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Foreword

' This report presents the results of an analysis of the Crystal River-3
(CR-3) plant performed as the Phase I project in the Interim Reliability
Evaluation Program (IREP). The project had three original objectives:
first, to perfonn a preliminary assessment of the level of risk associated
with the CR-3 plant, and to compare this risk to that assessed for the
two plants in the Reactor Safety Study; second, to provide support for
the broader investigation by the Nuclear Regulatory Commission of the
sensitivity of risk to feedwater perturbations associated with the once-
through-steam-generator (OTSG) and the Integrated Control System (ICS)
in plants equipped with reactors designed by the Babcock and Wilcox,

Company; and third, to provide a basis for 'the development of plans and
procedures for IREP Phase II.
It was originally intended that the study be perfonned on the basis of;

! "available data" and information on accident sequence phenomenology con-
tained in the Reactor Safety Study. Several activities, however, went
beyond the scope of the original study. These included a review of plant-
specific failure rate data and incorporation of it into the analysis
where appropriate; a review of reliability data for pumps, valves and'

diesels to obtain quantitative information on the probabilities of common
, mode failures; and a detailed analysis of important operator faults usingi

the method known as Technique for Human Error Rate Prediction. In
addition, the final results presented herein for CR-3 are based on results, .

! of directly applicable accident sequence phenomenology evaluations,
published in May 1981, which were performed for a Babcock and Wilcox1

!

Study llethodology Applications Program (RSSt1AP)pport of the Reactor Safety
reactor by Battelle Columbus Laboratories in su

.

The CR-3 study employed several new techniques in risk assessr:nnt
methodology which have been developed since the Reactor Safety Study.

| The most significant examples are the development of detailed transient
event trees and the utilization of complement events in accident sequence
description and evaluation. The study itself introduced " system interaction

| diagrams" as a tool for rapidly understanding and communicating the
overall logical structure of plant systems and their dependencies on;

support systems.

The reader is cautioned to examine the results in context. The results'

provided here for individual accident sequences are n'ot intended for
direct comparison to the results of the Reactor Safety Study. Differences
in reactor designs, advances in the state-of-the-art of risk assessment'

methodology and differences in the data used in the evaluations are but
three of the reasons why such comparisons would be inappropriate.

,

,
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1.0 INTRODUCTION

This report provides a quantitative assessment of certain aspects of
the public risk associated with operation of the Crystal River-3 (CR-3)
nuclear power plant. The plant uses an 855 MWe pressurized water reactor
whose nuclear steam supply system was manufactured by the Babcock and Wilcox
(B&W) Company. The plant is located on the Gulf of Mexico at Crystal River,
Florida, about 70 miles north of Tampa. It is operated and predominantly
owned by the Florida Power Corporation.

The assessment includes estimates of the frequency (or probability
per year) of radioactivity releases, in each of seven discrete categories,
stemming from loss of coolant accidents (LOCAs) and various anticipated
transients. The primary objective is to identify and estimate the prob-
abilities of those types of accidents which are most likely to cause
releases in these seven categories, and to identify and quantify the com-
binations of hardware and human faults which contribute most to these-
probabilities.

.

The most important contributors to the risk of radioactivity releases
at CR-3, along with general conclusions and observations, are outlined ine

the next chapter. Suffice it to note here that the greatest risks at CR-3
appear to be associated with two distinct types of accidents. The first

involves loss-of-offsite power transients and subsequent failures in the
emergency electric power systems, sometimes combined with other hardware
faults. Such accidents lead to releases in category 2 (the second most
severe category) with an estimated frequency of about 3E-5 per year and in

! category 4 with a frequency about five times lower. These estimates are
i based on the national average frequency of loss of offsite power incidents

(0.32 per year per plant); there is not sufficient data to establish the
;

site-specific frequency of these incidents at CR-3 with reasonablei

! confidence.

