1.3.3 and the ET-4 
quantification, Sections 1.3.5.4 for Indian Point 2 and 1.3.6.4 for 
Indian Point 3.  

1. S - Reactor Trip and Safety Injection Signals. Following the steam 
generator tube rupture, both a reactor trip signal and a safety 
injection (SI) signal should be generated by low pressurizer 
pressure signals due to loss of inventory out the rupture. There is 
a backup automatic reactor trip signal on overtemperature delta-T.  
Considering the progression of events following the SGTR, a 
considerable time period is available for manual actuation of both 
reactor trip and SI. Moreover, a great variety of alarms are 
provided to alert the operator during this time period: high 
radiation alarms on the main condenser air ejectors and steam 
generator blowdown lines, low pressurizer pressure, low pressurizer 
level, high charging flow, letdown isolation, high steam generator 
level, and steam flow/feed flow mismatch. Finally, until the 
reactor trips, no significant change in steady state operation has 
occurred. Failure of event S, then, implies failure of all 
automatic signals and complete failure of the operator to respond to 
multiple cues over an extended period of time. Failure of event S 
leads to core melt.

1.3-175A-2



AMENDMENT 2 
IPPSS DEC 1983 

2. K-2 - Reactor Trip. The success of K-2 depends on a reactor trip 
resulting from the signals generated by S. The unavailability is 
that of-the scrambreakers, wiring, and the CRDMs themselves.  

3. HH-* - High Head Injection. Two slightly different success criteria 
apply to this branch: 

a. HH-2 - High Head Injection Given Success of K-2. Success 
requires that any one out of three safety injection pumps 
delivers water to the reactor coolant system in response to 
the signal generated by event S.  

b. HH-3 - High Head Injection Given Failure of K-2. Success is 
the same as HH-2 with the additional requirement that the boron 
injection tank (BIT) is discharged to cause shutdown of the 
nuclear reaction.  

4. L-3 - AFWS Actuation and Secondary Cooling. The success of the 
auxiliary feedwater system depends on the start of one motor-driven 
pump or the turbine-driven pump in response to an automatic 
(actuation) signal or operator action. The automatic signals that 
start the auxiliary feedwater pumps for this event tree come from 
safety injection or low-low steam generator level.  

Secondary cooling is achieved by removing heat from the steam 
generator. This is done by automatically or manually opening a 
relief valve(s) associated with a steam generator(s) receiving 
auxiliary feedwater. Heat is also removed by safeties, steam dumps 
to the main condenser, or blowdown.  

Heat removal from the primary system can be provided by one steam 
generator. Given these conditions, the reactor core will be cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12). Only three steam 
generators are available during this event since one is ruptured and 
should be isolated.  

5. OP-4* - Operator Controls Break Flow. The success of OP-4* depends 
on the operator depressurizing and stabilizing the reactor coolant 
system at a pressure below that of the ruptured steam generator.  
This is accomplished in one of two ways: 

a. OP-41 - Operator Controls Break Flow Given Success of L-3.  
Success requires the operator to control RCS temperature and 
pressure using the AFWS and steam generator steam reliefs or 
dumps along with pressurizer spray or PORVs.  

b. OP-42 - Operator Controls Break Flow Given Failure of L-3.  
Success requires primary bleed and feed--two PORVs open and one 
safety injection pump operating.
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Both operations are fully addressed in the revised emergency 
response guidelines.  

6. CF - Fan Coolers. Containment fan coolers provide long term cooling 
for the containment atmosphere. They prevent overpressure and can 
effectively supply cool recirculation water to the containment sumps 
(References 1.3-5 and 1.3-6). Fan coolers are shown only on the 
event tree for sequences in which the fan coolers are useful in 
protecting the containment from overpressure failure; i.e., cases 
where primary bleed and feed cooling may be attempted.  

7. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure. Event CS includes the successful 
generation of an automatic actuation signal. Automatic actuation 
occurs on high-high containment pressure. One of two pumps must 
operate for this analysis to be successful. Intermittent manual 
operation can be effective as long as water is available in the 
RWST. In this event tree, sprays are needed if primary bleed and 
feed cooling is required.  

8. SL - No Secondary Side Leakage to Atmosphere. This event considers 
a possible steam leak associated with the ruptured steam generator.  
Should degraded core conditions occur concurrent with failure of SL, 
a direct containment breach exists. The SL top event examines the 
probable modes for secondary side failure to occur. These include 
failures of steam dump valves along with main steam isolation valve 
failure, failure of atmospheric dump valves and safety valves, and 
steam line failures. Success of OP-4* is especially important to 
success of SL. If the steam generators are overfilled, SL is much 
more likely. SL is analyzed using a separate event tree described 
in Section 1.3.4.4.4.  

9. OP-5* Depressurization and Makeup. Several different actions are 
represented by the top event OP-5*, depending on the preceeding 
sequence of events: 

a. OP-50 (Success of HH-* and Success of L-3). Success requires 
only that the operator provide long term stability until the 
rupture is repaired. There are many cues to developing problems 
and also extended time for correction of problems. Failure of 
OP-50 is assumed to lead to core melt.  

b. OP-51 (Success of HH-* and Failure of L-3). Success requires 
continued primary bleed and feed cooldown to the point where 
long term cooling measures are employed (below 3501F and 
450 psig). Back filling from the ruptured steam generator to 
the RCS may occur, reducing pressure in the ruptured steam 
generator and the RCS.  

b. OP-52 (Failure of HH-* and Success of L-3 and Success of SL).  
While stable hot conditions can be maintained as long as 
feedwater is available after reducing RCS pressure below 
secondary pressure in the ruptured steam generator, success here
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requires eventual cooldown to repair the steam generator.  
Hence, success of OP-52 requires establishment of a source of 
RCS makeup and cooldown to the point where long term cooling 
measures are employed (below 350OF and 450 psig).  

d. OP-53 (Failure of HH-* and Success of L-3 and Failure of SL).  
If high head safety injection (HH-*) has failed and a secondary 
side leak is present on the ruptured steam generator, the 
operator must establish some means of replenishing RCS 
inventory. Following the emergency response guidelines, the 
operator is advised to blowdown the unfaulted steam generators 
to atmospheric pressure. This may be accomplished by either 
blowing down the steam generators through the condenser (main 
steam line isolation or a loss of offsite power cannot be 
present) or through the steam generator PORVs to the 
atmosphere. Secondary depressurization can only be accomplished 
if auxiliary feedwater is available. Performing secondary 
depressurization concurrent with an SGTR and no high head safety 
injection will cause rapid depressurization of the primary 
system.  

In addition to secondary depressurization, low head safety 
injection must be available. Success of low head injection 
requires that one out of two low head safety injection (RHR) 
pumps function. Complete success requires that the operator 
realize that high head safety injection has failed, RCS 
inventory is being lost out the secondary side leak, and low 
head safety injection is necessary to maintain RCS inventory and 
core coolability.  

10. R-4 - Long Term Cooling. Long term cooling is typically supplied by 
the normal closed loop mode of the RHR system. In this mode of 
operation, one RHR pump is required along with component cooling to 
one RHR heat exchanger. In cases where the system is open to the 
atmosphere (failure of SL), a modest source of long term RCS makeup 
is needed. If RHR has failed, long term cooling can be supplied by 
long term primary bleed and feed with flow supplied by one charging 
pump or one SI pump (or one boric acid transfer pump if RCS pressure 
has been sufficiently reduced) and a bleed path out a pressurizer 
PORV. Finally, stable but not cold conditions can be established 
with natural circulation and steaming of the good steam generators 
to the main condenser or to atmosphere.  

1.3.4.4.3 Tree Structure 

1. Displayed Dependencies. There are places in the event tree where no 
branching occurs. Such conditions arise when previous events 
guarantee failure or obviate the need for a specific function.  

a. Failure of event S. Implies complete failure to respond to all 
indications of degrading conditions; a branch is shown at SL to
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account for possible relief valve failure (stuck-open), but no 

other branching occurs; early core melt will occur.  

b. ATWS, i.e., failure of K-2 and HH-3. Conservatively assumed to 

go to core melt. As above, no further branching except at SL.  

c. Failure of HH-2 and L-3. Since neither secondary nor primary 
cooling can succeed, core melt will occur. As above, no further 
branching except at SL.  

d. CF and CS. These events are only important for primary bleed 
and feed cases, so they do not branch if L-3 succeeds. Also, 
because the containment spray pressure setpoint will not be 
reached if the fan coolers are operating, CS does not branch if 
CF succeeds.  

e. Suctess of HH-* and Success of L-3 and Failure of OP-41. The 
RCS pressure remains high, so by definition, OP-5* 
(depressurization), fails. Hence, OP-5* does not branch.  

f. Success of HH-* and Success of L-3 and Success of OP-4*. Long 
term stable conditions are met unless the operator defeats this 
condition, represented by failure of OP-5*. Hence, no branch 
at R-4.  

g. Success of HH-* and Failure of L-3 or Failure of HH-* and 
Success of L-3. If OP-5* fails, conditions are never reached 
where R-4 can succeed; i.e., conditions for RHR startup are not 
met. Thus, melt is assumed and R-4 does not branch.  

2. Systems Interaction. Most dependencies caused by systems 
interaction have been discussed in the previous section. Others are 
as follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate 
quantification runs of the tree for each state of electric 
power. The results from each run are then combined based on the 
likelihood of the plant being in a specific electric power 
configuration following the tube rupture.  

b. Diesel generators require service water for cooling.  

c. Containment fan coolers require service water for successful 
operation.  

d. Successful recirculation cooling requires service water and 
component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required.  
Component cooling removes neat from either the recirculation or 
RHR pumps and from the RHR heat exchangers, if required. Closed 
loop RHR cooling requires an RHR pump and heat exchanger. Open 
loop recirculation cooling requires a recirculation or RHR pump 
and either an RHR heat exchanger or the fan coolers.
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3. Degraded Core States. The SGTR event can provide a direct path from 
the RCS, through the ruptured tube, via the steam generator and main 
steam line to the steam generator safety valve to the environment.  
The safety valve can stick open early on when relieving steam 
generator overpressure. If it does not, the steam spike following 
core melt will likely open this path. Three new plant states are 
defined based upon the timing with respect to core melt, evacuation 
and release duration: 

Initial Time of Release Duration of 
Plant State Evacuation (hours after SGTR) Release (hours) 

V2E1 (early melt) 1 2 1 
V2E2 (early melt) 4 6 1 
V2L (late melt) 2 24 1 

Sequences are assigned to these states in accordance with the 
following rules: 

V2E1 - Failure of K-2 and Failure of HH-3 
Failure of HH-2 and Failure of L-3 

V2E2 - Failure of HH-2 and Success of L-3 
Success of HH-2 and Failure of L-3 and Success of OP-42 
(i.e., bleed and feed) and Success of CS (drains RWST 
quickly) 

V2L - Success of HH-* and Failure of OP-5* or R-4 

Consideration was given to conservatively assigning steam generator 
tube rupture events to release category 2. However, this fission 
product release group, characterized by releases of 70% iodine, 50% 
cesium, and 30% tellurium-antimony, does not consider retention of 
aerosols in the primary system.  

Recent studies by the NRC, in NUREG-0956, indicate that the physical 
form of the released species is aerosols which are prone to plateout 
in the primary system. In the event of an SGTR, fission product 
transport would be from the core into the hot leg (because of the 
cold leg water seal in the bottom of the vessel), into the steam 
generator, across the ruptured tube to the secondary side of the 
generator, and then through the steam generators to the break 
location (likely a stuck open relief valve).  

Source term reductions relative to point estimate values have been 
developed for a PWR, as part of the Sizewell B study. The values of 
the reductions are reported in terms of discrete probability 
distributions (DPD) in the British report SRD R25, November 1982.  
These DPDs are supported by retention calculations. The DPD for the 
transient event is contained in Table 3.4 of the above-mentioned 
report and lists a probability of 0.5 that release to the containment 
will be 0.1 that of the category 2 source term, and a probability of 
0.4 that the source term will be 0.05 that of the category 2 source 
term. Because of the large, relatively cool surfaces in the steam
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generator, including the moisture separator, significant plateout of 
aerosols may be anticipated. Additionally, if there is any water 
residing in the steam generator, pool scrubbing should serve to 
enhance fission product retention.  

In view of these considerations, fission product release for a SGTR 
would be more realistically described by release category 4, which 

is characterized by releases of 9% iodine, 4% cesium, and 
3% tellurium-antimony, respectively. The releases approach the 
factor of 10 reduction predicted by the deposition retention studies 
referenced earlier.  

Thus, plant states V2E1, V2E2, and V2L are well represented as 
proceeding to the release category 4 source term with the timing 
given above. Calculations of the consequences of these releases 
show the following characteristics: 

* Latent Effects. The CCDFs for all three types of releases 
(V2EI, V2E2 and V2L) fall midway between the CCDFs for release 
categories 8A and 2RW used throughout this study. They are 
nearly identical with the CCDFs for release category 2RV shown 
in Chapter 5 but not used in the IPPSS. At the same frequency 
as category 2RW, they would have about 10% of the effect.  

0 Early Injuries. V2E2 and V2L are similar to 2RW and much less 
severe than L-1 or 2. V2E1 is similar to 2RW in terms of the 
maximum number of injuries, but approaches category 2 for small 
numbers of injuries (less than 100).  

e Early Fatalities. Only V2E1 has any potential for early 
fatalities. It is much less severe than release category 2. At 
the same frequency as category 2, V2E1 would have about 1% of 
the effect.  

For those scenarios with no core melt but a secondary leak (SL 
fails), a leak path exists for reactor coolant directly to the 
atmosphere (plant state "LEAK"). The consequences of such an event, 
with RCS activity at the maximum limit of the technical 
specifications, are several orders of magnitude below the mildest of 
our release categories, 8B. Should iodine spiking occur, iodine 
concentrations increase by a factor of about 500 and the 
consequences would approach those of category 8B. Such effects are 
minimal contributions to risk and are not propagated through the 
study.  

1.3.4.4.4 Event SL 

Event SL, no secondary side leak to atmosphere, is a complex top event.  
The leak from the ruptured steam generator occurs if: 

a The operator does not isolate the steam generator.  

* The steam generator ARV sticks open and the operator fails to 
isolate it.
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0 A steam generator safety valve sticks open.  

* The steam line fails outside containment.  

Many of these events are interrelated in a sequential way and, 
furthermore, all are dependent on previous events in the SGTR and 
auxiliary systems event trees. Therefore, it is most convenient to model 
SL in an event tree of its own.  

The event tree for event SL is shown in Figure 1.3.4.4-2 and has two end 
states, "success" and "leak." The union of all sequences ending in "leak" yields the conditional relative frequency of failure for SL; i.e., 
summing the frequencies of all "leak" sequences gives the split fraction 
for failure of SL. The SL tree uses the following symbols to identify 
systems, plant functions, and operator actions: 

* SD - Steam Dump Available. Following reactor trip and turbine trip, 
the normal heat removal method is to pass steam from the steam 
generator through the steam dump system to the main condenser. If 
the steam dump system is unavailable, the steam generator ARVs will 
certainly lift with the possibility of sticking open.  

@ OS - Operator Decides to Isolate Steam Generator. For the operators 
to carry out the proper actions in the remainder of this event tree, 
they must identify the ruptured steam generator and decide to isolate 
it. First, it is important to note that the model deals only with 
tube ruptures beyond the capability of one charging pump. Smaller 
leaks are more difficult to identify but have no discernable impact 
•on risk: an orderly shutdown may be required by procedure, but even 
if the plant continues to operate, the only release involves activity 
in the reactor coolant. Larger leaks give many solid indications-
high radiation in the blowdown line, high steam generator level, and 
steam flow/feed flow mismatch. Even with very small leaks, operators 
have performed well in simulator tests, with the poorest performers 
taking only about 30 minutes to identify the leaking steam 
generator. Once identified, taking action to isolate the steam 
generator is almost automatic due to extensive training on this 
event. Should the operator fail in event OS, a release path exists 
via the main condenser.  

* IV - MSIV and Bypass Isolated. To prevent release of reactor 
coolant, the operator must isolate the ruptured steam generator.  
Closing the steam generator MSIV and its bypass eliminates the direct 
atmospheric release path. An additional path, a liquid pathway, 
exists via the steam generator blowdown system which is automatically 
isolated on high radiation. For two of the steam generators, there 
is one more path that must be isolated--the steam line to the 
turbine-driven AFW pump. There is a small chance that if the 
operator tries to isolate the MSIV and its bypass, they will not 
close. In that event, the release can still be blocked by securing 
the steam dump system, blocking radioactive flow to the main 
condenser, and relying on the main steam check valves to the other 
three steam generators to block radioactive flow into those 
generators and effectively isolate the ruptured steam generator.
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SG - Isolate Steaming Steam Generators. Given that IV fails 
mechanically (i.e., the operator tried to isolate the ruptured steam 
generator), a second method is available to isolate the ruptured 
steam generator. The operator secures the steam dump system and the 
main steam check valves should then block reverse flow from the 
ruptured steam generators.  

Failure of IV and SG means that a release path exists from the 
ruptured steam generator to the atmosphere.  

OP-4* - Operator Controls the Break Flow. Failure to control the 
break flow will require lifting of the steam generator ARVs or safety 
valves. Each lift will tend to remind the operator to take control 
of RCS pressure and we have assigned the following probability 
distribution to the number of valve lifts given initial failure to 
control the break flow (OP-4* failure): 

Number of Lifts: 1 2 3 to 5 6 to 14 15 to 25 

Probability: 0.4 0.3 0.2 0.09 0.01 

This distribution is used later in AC and SO to evaluate the chance 
that a relief or safety valve sticks open given failure of OP-4*.  

As a point of reference, at Ginna, with procedures that emphasized 
maintaining safety injection and that required isolation of the ARV, 
safety valves lifted five times before the operators achieved 
control. The Emergency Response Guidelines call for isolating the 
ARV only if it sticks open, and they emphasize reducing RCS pressure 
as soon as the RCS is refilled (indicated by a 200 psi rise).  

Overfilling of-the ruptured steam generator can occur if RCS pressure 
remains higher than steam generator pressure or if the steam side is 
isolated (IV above) and feed flow continues. Such overfilling will 
increase loading on the main steam line and will eventually lead to 
passing water through ARVs or safety valves which can affect their 
ability to reseat. OP-4* is only asked if IV succeeds or if IV fails 
and SG succeeds; i.e., if the operator has definitely taken the steps 
necessary to isolate the ruptured steam generator following the SGTR 
procedure. Further, if OP-4* also succeeds, the chance that the 
operator fails to isolate feed is very small. Therefore, OP-4* is 
quantitatively equivalent to OP-4* in the main SGTR tree and is 
considered successful or failed if OP-4* in the main tree had 
succeeded or failed.  

MS - Main Steam Line Intact. If OP-4* fails, filling the main steam 
line with water could cause it to break. Such a failure is modeled 
as an SL leak. We conservatively ignore the fact that if HH-2 is 
failed in the main SGTR, the steam lines cannot be flooded.  

* AO - ARV Opens. If the steam dumps fail (SD) or the operator fails 
to control break flow (OP-4*), steam generator pressure will exceed 
the relief valve setpoint. AO asks if the ARV opens.
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* AC - ARV Closes. If the ARV opens, jt may fail to reclose, providing 
a potential leak path.  

* AI - ARV Isolated. If the ARV fails to close, the operator can 
manually close the ARV isolation valve. While failure to take 
earlier actions to properly control the SGTR scenario may indicate 
the kind of confusion that would interfere with proper operator 
response, the stuck open ARV would soon come to the operators' 
attention. Even if the operators were confused about the true nature 
of the overall accident sequence, response to the stuck open valve is 
straightforward and should be reasonably independent from other 
events.  

0 SN - Safety Valve Not Demanded. If the ARV is available, there 
should be no challenge to the safety valves. If the ARV is isolated, 
challenges to the safety valve are possible. They are much more 
likely if OP-4* fails.  

* SO - Safety Valve Opens and Closes. When the safety valve is 
challenged, it must open (or the steam generator pressure boundary 
may fail) and reclose (or a release path will be open). Thus, 
failure to open and failure to close both represent leakage paths for 
SL. It should be noted that data for "failure to close" include 
modest failures (i.e., "weeping valves") which do not present a 
significant radioactive release path. Also "stuck open" valves 
usually reseat after some time has passed either being freed by 
vibration or seating after pressure drops well below the setpoint.  
For example, during the 1982 Ginna SGTR event, safety valves opened 
five times; stuck open twice, passing steam after its first cycle and 
passing water at a rate of about 100 gpm for approximately 50 minutes 
after its last opening; and eventually reclosed after both 
"failures." The analysis assumes if a safety valve fails to close, 
it remains stuck full open for the duration of the accident. For 
quantifying event SO, we assume if OP-4* succeeds, the safety valve 
passes steam and if OP-4* fails, the safety valve passes water.  

From the "top event" descriptions above, the SL event tree logic is 
straightforward: sequence 1 is the expected sequence of events. The 
steam dumps are available and the operators both isolate the ruptured 
steam generator and control the break flow. ARVs are not challenged. In 
sequence 2, the operator fails to control break flow (OP-4* fails) 
flooding the main steam lines which do not fail and challenging the ARV 
which opens and closes. In sequences 3 through 6, the ARV fails open 
leading to four cases: the ARV is isolated and the safety valve is not 
challenged (sequence 3, success); the ARY is isolated and the safety 
valve opens and closes after each challenge (sequence 4 success); the ARV 
is isolated and the safety valve either fails to open or opens and fails 
to close (sequence 5, leak); the ARV is not isolated (sequence 6, leak).  
If the ARV fails to open when challenged, the safety valve will be 
challenged and it either works (sequence 7, success) or fails 
(sequence 8, leak). Finally, if flooding the main steam lines (OP-4* 
fails) ruptures the line, we have sequence 9, leak.
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Sequences 10 through 19 involve a failure to isolate the ruptured steam 
generator (IV). If the good generators are isolated from the bad one 
(SG succeeds), sequences 10 through 18 proceed exactly like sequences 1 
through 9. Failure of SG leads to "leak" sequence 19.  

In sequence 20, the operator fails to decide to isolate the ruptured 
steam generator (OS) which implies that a leak path exists.  

In sequences 21 through 52, the steam dump system is failed; thus, the 
ARVs will be challenged and event SG does not require isolation of the 
steam dumps. Guaranteeing an ARV challenge leads to scenarios 21 
through 27 and 36 through 42 which do not appear in the top half of the 
tree. In these scenarios the ARVs or safety valves will only be required 
to pass-steam. Otherwise, the scenarios directly follow those described 
for sequences 1 through 20 above.
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1.3.4.5 Steam Break Inside Containment - Event Tree 5

The steam line break inside the containment tree (Figure 1.3.4.5-1, 
event tree 5) applies to those transients that begin with a steam line 
break inside containment. The normal progress of this transient is the 
start of HPIS, reactor trip resulting from the safety injection signal, 
main steam isolation valve (MSIV) trip, and AFWS actuation resulting 
from the safety injection signal. This is followed by the operator 
taking control of the AFWS, and secondary cooling. The steam line break 
inside containment event tree uses the following symbols to identify 
systems and operator functions: 

ET-5 - Steam Line Break Inside Containment 
SA-2 - Safety Injection Signal and High Head Pumps 
K-3 - Reactor Trip 
MS-1 MSIV Trip 
L-I - AFWS Actuation and Secondary Cooling 
OP-1 Feed and Bleed Cooling 
R-3 Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

The event tree is used to quantify the frequency of degraded core 
states. Such conditions can occur only when the functions previously 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

Containment cooling is required to avoid excessive pressure. However, 
such overpressure by itself would not seriously threaten the core.  

1.3.4.5.i Initiators 

The steam break inside containment event tree (ET-5) is initiated by 
random events. Similar events may also be caused by external event 
influences. External events such as seismic excitation are analyzed 
separately in Section 7.  

1.3.4.5.2 Systems and Operator Functions 

The top events of the steam line break inside the containment event tree 
(ET-5), SA-I through NA, are described in detail to provide under
standing of the systems and operator functions involved. The numerical 
calculations of each top event are performed in the individual systems 
analyses of Sections 1.5.2 and 1.6.2, and in the supporting analyses of 
Section 1.3.3.  

1. SA-2 - Safety Injection Signal and High Head Pumps. The actuation 

signals generated for ET-5 are: 

a. Low pressurizer pressure from rapid cooldown.  

b. Steam generator, delta P (one steam generator, 150 psid less 
than the other three).
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c. High containment pressure.

d. High-high containment pressure (indirectly via the high steam 
flow logic circuits).  

The success of SA-2 depends on the generation of a safety injection 
signal and the start of one of the three high head injection pumps.  

2. K-3 - Reactor Trip. The success of K-3 requires control rod insertion in response to an automatic reacortrip sjgnal."An 

automatic reactor trip signal is generated from diverse sources for 
ET-5. Among those sources are:

Low pressurizer pressure.  
Safety injection actuation.  
Low-low steam generator level.