The most likely accidents involving. core melt at CR-3 seem to be small-
a

small LOCAs (effective area less than 0.087 sq. ft.) with failure of the
I
'

O

1-1

,
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i

high pressure cooling system in the recirculation mode and subsequent over-
pressure containment failure (in category 3) or melt-through of the contain-

'
ment building floor (in category 7). The estimated frequency of this
accident sequence is relatively high, about 9E-5 per year in each of these

.

categories. The high frequency results from the moderate frequency of the

! initiating event (~1.3E-3 per year) combined with the high likelihood of
f

j operator errors in the transition from coolant injection to coolant recircu-
'

lation. The same basic sequence with containment failure by leakage is the
! dominant contributor in category 5, with an estimated frequency of about

! 1E-6 per year.
|

These and a few other sequences exhibit high estimated frequencies
relative to many hundreds of other sequences analyzed at CR-3. They also

lead to higher estimates of release frequencies in some categories, most
|

| notably the second and third, relative to the analogous estimates for Surry
in the Reactor Safety Study (1-1). It would be highly premature, however,
to make judgments of one reactor relative to the other because some of the

j differences in estimated sequence frequencies are undoubtedly due to varia-
,

tions in methods and assumptions. For example, many LOCA sequences at CR-3

are quantitatively dominated by operator faults that were not considered ,

for Surry. Operator errors were considered rather explicitly for CR-3 and

f are important in essentially all the LOCA sequences. Moreover, operator
| error probabilities are among the most uncertain of all reliability param-
i eters. A second example of analytical differences with the Reactor Safety

Study concerns the loss of offsite power, where different assumptions were
i

made regarding recoverability. |

This study was performed in support of a broader investigation of the
CR-3 plant whose objectives included, in addition to that stated above,
assessment of the sensitivity of risk to feedwater perturbations associated
with the once-through steam generator (OTSG) and the Integrated Control
System (ICS), features which are unique to B&W nuclear plants. Participants
in both aspects of the larger CR-3 analysis included the Nuclear Regulatory

'

Commission Office of Regulatory Research, Sandia National Laboratory, the
Idaho National Engineering Laboratory, and several private contractors.

1-2
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The CR-3 project itself was initiated as Phase I of the Interim
Reliability Evaluation Program (IREP), a more comprehensive risk assessment

* program intended to encompass all the commercial nuclear power plants in
the United States (1-2).1 Planning for these subsequent studies was begun

'
during Phase I.

IREP was planned in recognition of the possibility that some nuclear
plants might pose major risks from accident types that would not likely be
apparent on the basis of perceptions and insight gained from the Reactor
Safety Study. The objective of the program was to identify such " outliers"
and assess their significance. CR-3 was chosen for the prototype study
because it is representative of B&W plants. The B&W nuclear steam supply

system is of particular interest in the wake of the incident at TMI-2 (1-3)

and because of the sensitivity of the plant response to perturbations in
the secondary system, especially the likelihood of overcooling transients.
Some consideration was given also to the likelhood of loss-of-offsite power
incidents on the Florida peninsula.

The scope of the CR-3 safety analysis is limited on the one hand by.

the initiating events considered and, on the other hand, by the use of prob-
abilities of radioactivity releases in discrete categories as a surrogate*

measure of risk. No consideration was given to the public consequences of
accidents or to the meteorological or demographic characteristics of the
site. The initiating events receiving the greatest attention by far include

four size-categories of LOCAs and two major categories of transients (with
and without normal secondary heat removal). Three other initiating events
are discussed briefly and shown to pose ocgligible risks; these include
failures at the interface of low and high pressure cooling systems, steam
generator tube rupture, and reactor vessel rupture. The potential role of

the Integrated Control System in an overcooling transient was addressed
briefly, but it was found that meaningful results would require much greater
depth and breadth of analysis than permitted by the scope of the study.

I* The objectives and scope of IREP have since changed, as discussed briefly
in the Foreword.