3. MS-I - MSIV Trip. The success of MS-1 depends on closure of the 
steam line check valve, or trip of the MSIV, eitherby'automatic or 
manual actuation. Automatic isolation of the MSIVs results from a 
high-high containment pressure signal. The emergency operating 
proceduresdirect the operator to manually close the'MSI V' for'the 
faulted steam generator.  

.4. L-1 - AFWS Actuation and Secondary Cooling. The success of the 
auxiliary fee dwater system-depends on thestart of one motor-driven 
or turbine-driven pump in response to an automatic actuation signal 
or operator action. The automatic signal is derived from safety 
injection actuation or low-low steam generator level. The success 
of- secondary cooling requires the automatic or manual openjng of' a 
relief'orsafety valve. The steam dump to the c h deps~risenpt' 

available since the MSIVs are presumed closed. The emergency 
operating procedures direct the 0peraorto secure fee t he 

depressurized (faulted)steam generator. . .. .  

5. OP-1 Feed and Bleed Cooling. If auxiliary feedwater cooling 
should fail, the operator can manually open the PORV block valves 
and PORVS to provide feed and bleed cooling to the primary system.  
For success of this branch, the operator must determine that 

such 

action is necessary, and then take the proper action. In addition, 
the appropriate valves must be open.  

6. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term coolihg mustbe 
accomplished using at least one RHR or recirculation pump. The 

success of R-3 depends on service water and component cboling , and 
fan cooler operation. It can be accomplished in three ways. If the 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR or recirculation pump.  
If the plant is depressurized to less than 600 psig, either high
pressure recirculation or preferred normal RHR cooling is possible.
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At pressures greater than 600 psig, only high pressure recirculation 
can be used. Success depends on the operator recognizing what 
action to take, and the successful operation of RHR pumps and other 
equipment.  

.7. CF-2 - Fan Coolers. .Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the contain
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are is only 
shown on the event tree for core melt sequences in which the fan 
coolers are useful in protecting the containment from overpressure 
failure. For CF-2, the probability that CF fails (less than three 
out of five operate properly and service water cooling is available) 
is calcu- lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional probability calculations are described in 
Section 1.3.3. This complicated calculation could be avoided by 
restructuring the tree as SW-CF-R rather than R-CF. However, the 
second structure describes the transient sequence progression more 
clearly.  

8. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal. Automatic actuation occurs on high-high containment 
pressure. One of two pumps must operate for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST.  

9. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.  

1.3.4.5.3 Tree Structure 

1. Displayed Dependencies 

a. If steam generator isolation (MS-i) fails, the steam generators 
rapidly boil dry and, although the auxiliary feedwater system 
could supply water to the steam generators for cooling, current 
operating procedures may cause the operators to secure flow in 
the auxiliary feedwater system. Thus, when MS-1 fails, L-1 
(auxiliary feedwater system) is modeled as failed. The 
operating procedures are written to maintain water level in the
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steam generator and to stop feeding a steam generator if that 
level cannot be maintained. This prevents excessive cooldown in 
faulted steam generators.  

b. If reactor trip (K-3) fails, then no further branches are 
required on this tree. The sequence continues on the ATWS event 
tree.  

c. If safety injection actuation (SA-2) and MS-i fail, then core 
damage is modeled and the tree branches directly to the contain
ment pressure control events.  

di If SA-2 and L-1 fail, core damage is modeled and the tree 
branches directly to the containment pressure control events.  
If L-1 is successful the transient is completed.  

e. If L-1 and primary feed and bleed (OP-1), fail, core damage is 
modelled and the tree branches directly to containment pressure 
control events.  

f. If containment spray fails, then sodiqm hydroxide (NA) fails.  

2. Systems Interaction. Most dependencies caused by, systems inter

action were discussed in the previous section. Others are as follow,: 

a. When OP-1 requires that the operator begin feed and bleed 
cooling, the only action to be taken is to open the PORV block 
valves and the PORVs since safety injection, the high head 
pumps, has already actuated.  

b. R-3, recirculation cooling, depends on starting a recircu
lation or an RHR pump, Hence, success of R-3 must include 
successful pump operation in additiqn to valve'realignment.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water Provides a heat sink for 
component cooling and for the fan coolers, if 'required. Compo
nent cooling removes heat from either the recirculation or the 
RHR pumps and from the RHR heat exchangers, if required. Closed 
loop RHR cooling requires an RHR pump and heat exchanger. Open 
loop recirculation cooling requires either a recirculation or 
RHR pump and an RHR heat exchanger or the fan coolers.  

d. All active systems require electric power.  

e. Service water is required for diesel generator operation.  

3. Degraded Core States. All degraded core states branch to the ATWS 0 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with 
Table 1.3.4.0-2. All are transient sequences. Depending the on 
success or failure of fan coolers and containment spray, the assign
ments are as follows (see Figure 1.3.4.5-1).
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Plant Event System Failure, 
Sequence Responsible For CF-2* CS* 
Category Core Melt 

TEFC L-1 and OP-1 1 1 
TEF 1 0.  
TEC 0 1 
TE 0.0 

SLFC R-3 .1 1 
SLF 1 0 
SLC 0 0 

*1 = Success 
0 = Failure
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PLANT EVENT 
SEQUENCE SEQUENCE 

CATEGORY

SUCCESS 
SUCCESS 

SLFC 

SLFC 

SLF 

SLC 

SLC 
SL 

TEFC 

TEFC 

TEF 

TEC 

TEC 

TE 

SUCCESS 
SLFC 

SLFC 

SLF 

SLC 
SLC 

SL 

TEFC 

TEFC 

TEF 

TEC 
TEC 

TE 

ATWS 
SUCCESS 

TEFC 

TEFC 

TEF 

TEC 
TEC 

TE 

TEFC 

TEFC 

TEF 

TEC 

TEC 

TE 

ATWS

NOTE: THE PLANT EVENT SEQUENCE CATEGORIES ARE DEFINED IN SECTION 1.3.4.0, BRIEFLY:

A - LARGE LOCA BEHAVIOR 
S - SMALL LOCA BEHAVIOR 
T - TRANSIENT BEHAVIOR

E - EARLY MELT 
L - LATE MELT 
F - FAN COOLERS ARE OPERATING

C - CONTAINMENT SPRAYS 
ARE OPERATING

Figure 1.3.4.5-1. Steam Line Break 
Inside Containment - Event Tree 4
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1.3.4.6 Steam Break Outside Containment - Eveint Tree 6_ 

The steam line break outside containment tree (Figure 1.3.4.6-1, event 

tree 6) applies to those transients that begin with a steam line break 
outside containment. The normal progress of this transient is high head 
safety injection, reactor trip, MSIV trip, and auxiliary feedwater 
system actuation resulting from the safety injection signal. This is 

:,followed by the operator's taking control of the AFWS and secondary 
cooling. The steam line break outside containment event tree used the 
following symbols to identify systems and operator functions: 

ET-6 Steam Line Break Outside Containment 
SA-2 SI Signal and High Head Pumps 
K-3 Reactor Trip 
MS-1 MSIV Trip 
L-1 - AFWS Actuation and Secondary Cooling 
OP-1 - Feed and Bleed Cooling 
R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

The event tree is used to quantify the frequency of degraded core 
states. Such conditions can occur only when the functions previously 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

1.3.4.6.1 Initiators 

The steam break outside containment event tree (ET-6) is initiated by 
random events. Similar events may also be caused by external event 
influences. External events such as seismic excitation are analyzed 
separately in Section 7.  

1.3.4.6.2 Systems and Operator Functions 

The top events of the steam line break outside containment event tree 
(ET-6), SA-2 through NA, are described in detail to provide an under
standing of the systems and operator functions involved. The numerical 
calculations of each top event are performed in the individual systems 
analyses of Sections 1.5.2 and 1.6.2, and in the supporting analyses of 
Section 1.3.3.  

1. SA-2 - Safety Injection Signal and High Head Pumps. The actuation 
signals generated for ET-6 are: 

a. Low pressurizer pressure.  

b. High steam flow with low Tavg or low steam pressure.  

The success of SA-2 requires the generation of a safety injection 
signal and the start of one of the three high head injection pumps.
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2. K-3 - Reactor Trip. The success of K-3 depends on control 
insertion in response to an automatic reactor trip signal.  
matic trip signals may be generated from the following:

rod 
Auto-

Low pressurizer pressure; 
Safety injection actuation.  
Low-low steam generator level.

. MS-i - MSIV Trip. The success of MS-1 depends on the automatic.or 
manual closure of all the MSIVs. The adtomatic isolation signal is 
generated from the high steam flow safety injection signal. The 
emergency operating procedures direct the operator to manually close 
the MSIV for the faulted steam generator.  

4. L-1_- AFWS Actuation and Secondary Cooljng. The auxiliary feedwater 
system is described in Sections 1.5.2 and 1.6.2 AFWS success 
r6quires the start of one motbr-driven or turbie-drivei pump in 
response to an automatic signal or operator .action. The automatic 
signal is derived from safety injection Actuation or l6w-low steam 
generator level. The success of secondary cooling requires the 
automatic or nuaiiidl opening of a relief or safety valve. The steam 
dump to the condenser is not available since the MSIVs are presumed 
closed. The emergency operating proceduris direct the operator to 
secure feed to the depressurized (faulted) steam generator.  

5. op-1 - Feed and Bleed Cooling. If auxiliary feedwater Cooling 
should fail, the operator can manually Opeh the PORV block valves 
and PORVs to provide bleed and feed cooling to the primary system.  
For success for this branch, the operato' must de'trmihe that siuch 
action is necessary and then take the proper actibn. In addition, 
the appropriate valves must open.  

.6. R-3 - Recirculation Cdoling. When L-1 is failed arid short term cooling is provided by bleed and feed, long term codiig must be 
accomplished using at least one RHR or recircUlation pump. The success of R;3 depends on service Water and Component Cooling and 
fan cooler operation. It can be accomplished in three ways. If the 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR or recirculation pump.  
if the plant is depressurized to less than 600 psig, either high 
pressure recirculation or preferred normal RHR cooling is possible.  
At pressures greater than 600 psig, only high pressure recirculation 
can be Used. Success depends upon the operator recoghizing what 
action to take and the successful operation of RHR pumps and other 
equipment.  

7. CF-2 - Fan Coolers. Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirCulation water to the contain
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are only shown
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on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu
lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional probability calculations are described in 
Section 1.3.3. This complicated calculation could be avoided by 
restructuring the tree as SW-CF-R rather than R-CF. However, the 
second structure describes the transient sequence progression more 
clearly.  

8. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal. Automatic actuation occurs on high-high containment 
pressure. One of two pumps must operate for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST. In this event tree, it is very 
unlikely that sprays will provide any useful function. They are 
needed if bleed and feed cooling is required and R-3 fails. In such 
a case, the operator will probably use the remaining RWST water to 
continue bleed and feed to save the core rather than use it for 
sprays after melt. Another possibility is that the RWST is refilled 
after melt, prior to containment overpressure.  

9. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.  

1.3.4.6.3 Tree Structure 

1. Displayed Dependencies 

a. If steam generator isolation (MS-i) fails, the steam generators 
rapidly boil dry and, although the auxiliary feedwater system 
could supply water to the steam generators for cooling, current 
operating procedures may cause the operators to secure flow in 
the auxiliary feedwater system. Thus, when MS-1 fails, L-1 
(auxiliary feedwater system) is modeled as failed. The 
operating procedures are written to maintain water level in the 
steam generator and to stop feeding a steam generator if that 
level cannot be maintained. This prevents excessive cooldown in 
faulted steam generators.

1.3-185



b. If reactor trip (K-3) fails, then no further branches are 
required on this tree. The sequence continues on the ATWS event 
tree.  

c. If safety injection actuation (SA-2) and MS-1 fail, then core 
damage is modeled and the tree branches directly to the contain
ment pressure control events.  

d. If SA-2 and L-i fail, core damaged is modeled and the tree 
branches directly to the containment pressure control events.  
If L-1 is successful, the transient is completed.  

e. If L-1 and primary feed and bleed (OP-1) fail, core damage is 
modeled and the tree branches directly to containment pressure 
control events.  

f. If containment spray fails, then sodium hydroxide (NA) fails.  

2. Systems Interaction. Most dependencies caused by systems inter
action Were discussed in the previous section. Others are as 
follows: 

a. When OP-1 requires that the operator begin feed and bleed 
cooling, the only action to be taken is to open the PORV block 
valves and the PORVs since safety injection, the high head 
pumps, has already actuated.  

b. R-3, recirculation cooling, depends on starting a recircu- 0 
lation or RHR pump. Hence, success of R-3 must include 
successful pump operation in addition to valve realignment.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. CompO
nent cooling removes heat from either the recirculation or the 
RHR pumps and from the RHR heat exchangers, if required. Closed 
loop RHR cooling requires an RHR pump and heat exchanger. Open 
loop recirculation cooling requires a recirculation or RHR pump 
and an RHR heat exchanger or the fan coolers.  

d. All active systems require electric power.  

e. Service water is required for diesel generator operation.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with Table 1-.3.4.0-2. m 
All are transient sequences. Depending on success or failure of fan 
coolers and containment spray, the assignments are as follows (see 
Figure 1.3.4.6-1).  

0
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*1 = Success 
0 = Failure

1.3-187

Plant Event System Failure 
Sequence Responsible For CF-2* CS* 
Category Core Melt 

TEFC L-1 and OP-1 1 1 
TEF 1. 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF .1 0 
SLC 0 1 
SL .0 0



FAN CONTAINMENT HYDROXIDE PLANT 

COOLERS SPRAY ADDITION SEQUENCE SEQUENCE 

cF-2 NA CATEGORY 

1 SUCCESS 

2 SUCCESS 

3 SLFC 

4 SLFC 

5 SLF 

6 SLC 

7 SLC 

8 SL 

9 TEFC 
10 TEFC 

11 TEF 
12 TEC 

13 TEC 

14 TE 

15 SUCCESS 

16 SLFC 

17 SLFC 

18 SLF 

19 SLC 

20 SLC 21 SL 

22 TEFC 

23 TEFC 

38 TEF 

25 TEC 

26 TEC 

27 TE 
28 ATWS 
29 SUCCESS 

30 TEFC 

31 TEFC 
:32 TEF 

33 TEC 
'l i34 TEC 

35 TE 

S36 TEFC 

37 TEFC 

38 TEC 
39 TEF 

40 TEC 
I41 TE 

42 ATWS

NOTE: THE PLANT EVENT SEQUENCE CATEGORIES ARE DEFINED IN SECTION 1.3.4.0, BRIEFLY:

A - LARGE LOCA BEHAVIOR 
S - SMALL LOCA BEHAVIOR 
T - TRANSIENT BEHAVIOR

E - EARLY MELT 
L - LATE MELT 
F - FAN COOLERS ARE OPERATING

C - CONTAINMENT SPRAYS 
ARE OPERATING

Figure 1.3.4.6-1. Steam Generator Break 
Outside Containment - Event Tree 6
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1.3.4.7 Loss of Main Feedwater - Event Tree 7 (ET-7)

The loss'of main feedwater event tree (Figure 1.3.4.7-1, event tree 7) 
applies to those transients that begin with the loss of both main feed
water pumps either by inadvertent trip or mechanical failure. The 
normal progress of these transients is reactor trip, turbine trip 
resulting from reactor trip, and auxiliary feedwater actuation resulting 
from low-low steam generator level. This is followed by the operator 
taking control of the AFWS and secondary cooling. The loss of main 
feedwater event tree.uses the following symbols to identify systems and' 
operator functions: 

ET-7 - Loss of Main Feedwater Flow 
K-3 - Reactor Trip 
TT-1 -Turbine Trip 
MS-2 - MSIV Trip 
L-1 - AFWS Actuation and Secondary -Cooling 
OP-2 - Primary Cooling Bleed and Feed 

" R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

The event tree is-used to quantify the frequency of degraded core 
states. Such conditions can occur only when the functions previously 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

1.3.4.7.1 Initiators 

Main feedwater flow losses have occurred for a variety of reasons.  
These include human error, control logic failures, mechanical failures 
of main feedwater pumps, and loss of condensate and related problems.  
External initiating events are considered separately in Section .7..  

1.3.4.7.2 Systems and Operator Functions 

The top events of'the loss of main feedwater flow event tree (ET-7), K-3 
through NA, are described in detail to provide an understanding of the 
systems and operator functions involved. The numerical calculations of 
each top event are performed in the individual systems analyses of 
Sections 1.5.2 and 1.6.2, and in the supporting analyses of 
Section 1.3.3.  

1. K-3 - Reactor Trip. The success of K-3 depends on the insertion of 
the control rods by an automatic signal from the loss of feedwater 
flow. The automatic signals generated are one of the following: 

a. Steam flow/feedwater flow mismatch with low steam generator 

water level.  

b. Low-low steam generator level.
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2. TT-1 - Turbine Trip. The success of TT-1 includes the generation of 
automatic or manual turbine trip signals and actual trip of the 
turbine stop/control valves.  

3. MS-2 - MSIV Trip. If TT-1 does not occur,'an automatic signal to 
trip the MSIVs may be generated on high steam flow (with low steam 
pressure or low Tavg). If an automatic signal is not generated, 
emergency operating procedures call for isolating the steam 
generators that continue to blow down. Therefore, a manual MSIV 
trip is required. If at least one steam generator is available, 
AFWS flow can be maintained by existing procedures. Therefore, the 
success of MS-2 is defined as a manual trip signal combined with the 
successful tripping of at least one MSIV, since the automatic signal 
cannot be guaranteed.  

4. L-1 - AFWS Actuation and Secondary Cooling. The auxiliary feed
water system success depends on the start of one motor-driven or 
turbine-driven pump in response to an automatic actuation signal or 
operator action. The automatic signals to start the auxiliary feed
water pumps for this event tree come from low-low steam generator 
level.  

Secondary cooling is achieved by removing heat from the steam 
generator. This is done by automatically or manually opening a 
relief valve associated with a steam generator receiving auxiliary 
feedwater. Heat can also be removed by safeties, steam dumps to the 
main condenser if the MSIVs are not closed, or blowdown. Only the 
steam reliefs and safeties are modeled for secondary cooling since 
they are adequate.  

Heat removal from the primary system can be provided by one steam 
generator. Given these conditions, the reactor core will be cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).  

5. OP-2 - Primary Cooling, Feed and Bleed. If auxiliary feedwater 
cooling should fail, the operator can start a high head safety 
injection pump and manually open the PORV block valves and PORVs to 
provide bleed and feed cooling to the primary system. For success 
for this branch, the operator must determine that such action is 
necessary and then take the proper action. In addition, the appro
priate valves must open and the appropriate pump must start. The 
refueling water storage tank is needed to provide water. Two PORVs 
are needed for the first few hours (see Section 1.3.3).  

6. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term cooling must be 
accomplished using at least one RHR or a recirculation pump. The 
success of R-3 depends on service water and component cooling, and 
fan cooler operation. It can be accomplished in three ways. If the 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR pump or recirculation
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pump. If the plant is depressurized to less than 600 psig, either 
high pressure recirculation or preferred normal RHR cooling is 
possible. At pressures greater than 600 psig, only high pressure 
recirculation can be used. Success depends on the operator 
recognizing what action to take and the successful operation of RHR 
pumps and other equipment.  

7. CF-2 - Fan Coolers. Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to. the contain
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are only shown 
on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu
lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional probability calculation is described in Section 1.3.3.  
This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R rather than R-CF. However, the second structure 
describes the transient sequence progression more clearly.  

8. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal. Automatic actuation occurs on high-high containment 
pressure. One of two pumps must operate for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST. In this event tree, it is very 
unlikely that sprays will provide any useful function. They are 
needed if bleed and feed cooling is required and R-3 fails. In such 
a case, the operator will probably use the remaining RWST water to 
continue bleed and feed to save the core rather than use it for 
sprays after melt. Another possibility is that the RWST is refilled 
after melt but before containment overpressure.  

9. NA - Sodium Hydroxide Addition. The success of this system depends 
on proper lineup of the sodium hydroxide tank with the containment 
spray system to provide a high pH containment spray for additional 
scrubbing of radioactive iodine from the containment atmosphere.  

1.3.4.7.3 Tree Structure 

A discussion of system interdependencies and functional dependencies 
follows.
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1. Displayed Dependencies

a. When (K-3) reactor trip fails, no other branches are taken from W 
this tree. The sequences branch to the failure to trip the 
reactor tree (ET-13) for further analysis.  

b. When turbine trip (TT-1) succeeds, steam flow from the steam 
generators is terminated and there is no need to ask about the 
main steam isolation valves closing (MS-2).  

c. When both TT-1 and MS-2 fail, the steam generators boil dry 
rapidly. Although the auxiliary feedwater system could supply 
water to the steam generators for cooling, the operators will 
probably secure flow in the auxiliary feedwater system because 
of current operating procedures. Thus, when TT-1 and MS-2 fail, 
L-1 (auxiliary feedwater system) is modeled as failed. The 
operating procedures are written to maintain water level in the 
steam generator and to stop feeding a steam generator if that 
level cannot be maintained. This prevents excessive cooldown in 
faulted steam generators.  

d. In cases in which the reactor has tripped, that is, K-3 and L-1 
succeed, no further branches are necessary. Cooling is provided 
and the transient is ended.  

e. One final success case for the core is when L-1 fails, but core 
cooling is provided by primary bleed and feed (OP-2 succeeds), 
then the system is placed in long term recirculation cooling 
(R-3 succeeds). Here, L-1 fails, OP-2 and R-3 succeed, and the 
core is protected. No further branches are necessary and the 
transient is ended.  

f. All remaining cases lead to core melt and containment protection 
is examined. Sodium hydroxide addition, NA, is successful only 
if containment spray succeeds. When CS fails, NA cannot succeed.  

2. Systems Interaction. Most dependencies caused by systems inter
action have been discussed in the previous section. Others are as 
follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the initiating event.  

b. Diesel generators require service water for cooling.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. Compo
nent cooling removes heat from either the recirculation or
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RHR pumps and from the RHR heat exchangers, if required. Closed 
loop RHR cooling requires an RHR pump and heat exchanger. Open.  

loop recirculation cooling requires a recirculation or RHR pump 

and an RHR heat exchanger or the fan coolers.  

3. Degraded Core States. All degraded core states branch to the ATWS 

tree (ET-13) or are assigned to the accident'sequence types TE and 

SL (for early and late failures) in accordance with Table 1.3.4.0-2.  

All-are transient sequences. Depending on the success or failure of 

fan coolers and containment spray, the assignments are as follows 

(see Figure 1.3.4.7-1).  

Plant Event System Failure 

Sequence Responsible For CF-2* CS* 
Category Core Melt 

TEFC L-1 and OP-2 1 1 

TEF 1 0 

TEC "0 1 

TE 0 0 

SLFC R-3 1 1 

SLF 1 0 

SLC 0 1 

SL 0 0

*1 = Success 
0 = Failure
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PLANT 
EVENT.  
SEQUENCE 
CATEGORY

NOTE: THE PLANT EVENT SEQUENCE CATEGORIES ARE DEFINED IN SECTION 1.3,4.0. BRIEFLY:

A - LARGE LOCABEHAVIOR - E.-EARLYMELT 
S - SMALL LOCA BEHAVIOR L - LATE MELT 
T - TRANSIENT BEHAVIOR F - FAN COOLERS ARE OPERATING

C - CONTAINMENT SPRAYS 
ARE OPERATING

Figure 1.3.4..7-1., Loss of Main Feedwater - Event Tree 7
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1.3.4.8 Closure of One Main Steam Isolation Valve--Event Tree 8 
(ET-8) 

The event tree closure of one main steam isolation valve 
(Figure 1.3.4.8-1, event tree 8) applies to those transients that begin 
with a closure of one of the four MSIVs and are followed by an automatic 
reactor trip or turbine trip. Trips of two or three MSIVs would follow 
the same event tree, but are much less likely.  

The normal progress of this transient is a reactor trip resulting from a 
low-low steam generator level. This is caused by shrink in the steam 
generator from MSIV closure. Also, turbine trip is actuated directly 
from the MSIV closure and from the reactor trip breakers. If an MSIV 
trip occurs without turbine trip or reactor trip, it is possible at some 
power levels that the operator will stabilize the plant on three loops 
and then performs a controlled shutdown. In each case, malfunctions 
could degrade equipment. The transient places demands on both the 
operator and the plant equipment. Normally this would be a benign 
transient of fairly infrequent occurrence. The closure of one MSIV 
would result from an operating error or equipment malfunction because an 
automatic signal does not close just one MSIV.  

This event tree uses the following symbols to identify systems and plant 
functions: 

ET-8 - Closure of One MSIV 
K-3 - Reactor Trip 
OP-3 - Operator Stabilizes Transient 
TT-1 - Turbine Trip 
MS-2 - MSIV Trip (manual) 
L-1 - AFWS Actuation and Secondary Cooling 
OP-2 - Primary Bleed and Feed 
R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

The, event tree is used to quantify the frequency of degraded core 
states. Such conditions can occur only when the functions previously 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

1.3.4.8.1 Initiators 

The closure of one MSIV event tree (ET-8) is initiated by random 
events. External events such as seismic excitation are analyzed 
separately in Section 7.  

1.3.4.8.2 Systems and Plant Functions 

The top events of the inadvertent closure of one .MSIV (ET-8), K-3 
through NA, are described in detail to provide an understanding of the
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systems and operator functions involved. The-numerical calculations of 
each top event are performed in the individual systems analyses of 
Section 1.5.2 and 1.6.2, and in the supporting analyses of Section 1.3.3.  

1. K-3 - Reactor Trip. The success of K-3 depends on the insertion of 
control rods by an automatic signal from low-low SG level. Addi
tional trip signals that are present or manual trip are not included.  

2. OP-3 - Operator Stabilizes Transient. The operator successfully 
stabilizes transient on three loops until a controlled shutdown is 
completed. This can happen at reduced power levels if no turbine 
trip or reactor trip occurs.  

3. TT-1 - Turbine Trip. The success of TT-1 includes the generation of 
automatic or manual turbine trip signals and actual trip of the 
turbine stop/control valves.  

4. MS-2 - MSIV Trip. Given that a reactor trip occurred, the operator 
can close the MSIVs manually to terminate the cooldown, if TT-1 does 
not occur. Since one MSIV is already closed, the steam generator 
associated with that MSIV can be used to provide secondary cooling.  

5. L-1 - AFWS Actuation and Secondary Cooling. The success of the auxiliary feedwater system depends on the start of one motor-driven 
pump or the turbine-driven pump in response to an automatic actu
ation signal or operator action. The automatic signals that start 
the auxiliary feedwater pumps for this event tree come from low-low 
steam generator level.  

* Secondary cooling is achieved by removing heat from the steam 
* generator. This done by automatically or manually opening a relief 

valve associated with steam generator(s) receiving auxiliary feed
water. Heat is also removed by safeties, steam dumps to the main 
condenser, or blowdown. Only the steam reliefs and safeties are 
modeled for secondary cooling since they are adequate.  

Heat removal from the primary system can be provided by one steam 
generator. Given these conditions, the reactor core will be cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).  

6. OP-2 Primary Cooling, Feed and Bleed. If auxiliary feedwater 
cooling should fail, the operator can start a high head safety 
injection pump and manually open the PORV block valves and PORVs to 
provide bleed and feed cooling to the primary system. For success 
of this branch, the operator must determine that such action is 
necessary and then take the proper action. In addition, the appro
priate valves must open and the appropriate pump must start. The,, 
refueling water storage tank is also needed to provide water. Two 
PORVs are needed for the first few hours.
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7. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term cooling must be 
accomplished using at least one RHR or recirculation pump. The 
success of R-3 is dependent upon service water and component cooling 
and fan cooler operation. It can be accomplished in three ways. If 
the plant is completely depressurized to less than 150 psig, low 
pressure recirculation is possible using an RHR or recirculation 
pump. If the plant is depressurized to less than 600 psig, either 
high pressure recirculation or preferred normal RHR cooling is 
possible. At pressures greater than 600 psig, only high pressure 
recirculation can be used. Success depends on the operator 
recognizing what action to take, and the successful operation of RHR 
pumps and other equipment.  

8. CF-2 - Fan Coolers. Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the contain
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are only shown 
on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu-, 
lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional probability calculation is described in Section 1.3.3.  
This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R rather than R-CF. However, the second structure 
describes the transient sequence progression more clearly.  

9. CS - Containment Spray. Containment spray protects the containment, 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal. Automatic actuation occurs on high-high containment 
pressure. One of two pumps must operate for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST. In this event tree, it is very 
unlikely that sprays will provide any useful function. They are 
required if bleed and feed cooling is required and R-3 fails. In 
such a case, the operator will probably use the remaining RWST water 
to continue bleed and feed to save the core rather than use it for 
sprays after melt. Another possibility is that the RWST is refilled 
after melt but before containment overpressure.  

10. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.
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1.3.4.8.3 Tree Structure 

1. Displayed Dependencies 

a. When turbine trip (TT-1) succeeds, steam flow from the steam 
generators is blocked and there is no'need to ask about the 
MSIVs.  

b. When both TT-1 and MS-2 fail, the steam generators boil dry 
rapidly. Although the auxiliary feedwater system could supply 
water to the steam generators for cooling, the operators will' 
probably secure flow in the auxiliary feedwater system because 
of current operating procedures. Thus, when TT-1 and MS-2 fail, 
L-1 (auxiliary feedwater system) is modeled as failed. The 0 
operating procedures are written to maintain level in the steam 
generators and to stop feeding a steam generator if water level 
cannot be maintained or is lost. This prevents excessive cool
down in faulted steam generators.  

c. When auxiliary feedwater and secondary cooling succeed, no 
further branches are necessary because cooling is provided and 
the transient is ended.  

d. When L-1 fails or the steam generators remain unisolated when 
faulted, but OP-2 succeeds and eventually R-3 succeeds, the core 
is protected. No further branches are necessary and the 
transient is ended.  

e. When reactor trip fails, no other branches are taken. The 
sequence branches to the ATWS event tree for further analysis.  

f. Given that reactor trip is successful and the operator stabi
lizes the transient, no other branches are taken.  

g. All remaining cases lead to core melt and containment protection 
is examined. When CS fails, NA cannot succeed.  

2. Systems Interaction. Most dependencies caused by systems inter
action have been discussed in the previous section. Others are as 
follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the initiating event.  

b. Diesel generators require service water for cooling.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. Compo
nent cooling removes heat from the recirculation or RHR pumps,
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and from the RHR heat exchangers, if required. Closed loop RHR 
cooling requires an RHR pump and heat exchanger. Open loop 
recirculation cooling requires a recirculation or RHR pump and 
an RHR heat exchanger or the fan coolers.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with Table 1.3.4.0-2.  
All are transient sequences. Depending on the success or failure of 
fan coolers and containment spray, the assignments are as follows 
(see Figure 1.3.4.8-1).  

Plant Event System Failure 
Sequence Responsible For CF,2* CS*: 
Category Core Melt 

TEFC L-1 and OP-2 1 1 
TEF 1 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF 1 0 
SLC 0 1 
SL 0 0

*1 = Success 
0 = Failure
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1.3.4.9 Loss of Reactor Coolant System Flow - Event Tree 9 

The loss of reactor coolant system flow event tree (Figure 1.3.4.9-1, 
event tree 9) applies to those transients that begin with the loss of 
RCS flow because of control logic failure or mechanical failure of the 
RCS pump(s). The normal progress of these transients is reactor trip 
resulting from low reactor coolant flow, RCP bus undervoltage, under- 7 
frequency, or RCP breaker trip; turbine trip resulting from reactor 
trip, and auxiliary feedwater actuation because of low-low steam 
generator level. This is followed by the operator taking control of th 
AFWS and secondary cooling. The loss of RCS flow event tree uses the 
following symbols to identify systems and operator functions: 

ET-9 - Loss of RCS Flow 
K-3 - Reactor Trip 
TT - Turbine Trip 
MS-1 - MSIV Trip 
L-1 - AFWS Actuation and Secondary Cooling 
OP-2 - Primary Cooling Bleed and Feed 
R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

The event tree is used to quantify the frequency of degraded core 
states. Such conditions can occur only when the functions previously 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

1.3.4.9.1 Initiators 

Reactor coolant system flow losses have occurred for a variety of 
reasons including human error, control logic failures, and mechanical 
failures of RCS pumps. External initiating events are analyzed 
separately in Section 7.  

1.3.4.9.2 Systems and Operator Functions 

The top events of the loss of RCS flow event tree (ET-9), K-3 through 
NA, are described in detail to provide an understanding of the systems 
and operator functions involved. The numerical calculations of each top 
event are performed in the individual systems analyses of Section 1.5.2 
and 1.6.2, and in the supporting analyses of Section 1.3.3.  

1. K-3 - Reactor Trip. The success of K-3 depends on the trip of 
control rods by automatic signal from low RCS flow.  

2. TT - Turbine Trip. The success of TT includes the generation of 
automatic or manual turbine trip signals and the actual trip of the 
turbine stop/control valves.
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3. MS-1 - MSIV Trip. If TT does not occur, an automatic signal to- trip 
the MSIVs may not be generated on high steam flow (with low steam 
pressure or low Tava). The high steam flow setpoint is programmed 
to fall as turbine rirst stage pressure and Tavg fall. Emergency 
operating procedures call for isolation of steam generators that 
continue to blow down. Therefore, a manual MSIV trip is required.  
If at least one steam generator is isolated, AFWS flow can be main
tained by existing procedures. Therefore, the success of MS-i is 
defined as a manual trip signal combined with the successful 
tripping of at least one MSIV.  

4. L-1 - AFWS Actuation and Secondary Cooling. The success of the 
auxiliary feedwater system depends on the start of one motor-driven 
pump or the turbine-driven pump in response to an automatic actu
ation signal or operator action. The automatic signals to start the 
auxiliary feedwater pumps for this event tree come from l6w-low 
steam generator level.  

Secondary cooling is achieved by removing heat from the steam 
generator. This is sdone by automatically or manually opening a 
relief valve(s).associated with a steam generator(s) receiving 
auxiliary feedwater. Heat is also removed by safeties, steam dumps 
to the main condenser (if the MSIVs are not closed), or blowdown.  
Only the steam reliefs and safeties are modeled for secondary 
cooling since they are adequate.  

Heat removal from the primary system can be provided by one steam a 
generator. Given these conditions, the reactor core will be cooled W 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).  

5. OP-2 - Primary Cooling Bleed and Feed. If auxiliary feedwater 
cooling should fail, the operator can start a safety injection pump 
and manually open the PORV block valves and PORVs to provide bleed 
and feed cooling to the primary system. For success of this branch, 
the operator must determine that such action is necessary and then 
take the proper action. In addition, the appropriate valves must be 
open and the appropriate pump must start. The refueling water 
storage tank is needed to provide water.  

6. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term cooling must be 
accomplished using at least one RHR or recirculation pump. The 
success of R-3 depends on service water and component cooling, and 
fan cooler operation. It can be accomplished in three ways. If the 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR or recirculation pump.  
If the plant is depressurized to less than 600 psig, either high 
pressure recirculation or preferred normal RHR cooling is possible.  
At pressures greater than 600 psig, only high pressure recirculation 
can be used. Success depends on the operator recognizing what 
action to take, and successful operation of RHR pumps and other 
equipment. 0

1.3-202



7. CF-2 - Fan Coolers. Containment fan coolers'provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the contain
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are only shown 
on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu
lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional probability calculation is described in Section 1.3.3.  
This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R rather than R-CF. However, the second structure 
describes the transient sequence progression more clearly.  

8., CS - Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal. Automatic actuation occurs on high-high containment 
pressure. One of two pumps is required for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST. In this event tree, it is very 
unlikely that sprays will provide any useful function. They are 
required if bleed and feed cooling is required and R-3 fails. In 
such a case, the operator will probably use the remaining RWST water 
to continue bleed and feed to save the core rather than use it for 
sprays after melt. Another possibility is that the RWST is refilled 
after melt but before containment overpressure.  

9. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high PH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.  

1.3.14.9.3 Tree Structure 

1. Displayed Dependencies 

a. When K-3 reactor trip fails, no other branches are taken from
the loss of RCS flow tree. These sequences branch to the ATWS 
tree (ET-13) for further analysis.  

b. When turbine trip (TT) succeeds, steam flow from the steam 
generators is blocked and there is no need to ask about the 
MSIVs.
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c. When both TT and MS-1 fail, the steam generators boil dry 
rapidly. Although the auxiliary feedwater system could supply 0 
water to the steam generators for cooling, the operators will 
probably secure flow in the auxiliary feedwater system because 
of current operating procedures. Thus, when TT and MS-i fail, 
L-1 (auxiliary feedwater system) is modeled as failed.  

d. When the reactor has tripped, that is, the case succeeds, and 
L-1 and OP-2 succeed, no further branches are necessary since 
cooling is provided, and the transient is ended.  

e. One final success case for the core is when L-1 fails, but core 
cooling is provided by primary bleed and feed (OP-2 succeeds), 
then the system is placed in long term recirculation cooling 
(R-3 succeeds). Here, L-1 fails, OP-2 and R-3 succeed, and the 
core is protected. No further branches are necessary and the 
transient is ended.  

f. All remaining cases lead to core melt, and containment 
protection is examined. When CS fails, NA cannot succeed.  

2. Systems Interaction. Most dependencies caused by systems inter
action have been discussed in the previous section. Others are as 
follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti7 
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power confi-guration 
following the initiating event.  

b. Diesel generators require service water for cooling.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. Compo
nent cooling removes heat from the recirculation or RHR pumps, 
and from the RHR heat exchangers, if required. Closed loop RHR 
cooling requires an RHR pump and heat exchanger. Open loop 
recirculation cooling requires a recirculation or RHR pump and, 
an RHR heat exchanger or the fan coolers.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with Table 1.3.4.0-:2.  
All are transient sequences. Depending on the success or failure of 
fan coolers and, containment spray, the, assignments are as follows 
(see Fi.gure 1.3.4.9-1).
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Plant Event System Failure 
Sequence Responsible For CF-2* CS* 
Category- Core Melt.  

TEFC L-1 and OP-2 1 1 
TEF 1 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF 1 0 
SLC 0 1 
SL 0 0 

*1. 'Success 
0 Failure
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FLOW CATEGORY ET-9 K-3 TT MS-I L-I OP-2 R-3 CF-2 CS- NA 

1 SUCCESS; 

2 SUCCESS 

3 SLFC 
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5 SLF 

6 SLC 

7 SLC 
8 SL 
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10 TEFC.  

11 TEF 
12 TEC 

.13 T EC 

14 TE 

15 SUCCESS 
16-• SUCCESS 
17 SLFC 

18, SLFC 

19 SLF 
I_-I 20 SLC 

_ _ _21 SLC 
22 S L 

23 TEFC 

24. TEFC 

25' TEF 
26 TEC 

27 TEC 
28 TE 
29 SUCCESS 
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33 SLC 
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35 SL 
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37 TEFC 

38 TEF 

39 TEC 
40 TEC.  

41 TE 
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1.3.4.10 Core Power Excursion - Event Tree 10 

The core power excursion event tree (Figure 1.3.4.10-1, 
event tree 10) 

applies to those transients that begin with a core power excursion. The 
core power excursion event tree uses the following symbols to identify 
systems and operator functions: 

ET-IO - Core Power Excursion 

OP-3 Operator Terminates Excursion 
K-5 Turbine Runback 
K-3 Reactor Trip 
L-1 AFWS Actuation and Secondary Cooling 
OP-2 Primary Cooling Bleed and Feed, 
R-3 Recirculation Cooling 
CF-2 Fan Coolers 
CS Containment Spray 
NA Sodium Hydroxide Addition 

-The event tree is used to quantify the frequency of degraded core 
states. Such conditions can occur only when the functions previously; 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

1.3.4.10.1 Initiators 

The core power excursion event tree (ET-IO) is initiated by random 
events. External events such as seismic excitation are analyzed 
separately in Section 7.  

1.3.4. 10.2 Systems and Operator Functions 

The top events of the core power excursion event tree (ET-IO), OP-3 
through NA, are described in detail to provide an understanding of the 
systems and operator functions involved. The numerical calculations of 
each top event are performed in the individual systems analyses of 
Sections 1.5.2 and 1.6.2, and in the supporting analyses of 
Section 1.3.3.  

I. OP-3 - Operator Terminates Excursion. This sequence progresses 
relatively slowly. An operator should respond to increasing vg 
by searching for the cause of the transient. Until the cause is 
determined, the effects can be opposed by negative reactivity inser
tion. Once identified, the cause can be terminated.  

2. K-5 - Turbine Runback. Turbine runback occurs from an automatic 
signal generated or from the overpower AT circuitry. Success of 
K-5 depends on sufficient power reduction to prevent a reactor 
trip. The operator must also stabilize the power below a reactor 
trip setpoint.  

3. K-3 - Reactor Trip. Success of K-3 requires the insertion of the 
control rods in response to an automatic trip signal. Automatic 
trip signals result from reactor high power or overpower AT.
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4. L-1 - Auxiliary Feedwater Actuation and Secondary Cooling. The 
auxiliary feedwater system success requires the start of one motor
driven or turbine-driven pump in response to an automatic actuation 
signal or operator action. The automatic signals to start the 
auxiliary feedwater pumps for this event tree come from low-low 
steam generator level.  

Secondary cooling is achieved by removing heat from the steam 
generator. This is done by automatically or manually opening a 
relief valve(s) associated with a steam generator(s) receiving 
auxiliary feedwater. Heat is also removed by safety valves, steam 
dumps to the main condenser, or blowdown. Only the steam reliefs 
and safeties are modeled for secondary cooling since they are 
adequate.  

Heat removal from the primary system can be provided by one steam 
generator. Given these conditions, the reactor core will be Cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).  

5. OP-2 - Primary Cooling Feed and Bleed. The success of OP-2 requires 
the operator to start one of the three high head injection pumps and 
to open the PORV block valves and the PORVs to provide feed and 

* bleed cooling. For success of this branch, the operator must deter
mine that such action is necessary and then take the proper steps.  
In addition, the valves must be open and a pump must start. The 
RWST is the source of water.  

6. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term cooling must be 
accomplished using at least one RHR or a recirculation-pump. The 
success of R-3 depends on service water and component cooling and 
fan cooler operation. It can be accomplished in three ways. If the 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR or recirculation pump.  
If the plant is depressurized to less than 600 psig, either high 
pressure recirculation or preferred normal RHR cooling is possible, 
At pressures greater than 600 psig, only high pressure recirculation 
can be used. Success depends on the operator recognizing what 
action to take, and the successful operation of RHR pumps and other 
equipment.  

7. CF-2 - Fan Coolers. Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the contain
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are only shown 
on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu

lated conditional on the failure of R-3.
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The reasons for R-3 failure include service water failure (this also 
fails the fan coolers), failure of both component cooling to the RHR 
heat exchangers and failure of the fan coolers. The required 
conditional probability calculation is described in Section 1.3.3.  
This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R rather than R-CF. However, the second structure 
describes the transient sequence progression more clearly.  

8. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal Automatic actuation occurs on high-high containment 
pressure. One of two pumps must operate for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST. In this event tree, it is very 
unlikely that sprays will provide any useful function. They are 
required if bleed and feed cooling is required and R-3 fails, In 
such a case, the operator will probably use the remaining RWST water 
to continue bleed and feed to save the core rather than use it for 
sprays after melt. Another possibility is that the RWST is refilled 
after melt, prior to containment overpressure.  

9. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.  

1.3.4.10.3 Tree Structure 

1. Displayed Dependencies 

a. When OP-3, operator terminates excursion, or K-5, turbine 
runback, is successful, no further branching is necessary and 
the transient ends without core damage.  

b. When K-3 reactor trip fails, no other branches are taken from 
the event tree. The sequences branch to the ATWS tree (ET-13) 
for further analysis.  

c. If K-3 succeeds, and either L-1or OP-2 succeed, no further 
branches are necessary, since cooling is provided, and the 
transient is ended.  

d. One final success case for the core is when L-1 fails, but core 
cooling is provided by primary bleed and feed (OP-2 succeeds), 
then the system is placed in long term recirculation cooling 
(R-3 succeeds). Here, L-1 fails, OP-2 and R-3 succeed, and the 
core is protected. No further branches are necessary and the 
transient is ended.
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e. All remaining cases lead to core melt and containment protection 
is examined. When CS fails, NA cannot succeed.  

2. Systems Interaction. Most dependencies caused by systems inter
action have been discussed in the previous section. Others are as 
follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the initiating event.  

b. Diesel generators require service water for cooling.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. Compo
nent cooling removes heat from the recirculation or RHR pumps, 
and from the RHR heat exchangers, if required. Closed loop RHR 
cooling requires an RHR pump and heat exchanger. Open loop 
recirculation cooling requires a recirculation or RHR pump and 
an RHR heat exchanger or the fan coolers.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with Table 1.3.4.0-2.  
All are transient sequences. Depending on the success or failure of 
fan coolers and containment spray, the assignments are as follows 
(see Figure 1.3.4.10-1).  

Plant Event System Failure 
Sequence Responsible For CF-2* CS* 
Category Core Melt 

TEFC L-1 and OP-2 1 1 
TEF 1 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF 1 0 
SLC 0 1 
SL 0 0

*1 = Success 
0 = Failure
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SEQUENCE PLANT 
EVENT 
SEQUENCE 
CATEGORY 

1 SUCCESS 

2 SUCCESS 
3 SUCCESS 

4 SUCCESS 

5 SLFC 

6 SLFC 

7 SLF 

8 SLC 

9 SLC 

10 SL 

11. TEFC 
12 TEFC 

13 TEF 

14 TEC 

15 TEC 

16 TE 

17 ATWS

NOTE: THE PLANT EVENT SEQUENCE CATEGORIES ARE DEFINED IN SECTION 1.3.4.0, BRIEFLY:

A - LARGE LOCA BEHAVIOR 
S - SMALL LOCA BEHAVIOR 
T - TRANSIENT BEHAVIOR
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Figure 1.3.4.10-1.
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1.3.4.11 Turbine Trip - Event Tree 11

The turbine trip event tree (Figure 1.3.4.11-1, event tree 11) applies 
to three separate causes of turbine trip sequences. The first is 
turbine trip resulting from the loss of offsite power; that is, a load 
rejection transient in which no offsite power is available to supply the 
emergency buses. Next is turbine trip resulting from the loss of 
service water. The third includes all other turbine trips. The same 
tree structure applies to all three cases, but because of system inter
dependencies, they are quantified separately. The event tree uses the following symbols to identify system and operator functions: 

ET-11 - Initiating Event Turbine Trip 
K-3 - Reactor Trip 
L-1 - AFWS Actuation and Secondary Cooling 
OP-2 - Primary Cooling Bleed and Feed 
R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

Turbine trips are relatively mild transients that plants experience 
several times each year. In general, no problems should occur following 
turbine trip. The reactor should trip immediately as a result of the 
turbine trip signal, and the auxiliary feedwater should start when the 
levels in the steam generators fall. As long as auxiliary feedwater is 
being supplied to the steam generators, the multitude of pathways for 
the steam to escape from the steam generators ensures secondary W 
cooling. Cooling of the core will follow by natural circulation or 
forced circulation. The auxiliary feedwater system is designed to 
operate without service water and without offsite electric power.  
Therefore, successful termination of the turbine trip transient requires 
only a reactor trip and normal actuation of auxiliary feedwater.  

1.3.4.11.1 Initiators 

While any of the accidents or transients already discussed should 
eventually lead to turbine trip, the events considered here are those 
that essentially begin with the turbine trip. These trips are direct or 
are caused by load rejection or loss of service water. In these cases, 
the turbine trip is the first event shown in the sequence. Such events0 
have occurred for a variety of reasons and both generic and plant 
specific data are evaluated to determine the probability of frequency 
shown in Sections 1.5.1 and 1.6.1.  

1.3.4.11.2 Basic Turbine Trip Event Tree (ET-11a) 

1.3.4.11.2.1 Systems and Plant Functions. The top events of the 
turbine trip event tree (ET-11a), K-3 through NA, are described in 
detail to provide an understanding of the systems and operator functions 
involved. The numerical calculations of each top event are performed in 
the individual systems analyses of Section 1.5.2 and 1.6.2, and in the 
supporting analyses of Section 1.3.3.
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1. K-3 - Reactor Trip. The success of K-3 depends on the actual trip 
of control rods. This is based on automatic signals generated by 
the logic based on occurrence of turbine trip, or by the logic based 
on low-low level in any single steam generator. On turbine trip 
resulting from loss of offsite power, electric power to the control 
rods is lost. Therefore, the only cause for failure of reactor trip 
is the mechanical failure of the rods to insert.  

2. L-1 - AFWS Actuation and Secondary Cooling. The success of the 
auxiliary teedwater system depends on the start of one motor-driven 
pump or the turbine-driven pump in response to an automatic actu
ation signal or operator action. The automatic signals to start the 
auxiliary feedwater pumps for this event tree come from low-low 
steam generator level.  

Secondary cooling is achieved by removing heat from the steam, 
generator. This is done by automatically or manually opening a 
relief valve(s) associated with a steam generator(s) receiving 
auxiliary feedwater. Heat is also removed by safety valves, steam 
dumps to the main condenser, or blowdown. Only the steam reliefs 
and safeties are modeled for secondary cooling since they are 
adequate.  

Heat removal from the primary system can be provided by one steam 
generator. Given these conditions, the reactor core will be cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).  