.
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i

I
;

j Hence, this problem as well as the more general problem of operational
sensitivity of the secondary cooling system are not addressed in this report. I

*
1

A further limitation of the present study is that all calculations of

j probabilities are in terms of " point estimates." The calculations rely .

| entirely on point estimates of component and human reliability parameters.
i

,! Uncertainties are investigated neither by error propagation nor by sensi-
j tivity studies. This limitation lowers the confidence that one could place

| in the results as basis for major design-related decisions, but it does

f not preclude use of the results in the preliminary identification and
;

j characterization of outlying contributors to risk. It is noted that much
! of the information which would be necessary for uncertainty studies is
)'

included in the appendices, and that the NRC is presently considering such
an uncertainty study for future work.

; The analytical approach follows in basic outline the event tree / fault
! tree analysis first pioneered by the Reactor Safety Study. There are dif-

ferences in some details and the scope is limited with respect to accident

; consequences and uncertainty analysis as indicated above; moreover, the '

present study draws directly upon the Reactor Safety Study for certain
| aspects of the analysis, most notably the definition of radioactivity *

release categories. It also draws on the RSSMAP Oconee report (1-4) for
more recent and directly applicable information related to analysis of con-
tainment failure modes and probabilities. The present adaptation of the

j general approach is simply illustrated in Figure 1.1.

The analysis resulted in the construction of two generic event trees,
one for transients and one for LOCAs. These were adapted to their respec-,

i
; tive subcategories and also were combined to represent transient-induced

LOCAs. " Top Events" were defined as required by the event trees for all
; the major systems and the corresponding fault trees were constructed and

evaluated, in many cases, systems were involved in several top events and

| therefore required several closely related but different fault trees.

Upon completion of the initial estimation of sequence probabilities '
,

I

and the correlation of sequences with release categories, those sequences
,

'
*making dominant contributions to the likelihood of a release in any given

a
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,

j category were identified. Operator faults contributing significantly to
I any of these sequences were subjected to detailed analysis on the basis of

,

human factor principles. The probabilities of the corresponding sequences
I

! were subsequently refined on the basis of this analysis.
,

! Two aspects of the analysis are more advanced than their Reactor Safety
Study counterparts. First, for each system, the complete spectrum of top

i events arising from the event trees for the various accident initiators is

; defined explicitly. The initial system fault trees were adapted for each
! event and evaluated accordingly. In the Reactor Safety Study, in most cases

a single top event was used to represent a system wherever it appeared in
the event trees. Second, in this study system interdependencies were rigor-

i ously treated by means of Boolean reduction (the code WAMCUT (1-5) was used

| to facilitate this part of the analysis). In the Reactor Safety Study,
adjustments were made to the quantitative results to account for system
interdependencies.

!

j The next chapter provides a summary of the release probabilities; it
!

; identifies and describes the sequences which make the dominant contributions *

; to the probability of releases in the seven categories employed. It also
*

j identifies the combinations of faults most likely to cause each sequence.

| Some general observations on system interdependencies and a more complete
! discussion of major assumptions and limitations of the study are presented.

Chapter 3 provides a brief description of the CR-3 plant. Chapter 41

presents the event trees and discusses their construction.

Quantification of both the fault trees and the event trees is the sub-
ject of Chapter 5. An overview of the basic analytical methods is presented
first, followed by a discussion of the fault tree analysis, including a
guide to the detailed fault tree analyses which appear in the separately
bound appendices. Finally, event tree quantification is discussed and the
most important results are presented. Various intermediate sequence prob-
abilities are also presented for the benefit of those readers specifically
interested in details of the quantification process. ,

a
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2.0 SUMMARY OF RESULTS
;

i

*

The basic results of the CR-3 study are the estimated frequencies of
accident sequences identified with each of seven different radioactivity,

*

release categories. To place these results in perspective, we first present
the total estimated frequency in each category and compare this composite
result with the same result from the Reactor Safety Study Analysis of Surry
(2-1). Next, we identify and describe the important CR-3 sequences which,

dominate the release frequency in each category. In Section 2.3, we discuss;

the important functional dependencies and system interactions at CR-3 and
suggest some considerations for possibly improving the safety of the plant.
Finally, in Section 2.4 we outline the major assumptions and limitations of
the study so as to shed some light on the general applicability of the
results and observations.