3. OP-2 - Primary Cooling Bleed and Feed. If auxiliary feedwater 
cooling should fail, the operator can start a high head safety 
injection pump and manually open the PORV block valves and PORVs to 
provide bleed and feed cooling to the primary system. For success 
of this branch, the operator must determine that such action is 
necessary and then take the proper action. In addition, the appro
priate valves must be open and the appropriate pump must start.  
Water from the refueling water storage tank is also required.  

4. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term cooling must be 
accomplished using at least one RHR or recirculation pump. The 
success of R-3 is depends on service water and component cooling and 
fan cooler operation. It can be accomplished in three ways. if the, 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR or recirculation pump.  
If the plant is depressurized to less than 600 psig, either high 
pressure recirculation or preferred normal RHR cooling is possible.  
At pressures greater than 600 psig, only high pressure recirculation 
can be used. Success depends on the operator recognizing what 
action to take and the successful operation of RHR pumps and other 
equipment.
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5. CF-2 - Fan Coolers. Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the contain-0 
ment sumps (References 1.3-5 and 1.3-6). Fan coolers are only shown 
on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu
lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both 'component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional pr 'obability calculation is described in Section 1.3.3.  
This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R-3 rather than R-3-CF. However, the second structure 
describes the transient sequence progression more clearly.  

6. CS - Containment Spray. Containment spray protects the containment 
fr-om overpressurefTa'ilure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic actu
ation signal. Automatic actuation occurs on high-high containment 
pressure. One of two pumips must operate for this analysis to be 
successful. Intermittent manual operation can be effective as long 
as water is available in the RWST. In this event tree, it is very 
unlikely that sprays will provide any useful function. They are0 
required if bleed and feed cooling is required and R-3 fails. In 
such a case, the operator will probably use the remaining RWST water 
to continue bleed and feed to save the core rather than use it for 
sprays after melt. Another possibility is that the RST is refilled 
after melt but before containment overpressure.  

1.3.4.11.2.2 Tree Structure.  

1. Displayed Dependencies 

a. When K-3, reactor trip fails, no other branches are taken from 
the event tree. The sequences branch to the ATWS tree (ET-13) 
for further analysis. The reason for this i s that the 
definitions of functional success in the original tree may 
change during an ATWS.  

b. When K-3 reactor trip and L-1 is successful, no other branches, 
are taken since cooling is successful.  

c. When L-1 fails, but OP-2 and R-3 succeed, the core is0 
protected. No further branches are needed, and the transient is 
ended.  

d. All remaining cases lead to core melt, and containment 
protection is examined. When CS fails, NA cannot succeed.
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2. Systems Interaction. Most dependencies caused by systems inter
action have been discussed in the previous section. Others are as 
follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the initiating event.  

b. Diesel generators require service water for cooling.  

c*. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. Compo
nent cooling removes heat from the recirculation or RHR pumps, 
and from the RHR heat exchangers, if required. Closed loop RHR 
cooling requires an RHR pump and heat exchanger. Open loop 
recirculation cooling requires a recirculation or RHR pump and 
an RHR heat exchanger or the fan coolers.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with Table 1.3.4.0-2.  
All are transient sequences. Depending on the success or failure of 
fan coolers and containment spray, the assignments are as follows 
(see Figure 1.3.4.11-1).  

Plant Event System Failure 
Sequence Responsible For CF-2* CS* 
Category Core Melt 

TEFC L-1 and OP-2 1 1 
TEF 1 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF 1 0 
SLC 0 1 
SL 0 0

*1 = Success 
0 = Failure
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1.3.4.11.3 Modified Turbine Trip Due to Loss of Offsite Power Event 
Tree (ET-l1b)

When ET-11a was quantified for the loss of offsite power initiator, the 
results were unrealistically pessimistic. The original simplified 
electrical power system modeling assumptions led to serious over
estimates of the failure of all AC power. A more realistic model of 
electric power, including recovery, was developed in Section 1.3.2. To 
apply this model in the detail required for the loss of offsite power 
initiating event, the turbine trip event tree, ET-11a, required 
substantial revision.  

The modified turbine trip resulting from the loss of offsite power. event 
tree (ET-11b) is shown in Figure 1.3.4.11-2. When quantified for each 
electric power state, the heavily lined portions of sequences 2-21 and 
29-34 have all AC power available. To account for changes in electric 
power states and the effects of temporary loss of all AC, some addi
tional top events were required:

ET-11b 
EP-0 
K-3 
EP-1 
LS 
L-1 
EP-2 
OP-2 
EP-3 
R-3 
CF-2 
CS 
NA

- Initiating Event Turbine Trip Due'to Loss of Offsite Power 
- AC Power State Split Fraction at Time = 0 
- Reactor Trip (same as in ET-11a) 
- AC Power State Split Fraction at Time = 30 Minutes 
- Reactor Coolant Pump Seal LOCA 
- AFWS Actuation and Secondary Cooling (same as in ET-11a) 
- AC Power Restored in Less Than 60 Minutes 
- Primary Cooling Bleed and Feed (same as in ET-11a) 
- AC Power Restored in Less Than 3 Hours 
- Recirculation Cooling (same as in ET-11a) 
- Fan Coolers (same as in ET-11a) 
- Containment Spray (same as in ET-11a) 
- Sodium Hydroxide Addition (same as in ET-la)

1.3.4.11.3.1 Systems and Plant Functions. The additional top events of 
the modified turbine trip resulting from the loss of offsite power event 
tree (ET-11b) that were not discussed for ET-11a are explained here.  
The numerical calculations for these events are performed in the elec
tric power recovery analyses in Sections 1.3.2 and in the supporting 
analyses of Section 1.3.3.  

1. EP-0 - AC Power State Split Fraction at Time = 0. This is the 
frequency of being in each power state immediately following the 
initiating event. It is important for quantifying ATWS events since 
it is unlikely that the plant will change power state (i.e., recover 
diesels or offsite power connection) during the time intervals of 
interest in the ATWS tree (ET-13).  

2. EP-1 - AC Power State Split Fraction at Time = 30 Minutes. The 
product EP-0 x EP-1 is the frequency of being in each power state at 
30 minutes following the loss of offsite power. It is important for 
quantifying the reactor coolant pump seal LOCA event LS and the AFWS 
actuation and secondary cooling event L-1. Each has a 30-minute 
criterion.
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* 3. LS - Reactor Coolant Pump Seal LOCA. When seal injection water is 
lost to the reactor coolant pump seals, the reactor coolant flows 
out from the loops and is cooled by component cooling water before 
entering the seals. Should component cooling water also be lost, 
the high temperature reactor coolant would flash within the seals.  
Failure of the seals may occur within about 30 minutes, leading to a 
total maximum leak rate of 1,200 gpm for all four RCPs 
(Reference 1.3-10). The success of this branch means that a small 
LOCA resulting from RCP seal failure does not occur. Success is 
guaranteed if any one of the three component cooling water pumps is 
operating. Failure of all three pumps because of loss of electrical 
power is extremely unlikely under most conditions and is quantified 
only for the turbine trip, loss of offsite power initiating event.  

4. EP-2 - AC Power Restored in Less Than 60 Minutes. Success at this 
branch means that all AC power is restored. It is important because 
the primary cooling bleed and feed event OP-2 has been conser
vatively assigned a 1-hour success criterion.  

.5. EP-3 - AC Power Restored in Less Than 3 Hours. Success at this 
branch means that allAC power is restored. Restoration within 
3 hours ensures that long term cooling R-3 and containment cooling 
and radioactivity removal CF-2, CS, and NA can be successful.  

1.3.4.11.3.2 Dependencies and Degraded Core States. Except for the 
electric power dependencies already discussed, the dependencies in 
ET-Ib are the same as those for ET-Ila. Likewise, the degraded core 
states follow the explanation for ET-lIa. The one exception is that 
sequence 41, failure of LS, branches to the small LOCA event tree ET-3, 
where it is modeled as discussed in Section 1.3.4.3. Since the reactor trip has already been successful, the split fraction for K-3 in ET-3 is 
set equal to zero.
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2 SUCCESS 
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6 SLC 
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8 SL 
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11 TEF 

12 TEC 

13 TEC 

14 TE 
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NOTE: THE PLANT EVENT SEQUENCE CATEGORIES ARE DEFINED IN SECTION 1.3.4.0, BRIEFLY:

A - LARGE LOCA BEHAVIOR 
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C - CONTAINMENT SPRAYS 
ARE OPERATING

Figure 1.3.4.1-1.. Turbine Trip - Event Tree lla
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1.3.4.12 Reactor Trip (RT) - Event Tree 12 

The reactor trip event tree (Figure 1.3.4.12-1, event tree 12).applies 
to three separate initiating events. The first is a sequence initiated 
by a loss of component cooling. An automatic trip would occur if the 
operators tripped the reactor coolant pumps. A manual trip or very 
rapid shutdown is also possible; but the event tree ET-12 is appropriate 
in any case. Next is the ,sequence initiated by loss of a DC or AC-ESF 
bus. The third case includes those transients that begin with an auto
matic or manual reactor trip other than those explicitly identified in 
the other 11 categories. The normal progress of these transients is 
turbine trip resulting from the reactor trip, andauxiliary feedwater 
actuation because of low-low steam generator level. This is typically a 
benign transient which occurs quite. frequently. However; it does place 0 
demands on standby cooling systems that must function properly to main
tain plant integrity. If auxiliary feedwater fails, primary bleed and 
feed cooling, and recirculation cooling, must be established by operator 
action. The reactor trip event tree uses the following symbols to 
identify systems and plant functions: 

ET-12 - Reactor Trip 
TT-1 - Turbine Trip 
MS-2 - MSIV Trip 
L-1 - AFWS Actuation and Secondary Cooling 
OP-2 - Primary Bleed and Feed Cooling 
R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

The event tree is used to quantify the frequency ofdegraded core 
states. Such conditions can occur only when the functions previously 
described are unsuccessful. Cooling can be provided by AFWS and steam 
generator cooling or by direct primary bleed and feed.  

1.3.4.12.1 Initiators 

While all-of the accidents and transients already discussed should lead 
to a reactor trip, the events considered here are those that begin with 
the reactor trip. This trip is direct or caused by loss of component 
coolers or selected electric buses. Reactor trips at power have.  
occurred for a variety of reasons including human error in testing, 
direct operator action, and spurious but real signals. Both generic and 
plant specific data have been evaluated to obtain the probability of 
frequency as shown in Sections 1.5.1 and 1.6.1.  

1.3.4.12.2 Systems and Operator Functions 

The top events of the reactor trip event tree (El-i2), TT-1 through NA, 
are described in detail to provide an understanding of the systems and 
operator functions involved. The numerical calculations of each top 
event are performed in the individual systems analysesof Sections 1.5.2 
and 1.6.2, and in the supporting analyses of Section 1.3.3.
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1. TT-1 - Turbine Trip. The success of TT-1 includes the generation of 
W automatic or manual turbine trip signals and the actual trip of the 

turbine stop/control valves.  

2. MS-2- MSIV Trip. If TT-1 does not occur, an automatic signal to 
trip the MSlVs may not be generated on high steam flow (with low 
steam pressure or low Tavg),. The high steam flow setpoint is 
programmed to fall as tur ine first stage pressure and Tavg fall.  
Emergency operating procedures call for isolating steam generators 
that continue to blow down, therefore, a manual MSIV trip is 
required. If at least one steam generator is isolated, AFWS flow 
can be maintained by existing procedures.  

3. L-1 - AFWS Actuation and Secondary Cooling. The success of the 
auxiliary feedwater system depends on the start of one motor-driven 
or turbine-driven pump in response to an automatic actuation signal 
or operator action. The automatic signals to'start the auxiliary 
feedwater pumps for this event tree come from low-low steam 
generator level.  

Secondary cooling is achieved by removing heat from the steam 
generator. This is done by automatically or manually opening a 
relief valve(s) associated with a steam generator(s) receiving 
auxiliary feedwater. Heat is also removed by safety valves, steam 
dumps to the main condenser (if the MSIVs are not closed), or blow
down. Only the steam reliefs and safeties are modeled for secondary 
cooling since they are adequate.  

Heat removal from the primary system can be provided by one steam 
generator. Given these conditions, the reactor core will be cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).  

4. OP-2 - Primary Cooling Feed and Bleed.* If auxiliary feedwater 
cooling should fail, the operator can start one of the three safety 
injection pumps and manually open the PORV block valves and PORVs to 
provide bleed and feed cooling to the primary system. For'success 
of this branch, the operator must determine that such action is 
necessary and then take the proper action. In addition, the appro
priate valves must be open and the appropriate pump must start. The 
refueling water storage tank is also needed to provide water.  

5. R-3 - Recirculation Cooling. When L-1 is failed and short term 
cooling is provided by bleed and feed, long term cooling must be 
accomplished using at least one RHR or recirculation pump. Success 
of R-3 depends on service water and component cooling, and fan 
cooler operation. It can be accomplished in three ways. If the 
plant is completely depressurized to less than 150 psig, low pres
sure recirculation is possible using an RHR or recirculation pump.  
If the plant is depressurized to less than 600 psig, either high 
pressure recirculation or preferred normal RHR cooling is possible.  
At pressures greater than 600 psig, only high pressure recirculation 
can be used. Success depends on the operator's recognizing what 
action to take, and the successful operation of RHR pumps and other 
equipment.
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6. CF-2 - Fan Coolers. Containment fan coolers provide long term 
cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the contain
ment sumps (References 1.3-5 and 1.3.6). Fan coolers are only shown, 
on the event tree for core melt sequences in which the fan coolers 
are useful in protecting the containment from overpressure failure.  
For CF-2, the probability that CF fails (less than three out of five 
operate properly and service water cooling is available) is calcu
lated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this also 
fails the fan coolers) and failure of both component cooling to the 
RHR heat exchangers and failure of the fan coolers. The required 
conditional probability calculation is described in Section 1.3.3.  
This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R rather than R-C;. However, the second structure 
describes the transient sequence progression more clearly.  

7. CS - Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic or 
manual actuation signal. Automatic actuation occurs on high-high 
containment pressure. One of two pumps must operate for this 
analysis to be successful. Intermittent manual operation can be 
effective as long as water is available in the RWST. In this event 
tree, it is very unlikely that sprays will provide any useful S 
function. They are required if bleed and feed cooling is required 
and R-3 fails. In such a case, the operator will probably use the 
remaining RWST water to continue bleed and feed to save the core 
rather than use it for sprays after melt. Another possibility is 
that the RWST is refilled after melt, prior to containment 
overpressure.  

8. NA - Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the contain
ment spray system to provide a high pH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.  

1.3.4.12.3 Tree Structure 

1. Displayed Dependencies 

a. When turbine trip (TT-1) succeeds, steam flow from the steam 
generators is blocked and there is no need to ask about the 0 
MSIVs.
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b. When both TT-1 and MS-2 fail, the steam generators boil dry 
rapidly. Although the auxiliary feedwater system could supply 
water to the steam generators for cooling, the operators will 
probably secure flow in the auxiliary feedwater system because 
of current operating procedures. Thus, when TT-1 and MS-2 fail, 
L-1 (auxiliary feedwater system) is modeled as failed.  

c. When L-1 auxiliary feedwater and secondary cooling succeed, no 
further branches are necessary and the transient is ended.  

d. When L-1 fails or the steam generators remain unisolated, but 
core cooling is provided by primary bleed and feed (OP-2 
succeeds), then the system is placed in long term recirculation 
cooling (R-3 succeeds). The core is thus protected. No further 
branches are necessary, and the transient is ended.  

e. All remaining cases lead to core melt and containment protection 
is examined. When CS fails, NA cannot succeed.  

2. Systems Interaction. Most dependencies caused by systems inter
action have been discussed in the previous section. Others are as 
follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate quanti
fication runs of the tree for each state of electric power. The 
results from each run are then combined based on the likelihood 
of the plant being in a specific electric power configuration 
following the initiating event.  

b. Diesel generators require service water for cooling.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required. Compo
nent cooling removes heat from the recirculation or the RHR 
pumps, and from the RHR heat exchangers, if required. Closed 
loop RHR cooling requires an RHR pump and heat exchanger. Open 
loop recirculation cooling requires either a recirculation or an 
RHR pump and an RHR heat exchanger or the fan coolers.  

3. Degraded Core States. All degraded core states branch to the ATWS 
tree (ET-13) or are assigned to the accident sequence types TE and 
SL (for early and late failures) in accordance with Table 1.3.4.0-2.  
All are transient sequences. Depending on the success or failure of 
fan coolers and containment spray, the assignments are as follows 
(see Figure 1.3.4.13-1).
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Plant Event System Failure 
Sequence Responsible For CF-2* CS* 
Category Core Melt 

TEFC L-1 and OP-2 1 1 
TEF i 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF 1 0 
SLC 0 1 
SL 0 0 

*1 = Success 
0 Failure

0
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1.3.4.13 ATWS - Event Tree 13 

The ATWS event tree (Figure 1.3.4.13-1, event tree 13) applies to all 
transients for which failure to insert rod cluster control assemblies 
into the reactor occurs following a reactor trip demand or violation of 
safety limits. The event tree uses the following symbols to identify 
system and operator functions: 

ET-13 - ATWS Failure to SCRAM 
PL - Initial Power Level > 80% 
TT-2 - Turbine Trip/MSIV Closure 
L-1 - Auxiliary Feedwater and Secondary Cooling 
L-2 - Auxiliary Feedwater and Secondary Cooling - ATWS 
OP-5 - Rods in by 1 Minute 
PR-1 - ATWS Pressure Relief 
SO - Safety Injection System Operable 
OP-6 - Manually Deenergize and RCCAs Fail 
PR-2 - Secure PR 
OP-2 - Primary Cooling Bleed and Feed 
R-3 - Recirculation Cooling 
CF-2 - Fan Coolers 
CS - Containment Spray 
NA - Sodium Hydroxide Addition 

ATWS events encompass a wide spectrum of initiating conditions and 
transient progression trends (heatup or cooldown). These cannot be 
adequately modeled in just one event tree unless certain preconditions 
are conservatively imposed. These are: 

All excessive cooldown event initiators result in the generation of 
a main feedline isolation signal.. Thus, all of these events 
ultimately result in a heatup sequence. No credit is taken for 
safety injection boration or increase in RCS liquid inventory, 
because of this signal.  

* All depressurization events result in the generation of a safety 
injection signal. Generation of this signal results in loss of main 
feedwater. No credit is taken for boration or increase in RCS 
liquid inventory because of this signal.  

All power excursion transients are beyond the capability of the 
feedwater system to maintain steam generator level.  

By imposing these assumptions, which are conservative from a system 
overpressurization and core melt basis, all of the ATWS events can 
essentially be reduced to loss of feedwater-type ATWS events. Although 
this basis is conservative, it adequately models the major decisions 
required to identify core melt and consequential failures.  

The loss of or inadequate supply of main feedwater events produce a 
large imbalance in the heat source/sink relationship. The secondary 
system can no longer remove all heat that is generated in the reactor 
core. This heat buildup in the primary system is indicated by rising 
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reactor coolant system temperature and pressure, and by increasing 
pressurizer water level. This is because of the insurge of expanding 
reactor coolant. Water level in the steam generators drops as the 
remaining water in the secondary system, unreplenished by main feedwater 
flow, is boiled off. When the steam generator water level falls to the 
point where the steam generator tubes are exposed and primary to 
secondary system heat transfer is reduced, the reactor coolant 
temperature and pressure increase is maintained as the pressurizer fills 
and releases water through the safety and possibly the relief valves.  
The peak pressure attained in the primary system depends on the ability 
of the pressurizer safety and relief valves to release the reactor 

coolant volumetric insurge to the pressurizer. The volumetric relief 
capacities of these valves are reduced when the pressurizer fills and 
water is passed instead of steam. During an ATWS, the heat source/sink 
mismatch causes the reactor coolant temperature and coolant expansion 
rate to increase and the core reactivity (because of moderator and fuel 
temperature defects) and power to drop. Reduction of the pressurizer 
safety and relief valve volumetric relief capacity (because of filling 
the pressurizer and relieving water) early in the transient, when core 
power is still relatively high, will result in a higher peak reactor 
coolant system pressure than would result from reduction of pressurizer 
relief and safety valve capacity later in the transient, when core power 
is lower. All other ATWS transients (no loss of feedwater initiators) 
will result in a less than or similar power mismatch between heat 
source/sink. Thus, this case is considered as the bounding scenario.  

There are several mechanisms by which a plant may be shut down following 

an ATWS event. These include initiation of a safety injection process, 
an emergency boration process, a normal boration process, or a manual 
reactor trip.  

A manual reactor trip signal is processed directly to the trip breakers 
and through the protection logic. If this action fails to deenergize 
the control rod drive mechanisms, the operator can trip the control rod 
power supply motor-generator set supply breakers. This will trip the 
reactor. If the control rods are tripped, the shutdown banks drop into 
the core in approximately 2 seconds, inserting more than 4% negative 
reactivity.  

If safety injection is used, borated water is supplied from the boron 
injection tank by the high head safety injection pumps. Boron 
concentration in the boron injection tank is at least 20,000 ppm.  

If emergency boration is used, borated water is supplied from the boric 

acid storage tanks through the boric acid transfer pumps into the normal 
charging system. Boron concentration in the boric acid storage tanks is 
approximately 11-1/2% to 13% boric acid by weight. The charging flow is 
generally in the range of the normal charging flows.  

If a standard boration is used, borated water is supplied through the 
chemical volume and control system, to the boric acid blender. The 
source of the'borated water is the boric acid storage tanks.  
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For a manual trip, safety injection signal, or emergency boration 
signal, the times after which operator action is required to reach a 
point where only decay heat is being removed from the core are typically 
approximately 40 seconds, 3 minutes, and 45 minutes, respectively. At 
this time, the operator would be able to proceed with normal plant 
procedures for cooling the reactor coolant system to conditions that 
permit the use of the residual heat removal system. Sufficient 
feedwater is available for plant cooldown using the auxiliary feedwater 
system.  

The units have enough capacity to continue auxiliary feed flow at the 
maximum rate for about 3-1/2 hours (much longer at lower feed rates) 
without a change in the auxiliary feedwater system lineup. Thereafter, 
an adequate supply is provided by the city water system.  

1.3.4.13.1 Initiators 

ATWS is not defined as a single event. Rather ATWS is the combination 
of two events. The first is an initiator that results in plant 
operation outside of the operating control band. The second is the 
failure to insert the rod cluster control assemblies into the reactor 
within the first 10 minutes following reactor trip demand or violation 
of safety limits. In this report, the term ATWS takes on a broader 
definition than that established in WASH-1270 (Reference 1.3-13). All 
transients without scram are included, not just condition II events 
(faults of moderate frequency as defined in ANSI-N18.2-1973, 
Reference 1.3-14), as are traditionally analyzed (see WCAP 8330, 
References 1.3-9 and 1.3-11 and WCAP 8404*). To obtain the frequency of 
the ATWS initiating events, all of the event trees (Figures 1.3.4.3-1 
through 1.3.4.11-2) were used to identify where the above combination of 
conditions occur. Where this combination occurred (initiating event 
no reactor trip), a transfer was made from the original event tree to 
the ATWS event tree. Thus, the entry point;(first node) frequency for 
ATWS is the summation of a large number of transient combinations from 
the following trees: 

* Small LOCA 
e Steam Generator Tube Rupture 
e Steam Line Break Inside Containment 
* Steam Line Break Outside Containment 
e Loss of Feedwater Flow 
* Full or Partial Closure of One Main Steam Isolation Valve 
e Loss of Primary Flow 
* Core Power Increase 
e Turbine Trip 

Although the systems/functions used to stabilize the plant for an ATWS 
are similar for all event trees, the timing, definition of success/ 
failure, and types of consequential failures warrant separate treatment.  

*"Anticipated Transient Without Trip Analysis for Westinghouse PWRs with 

44 Series Steam Generators," WCAP-8404, Westinghouse Electric 
Corporation, September, 1974., 
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1.3.4.13.2 Systems and Operator Functions 

The overall performance and success probabilities of the top events of 
the ATWS event tree, events PL through NA above, are described in detail 
in Sections 1.3.3, 1.5.2, and 1.6.2. In this section, each of the 
previous systems are described as they specifically relate to the ATWS 
events.  

1. PL--Initial Power Level Greater Than 80%. An upward branch 
(PL > 80%) means that the ATWS event can potentially lead to 
reactor coolant system pressures large enough to induce a LOCA and 
possibly disable safety injection. A downward branch (PL < 80%) 
means that no large pressure ramps occur for any events except those 
in scenarios that also include failure of TT-2. For these 
scenarios, PR-1 may be required. However, the challenge to the 
system is significantly less than for the scenarios in the upward 
branch of PL. This conclusion is based on very conservative 
assumptions with respect to component stress limits. In addition, 
since a large number of transient initiators are grouped together, 
transient progression (pressure rise) is substantially overpredicted.  

2. TT-2--Turbine Trip/MSIV Closure. The success of this function 
depends on rapid interruption of steam flow through the turbine by 
closure of the turbine stop/control valves or main steam line 
isolation valves. The purpose of this function is to minimize steam 
generator water losses during the early phases of the transient, 
thus allowing more time before significant reductions occur in steam 
generator tube heat transfer. This will reduce pressurizer insurges 
which in turn reduces the potential for significant overpressures 
during the early phases of the transient. Failure to stop turbine 
steam load is assumed to result in severe overpressurization of the 
reactor coolant system.  

3. L-1--AFWS Actuation and Secondary Cooling. The success of the auxiliary feedwater system depends on the start of one motor-driven 
or turbine-driven pump in response to an automatic actuation signal 
or operator action. The automatic signals to start the auxiliary 
feedwater pumps for this event tree come from low-low steam 
generator level.  

Secondary cooling is achieved by removing heat from the steam 
generator. This is done automatically or manually by opening a 
relief valve(s) associated with a steam generator(s) receiving 
auxiliary feedwater. Heat is also removed by safety valves, steam 
dumps to the main condenser (if the MSIVs are not closed), or 
blowdown. Only the steam reliefs and safeties are modeled for 
secondary cooling since they are adequate.  

Heat removal from the primary system is provided by one steam 
generator. Given these conditions, the reactor core will be cooled 
by forced flow or by single or two-phase natural circulation to the 
steam generator (References 1.3-7, 1.3-12).
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4. L-2--AFWS Actuation and Secondary Cooling, ATWS Pressure Spike 
Protection. The success of this function depends on providing feed
water tlow to all steam generators from one turbine or two motor-driven 
auxiliary feedwater pumps. Success may also be achieved by providing 
the equivalent flow from the main feedwater system. However, no flow 
from this source is modeled. The success of this function also 
requires an adequate heat transport mechanism from the reactor core to 
the steam generators. Thus, overpressurizations that result in loss of 
significant primary inventory or the loss of natural circulation will 
fail this function even when the auxiliary feedwater system is 
functional.  

5. OP-5--Rods in by 1 Minute. Should automatic reactor trip fail, many 
important failure modes are bypassed when the manual trip button is 
pressed. Also, unless the rods are physically hung up in the core, 
they will fall if the control rod power supply motor generator sets are 
deenergized by opening the normal power supply breakers for 480V 
buses 2A and 6A or they can be driven in using the-rod control system.  
Success of OP-5 requires that the operator try a manual trip and if it 
fails, that he try to deenergize buses 2A and 6A or drive rods within 
1 minute.  

6. PR-1--ATWS Pressure Relief. When PL is greater than 80%, reactor 
coolant system relief is required to prevent pressure from exceeding 
3,200 psia. Depending on the value of the moderator temperature 
coefficient (see Section 1.3.3.11), such capability: 

* Can be supplied by three pressurizer safety valves.  

e Can be supplied by three safety valves and one power-operated relief 
valve (based on the lower power rating of Indian Point 2, this case 
is conservative since operation of a PORV/block valve combination is 
not required--Reference 1.3-15).  

* May not be possible.  

The 3,200 psia criterion is a conservative lower bound on the pressure 
at which the reactor coolant system could fail with loss of safety 
injection (References 1.3-9, 1.3-11, and WCAP 8404). Failure of a 
relief valve to reclose is not considered at this node (see node PR-2).  

7. SO--Safety Injection System Operable. Table C-1 of WCAP-8330 examines 
the maximum pressures for reactor coolant system components. From that 
information, it is conservatively estimated that the chance of failing 
the safety injection system given RCS pressure exceeding 3,200 psia is 
less than 1/100. The conservatism in this value is clearly established 
by the safety injection check valve analysis of Reference 1.3-30 which 
shows that no check valve failure would occur even after repeated 
reactor coolant system pressurization to 4,000 psia.  

8. OP-6--Manually Deenergize and RCCAs Fall. Success of this function 
involves the operator manually tripping the reactor within 10 minutes 
of transient initiation by opening the normal supply breakers for 480V 
buses 2A and 6A which supply the control rod power supply motor 
generator sets.
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9. PR-2--Secure PR. When auxiliary feedwater is successful and the 
reactor is shut down, the transient can be terminated by securing 
the blowdown. This requires reseating of all three safety valves 

and reseating of the PORVs or manual closure of their block valves.  

10. OP-2--Primary Cooling Bleed and Feed. Success of this function is 

achieved in the following manner. The operator must initiate 
safety injection (manual or automatic) within 25 minutes following 
the initiating event. Simultaneously, the operator must 
depressurize the reactor coolant system to below the shutoff head 
of the safety injection system by opening the pressurizer 
power-operated relief valves. A detailed discussion of this 
procedure and the supporting analysis is provided in WCAP-9744 

(Reference 1.3-16). Formal procedures to achieve success of this 
function have been developed in response to NUREG-0578, 
Section 2.1.9.c requirements. These procedures (Instructions to 
Mitigate Inadequate Core Cooling) are currently under review and 

will be implemented pending final approval. In addition to the 
core cooling aspects, this procedure provides a diverse method for 

shutting down the reactor by boration following an ATWS. Thus, the 
2,000 ppm borated water from the RWST used for high head injection 
will ensure adequate shutdown as will the 20,000 ppm borated water 
used in emergency boration. As described earlier, other methods 
for emergency boration are available. Only the alternative 
described here is modeled.  

11. R-3--Recirculation Cooling. When L-1 (or L-2) is failed and short 

term cooling is provided by bleed and feed, long term cooling must 
be accomplished using at least one RHR or recirculation pump.  

Success of R-3 depends on service water and component cooling, and 
fan cooler operation. It can be accomplished in three ways. If 
the plant is completely depressurized to less than 150 psig, low 
pressure recirculation is possible using an RHR or recirculation 
pump. If the plant is depressurized to less than 600 psig, either 
high pressure recirculation or preferred normal RHR cooling is 

possible. At pressures greater than 600 psig, only high pressure 
recirculation can be used. Success depends on the operator 
recognizing what action to take and the successful operation of RHR 
pumps and other equipment.  

i2. CF-2--Fan Coolers. Containment fan coolers provide long term 

cooling for the containment atmosphere. They prevent overpressure 
and can effectively supply cool recirculation water to the 
containment sumps (References 1.3-5 and 1.3-6). Fan coolers are 
only shown on the event tree for core melt sequences in which the 
fan coolers are useful in protecting the containment from over
pressure failure. For CF-2, the probability that CF fails (less 

than three out of five operate properly and service water cooling 
is available) is calculated conditional on the failure of R-3.  

The reasons for R-3 failure include service water failure (this 
also fails the fan coolers) and failure of both component cooling 
to the RHR heat exchangers and failure of the fan coolers. The 
required conditional probability calculation is described in 
Section 1.3.3.  
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This complicated calculation could be avoided by restructuring the 
tree as SW-CF-R rather than R-CF. However, the second structure 
describes the transient sequence progression more clearly.  

13. CS--Containment Spray. Containment spray protects the containment 
from overpressure failure and scrubs the containment atmosphere of 
radionuclides. These functions are important because they reduce 
the chance and severity of releases should core melt occur.  
Event CS includes the successful generation of an automatic or 
manual actuation signal. Automatic actuation occurs on high-high 
containment pressure. One of two pumps must operate for this 
analysis to be successful. Intermittent manual operation can be 
effective as long as water is available in the RWST. In this event 
tree, it is very unlikely that sprays will provide any useful 
function. They are required if bleed and feed cooling is required 
and R-3 fails. In such a case, the operator will probably use the 
remaining RWST water to continue bleed and feed to save the core 
rather than use it for sprays after melt. Another possibility is 
that the RWST is refilled after melt, prior to containment 
overpressure.  

14. NA--Sodium Hydroxide Addition. The success of this system depends 
on the proper lineup of the sodium hydroxide tank with the 
containment spray system to provide a high pH containment spray for 
additional scrubbing of radioactive iodine from the containment 
atmosphere.  

1.3.4.13.3 Tree Structure 

1. Displayed Dependencies 

e For PL Greater Than 80% 

When TT-2 fails, L-2, then OP-5 and OP-6 also fail. This is 
because TT-2 failure is conservatively assumed to result in 
very large, early system overpressurizations. The result is 
that auxiliary feedwater is inadequate to prevent steam 
generator dryout. The pressurizer insurge cannot be 
controlled by the PORVs or safety valves, and manual reactor 
trip is not available in this time frame. The 
overpressurization may result in consequential failure of 
the safety injection system check valves and piping.  

- When L-2 fails, the same consequential failures for TT-2 are 
assumed to occur. However, the anticipated 
overpressurization would be less than the previous case.  
Thus, the probability of such failures would be less. This 
case leads to core melt.  

- When SO succeeds, the sequence branches to the small LOCA 
tree.  

- When CS fails, NA cannot succeed.  
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For PL Less Than 80% 

- The ATWS pressure spike is not severe. Therefore, L-1 can 
provide sufficient AFWS (L-2 does not branch).  

When turbine trip/MSIV closure (TT-2) succeeds, steam flow 
from the steam generators is blocked, and ATWS pressure 
relief PR-1 is not required.  

'When TT-2 fails, the steam generators boil dry rapidly.  
Although the auxiliary feedwater system could supply water 
to the steam generators for cooling, the operators will 
probably secure flow in the auxiliary feedwater system 
because of current operating procedures. Thus, when TT-2 
fails, L-1 (auxiliary feedwater system) is modeled as 
failed. Also, PR-1 may now be required to avoid seriously 
high pressures even from low power level.  

When L-1 auxiliary feedwater and secondary cooling succeed 
and long term shutdown is ensured by OP-6 success. No 
further branches are necessary, and the transient is ended.  

When L-1 fails, core cooling is provided by primary bleed 
and feed which also provides long term shutdown by boron 
addition. Then the system must be placed in long term 
recirculation cooling. If R-3 succeeds, and the core is 
protected, no further branches are necessary, and the 
transient is ended.  

All remaining cases lead to core melt and containment 
protection is examined. When CS fails, NA cannot succeed.  

2. Systems Interaction. Most dependencies caused by systems 
interaction have been discussed in the previous section. Others are 
as follows: 

a. All active systems depend on electric power. This is handled in 
the quantification of the event tree by making separate 
quantification runs of the tree for each state of electric 
power. The results from each run are then combined based on the 
likelihood of the plant being in a specific electric power 
configuration following the tube rupture.  

b. Diesel generators require service water for cooling.  

c. Successful recirculation cooling (R-3) requires service water 
and component cooling. Service water provides a heat sink for 
component cooling and for the fan coolers, if required.  
Component cooling removes heat from the recirculation pumps or 
RHR pumps, and from the RHR heat exchangers, if required.  
Closed loop RHR cooling requires an RHR pump and heat 
exchanger. Open loop recirculation cooling requires a 
recirculation or RHR pump and an RHR heat exchanger or the fan 
coolers.  
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3. Degraded Core States. When PL is greater than 80% (or when PL is 
less than 80% and TT-2 fails) all degraded core states are assumed 
to follow from a rupture of the reactor coolant system (small 
LOCA). Therefore, they are assigned to the accident sequence types 
SE and SL (for early and late failures). When PL is less than 80% 
and TT-2 succeeds, pressure spikes causing reactor coolant system 
rupture do not occur. Therefore, all degraded core states branch to 
the ATWS tree (ET-13) or are assigned to the accident sequence types 
TE and SL (for early and late failures) in accordance with 
Table 1.3.4.0-2. Depending on the success or failure of fan coolers 
and containment spray, the assignments are as follows (see 2 
Figure 1.3.4.13-1).  

Plant Event System Failure 
Sequence Responsible For CF-2* CS* 
Category Core Melt 

SEFC PL greater than 80% and 1 1 
SEF (TT-2 or L-2 1 0 
SEC or PR-1 or OP-2) 0 1 
SE PL less than 80% and SO 0 0 

TEFC PL less than 80% and OP-2 1 1 
TEF 1 0 
TEC 0 1 
TE 0 0 

SLFC R-3 1 1 
SLF 1 0 
SLC 0 1 
SL 0 0 

*1 = Success 
0 = Failure 

The ATWS event differs from other core melt sequences in that the 
reactor is not shut down quickly. For all other events, only decay 
heat is factored into the core melt sequences and containment mass/ 
energy releases.  

An assessment of the impact of this additional energy on the 
assignment of containment tree categories requires a study of two 
issues. First, since the ATWS events release a significant amount 
of steam to the containment by the relief and safety valves during 
the: early phases of the transient, will these releases significantly 
change the initial conditions for entry to the containment tree? 
Second, will these higher energies significantly affect containment 
transient progression (e.g., much sooner core melt, larger hydrogen 
generation, higher CR heat fluxes in debris bed, etc.)? 
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The first concern is resolved in Appendix D of WCAP 8330. This 
document compares (accidental depressurization) mass and energy 
releases and containment pressures, for the most limiting ATWS event 
and for a LOCA. The comparison shows that the ATWS releases and 
pressures are only a small fraction of that expected for a LOCA. In 
fact, the total containment pressure rise is 8 psig compared to 
approximately 40 psig for a LOCA. Therefore, the initial conditions 
upon which the containment event tree would be entered are less than 
those assumed for a normal small LOCA or transient event.  

The second concern can also be addressed by the analysis in 
WCAP 8404. Although the transients presented show very large energy 
inputs above decay heat valves, the ability to sustain power levels
above decay heat is primarily a function of secondary cooling. For 
all cases in which loss of L-2 occurs, the reactor core. would be 

.driven significantly subcritical by the moderator density 
coefficient and core voiding once steam generator dryout had 
occurred. An example of this is the station blackout analysis of 
WCAP 8404 in which the core remains significantly subcritical until 
after auxiliary feedwater is available. Since core melt does not 
occur for any event except those involving a loss of L-2, the core 
will shutdown quickly on voids and moderator effects. From a 
degraded core sequence standpoint, this would ensure that the status 
of the reactor does not affect transient progression.  
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1.3.5 INDIAN POINT 2 EVENT TREE QUANTIFICATION 

1.3.5.1 Large LOCA--Event Tree 1 (ET-1) Quantification 

1.3.5.1.1 Base Case Quantification 

The frequency of the large LOCA initiating event, 4i, is developed 
in Section 1.5.1 and shown along with the electric power state split 
fraction data (conditional on p1 ) in Table 1.3.5.1-1. The other 
branch point split fraction data for the event tree (conditional on @I 
and electric power state) is developed in Sections 1.3.3 and 1.5.2 and 
is summarized in Table 1.3.5.1-2.  

When mean value data are propagated through the large LOCA event tree, 
the base case results displayed in Table 1.3.5.1-3 are obtained. No 
important plant split fractions are dominated by complete or partial 
failure of electric power.  

Dominant sequences are listed in Table 1.3.5.1-4. Those that are shown 
dominant with respect to risk will be discussed in Section 8 where risk 
is quantified. The probability of frequency of those sequences will be 
quantified to properly account for uncertainty.  

1.3.5.1.2 Large LOCA Beyond ECCS Capability 

Two classes of large LOCA possibly beyond ECCS capability have been 
identified: simultaneous ruptures of two or more large pipes, and very 
large reactor vessel ruptures.  

Independent simultaneous large ruptures are so unlikely that they cannot 
be dominant contributors to risk. Dependent large ruptures as a result 
of external influences (e.g., seismic events) are considered in 
Section 7. No internal dependencies (e.g., pipe whip damage following a 
large LOCA) that would contribute substantially to Indian Point Unit 2 
risk have been identified.  

Catastrophic reactor vessel ruptures that are beyond the capability of 
ECCS were analyzed in WASH-1400 (Reference 1.3-17) based on a 1974 ACRS 
report (Reference 1.3-18). The WASH-1400 estimate of the frequency of 
this type of failure is lognormal with: 

5th percentile: lO- 8/year 

Median: 10- 7/year 

95th percentile: 10-6/year 

Even with these conservative estimates, the frequency of catastrophic 
vessel rupture is small compared to the mean frequency of degraded core 
states due to a large LOCA (i.e., a large LOCA followed by failure of 
LP-1 or R-1), 6.2 x 10-6 per year. Furthermore, this event differs 
little from other large LOCAs in its effects on containment except for 
the possible generation of missiles which could fail the containment. A 
review of a series of such possible missiles, including control rod 
drive mechanisms (CRDMs) and the upper vessel head, results in the
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conclusion that failure by such mechanisms has an extremely small 
likelihood. Therefore, the large LOCA beyond ECCS capability leads to 
the same plant event sequence categories as those due to other large 
LOCAs with failure of safety injection.  

Plant Event System Failure 
Sequence Responsible for CF* CS* 
Category Core Melt 

AEFC Large LOCA Beyond 1 1 
AEF ECCS Capability 1 0 
AEC (early melt) 0 1 
AE 0 0 

*1 = Success 
0 = Failure 

Because the frequency is small compared to that due to other large LOCA 
combined with failure of safety injection, it is not tabulated separately 
from the large LOCA results in Table 1.3.5.1-3.  

1.3.5.1.3 LOCA Paths Outside Containment 

Event V as described in the Reactor Safety Study (RSS), WASH-1400, 
involves the disc rupture or the disc failing open of two series check 
valves in one of the three separate low pressure injection (LPI) lines of 
the plant studied. This event results in a LOCA that bypasses the 
containment, loss of water outside of containment which would normally be 
injected through the LPI lines, and loss of the low pressure 
recirculation (LPR) mode of core cooling.  

The failure modes of interest for the events in this study are: 

1. Rupture of a valve disc at less than design pressure.  

2. Failure of a motor-operated valve to close due to disengagement of 
the gear drive from the valve stem. This failure mode results in a 
valve which indicates closed due to the operation of the valve limit 
switches which control valve operation and indication, even though 
the valve disc has not closed due to the disengagement of the gear 
drive from the valve stem.  

In order to determine the frequencies of failure for the identified 
failure modes, an extensive data search was conducted (see 
References 1.3-23 and 1.3-29). The assumptions used for quantifying each
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failure mode and the results of that quantification are presented in the 

following paragraphs: 

0 Assumptions 

- Reactor critical hours reflect the exposure'hours at high 
pressure for high pressure/low pressure boundary valves.  

- The rupture failure mode also includes excessive leakage (in 
excess of relief device capacity).  

- For the rupture failure mode, the discs of check valves and gate 
valves are treated as members of the same population. Failure 
of motor-operated or check valves to close fully, while 
resulting in excessive leakage, is not included in this failure 
mode because: 

0 All the boundary check valves of interest for the inter
facing system LOCA are tested after every cold shutdown to 
ensure that the valves are fully seated.  

0 Failure of a motor-operated valve to fully seat is included 
in the frequency of failure for the other failure mode of 
interest (failure to close).  

* Quantification. For each pressurized water reactor (PWR), the total 
number of reactor critical hours was determined based on data 
through December 31, 1981 (Reference 1.3-29). For each PWR, the 
number of high pressure/low pressure boundary valves was then 
determined as follows: 

- The number of low pressure injection (LPI) paths into the 
reactor coolant system (RCS) was determined from the plant 
descriptions in Reference 1.3-28.  

- The number of hot leg suction paths from the RCS to the residual 
heat removal (RHR) system was determined from the plant 
descriptions in Reference 1.3-28.  

- If the low pressure injection paths were shared by the 
accumulator injection system, and if it could be determined from 
Reference 1.3-28 or other sources of information that the low 
pressure injection paths were normally lined up from the RHR/LPI 
pumps to the RCS (i.e., no closed motor-operated valves), then 
the second check valve in the double check valve arrangement was 
included as a boundary valve. Figure 1.3.5.1-1, the 
Indian Point 2 cold leg injection path is representative of this 
arrangement.  

The total number of boundary valves for each plant was then 
multiplied by the total number of reactor critical hours to 
determine the total number of exposure hours at pressure for 
each plant. These data were then updated using plant specific
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data to determine the frequency of valve disc rupture for each 
plant. The distribution associated with valve disc rupture for 
Indian Point 2 is described by: 

5th Percentile: 1.35 x 10- 10/hour 

Median: 2.70 x 10- 9/hour 

95th Percentile: 5.41 x 10-8/hour 

Mean: 1.42 x 10-8/hour 

The "MOV fails to close but indicates closed" failure mode is a 
subset of the larger failure category "failure to operate on 
demand." Nuclear Power Experience (Reference 1.3-28) was 
reviewed to determine the total number of M0V failures to 
operate on demand and the number of failures to close or open 
with indication of closed or open, respectively. Using a beta 
distribution model, a distribution for the number of failures of 
interest divided by the total number of observed failures was 
obtained. The distribution for this fraction is described by: 

5th Percentile: 1.58 x 10- 2 

Median: 2.46 x 10-2 

95th Percentile: 3.46 x 10-2 

Mean: 2.49 x 10-2 

This value was multiplied by the plant specific frequency of 
failure of MOVs to operate on demand. The resulting distribu
tion represents the frequency of "MOV fails to close but 
indicates closed" for Indian Point 2. This distribution is 
described by: 

5th Percentile: 2.30 x 10- 5 

Median: 5.13 x 10-5 

95th Percentile: 1.16 x 10 - 4 

Mean: 5.78 x 10-5 

1.3.5.1.3.1 Cold Leg Injection Path Interfacing System LOCA. Referring 
to Figure 1.3.5.1-1, there are four cold leg injection paths at 
Indian Point 2. In order for an interfacing system LOCA to occur via 
the cold leg, simultaneous disc rupture must exist in two series check 
valves in one of the four injection paths. The check valve disc being 
in the open position is precluded by the leak testing performed after 
every cold shutdown. The check valves are tested an average of three 
times a year with a maximum time between tests of 18 months (refueling 
cycle).
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The determination of the frequency of an interfacing system LOCA was 
performed assuming that the two series check valves in each path 
represent a standby redundant system, and failure of the upstream check 
valve cannot occur until failure of the check valve closest to the 
reactor coolant system loop has occurred. The frequency of failure for 
a single injection path at time t is given by the failure rate of the 
second valve, multiplied by the probability that the first valve has 
failed by time t but the second one has not. Assuming that both valves 
have a constant failure rate of X, this can be modeled by the 
following equation: 

[x(t)] path = X.j Xe .eA(tx) dx 

0 

= X2 te - Xt 

To a first order, since At is much less than 1, this can be 

approximated according to 

[X(t)] path ; X2 t 

The average failure rate for a single path over the interval between 
cold shutdowns can then be approximated according to 

Xpath 1 A2 to dto = 1 2t 

0 

where 

t = 4 months = 2,920 hours 

Four months was chosen for t because the plant typically goes to cold 
shutdown three times a year.  

This failure rate must then be multiplied by 8,760 hours per year to 
convert it from a frequency per hour to a frequency per year. Using the 
distribution for the frequency of valve disc rupture given on 
page 1.3-240 as the distribution of X, the results of this 
quantification for a single injection path are: 

5th Percentile: 3.45 x 10-16 

Median: 3.42 x 10-12 

95th Percentile: 4.26 x 10-8 

Mean: 7.19 x 10-8
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There are four injection paths; failure of any one of them could result 
in an interfacing system LOCA. The results for failure of any one of the 
four injection paths are: 

5th Percentile: 1.38 x 10-15 

Median: 1.37 x 10-11 

95th Percentile: 1.71 x 10-7 

Mean: 2.88 x 10-7 

At Indian Point 2, two normally closed MOVs in parallel act as additional 
boundaries to an interfacing system LOCA. With failure of any cold leg 
injection path, failure of either MOV due to rupture or failure to close 
(with closed indication) will result in an interfacing system LOCA.  