2.1 Frequency of Radioactivity Releases

i The estimated frequencies of releases in each category at CR-3 are
,

shown graphically in Figure 2.1, where they are compared to the same basic
information for Surry. The release categories are numbered in order of.

decreasing severity; with other factors equal, the trend in risk would be
the same. However, a quantitative relationship among the degrees of risk

,

associated with different categories is neither implied nor intended. The

frequencies for Surry have been subjected to a " smoothing" technique wherein
'

10% of the frequency in each category is assigned to adjacent categories;
categories 1, 4 and 5 are dominated by this "10% contribution." This means

,

; the frequencies in these categories are not directly related to specific
accident sequences. No smoothing technique has been applied to the CR-3'

results. The frequency for category 1 at CR-3 is shown by a dashed line to
indicate only a rough order-of-magnitude for this category because all
accident sequences assigned to this release category had calculated values

! _ IE-7/ year, the cutoff value used in the sequence evaluation.<

' Initial appearances perhaps to the contrary, the differences in risk
posed by the two reactors are probably not as great as the uncertainty in

*
.

i 2-1
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Figure 2.1 Comparison of Crystal River-3 and Surry-1 Release
.

Frequencies in Reactor Safety Study Radioactivity
Release Categories for PWR

.

our quantitative estimates of sequence frequencies. The most significant
apparent differences between Surry and CR-3 are clearly in categories 1 and
3, followed closely by the differences in categories 2 and 6. In all of

these categories except category 1, CR-3 appears to have the highest release
probabilities, particularly so in category 3.

Categories 3, 5 and 7 at CR-3 are dominated quantitatively by small-
small LOCA sequences in which operator errors are the most likely causes of
system failures. Some of the operator errors in these and other sequences
are major contributors to sequence frequencies, yet they are of a type that
were not included in the earlier analysis of Surry. This suggests two
things: one, apparent differences between Surry and CR-3 are as likely to

'

be methodological as real; two, the model used to represent operator faults
may be as responsible for uncertainty as the uncertainties in the human

,

error probabilities assigned to elements in the model.

2-2



_ _ _ _ _

Other methodological issues that could account for some differences
between the Surry and CR-3 analyses include the method of treating common

* mode faults, the use of more sophisticated sequence evaluation techniques
in the CR-3 analysis, and differences in failure rate data.

.

One of the dominant sequences in category 2 at CR-3 is initiated by
loss-of-offsite power. This highlights the fact that risk is sensitive not -

only to the frequency of offsite power losses but also to the likelihood of
recovering offsite power in a short time. Potential differences between
plants may be obscured by the use of " national average" data when the appro-
priate frequencies may well be highly site-dependent.

With obvious differences in analytical methods and with identified
sensitivities to highly uncertain parameters, it would be premature to.make
judgments regarding the relative merits of different reactors. The analysis
here best serves to identify apparent differences between plants for further
investigation and to focus attention on the most vulnerable characteristics
of a particular plant, in this case CR-3.

.

2.2 Dominant Sequences
.

Eight basic sequences, exclusive of variations in the mechanisms of
containment failure and of the size-range of LOCA break sizes, have been
identified as the most important contributors to public risk at CR-3. These

sequences essentially consist of all those identified in release category 2

with frequency greater than 1E-7/ year, those in release category 3 with
frequency greater than 4E-6/ year, and those in the remaining release cate-
gories with frequency greater than 1E-5/ year. (No sequences were identified
in release category 1 with frequency greater than 1E-7/ year.) All of these
dominant sequences are briefly described below. A symbolic representation
of each sequence, the basis of which is described in a later chapter, is
indicated for subsequent reference; the estimated frequency is also pro-
vided. Within each description, the particular combinations of hardware and
human faults which contribute most to the sequence frequency are delineated.

,

.
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,

a. Small-Small LOCA Followed by Failure of Emergency Coolant Injection and

Reactor Building Spray Injection (Sequence B 54 23; 6.5E-5/yr)
.