The frequency of rupture of two sequential check valves with an MOV in 
the open position due to failure to close is given by 

[4 • Xpath " 8,760] • QMOV 

Using the distribution for the frequency of "MOV fails to close but 
indicates closed" given on page 1.3-240 as the distribution of QMOV, 
the results for a single M0V path are: 

5th Percentile: 1.30 x 10-19 

Median: 4.93 x 10-16 

95th Percentile: 8.30 x 10-12 

Mean: 1.66 x 10-11 

For two paths, the results are: 

5th Percentile: 2.60 x 10-19 

Median: 9.86 x 10-16 

95th Percentile: 1.66 x 10-11 

Mean: 3.32 x 10-11 

The frequency of an interfacing system LOCA from sequential rupture of 
two check valves followed by rupture of one MOV can be modeled by an 
equation similar to that used for two check valves alone. Assuming that 
all three valves have a failure rate of X, the resulting average 
failure rate for the three valves in sequence over a period of 
t = 2,920 hours can be approximated according to 

- 1 X3t2 
A~X t b
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since Xt is much less than one. Once again, the average failure rate 
must be multiplied by 8,760 to put it on a per year basis. The results 
of this quantification of the frequency of triple valve rupture are: 

5th Percentile: 2.15 x 10-24 

Median: 2.10 x 10-18 

95th Percentile: 2.44 x 10-12 

Mean: 7.26 x 10-11 

The results above are for a single series of three valves. Taking into 
account the fact that there are four parallel check valve paths and two 
parallel MOVs, the distribution for the total frequency of triple valve 
rupture per reactor year is described by: 

5th Percentile: 1.72 x 10-23 

Median: 1.68 x 10-19 

95th Percentile: 1.95 x 10-11 

Mean: 5.81 x i101 

Another way that an interfacing system LOCA could occur is if a check 
valve path failure exists and a safety injection signal (which opens the 
two normally closed MOVs) occurs. The frequency of a safety injection 
signal per reactor year on a generic (i.e., nonpiant specific) basis is 
as follows: 

5th Percentile: 4.53 x 1

Median: 1.24 x 10-2 

95th Percentile: 1.36 x 10-1 

Mean: 6.40 x 10-2 

The frequency of a double check valve failure followed by a safety 
injection signal, averaged over a time period of t = 2,920 hours, can be 
approximated according to 

where Xv is the frequency of check valve rupture and Xs is the 
frequency of safety injection signals. This result is already on a per 
year basis, since the frequency Xs of safety injection signals was 
given per year rather than per hour. Multiplying by 4 to account for
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the four check valve paths, the frequency per reactor year of an 

interfacing system LOCA from this failure mode is described by: 

5th Percentile: 3.03 x 10-18 

Median: 2.26 x 10-14 

95th Percentile: 3.92 x 10-10 

Mean: 2.05 x 10-9 

1.3.5.1.3.2 Hot Leg Suction Path Interfacing System LOCA. Referring to 
Figure 1.3.5.1-2, two normally closed M0Vs in series isolate the loop 2 
reactor coolant system hot leg from the RHR suction lines. Failure of 
these two valves due to various combinations of disc rupture or MOV 
failure to close (but indicates closed) could result in an interfacing 
system LOCA to the RHR suction path. The normally closed manual valve 
(732) is a low pressure (600 psi design) valve and is assumed to fail 
immediately upon failure of the two upstream MOVs. The MOVs are normally 
tested during plant refueling shutdowns (every 18 months) to ensure disc 
integrity.  

An interfacing system LOCA from this path could occur in one of two ways: 

1. If both valve discs rupture under RCS pressure.  

2. If a single valve disc ruptures under RCS pressure and the other 
valve disc is open but indicates closed.  

There are two possible combinations for the second failure described 
above: MOV-731 ruptures and MOV-730 is open; or MOV-730 ruptures and 
M0V-731 is open. Failure of both valves to close when they indicate 
closed is not considered a credible failure mode, since it would be 
detected during the reactor coolant system heating and pressurization 
process during plant startup.  

The average frequency of rupture of both valves can be approximated 
according to 

Sl2~ 

where t is the interval between refueling shutdowns (13,140 hours).  
Multiplying by 8,760 to put the result on a yearly basis, the frequency 
of this failure mode is: 

5th Percentile: 1.55 x 10-15 

Median: 1.54 x 10-11 

95th Percentile: 1.92 x 10-7 

Mean: 3.24 x 1-
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The frequency of occurrence of the rupture/open failure mode described 

above is represented by 

2 "x*QMOV 

and its distribution is described by: 

5th Percentile: 6.62 x 10-12 

Median: 4.00 x 10-10 

95th Percentile: 5.11 x 10-8 

Mean: 1.45 x 10-8 

1.3.5.1.3.3 Interfacing System LOCA. The frequency of an interfacing 
system LOCA at Indian Point 2 is the sum of the frequencies of the 
individual failure paths described previously. Taking into account the 
dependence between terms resulting from the same valve failure rate being 
used throughout, the frequency of an interfacing system LOCA has the 
following characteristics: 

5th Percentile: 6.10 x 10-12 

Median: 4.28 x 10-10 

95th Percentile: 2.45 x 10-7 

Mean: 3.41 x 10-7 

Figure 1.3.5.1-3 presents the distribution of the interfacing system LOCA 
frequency for Indian Point 2. Note that rupture of both MOVs in the hot 
leg contributes about 95% of the total mean frequency and the 
rupture/open event contributes about 4%, while the cold leg failure modes; 
taken together contribute only about 1% due to the greater redundancy on 
the cold leg side.  

1.3.5.1.3.4 Mitigating Features. Several plant features serve to 
mitigate against the consequences of an Event V through one of the LPI 
cold legs.  

* For the dominant cold leg scenario (check valve failure followed by 
a safety injection signal), motor-operated valves 746 and 747 can 
be closed by the plant control room operators after the safety 
injection signal has been reset. Once these valves are closed, 
this safety injection signal scenario is terminated.  

* The relief valve on the outlet of the RHR heat exchangers provides 
some protection in the event of a line overpressurization.  

* Check valve 741 at the containment penetration serves as an 
additional barrier to pipe rupture outside containment.  

The overstress capabilities of the low pressure piping could mitigate 
the consequences of an RHR suction line Event V scenario.
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1.3.5.1.3.5 Conservatism in the Results. The results of the 
interfacing system LOCA quantification are controlled by the frequency 
of valve disc rupture while exposed to normal RCS pressure. An 
extensive data search revealed no ruptures of any valve disc in a 
nuclear power system. Discussion with representative valve 
manufacturers revealed no failures of this type in their experience 
(including experience in process plants and conventional steam plants); 
see Reference 1.3-30.
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TABLE 1.3.5.1-1

LARGE LOCA INITIATING EVENT AND ELECTRIC POWER DATA,

Note: -Values are presentgd in an abbreviated scientific notation, 
e.g., 1.11-5 = 1.11 x 10- .

1.3-243

Description 5% Median 95%. Mean 

- Large LOCA (Annual Frequency) 1.06-6 1.16-4 6:.30-3 1.95-3 

AC Power Available at Buses (Given Y: 

2A, 3A, 5A, 6A 9.98-1 9.99-1 1.00+0 1.00+0 

2A, 3A, 6A 3.71-7 6.46-6 4.49-5 1.71-5 

2A, 3A, 5A 3.71-7 6.46-6 4.49-5 1.71-5 

SA, 6A. 4.24-5 8.48-5 1.63-4 9.54-5 

2A, 3A 1.24-8 2.05-7 1.52-6 5.36-7 

6A' 1.50-8 2.05-7 1.45-6 '5.32-7 

5A 1.52-8 2.15-7 1.70-6 5.30-7 

'None .. 2.14-5 2.93-5 4.14-5 3. 00-5



TABLE 1.3.5.1-2

ET-I - LARGE LOCA 

AC Electric Power at 2A, 3A, 5A, and 6A

C5th 95th: Code Description Percentile Median Percentile Mean Source 

ET-1 Large LOCA - - - 1.0 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-I SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-I Low Pressure Injection/ 

Accumulators - - 2.-8-3 1.3.3 
CS Containment Spray 

Actuation/Injection 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
NA Sodium Hydroxide Addition 4.5-4 8.3-4 1.5-3 9.6-4 1.5.2 
CF-1 RC Fan Coolers 1.1-7 5.3-7 3.6-6 1.4-6 1.5.2 
R-1 Low Head Recirculation 8.8-5 1.3-2 3.1-2 -5.4-3 1.3.3 
RS Recirculation Spray 5.5-5 5.5-4 5.5-3 1.5-3 1.5.2 

Note: Values are.presented i.n an-abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5 .

0



TABLE 1.3.5.1-2 (continued)

ET-1 - LARGE LOCA 

AC Electric Power at 2A, 3A, and 6A

Desriti5th 9th 
Code Description Median 5Mean Source Percentile Percentile M 

ET-1 Large LOCA 3.7-7 6.5-6 4.5-5 1.7-5 1.5.1 
TK Refuel Water Storage Tank.  1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-1 Low Pressure Injection/ 

Accumulators , - 4.9-3 1.3.3 
CS Containment Spray 

Actuation/Injection 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA Sodium Hydroxide Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-1 RC Fan Coolers 1.1-2 1.7-2 •3.1-2 2.0-2 1.5.2 
R-1 Low Head Recirculation 5.2-3 2.9-2 1.1-1 5.1-2 1.3.3 
RS Recirculation Spray 1.1-3 .3.0-3 7.0-3 3.8-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10- 5 .



TABLE 1.3.5.1-2 (continued) 

ET-I .- LARGE LOCA 

AC 'Electric Power at 2A, .3A, and.5A

Code P ielscription e5th 95th Code... Descriptn .i Median Percentle -Mean Source 

ET-1 Large LOCA --.7 6.5-6 ..5-5 17-5 1.5.1 

TK Refuel Water Storage Tank 1.4-8, 2.3-8 3.7-8 2.4-'8 .1.3.3 
SA-1 SI Actuati-on Signal '2.3-7 2.4-6 2 .5-5 6,2-6 1.3.3 
LP- Low Press ure Injection/ 

-Accumulators -.- 1.2-2 .1.3.3 
-CS Contanment Spray 

Actuation/injection . 8-3 9.3-3 1.5-2 .1.. 0-12 1.5.2 
NA Sodium Hydroxide Addition 1.5-4 -9.9-4 6..4-3 1..3-3 -.5.2 
-CF,11 RC Fan Cool ers 17,-5 3.8-:5 1.-1-4 .5.:9-5 1.-5.2 
R-.I Low Head Recirculation 5.2-3 2.9-2 .1.1,1 r.1-2 1.3.3 
RS Recirculation Spray 1.1-13 3,0-3 7.0-3 3..8-3 1.5.2 

Note-: Values .are presented in an abbreviated ascientific :notation, .g,, .11-5 = 1.11 x 10r5 .  
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TABLE 1.3.5.1-2 (continued) 

ET-1 - LARGE LOCA 

AC Electric Power at 5A and 6A

5th 95th Mean Source Code Description Percentile Median Percentile 

ET-1 Large LOCA 4.2-5 8.5-5 1.6-4 9.5-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-1 Low Pressure Injection! 

Accumulators - 1.0-2 1.3.3 
CS Containment Spray 

Actuation/Injection 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
NA Sodium Hydroxide Addition 4.5-4 8.3-4 1.5-3 9.6-4 1.5.2 
CF-1 RC Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 
R-1 Low Head Recirculation 2.6-3 7.5-3 1.0-1 3.9-2 1.3.3 
RS Recirculation Spray 5.5-5 5.5-4 5.5-3 1.5-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5.



TABLE 1.3.5.1-2 (continued) 

ET-1 -LARGE LOCA 

AC Electric Power at 2A and 3A

5th Median 95th Code Description t Percentile Mean Source 

ET-1 Large LOCA 1.2-8 2.1-7 1.5-6 5.4-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.2 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6,.2-6 1.3.3 
LP-1 Low Pressure.Injection/ 

Accumulators --- 1.0-2 1.3.3 
CS Containment Spray Actuation/ 

Injection - - 1.0 1.5.2 
NA Sodium Hydroxide Addition - - - 1.0 1.5.2 
CF-1 RC Fan Coolers ... 1.0 1.5.2 
R-1 Low Head Recirculation ,- .. - 1.0 1.3.3 
RS Recirculation Spray - - 1.0 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e~g., 1.11-5 =;1.11 x 10 5 .  

. "' .0
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TABLE 1.3.5.1-2 (continued) 

ET-1 LARGE LOCA 

AC Electric Power at 6A

5th Median 95th Mean Source 
Code Description PercentilIe PercentilIe 

ET-1 Large LOCA 1.5-8 2.1-7 1.5-6 5.3-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 2.4-8 2.4-8 1.3.2 
SA-1 SI Actuation Signal 2.3-7 2.4-6 6.2-6' 6.2-6 1.3.3 
LP-1 Low Pressure Injection/ 

Accumulators - 1.2-2 1.3.3 
CS Containment Spray Actuation/ 

Injection 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA Sodium Hydroxide Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-1 RC Fan Coolers - - - 1.0 1.5.2 
R-1 Low Head Recirculation 2.6-3 7.5-3 1.0-1 3.9-2 1.3.3 
RS Recirculation Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10- 5 .



TABLE 1.3.5.1-2 (continued) 

ET-1 - 'LARGE LOCA 

AC Electric Power at 5A

5th Mi95th Code Description Percentil e -Median Percentile Mean Source 

ET-1 Large LOCA 1.5-8 2.2-7 1.7-6 5.3-7 1.5.1 
TK Refuel Water'Storage Tank 1.4-8 2*3-8 3.7-8 2.4-8 1.3.2 
SA-1 SI Actuation Signal 2.3-7 -2.4-6 2.5-5 6.2-6 1.3.3 
LP-1 Low Pressure Injection/ 

Accumulators .... 1.0 1.3.3 
CS Containment*Spray Actu

ation/Injection 5.8-3 '9.3-3 1.5-2 1.0-2 1.5.2 
NA Sodium Hydroxide Addition: 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-1 RC Fan Coolers - - 1.0 1.5.2 
R-1 Low Head Recirculation 2 6-3 7.5-3 1.0-1 3.9-2 1.3.3 
RS Recirculation Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation,'e.,., 1.11-5 = 1.1.1.x 10- 5 .
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TABLE 1.3.5.1-2 (continued) 

ET-1 - LARGE LOCA 

No AC Electric Power

5th 95th Code Description Percentile Median Percentile Mean Source 

ET-1 Large LOCA 2.1-5 2.9-5 4.1-5 3.0-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 ••  2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-51 6.2-6 1.3.3 
LP-1 Low Pressure Injection/ 

Accumulators - 1.0 1.3.3 
CS Containment Spray 

Actuation/Injection - - 1.0 1.5.2 
NA Sodium Hydroxide Addition - - - 1.0 1.5.2 
CF-I RC Fan Coolers -.- 1.0 1.5.2 
R-1 Low Head Recirculation - - 1.0 1.3.3 
RS Recirculation Spray 1 i.1.0 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10- 5 .



TABLE 1.3.5.1-3

INDIAN POINT 2. LARGE LOCA EVENT TREE QUANT4IFICATION

1. Conditional Split Fractions Without ATWS
1
,
2 

PLANT EVENT SEQUENCE CATEGORY, 

SEFC SEF SEC SE SLFC SLF SLC SL TEFC TEF" TEC TE AEFC AEF AEC' AE: ALFC ALF ALC AL V 

M [ 0 O: 0*- 0 0 0 0 2.80-3 2.54-7 6.76-6 8.16-7 5.39-3 4.53-7 1.18-7 3.84-10 0'] 

= [ NOT REQUIRED

Notes: 

1. M = Six-Hour Electrie.Power Bounding Model, 

M' = Results including Elctric Power Recovery 

2. Values are-presented'in an'abbreviated' sciehtific notation, e.g ., 1.11-5= 1.11:x.10-
5

3. The Plant Event Sequence Categories are defined in Section-1.3.5.0, briefly: 

A - Large LOCA behavior E - Early melt F Fan coolers are operating
S - Small LOCA behavior L - Late melt C - Containment:sprays are-operating.  
T - Transient behavior

0 0 4 0



TABLE 1.3.5.1-4

ET-1 - LARGE LOCA EVENT TREE DOMINANT SEQUENCES

T I

Conditional 
Frequency

Dominant Sequences

Sequence and 
AC Buses 
Available

Seq.

r I-

Failed Branch.Points
Conditional 
Frequency

1 I'

2.80-3 

2.54-7 

6.76-6 

8.16-7 

5.39-3 

4.53-7 

1.18-7 

3.84-10

2,3,5,6 

2,3,5,6 
2,3,5,6 

2,3,5,6 
6 

2,3 
No Power 

2,3,5,6 

2,3,5,6 

5,6 
6 
2,3,6 
2,3,5,6 

6 
2,3,6

LP-1 

LP-1, CS 
TK 

SA-I: 
LP-1, CF-I 

R-1 

CS, R-1

CF-1, 
R-1 
CF-1, 
CF-1,

CS, R-1 
CS,oCF-1, R-1

Note: Values are presented in abbreviated scientific notation, e.g., 
5.39-3 = 5.39 x I0- 3.

1.3-253

Plant 
Event 

Sequence! 
Category

AEFC 

AEF 

AEC 

AE 

ALFC 

ALF 

'ALC 

AL

2.78-3 

2.27-7 
2.40-8 

.6.15-6 
5.02-7 

5.40-7 
2.70-7 

5.38-3 

4.36-7 

7.33-8 
2.02-8 
1.71-8 
7.53-9 

2.04-10 
.1.73-10
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AMENDMENT 2 
IPPSS DEC 1983 

1.3.5.2 Medium LOCA--Event Tree 2 (ET-2) Quantification 

The frequency of the medium LOCA initiating event, @2, is developed 
in Section 1.5.1 and shown with the electric power state split fraction 
data (conditional on 2) in Table 1.3.5.2-1. The other branch point 
split fraction data for the event tree (conditional on @2 and 
electric power state) is developed in Sections 1.3.3 and 1.5.2 and is 
summarized in Table 1.3.5.2-2.  

When mean value data are propagated through the medium LOCA event tree, 
the base case results shown in Table 1.3.5.2-3 are obtained. No 
important plant split fractions are dominated by complete or partial 
failure of electric power.  

Dominant sequences are listed in Table 1.3.5.2-4. Those that are 
dominant with respect to risk will be discussed in Section 8 where risk 
is quantified. The probability of frequency of those sequences will be 
requantified to properly account for uncertainty.

1.'3-256A-1



TABLE 1.3.5.2-1

MEDIUM LOCA INITIATING EVENT AND ELECTRIC POWER.DATA

Description 5% Median 95% Mean 

- Medium LOCA (AnnualFrequency) 1.06-6 1.16-4 6.30-3 1.95-3, 

AC Power Available at Buses (Given h): 

2A, 3A, 5A, 6A 9.98-1 9.99-1 1.00+0 1.00+0 

2A 3A, 6A 3.71-7 6.46-6 4.49-5 1.71-5 

2A, 3A, 5A 3.71-7 6.46-6 4.49-5 1.71-5 

5A, 6A 4.24-5 8.48-5 1.63-4 9.54-5 

.2A,3A .. 24-8 2'.05-7 1.52-6 5.36-7 

6A 1.50-8 - .45- 5.32

6A 1.50-8 2.05-7' 1.45-6 5.32-7 

5A ; .28 2.15-7, 1 70-'6 5307 

None. 2.14-5 2.93-5 4.14-5 3.00-5 

Note:- Values are presentgd in an abbreviated scientific notation, 
e.g., 1.11-5 = 1.11 x 10'

1.3-257



TABLE 1.3.5.2-2

ET-2 - MEDIUM LOCA 

AC Electric Power-at 2A, 3A, 5A,,and 6A

Code Descri ption 5th Median 95th Mean Source Percenti 1 e Percentile 

ET-2 Medium LOCA -... 1.0 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3,.7-8 2.4-8 1.3.3 
SA-1 SIt Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection - - - 8.7-4 1.3.3 
HH-1 High Head Ihjection 2.0-4 3.7-4 8.3-4 4.1-4 1.3.3 
CS Containment Spray' '4 8-7 9.3-6 1.1-4 8.1-5 1.5.2 
NA NaOH Addition 4t.5-4 8.3-4 1.5-3 9.6-4 1.5.2 
CF-1 Fan Coolers 1.1-7 5.3-7 3.6-6 1.4-6 1-.5.2 
R-1 Recircul ation Suction 

Lineup 8-5 2.2-3 1.4-2 5.4-3 1.3.3 
RS Containment Spray 5.5-'5 -5:.,5-4 5.5-3 1.5-3 1.3-.3 

Reci rcul ati on 

Note: Values are presented in an abbreviated scientific ,notation, e g.,, 1.11-5 1.11 x 10- .



9 0

TABLE 1.3.5.2-2 (continued) 

ET-2 - MEDIUM LOCA 

AC Electric Power at 2A, 3A, and 6A

5th Median 95th Code Description Percentile Percentile Mean Source 

ET-2 Medium LOCA 3.7-7 6.5-6 4.5-5 1.7-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection - - 3.1-3 1.3.3 
HH-1 High Head Injection 5.9-3 1.4-2 2.8-2 1.5-2 1.3.3 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-1 Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 
R-1 Recirculation Suction 

Lineup 5.2-3 2.9-2 1.1-1 5.1-2 1.3.3 
RS Containment Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.3.3 

Reci rcul ati on 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5 .

0



TABLE 1.3.5.2-2 (continued)

ET-2 - MEDIUM LOCA 

AC Electric Power at 2,A, 3A, and 5A

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = J.11 x 10-5.

Code Description 5th Median .95th Mean Source Percentile Percentile 

ET-2 Medium LOCA T3.7- 7 6.5-6 4.5-5 1.7-5 1.5.1 TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2. 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 LP-2 Low Pressure Injection - - 1.0-2 1.3.3 HH-1 High Head Injection :,5,..9-3 1.4-2 2.8-2 1.5-2 '1.3.3 
CS Conta-inment -Spray .:5,.,8-,3 -9.,3-3 1.5-2 1.0-2 1.5.2 NA NaOH Addition, 1 .5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-i Fan Coolers -17-5 3.8'5 1.14 5.9-5 1.5.2 
R-1 Recirculation Suction 

Lineup 5.2-3 2.9-2 1.1-1 5.1-2 1.3.3 RS Containment Spray -1:1-3 3.*0-3 7.0-3 3.8-3 1.3.3 
Reci rcul ation



0

TABLE 1.3.5.2-2 (continued) 

ET-2 - MEDIUM LOCA 

AC Electric Power at 5A and 6A

Peren5th Median 95th Mean Source 
Code Description 5Percentile Percentile 

ET-2 Medium LOCA 4.2-5 8.5-5 1.6-4 9.5-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection - - 8.1-3 1.3.3 
HH-1 High Head Injection 5.9-3 1.4-2 2.8-2 1.5-2 1.3.3 
CS Containment Spray 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
NA NaOH Addition 4.5-4 8.3-4 1.5-3 9.6-4 1.5.2 
CF-1 Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 
R-1 Recirculation Suction 

Lineup 2.6-3 7.5-3 1.0-1 3.9-2 1.3.3 
RS Containment Spray 5.5-5 5.5-4 5.5-3 1.5-3 1.3.3 

Recirculation 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10- 5 .

0



TABLE 1.3.5.2-2 (continued) 

ET-2 - MEDIUM LOCA 

AC Electric Power at 2A and 3A

Peren5th Median 95th Code Description 5he Percentile Mean Source 

ET-2 Medium LOCA 1.2-8 2.1-7 1.5-6 5.4-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection - - - 1.0 1.3.3 
HH-1 High Head Injection - - - 1.(0 1.3.3 
CS Containment Spray - - - 1.0 1.5.2 
NA NaOH Addition - - - 1.0 1.5.2 
CF-1 Fan Coolers - - 1.0 1.5.2 
R-1 Recirculation Suction - - - 1.0 1.3.3 

Lineup 
RS Containment Spray 1.0 1.5.2 

Recirculation 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.71-5 = 1.11 x 10- 5 .

0 0



TABLE 1.3.5.2-2 (continued) 

ET-2 - MEDIUM LOCA 

AC Electric Power at 6A

Code Description 5th Percetlth Mean Source 
Percentile PercentiMae 

ET-2 Medium LOCA 1.5-8 2.1-7 1.5-6 5.3-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection - - - 1.0-2 1.3.3 
HH-1 High Head Injection - - - 1.0 1.3.3 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-1 Fan Coolers - - - 1.0 1.5.2 
R-1 Recirculation Suction 2.6-3 7.5-3 1.0-1 3.9-2 1.3.3 

Lineup 
RS Containment Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.5.2 

Recirculation 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5 .



TABLE 1.3.5.2-2 (continued) 

ET-2 - MEDIUM LOCA 

AC Electric Power at 5A

5th Mein95thMen Suc 
Code Description Percenti Md Percentile Mean Source 

ET-2 Medium LOCA 1.5-8 2.2-7 1.7-6 5.3-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection - - 1.0 1.3.3 
HH-1 High Head Injection - - - 1.0 1.3.3 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
CF-1 Fan Coolers - - - 1.0 1.5.2 
R-1 Recirculation Suction 2.6-3 7.5-3 1.0-1 3.9-2 1.3.3 

Lineup 
RS Containment Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.5.2 

Recirculation 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5 .
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TABLE 1.3.5.2-2 (continued) 

ET-2 MEDIUM LOCA 

No AC Electric Power

Note: Values are presented in an abbreviated scientific notation,

9 9 9

5th 95th 
Code Description Percentile PercentileSource 

ET-2 Medium LOCA 2.1-5 2.9-5 4.1-5 3.0-5 1.5.1 
TK Refuel Water Storage Tank . 1.4-8 • •  2.3-8 3.7-8 2.4-8. 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
LP-2 Low Pressure Injection 1.0 1.3.3 
HH-1 High Head Injection 1.0 1.3.3 
CS Containment Spray - - 1.0 1.5.2 
NA NaOH Addition - - 1.0 1.5.2 
CF-1 Fan Coolers - -1.0 1.5.2 
R-1 Recirculation Suction 

Lineup - . 1.0 1.3.3 
RS Containment Spray - - 1.0 1.3.3 

Recirculation

eg. 1.11-5= 1.11 x 10 - 5 .



TABLE -., 3. 5. 2-3 

INDIAN -POINT 2-!.MEDIUM LOCA EVENT TREE QUANTITICAION

I. Conditional Split Fractions Without ATWS
I
'
2
1 

PLANT:EVENT.SEQUENCE'CATEGORY0 

SEFC SEF SEC SE SLFC SLF SLC SL TEFC TEF TEC TE AEPC AEF. AEC 'AE ALFC ALF ALC AL V, 

M2= : O 0 0 0 0 0: 0. 0 0 0 0 1.28-3 1.35-7. 7.30-6 .21-7 5.40-3. 4.54-7 9.68-8. 1.77 10 0.  

NOT-REQUIRED 

Notes: 

I. M = Six-Hour Electric Power Bounding-Model 

M = Results, including-.Electric. Power Recovery.  

2. Values are presented in an abbreviated scientific notation, e.g, .,I-5:=-1.lIx 10.
5 

3. The.PIant, Event Sequence.Categoies. are defined in. $ectionJ1.3 0,';. :bniefly: 

A --Large LOCA-behavior E - 'Early melt -Fr -Fan coolers are:operating.  
S - Small LOCAbehavior. L --Late melt C.- Containment.sprays.are operating
T'- Transient behavior.

0 0



TABLE 1.3.5.2-4

ET-2 - MEDIUM LOCA EVENT TREE DOMINANT SEQUENCES

Dominant Sequences 

Plant 
Event -Conditional Sequence and AC Buses 

Sequence Frequency AvailablePonts 
Category Fanditledbl ..... " Failed B~ranch.Points Cnd inar ^ " 

Branch, Frequency 

Bus 
No. Seq.  
A..  

AEFC. 1.28-3 2,3,5,6 31 LP-2 *8.63-4 
2,3,5,6 13 HH-1 4.06-4 

AEF 1.35-7 253,5,6 43. LP-2, CS 7.00-8 
2,3,5,6 '25, HH-1, CS 3.30-8 
2,3,5,6 70 TK .2.40-8 

AEC .7.30-6 2,3,5,6 63 SA-1 6.15-6 
6. 16 4.97-7 
.5 52 5.02-7 

AE 8.21-7 2,3 62 .5.40-7 

No Power 62. 2.70-7 

ALFC 5.40-3 2,3,5,6 2 R- 1' 5.39-3.,'.  

ALF. 4..54-7' 2,3,5,6. 10 CS, R-1 4.37-7 

ALC 9.68-8 .5.,6. .4 CF-I, R-1 7.23-8• 
2,3,6. 4 CF-i, R-1 1.68-8 

AL •1.77-10 2,3,6 12 CS, CF-I, R-1 1.,70-10: 

Note:. Values are presented in abbreviated scientific notation, e.g., 
5.39-3 = 5.39 X-10 - 3 .

1.3-267



1.3.5.3 Small LOCA--Event Tree 3 (ET-3) Quantification 

The frequency of the small LOCA initiating event, (,3, is developed 
in Section 1.5.1 and shown with the el'ectric power state split fraction
data (conditional on (,3) in Table 1.3.5.3-1. The other branch point.  
split fraction data for the event tree (conditional on 3 and 
electric power state) is developed in Sections 1.3.3 and 1.5.2, and is 
summarized in Table 1.3.5.3-2.  

When mean value data is propagated through the Small LOCA event- tree, 
the base case results shown in Table 1.3.5.3-3 are obtained. No7 
important plant split fractions are dominated by complete. or partial 
failure of electric power.  

The plant split fractions in Table 1.3.5.3-3 do not iinclude cqnt-.ri
butions fom the failure of reactor trip (ATWS) even-t tree., T!hese 
conditional spli:t fractions without the ATWS contribution a re- abeled M3-
The same table gives the split fractions, M63 , going to the ATWS event t'ree (ET-13) Conditional on electric power state. Later,-in 
Section 1.3.5.13, M(ATWS), the conditional plant matrix resulting fr om 
ATWS is calculated. In Section 1.4, and all the Mi's are combined 
into the complete plant., matrix, M. t sr m 

Dominant sequences are listed in Table 1.3.5i3-4. Those that are 
dominant with respect to risk will be discussed. in Section 8 where. risk.  
is quantified. The probability of frequency of those sequences wi.l be 
requantified to properly account for uncertainty.  

.. - . 0 '
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TABLE 1.3.5.3-1

SMALL LOCA INITIATING EVENT AND ELECTRIC POWER DATA

Description 5% Median 95% Mean 

3 - Small LOCA (Annual Frequency) 1.00-4 1.08-2 5.21-2 1.85-2 

AC Power Available at Buses (Given 43).  

2A, 3A, 5A,.6A 9.98-1 9.99-1 1.00+0 1.00+0 

2A, 3A, 6A 3.71-7 6.46-6 4.49-5 1.71-5 

2A, 3A, 5A 3.71-7 6.46-6 4.49-5 1.71-5 

5A, 6A 4.24-5 8.48-5 1.63-4 9.54-r5 

2A, 3A 1.24-8- 2.05-7 1.52-6 5.36-7 

6A 1.50-8 2.05-71 1.45-6 5.32-7 

5A 1.52-8 2.15-7. 1.70-6 5-.30-7 

None -214-5 2.93-5 4.14-5 3.00-5 

Note: Values are presented in an abbreviated scientific notation, 
e.g., 1.11-5 = 1.11 x 10- 5 .

1.3-269



TABLE 1.3.5.3-2

ET-3 - SMALL LOCA 

AC Electric Power at 2A, 3A, 5A, and 6A

• ~5 t h M e i n9 5 t hM e nS u c 
Code Description Percenti Md Percentile Mean Source 

ET-3 Small LOCA - - 1.0 1.5.1 
TK. Refuel Water Storage Tank 1.4-8 2.3-8 3.7-'8 2.4-8 1.3.3 
K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection 2.9-5 9.0-5 3.1-4 1.2-4 1.3.3 
L-1 Auxiliary Feedwater and 

Secondary Cooling 2.8-6 1.1-5 4.7-5 1.9-5 1.3.3 
OP-1 Primary Cooling (Bleed; 

and Feed) 3.0-3 5.7-3 1.1-2 6.2-3 1.3.3 
CF-1 Fan Coolers 1.1-7 5.3-7 3.6-6 1.4-6 1.5.2 
R-2 Recirculation Cooling 5.0-5 4.2-4 1.8-3 6.8-4 1.3.3 
CS Containment Spray 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
NA NaOH Addition 4.5-4 8.3-4 1.5-3 9.6-4 1.5.2 
RS Recirculation Spray 5.5-5 5.5-4 5.5-3 1.5-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10- 5.

0 9 00



TABLE 1.3.5.3-2 (continued) 

ET-3 - SMALL LOCA 

AC Electric Power at 2A, 3A, and 6A

5th 95th 
Code Description Percentile Median Percentile Mean Source 

ET-3 Small LOCA 3.7-7 6.5-6 4.5-5 1.7-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 

SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection 3.3-5 1.7-4 4.4-4 1.9-4 1.3.3 
L-1 Auxiliary Feedwater and 

Secondary Cooling 2.8-6 1.1-5 4.7-5 1.9-5 1.3.3 
OP-1 Primary Cooling (Bleed 

and Feed) - - 1.0 1.3.3 
CF-1 Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 
R-2 Recirculation Cooling 1.6-3 3.6-3 7.9-3 4.3-3 1.3.3 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 

.RS Recirculation Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation', e.g., 1.11-5 1.11 x 10-5 .



TABLE 1.3..5.3-2 (continued)

ET-3 - SMALL LOCA 

AC Electric Power at 2A, 3A, and 5A

Desc 5th Median 95th Mean Source Code ription Percentile Percentile 

ET-3 Small LOCA 3.7-7 6.5-6 4.5-5 1.7-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection 3.3-5 1.7-4 4.4-4 1.9-4 1.3.3 
L-1 Auxiliary Feedwater and 

Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 
OP-1 Primary Cooling (Bleed 

and Feed) - - 1.0 1.3.3 
CF-1 Fan Coolers 1.7-5 3.8-5 1.1-4 5.9-5 1.5.2 
R-2 Recirculation Cooling - - - 1.0 1.3.3 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
RS Recirculation Spray 1.1-3 3.0-3 7.0-3 3.8-3 1.5.2 

Note: Values are presented-in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5 .

. 00 0
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TABLE 1.3.5.3-2 (continued) 

ET-3 - SMALL LOCA 

AC Electric Power at 5A and 6A

C 5th 95th Code Description Percentile Median Percentile Mean Source 

ET-3 Small LOCA 4.2-5 8.5-5 1.6-4 9.5-5 1.5.1 

TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 

SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 

HH-2 High Head Injection 3.3-5 1.7-4 4.4-4 1.9-4 1.3.3 

L-1 Auxiliary Feedwater and
Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 

OP-I Primary Cooling (Bleed 
and Feed) 3.0-3 5.7-3 1,1-2 6.2-3 1.3.3 

CF-1 Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 

R-2 Recirculation Cooling 8.3-5 4.8-4 1.9-3 7.6-4 1.3.3 

CS Containment Spray 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 

NA NaOH Addition 4.5-4 8.3-4 1.5-3 9.6-4 1.5.2 

RS Recirculation Spray 5.5-5 5.5-4 5.5-3 1.5-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5.
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TABLE 1.3.5.3-2 (continued) 

ET-3 - SMALL LOCA 

AC Electric Power-at 2A and 3A

Co Ide Description' 5th Mein95thMen Suc 
Percentile Median 95thSorc Ceertnt Percentile M 

ET-3 Small LOCA 1.2-8 2.1-7 1.5-6 5.4-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2-.3-8 3.7-8 2.4-8 1.3.3 
R-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection 9.0-5 - 1.0 1.3.3 
L-1 Auxiliary Feedwater and 

Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 OP-1 Primary Cooling (Bleed ..... 1.0 1.3.2 
and Feed) 

CF-1 Fan Coolers - 1.0 1.5.2 
R-2 Recirculation Cooling 1.0 1.3.3 
CS Containment Spray - - 1.0 1.5.2 
NA NaOH Addition - - 1.0 1.5.2 
RS Recirculation Spray -- 1.0 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11,5 = 1.11 x 105.

0 00
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TABLE 1.3.5.3-2 (continued) 

ET-3 - SMALL LOCA 

AC Electric Power at 6A

Note: Values are presented in an abbreviated scientific notation, e.g., 1.

Code - Description 5th Median 95th Mean Source CDc t Percentile Percentile 

ET-3 Small LOCA 1.5-8 2.1-7 1.5-6 5.3-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
R-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection - - 1.0 1.3.3 
L-1 Auxiliary Feedwater and 

Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 
OP-1 Primary Cooling (Bleed - - , 1.0 1.3.2 

and Feed) 
CF-1 Fan Coolers - - - 1.0 1.5.2 
R-2 Recirculation Cooling 9.7-3 1.9-2 .3.8-2 2.2-2 1.3.3 
CS Containment Spray! 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 
RS Recirculation Spray 1.1-3 3.0-3 •7.0-3 3.8-3 1.5.2

-11-5 = 1.11 x 10- 5 .



TABLE 1.3.5.3-2 (continued) 

ET-3 - SMALL LOCA 

AC Electric Power at 5A

Code Description 5th tile Median 95th Mean Source Percen Percentile 

ET-3 Small LOCA 1.5-8 2.2-7 1.7-6 5.3-7 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
R-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
SA-i SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection - 1.0 1.3.3 
L-1 Auxiliary Feedwater and 

Secondary Cooling 3.9-3 9.7-3 •3.6-2 1.4-1 1.3.3 
OP-1 Primary Cooling (Bleed 1.0 1.3.2 

and Feed) 
CF-1 Fan Coolers 1.0 1.5.2 
R-2 Recirculation Cooling - - - 1.0 1.3.3 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6-.4-3 1.3-3 1.5.2 
RS Recircul ation Spray 1.1-3, 3.0-3 7.0-3 3.8-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5.
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TABLE 1.3.5.3-2 (continued) 

ET-3 - SMALL LOCA 

No AC Electric Power

5th Median 95thMean Source 
Code Description Percentile Percentile 

ET-3 Small LOCA 2.1-5 2.9-5 4.1-5 3.0-5 1.5.1 
TK Refuel Water Storage Tank 1.4-8 2.3-8 3.7-8 2.4-8 1.3.3 
K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
SA-1 SI Actuation Signal 2.3-7 2.4-6 2.5-5 6.2-6 1.3.3 
HH-2 High Head Injection - - - 1.0 1.3.3 

L-1 Auxiliary Feedwater and 
Secondary Cooling 3.9-3 9.7-3 3.6-2 1.4-2 1.3.3 

OP-1 Primary Cooling (Bleed 
and Feed) - - 1.0 1.3.3 

CF-1 Fan Coolers - - 1.0 1.5.2 

R-2 Recirculation Cooling - - 1.0 1.3.3 

CS Containment Spray - - 1.0 1.5.2 

NA NaOH Addition .. . 1.0 1.5.2 

RS Recirculation Spray - - 1.0 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-5.

0



TABLE 1.3.5.3-3 

INDIAN POINT 2 SMALL LOCA EVENT TREE QUANTIFICATION

Notes: 

1. M = Six-Hour-Electric Power Bounding Model 

M' = Results including Electric Power Recovery 

2. Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10
-5 

3. The Plant Event Sequence Categories.are defined in Section 1.3.5O, .briefly: 

A - Large LOCA behavior E.- Early melt F - Fan coolers are'operating 
S - Small LOCA behavior L - Late melt C - Containment.sprays are operating 
T - Transient behavior 

'o •*•

1. Conditional Split Fractions Without ATWS
1
'
2 

PLANT EVENT SEQUENCE CATEGORY
3 

SEFC " SEF SEC' SE. SLFC SLF SLC SL TEFC TEF TEC TE AEFC AEF AEC AE ALFC ALF ALC AL V 

M 1.90-4 3.95-8 7.25-6 8.21-7 6.97-4 2.26-7 4.83-9 2.48-11 0 0 0 0 0 0 0 0 0 0 0. 0. 0 

M,3  = [ NOT REQUIRED 

2. Split'Fractions to ATWS.Conditional on Electric Power State 

ATWS and ATWS and ATWS and ATWS and ATWS and ATWS and ATWS and ATWS and 
2A,3A,5A,6A 2A,3A,6A 2A,3A,5A 5A, 6A 2A, 3A 6A 5A None 

M = [ 2.00-5 3.40-10 3.40-10 1.90-9 1.08-11 l.06ll 1.06-11 5.40-12

0 0



AMENDMENT 2 
IPPSS DEC 1983 

TABLE 1.3.5.3-4 

ET-3 - SMALL LOCA EVENT TREE DOMINANT SEQUENCES

Dominant Sequences 

Plant 
Event Conditional Sequence and 

Sequence Frequency Available Conditional 
Category Failed Branch Points Frequency 

Bus 
No. Seq.  

A 

SEFC 1.90-4 2,3,5,6 35 HH-2 1.90-4 

SEF 3.95-8 2,3,5,6 45 TK 2.40-8 
2,3,5,6 37 HH-2, CS 1.54-8 

SEC 7.25-6 2,3,5,6 41 SA-1 6.19-6 

SE 8.21-7 2,3 40 5.40-7 
No Power 40 2.70-7 

SLFC 6.97-4 2,3,5,6 2 R-2 6.79-4 
2,3,5 2 1.68-5 

SLF 2.26-7 2,3,5,6 4 R-2, CS 5.51-8 
2,3,5 4 R-2, CS 1.70-7 

SLC 4.83-9 2,3,5,6 6 CF-1, R-2 9.51-10 
2,3,6 6 CF-1, R-2 1.45-9 
2,3,5 6 CF-i 9.91-10 
5,6 6 CF-1, R-2 1.44-9 

SL 2.48-11 2,3,6 8 CF-1, R-2, CS 1.46-11 
2,3,5 8 CF-1, CS 1.00-11 

ATWS 2.00-5 2,3,5,6 44 K-3 2.00-5 

Note: Values are presented in abbreviated scientific notation, e.g., 
5.39-3 = 5.39 x 1-3.  
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AMENDMENT 2 
IPPSS DEC 1983 

1.3.5.4 Steam Generator Tube Rupture--Event Tree 4 (ET-4) Quantification 

The frequency of the steam generator tube rupture initiating event, 04, 
is developed in Section 1.5.1 and shown with the electric power state split 
Fraction data (conditional on 04) in Table 1.3.5.4-1. The other branch 
point split fraction data for the event tree (conditional on @4 and 
electric power state) are developed in Sections 1.3.3 and 1.5.2 and are 
summarized in Table 1.3.5.4-2. The data used to quantify the split 
fractions for event SL are summarized in Table 1.3.5.4-2A-1. The event 
tree for this event is presented in Section 1.3.4.4.4.  

When mean value data are propaged through the steam generator tube rupture 
event tree, the base case results shown in Table 1.3.5.4-3 are obtained.  
No important plant split fractions are dominated by complete or partial 
failure of electric power. The plant split fractions in Table 1.3.5.4-3 
include contributions from the failure of reactor trip (ATWS).  

Dominant sequences are listed in Table 1.3.5.4-4. Those that are dominant 
with respect to risk are discussed in Section 8 where risk is quantified.
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AMENDMENT 2 
IPPSS DEC 1983 

TABLE 1.3.5.4-1 

STEAM GENERATOR TUBE RUPTURE INITIATING EVENT AND ELECTRIC POWER DATA 

Description 5% Median 95% Mean 

4 - Steam Generator Tube Rupture 3.73-5 7.39-3 9.50-2 2.74-2 
(Annual Frequency) 

AC Power Available at Buses (Given P4 ): 

2A, 3A, 5A, 6A 9.98-1 9.99-1 1.00+0 1.00+0 

2A, 3A, 6A 3.72-7 6.16-6 7.80-5 1.71-5 

2A, 3A, 5A 3.72-7 6.16-6 7.80-5 1.71-5 

5A, 6A 4.24-5 8.49-5 1.64-4 9.55-5 

2A, 3A 1.32-8 2.13-7 2.64-6 5.82-7 

6A 1.32-8 2.08-7 1.54-6 5.78-7 

5A 2.82-8 2.08-7 1.78-6 5.78-7 

None 1.62-8 4.64-8 1.54-7 6.62-8 

Note: Values are presented in an abbreviated scientific notation; 
e.g., 3.73-5.= 3.73 x 10- 5 .  
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TABLE 1.3.5.4-2

ET-4 - STEAM GENERATOR TUBE RUPTURE

AC Electric Power at 2A, 3A, SA,

See Reference 
See Reference 
See Reference

1.3-32.  
1.3-33.  
1.3-34.

a. OP-41 = 5.0-2 given L-3; 
DPC47 = 7.0-2 given -=3.  

b. SiL = 1.0-4 given OP-4; 
-!T = 5.1-3 givenS.  

c. OP-50 = 1.0-6 given HH A L-3 A OP"4; 
OP- = 5.0-2 given HH A 1--7; 
O = 9.0-2 given HH A L-3 A SL; 
DTpC 5 = 1.0-3 given Pll A L-3 A -SE.  

.Note: Values are presented in an abbreviated scientific notation; e.g., 2.7-9 = 2.7 x 10-9 .

and 6A

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture 1.0 1.0 1.0 1.0 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3.3 
HH-* High Head Injection 2.9-5 9.0-5 3.1-4 1.3-4 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers 7.1-5 1.9-4 4.6-4 2.4-4 1.5.2 
CS Containment Spray 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 1.0-4 1.3.4 
OP-5* Depressurization and Makeup (c) 3.0-4 7.4-3 1.8-1 5.0-2 (2) 
R-4 Long Term Cooling 8.8-6 2.2-4 1.4-3 5.4-4 (3)
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TABLE 1.3.5.4-2 (continued) 

ET-4 - STEAM GENERATOR TUBE RUPTURE

AC Electric Power at 2A, 3A, and 6A

See Reference 
See Reference 
See Reference

1.3-32.  
1,3-33.  
1.3-34.

a. OP-41 = 5.0-2 given L-3; 
UYPC7 = 7.0-2 given --3.  

b. SL = 3.8-4 given OP-4; 
S1T = 5.1-3 given DP-W.  

c. OP-50 = 1.0-6 given HH A L-3 A OP-4; 
Th5C5T= 1.0 given HH A 1'-7; 
OP-5 = 9.0-2 given HH A L-3 A SL; 
T = 1.0-3 given 1111 A L-3 A S.  

Note: Values are presented in an abbreviated scientific notation; e.g., 3.7-7 = 3.7 x 10- 7 .

0 0

Code Description 5th Median 95th Mean Source 
Percentile Percentile 

ET-4 Steam Generator Tube Rupture 3.7-7 6.2-6 7.8-5 1.7-5 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3.3 
HH-* High Head Injection 3.3-5 1.7-4 4.4-4 2.0-4 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 
OP-4* Operator Controls Break Flow (a) 4.0-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 1.3.4 
OP-5* Depressurization and Makeup (c) - - - 1.0 (2) 
R-4 Long Term Cooling 5.2-4 2.9-3 1.1-2 5.1-3 (3)
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TABLE 1.3.5.4-2 (continued)

ET-4 - STEAM GENERATOR TUBE RUPTURE

AC Electric Power at 2A, 3A, and 5A

See Reference 
See Reference 
See Reference

1.3-32.  
i3-33.  
1.3-34.

a. Z-P4T = 5.0-2 given L-3; 
DP---4-= 7.0-2 given 173.  

b. S[ = 1.0-4 given OP-4; 
-SU= 5.1-3 given lJp-4.  

c. OP-50 = 1.0-6 given HH A L-3 A OP-4; 
OP-51 = 1.0 given HH A 1--7; 
T = 9.0-2 given HH A L-3 A SL; 
OP-53 = 1.0-3 given Jll A L-3 A 5E.  

Note: Values are presented in an abbreviated scientific notation; e.g., 3.7-7 = 3.7 x 10-7 .  

0 0 0

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture 3.7-7 6.2-6 7.8-5 1.7-5 1.3.0 S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3.3 HH-* High Head Injection 3.3-5 1.7-4 4.4-4 2.0-4 1.3.3 L-3 AFWS Actuation and Secondary Cooling 2.0-3 4.9-3 1.8-2 6.9-3 1.3.3 OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) CF Fan Coolers 1.7-5 3.8-5 1.1-4 5.9-5 1.5.2 CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 1.3.4 OP-5* Depressurization and Makeup (c) - - - 1.0 (2) R-4 Long Term Cooling 5.2-4 2.9-3 1.1-2 5.1-3 (3)
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TABLE 1.3.5.4-2 (continued) 

ET-4 - STEAM GENERATOR TUBE RUPTURE 

AC Electric Power at 5A and 6A

See Reference 
See Reference 
See Reference

1.3-32.  
1.3-33.  
1.3-34.

a. O = 5.0-2 given L-3; 
O42= 7.0-2 given -[.  

b. SL = 3.8-4 given OP-4; 
-SU = 5.1-3 given DP--V.  

c. OTC5U = 1.0-6 given HH A L-3 A OP-4; 
OP-51 = 5.0-2 given HH A l-7-; 
O = 9.0-2 given HH A L-3 A SL; 
OP-53 = 1.0-3 given --H A L-3 A --L.

Note: Values are presented in an abbreviated scientific notation; e.g., 4.2-5 = 4.2 x 10-5.

0

Code Description 5th Median 95th Percentile CeertnhPercentile Mean Source 

ET-4 Steam Generator Tube Rupture 4.2-5 8.5-5 1.6-4 9.6-5 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3.3 
HH-* High Head Injection 3.3-5 1.7-4 4.4-4 2.0-4 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 2.0-3 4.9-3 1.8-2 6.9-3 1.3.3 
OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers 1.1-2 1.7-2 3.1-2 2.0-2 1.5.2 
CS Containment Spray 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 1.3.4 
OP-5* Depressurization and Makeup (c) 3.0-4 7.4-3 1.8-1 5.0-2 (2) 
R-4 Long Term Cooling 2.6-4 7.5-3 1.0-2 3.9-3 (3)
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TABLE 1.3.5.4-2 (continued)

ET-4 - STEAM GENERATOR TUBE RUPTURE 

AC Electric Power at 2A and 3A

See Reference 
See Reference 
See Reference

1 .3-32.  
1.3-33.  
1.3-34.

a. OP-41 = 5.0-2 given L-3; 
UPPC42 = 7.0-2 givenS.  

b. SL = 3.8-4 given OP-4; 
3SU = 5.1-3 given P-zF.  

c. OP-50 = 1.0-6 given HH A L-3 A OP-4; 
05= 1.0 given HH A 1--; 

= 9.0-2 given HH A L-3 A SL; 
T = 1.0-3 given H--i A L-3 AST.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.3-8 = 1.3 x 10-8.

0

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture 1.3-8 2.1-7 2.6-6 5.8-7 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3.3 
HH-* High Head Injection - - 1.0 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 2.0-3 4.9-3 1.8-2 6.9-3 1.3.3 
OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers - - - 1.0 1.5.2 
CS Containment Spray - - 1.0 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 1.3.4 
OP-5* Depressurization and Makeup (c) - - 1.0 (2) 
R-4 Long Term Cooling - - 1.0 (3)
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TABLE 1.3.5.4-2 (continued) 

ET-4 - STEAM GENERATOR TUBE RUPTURE

AC Electric Power at 6A

See Reference 
See Reference 
See Reference

1.3-32.  
1.3-33.  
1.3-34.

a. OP-41 = 5.0-2 given L-3; 
DP4T= 7.0-2 given 1-3-.  

b. SL = 3.8-4 given OP-4; 
- = 5.1-3 given O-'C4.  

c. Z?0SU = 1.0-6 given HH A L-3 A OP-4; 
0W5T = 1.0 given HH A 1--'Y; 
O = 9.0-2 given HH A L-3 A SL; 
O = 1.0-3 given H A L-3 A SiT.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.3-8 = 1.3 x 10-8.

Code Description 5th Median 95th Mean Source 
Percentile Percentile 

ET-4 Steam Generator Tube Rupture 1.3-8 2.1-7 1.5-6 5.8-7 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3.3 
HH-* High Head Injection - - - 1.0 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 2.0-3 4.9-3 1.8-2 6.9-3 1.3.3 
OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers .- 1.0 1.5.2 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 . 1.3.4 
OP-5* Depressurization and Makeup (c) - - - 1.0 (2) 
R-4 Long Term Cooling 2.6-4 7.5-3 1.0-2 3.9-3 (3)
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TABLE 1.3.5.4-2 (continued)

ET-4 - STEAM GENERATOR TUBE RUPTURE

AC Electric Power at 5A

See Reference 1.3-32.  
See Reference 1.3-33.  
See Reference 1.3-34.

a. W74T = 5.0-2 given L-3; 
W-z-47= 7.0-2 given L-3.  

b. S[ = 3.8-4 given OP-4; 
SU = 5.1-3 given 1-C4.  

c. OP-50 = 1.0-6 given HH A L-3 A OP-4; 
OP-51 = 1.0 given HH A 1--7; 
O = 9.0-2 given HH A L-3 A SL; 
P--= 1.0-3 given ThIT A L-3 A -SU.  

Note: Values are presented in an abbreviated scientific notation; e.g., 2.8-8 = 2.8 x 10-8.

tD 
(0 

CW)

0

5th Median 95th Mean Source Code Description Percentile Percentile 

ET-4 Steam Generator Tube Rupture 2.8-8 2.1-7 1.8-6 5.8-7 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.1-6 8.5-6 1.0-4 2.0-5 1.3..3 
HH-* High Head Injection - - - 1.0 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 3.9-3 9.7-3 3.6-2 1.4-2 1.3.3 
OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers - - - 1.0 1.5.2 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 1.3.4 
OP-5* Depressurization and Makeup (c) - - - 1.0 (2) 
R-4 Long Term Cooling 2.6-4 7.5-3 1.0-2 3.9-3 (3)



TABLE 1.3.5.4-2 (continued) 

ET-4 - STEAM GENERATOR TUBE RUPTURE

No AC Electric Power

See Reference 
See Reference 
See Reference

1.3-32.  
1.3-33.  
1.3-34.

a. P--41 = 5.0-2 given L-3; 
D-4' = 7.0-2 given 1-3.  

b. T = 3.8-4 given OP-4; 
'SU = 5.1-3 given OP.  

c. O = 1.0-6 given HH A L-3 A OP-4; 
-UPCT = 1.0 given HH AiL-; 
U = 9.0-2 given HH A L-3 A SL; 
1 TP-T= 1.0-3 given H A L-3 AS-1.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.6-8 1.6 x 10-8.

0

Code Description 5th Median 95th Mean Source 
Percentile Percentile 

ET-4 Steam Generator Tube Rupture 1.6-8 4.6-8 1.5-7 6.6-8 1.3.0 
S Reactor Trip and Safety Injection Signals - - - 2.7-9 (1) 
K-2 Reactor Trip 1.9-8 5.7-7 1.0-5 3.8-6 1.3.3 
HH-* High Head Injection - - - 1.0 1.3.3 
L-3 AFWS Actuation and Secondary Cooling 3.9-3 9.7-3 3.6-2 1.4-2 1.3.3 
OP-4* Operator Controls Break Flow (a) 4.8-4 9.5-3 1.9-1 5.0-2 (2) 
CF Fan Coolers - - - 1.0 1.5.2 
CS Containment Spray - - 1.0 1.5.2 
SL No Secondary Side Leakage to Atmosphere (b) - - - 3.8-4 1.3.4 
OP-5* Depressurization and Makeup (c) - - 1.0 (2) 
R-4 Long Term Cooling - - 1.0 (3)
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TABLE 1.3.5.4-2A-1

SL - SECONDARY SIDE LEAKAGE TO ATMOSPHERE 

AC Power Available at All Buses; OP = 0.0

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture .. 1.0 
SD Steam Dump Available - - 1.0-4 (1) 
OS Operator Decides to Ioslate Steam Generator - - - 1.0-4 (1) 
IV MSIV and Bypass Isolated 8.8-4 2.8-3 9.8-3 3.8-3 1.3.3 
SG Isolate Steaming Steam Generators 1.5-5 9.8-5 5.7-4 2.1-4 (1) 
OP Operator Controls Break Flow - - 0.0 
MS Iain Steam Line Intact - - - 1.0-4 (2) 
AO ARV Opens 1.4-4 4.9-4 3.6-3 7.5-4 1.3.3 
AC ARV Closes 6.7-3 2.0-2 6.0-2 2.5-2 (1) 
Al ARV Isolated 3.7-4 3.7-3 3.7-2 1.0-2 (1) 
SN SV Not Demanded - - - 1.0-1 (3) 
SO SV Opens and Closes 3.8-4 3.2-3 3.3-2 9.3-3 (1) 

to 1. See Reference 1.3-33.  
2. See Reference 1.3-31.  
3. Engineering judgment.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.0-4 = 1.0 x 10-4 .  
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0
TABLE 1.3.5.4-2A-1 (continued) 

SL - SECONDARY SIDE LEAKAGE TO ATMOSPHERE 

AC Power Available at All Buses; OP = 1.0

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture - - 1.0 
SD Steam Dump Available - - 1.0-4 (1) 
OS Operator Decides to loslate Steam Generator - - - 1.0-4 (1) 
IV MSIV and Bypass Isolated 8.8-4 2.8-3 9.8-3 3.8-3 1.3.3 
SG Isolate Steaming Steam Generators 1.5-5 9.8-5 5.7-4 2.1-4 (1) 
OP Operator Controls Break Flow - - 1.0 
MS Main Steam Line Intact - - 1.0-4 (2) 
AO ARV Opens 1.4-4 4.9-4 3.6-3 7.5-4 1.3.3 
AC ARV Closes 6.7-3 2.0-2 6.0-2 2.5-2 (1) 
Al ARV Isolated 3.7-4 3.7-3 3.7-2 1.0-2 (1) 
SN SV Not Demanded .- - 9.0-1 (3) 
SO SV Opens and Closes 1.2-2 1.3-1 7.1-1 2.0-1 (1) 

1. See Reference 1.3-33.  
2. See Reference 1.3-31.  
3. Engineering judgment.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.0-4 = 1.0 x 10-4.
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TABLE 1.3.5.4-2A-1 (continued)

SL - SECONDARY SIDE LEAKAGE TO ATMOSPHERE

Degraded Power State; OP = 0.0

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture - - 1.0 
SD Steam Dump Available - - 1.0 (1) 
OS Operator Decides to Ioslate Steam Generator - - - 1.0-4 (1) 
IV MSIV and Bypass Isolated 8.8-4 2.8-3 9.8-3 3.8-3 1.3.3 
SG Isolate Steaming Steam Generators 1.5-5 9.8-5 5.7-4 2.1-4 (1) 
OP Operator Controls Break Flow - - - 0.0 
MS Main Steam Line Intact - - - 1.0-4 (2) 
AD ARV Opens 1.4-4 4.9-4 3.6-3 7.5-4 1.3.3 
AC ARV Closes 6.7-3 2.0-2 6.0-2 2.5-2 (1) 
Al ARV Isolated 3.7-4 3.7-3 3.7-2 1.0-2 (1) 
SN SV Not Demanded - - 1.0-1 (3) 
SO SV Opens and Closes 3.8-4 3.2-3 3.3-2 9.3-3 (1) 

1. See Reference 1.3-33.  
2. See Reference 1.3-31.  
3. Engineering judgment.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.0-4 = 1.0 x 10-4 .
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TABLE 1.3.5.4-2A-1 (continued) 

SL - SECONDARY SIDE LEAKAGE TO ATMOSPHERE

Degraded Power State; OP = 1.0

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-4 Steam Generator Tube Rupture - - 1.0 
SD Steam Dump Available - - 1.0 (1) 
OS Operator Decides to Ioslate Steam Generator - - - 1.0-4 (1) 
IV MSIV and Bypass Isolated 8.8-4 2.8-3 9.8-3 3.8-3 1.3.3 
SG Isolate Steaming Steam Generators 1.5-5 9.8-5 5.7-4 2.1-4 (1) 
OP Operator Controls Break Flow - - 1.0 
MS Main Steam Line Intact - - - 1.0-4 (2) 
AO ARV Opens 1.4-4 4.9-4 3.6-3 7.5-4 1.3.3 
AC ARV Closes 6.7-3 2.0-2 6.0-2 2.5-2 (1) 
AI ARV Isolated 3.7-4 3.7-3 3.7-2 1.0-2 (1) 
SN SV Not Demanded - - - 9.0-1 (3) 
SO SV Opens and Closes 1.2-2 1.3-1 7.1-1 2.0-1 (1) 

1. See Reference 1.3-33.  
2. See Reference 1.3-31.  
3. Engineering judgment.  

Note: Values are presented in an abbreviated scientific notation; e.g., 1.0-4 = 1.0 x 10-4 .
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AMENDMENT 2 
IPPSS DEC 1983 

TABLE 1.3.5.4-3 

INDIAN POINT 2 STEAM GENERATOR TUBE RUPTURE EVENT TREE QUANTIFICATION 

1. Conditional Split Fractions(a) 

PLANT EVENT SEQUENCE CATEGORY(b) 

V2E1 V2E2 V2L 

M4 = 1.19-9 8.71-11 1.33-6 

M4 = Not Required 

2. Split Fractions to ATWS Conditional on Electric Power State 

14= Not Required - ATWS Modeled in SGTR Event Tree 
4 

a. M = 6-hour electric power bounding model; 
M' = results including electric power recovery.  

b. Special plant event sequence categories which apply to SGTR are 
defined in Section 1.3.4.4.3.  

Note: Values are presented in an abbreviated scientific notation; 
e.g., 1.19-9 = 1.19 x 10-9 .
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AMENDMENT 2 
IPPSS DEC 1983

TABLE 1.3.5.4-4 

ET-4 - STEAM GENERATOR TUBE RUPTURE 

EVENT TREE DOMINANT SEQUENCES

Note: Values are presented in abbreviated scientific notation; 
4.87-5 = 4.87 x 10- 5 .

e.g.,

1.3-291

Dominant Sequences 

Plant Sequence and 
Event Conditional AC Buses 

Sequence Frequency Available Failed Branch Conditional 
Category Points Frequency 

Bus 
No. Seq.  

A 

V2L 4.87-5 2,3,5,6 6 OP-4, R-4 2.69-5 
2,3,5,6 47 HH, OP-5 1.11-5 
2,3,5,6 11 L-3, OP-5 7.44-6 
2,3,5,6 2 OP-5 9.50-7 
2,3,5 11 L-3, OP-5 1.09-7 
2,3 46 HH, R-4 4.98-7 
2,3 47 HH, OP-5 4.92-8 

V2E1 4.33-8 2,3,5,,6 57 HH, L-3 2.08-8 
2,3,5,6 105 S 2.70-9 
2,3,5,6 103 K-2, HH 2.60-9 
2,3 57 HH, L-3 4.00-9 
6 57 HH, L-3 4.00-9 
5 57 HH, L-3 8.12-9 

V2E2 3.18-9 2,3,5,6 17 L-3, CF, OP-5 1.78-9 
2,3,5,6 35 L-3, OP-4, CF, OP-5 1.34-10 
5,6 17 L-3, CF, OP-5 6.16-10 
2,3 49 HH, SL, R-4 2.08-10 
2,3 55 HH, OP-4, SL, R-4 1.47-10



AMENDMENT 2 
IPPSS DEC 1983 

1.3.5.5 Steam Break Inside Containment--Event Tree 5 (ET-5) Quantification 

The frequency of the steam break inside containment initiating 
event, 45, is developed in Section 1.5.1 and shown with the electric 
power state split fraction data (conditional on c5) in 
Table 1.3.5.5-1. The other branch point split fraction data for the 
event tree (conditional on 5 and electric power state) is devel
oped in Sections 1.3.3 and 1.5.2 and is summarized in Table 1.3.5.5-2.  

When mean value data is propagated through the steam break inside 
containment event tree, the base case results shown in Table 1.3.5.5-3 
are obtained. No important plant split fractions are dominated by 
complete or partial failure of electric power.  

The plant split fractions in Table 1.3.5.5-3 do not include contri
butions from the failure of reactor trip (ATWS) event tree. These 
conditional split fractions without the ATWS contribution are labeled M5 .  The same table gives the split fractions, MS, going to the ATWS event 
tree (ET-13) conditional on electric power state. Later, in 
Section 1.3.5.13, M(ATWS), the conditional plant matrix resulting from 
ATWS is calculated. In Section 1.4, M(ATWS) and all the Mi's are 
combined into the complete plant matrix, M.  

Dominant sequences are listed in Table 1.3.5.5-4. Those that are 
dominant with respect to risk will be discussed in Section 8 where risk 
is quantified. The probability of frequency of those sequences will be 
requantified to properly account for uncertainty.
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TABLE 1.3.5.5-1

STEAM BREAK INSIDE CONTAINMENT INITIATING EVENT AND ELECTRIC POWER DATA 

Description 5% Median 95% Mean 

5 Steam Break Inside Containment 1.06-6 1.16-4 6.30-3 1.95-3 
(Annual Frequency) 

AC Power Available at Buses (Given 

2A, 3A, 5A, 6A 9.98-1 9.99-1 1.00+0 1.00+0 

2A, 3A, 6A 3.71-7 6.46-6 4.49-5 1.71-5 

2A, 3A, 5A 3.71-7 6.46-6 4.49-5 1.71-5 

5A, 6A 4.24-5 8.48-5 1.63-4 9.54-5 

2A, 3A: 1.24-8 2.05-7 1.52-6 5.36-7 

6A 1.50-8 2.05-7 1.45-6 5.32-7 

5A 1.52-8 2.15-7 1.70-6 5.30-7 

None 2.14-5 2.93-5 4.14-5 3.00-5 

Note: Values are presentgd in an abbreviated scientific notation, 
e.g., 1.11-5 = 1.11 x 10-.
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TABLE 1.3.55-2

ET-5- STEAM LINE1BREAK INSIDE

AC Electric Power-at 2A, 3A, 5A, and 6A

Peren5th Median 95th Mean source Code Description 5Percentile Percentile 

ET-5 Steam-Line Break Inside 
Containment - - 1.0 1.5.1 

SA-2 SI Signal and High Head 
Pumps 2.4-5 8.7-5 3.3-4 1.3-4 1.3.3 

K-3 Reactor Trip 4.3-7 4.2-6 7.0"5 2.0-5 1.3.3 
MS-1 MSIV Trip 4.1-3 1.2-2 3.6-2 '1.5-2 1.3.3 
L-1 AFWS Actuation and 

Secondary Cool ing 2.8-6 1.1-5 4.7-5 1.9-5 1.3.3 OP-i Feed and Bleed Cooling '3.0-3 5.5-3 1.1-2 6.1-3 1.3.3 
R-3 Recirculation Cooling 3.8-5 2,4-4 1.3-3 5.0-4 1.3.3 
.CF-2 Fan Coolers 1.9-8 7.9-7 1.7-5 5.0-6 1.5.2 
CS Con-tainment Spray .4.8-7 .9.3-6 1.-1-4 8.1-5 1.5.2 
NA NaOH Addition 4.5-4 8o3-4 1.5-3 9.6-4 1.5.2 

Note: Values are presented In an abbreviated-scientific notation, -e.g.,, 1.11-5 = 1.11 x .10-5.
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TABLE 1.3.5.5-2 (continued) 

ET-5 - STEAM LINE BREAK INSIDE CONTAINMENT, 

AC Electric Power at 2A, 3A, and 6A

Code Description 5th Percetlth Mean Source 
Percentile Percentile 

ET-5 Steam Line Break Inside 
Containment 3.7-7 6.5-6 4.5-5 1.7-5 1.5.1 

SA-2 SI Signal and High Head 
Pumps 1.2-5 9.6-5 7.5-4 2.0-4 1.3.3 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-I MSIV Trip 4.1-3 1.2-2 3.6-2 1.5-2 1.3.3 
L-1 AFWS Actuation and 

Secondary Cooling 2.8-6 1.1-5 4.7-5 1.9-5 1.3.3 
OP-1 Feed and Bleed Cooling - - - 1.0 1.3.3 
R-3 Recirculation Cooling 1.7-3 3.6-3 6.7-3 4.1-3 1.3.3 
CF-2 Fan Coolers 5.7-3 1.9-2 6.2-2 2.5-2 1.5.2 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10-
5.



TABLE 1.3.5.5-2 (continued) 

ET-5 - STEAM LINE BREAK INSIDE CONTAINMENT 

AC Electric Power at 2A, 3A, and 5A

Code Description 5th Median 95th Percentile- Percentile Mean Source 

ET-5 Steam Line Break Inside 
Containment 3.7-7 6.5-6 4.5-5 1.7-5 1.5.1 

SA-2 SI Signal and High Head 
Pumps 1.2-5 9.6-5 7.5-4 2.0-4 1.3.3 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-1 MSIV Trip 4.1-3 1.2-2' 3.6-2 1.5-2 1.3,.3 
L-1 AFWS Actuation and 

Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 
OP-1 Feed'and Bleed Cooling - - - 1.0 1.3.3 
R-3 Recirculation Cooling 1.7-3 3.5-3 6.7-3 4.1-3 1.3.3 
CF-2 Fan Coolers 9.5-4 8.3-3 4.4-2, 1.6-2 1.5.2 
CS. Containment Spray 5.8-3 9.3-3 1.5.2a 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4. 6.4-3 1.3-3. 1.5.2 

Note: Values'are presented in anabbreviated'scientific notation, e.g., 1.11-5= 1.11 x0
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TABLE 1.3.5.5-2 (continued) 

ET-5 - STEAM LINE BREAK INSIDE CONTAINMENT

AC Electric Power at 5A and 6A

Code Description 5th Median 95th Mean Source Percentile Percentile 

ET-5 Steam Line Break Inside 
Containment 4.2-5 8.5-5 1.6-4 9.5-5 1.5.1 

SA-2 SI Signal and High Head 
Pumps 1.2-5 9.6-5 7.5-4 2.0-4 1.3.3 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-1 MSIV Trip 4.1-3 1.2-2 3.6-2 1.5-2 1.3.3 
L-1 AFWS Actuation and 

Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 
OP-1 Feed and Bleed Cooling 3.0-3 5.7-3 1.1-2 6.2-3 1.3.3 
R-3 Recirculation Cooling 1.4-4 4.4-4 1.6-3 7.0-4 1.3.3 
CF-2 Fan Coolers 1.7-3 1.9-2 1.2-1 3.8-2 1.5.2 
CS Containment Spray 4.8-7 9.3-6 1.1-4 8.1-5 1.5.2 
NA NaOH Addition 4.5-4 8.3-4 1.5-3 9.6-4 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 = 1.11 x 10- 5 .



TABLE 1.3.5.5-2 (continued)

ET-5 - STEAM LINE BREAK INSIDE CONTAINMENT

AC Electric Power at 2A and 3A

Code DescriPption 5th Median 95th Mean Source Percentile ''Percentile 

.ET-5 Steam line Break Inside 
Containment .1.2-8 2.1-7 1.5-6 5.4-7 1.5.1 

SA-2 SI Signal and High Head - - - 1.0 1.3.3 
Pumps 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-1 MSIV Trip 4.1-3 1.2-2 3.6-2 1.-5- 2 1.3.3 
L-1 AFWS Actuation and 

Secondary Cooling 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 
OP-1 Feed and Bleed Cooling - - - 1.0 1.3.3 
R-3 Recirculation Cooling - - - 1.0 1.3.3 
CF-2 Fan Coolers - - 1.0 1.5.2 
CS Containment Spray - - 1.0 1,5.2 
NA NaOH Addition - - 1.0 ,.15.2 

Note: Values are presented in an ,abbreviated scientific notation, e.g., 1.11-5 = 1.11 x.10-5.  
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TABLE 1.3.5.5-2 (continued) 

ET-5 - STEAM LINE BREAK INSIDE CONTAINMENT

AC Electric Power at 6A

5th Median 95th Mean Source 
Code Description Percentile Percentile 

ET-5 Steam line Break Inside 1.5-8 2.1-7 1.5-6 5.3-7 1.5.1 
Containment 

SA-2 SI Signal and High Head - 1.0 1.3.3 
Pumps 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-1 MSIV Trip 4.1-3 1.2-2 3.6-2 1.5-2 1.3.3 
L-1 AFWS Actuation and 7.0-5 1.3-4 2.8-4 1.6-4 1.3.3 

Secondary Cooling 
OP-i Feed and Bleed Cooling - - 1.0 1.3.3 
R-3 Recirculation Cooling, - 1.0 1.3.3 
CF-2 Fan Coolers - - 1.0 1.5.2 
CS Containment Spray 5.8-3 9.3-3 1.5-2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9.9-4 6.4-3 1.3-3 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5 =-1.11 x 10-5.



-TABLE 13'.5.5-2 (continued)

ET5.- STEAM LINE; BREAK:INSIDECONTAINMENT

AC Electric Power at 5A

Code Description -.5th Median 95th Mean Source Percentile .-Percentile 

ET-5 Steam line Break Inside 
Containment :1.5-8 2.2-7 1.7-6 5.3-7 .1.5.1 

SA-2 SI Signal and High Head ... 1.0 1.3.3 
Pumps 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-1 MSIV:Trip 4.1-3 1.2-2 3.6-2 1.5-2 1.3i3 
L-1 AFWS Actuation and 

Secondary Cooling .- 3.9-3 -9.7-3 3.6-2 1.4-2 1.3.3 
OP-1 Feed and Bleed Cooling - - - 1.0 .1.3.3 
R-3 Recirculation Cooling - - - 1.0 1.3.3 
CF-2 Fan Coolers - - 1.0 1:5.2 
CS Containment.Spray 5.8-3 9.;733 .-15_2 1.0-2 1.5.2 
NA NaOH Addition 1.5-4 9,9-4 -6.4-3 1.3-3 1.5.2 

Note: Values are presented in~an.,abbreviatedscientific notation, e.g., 1.11-5 =.1.11 x*10 5.
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TABLE 1.3.5.5-2 (continued) 

ET-5- STEAM LINE BREAK INSIDE CONTAINMENT

No AC Electric Power

5th Median 95th Mean Source Code Descri pti on Percentile Percentile 

ET-5 Steam Line Break Inside 
Containment 2.1-5 2.9-5 4.1-5 3.0-5 1.5.1 

SA-2 SI Signal and High Head 
Pumps - - 1.0 1.3.3 

K-3 Reactor Trip 4.3-7 4.2-6 7.0-5 2.0-5 1.3.3 
MS-1 MSIV Trip 4.1-3 1.2-2 3.6-2 1.5-2 1.3.3 
L-1 AFWS Actuation and 

Secondary Cooling 3.9-3 9.7-3 3.6-2 1.4-2 1.3.3 
OP-1 Feed and Bleed Cooling - - - 1.0 1.3.3 
R-3 Recirculation Cooling - - 1.0 1.3.3 
CF-2 Fan Coolers - , 1.0 1.5.2 
CS Containment Spray - - 1.0 1.5.2 
NA NaOH Addition - - 1.0 1.5.2 

Note: Values are presented in an abbreviated scientific notation, e.g., 1.11-5= 1.11 x 10-
5.
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TABLE 1.3.5.5-3

INDIAN POINT 2 STEAM LINE.BREAK INSIDE CONTAINMENT EVENT TREE. QUANTIFICATION

Notes:

1.

9

M - Six-Hour Electric Power Bounding Model 

M' - Results Including Electric Power Recovery 

Values are-presented in an abbreviated scientific notation. e. g., 1.11-5 1.11x ao
- 5 

The Plant Event Sequence Categories are defined in Section 1.3.5'O, briefly: 

.A.- Large.LOCAbehavior E - Early melt F - Fan-coolers are-operating 
S - Small LOCA behavior L - Late melt. C - Containment sprays.arezoperating 
T - Transient behavior
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