This sequence is initiated by a small-small LOCA followed by failure
of emergency coolant injection (ECI) and reactor building spray injection

,

(RBSI). In this sequence, the initial loss of coolant through the break is
not replenished due to the loss of ECI at some time during the injection
phase of the accident. This results in the eventual uncovering of the core

,

and subsequent core melt. In addition, the sprays are not available to
remove radioactivity from the containment atmosphere, although containment
overpressure is still controlled by the reactor building fans.

This sequence dominates release categories 2, 4 and 6. It contributes
about 50% to category 2 when containment failure results from hydrogen burn-
ing, about 55% to category 4 when containment failure results from leakage,
and about 45% to category 6 when containment failure results from melt-
through.

As indicated below, by far the most likely cause of this sequence
(given the initiating event) is an operator fault in which the valve re- '

alignment from injection to recirculation is made prematurely.
.

Failure Mode (Cut Set): B4.L017 (6.5E-5/yr; ~100%)
B = Initiating Event: Small-small LOCA (1.3E-3/yr)4
L017 = Operator switches to recirculation prematurely;

pump failure results from insufficient water in

,
the sump. (0.05/ demand)

I

l
,

With insufficient water in the reactor building sump, both the ECI and the'

| RBSI pumps lose suction due to lack of cooling.i

The containment failure mode probabilities for this sequence are 0.5
for both hydrogen burning (t) and melt-through (*), and 0.007 for contain-
ment leakage (B).

|
This sequence can also be initiated by larger LOCAs, whose smaller -

frequencies result in correspondingly smaller frequencies for the new
sequences, as follows: 8b3 23, 5.1E-6/yr; B S2 23, 5.0E-6/yr; and B Sy 23' '

|

2-4
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5.0E-6/yr. These sequences, as a group, contribute about 5% to category 2
when containment failure results from hydrogen burning and about 15% to

* category 6 when containment failure results from melt-through.

| The dominant failure modes and cut sets for these sequences are the
' '

same as for B S4 23, differing only in the initiating event probabilities.

Failure Mode (Cut Set): B* (" !Y#I ~'

3
Initia Gng F.venu Sman WCA (1.0&3/yr)B =

3
L')17 Defined above (0.05/ demand)

Failure Mode (Cut Set): B * L017 (5.0E-6/yr; ~100%)
2

Initiating Event: Medium LOCA (1.0E-4/yr)B =
2

L017 Defined above (0.05/ demand)

Failure Mode (Cut Set.): B e L017 (5.0E-6/yr; ~100%)
3

Initiating Event: Large LOCA (1.0E-4/yr)B =
3

LO17 Defined above (0.05/ demand),

.

The containment failure modes and release categories for all three of
*

these sequences are the same as for B 5 The containment failure mode4 23
probabilities for each of the sequences initiated by these larger LOCAs are

,

0.2 for hydrogen burning (Y) and 0.8 for melt-through (e). They differ
from the probabilities for the B LOCA due to the differences in the

4
timing of the accident phenomenology. The probability for containment
leakage (8) for these sequences did not change from the 0.007 value for the
85 sequence, however the reduced probabilities of the initiating events4 23
resulted in frequencies of less than 1E-7 for these sequences, and this value
is below the cutoff value used in the evaluation,

b. Loss of Offsite Power Transient Followed by Failure of Emergency Feed-

water, Primary System Makeup, Containment Pressure Reduction and Post

2A 10; 5.4E-5/yr)Accident Radioactivity Removal (Sequence T T

' ' This sequence is initiated by a loss of offsite pcwer followed by the
failure of emergency feedwater, failure of the high pressure injection (HPI)
system to provide primary system makeup (in the feed-and-breed mode), and

2-5
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,

I

failure of both the reactor building spray system (RBSS) and the reactor
building cooling system (RBCS). Failure of both the RBSS and RBCS results

*

in failure of the containment pressure reduction and radioactivity removal
functions.

4 .

In this sequence, the loss of normal AC power results in degraded
operating conditions for all of the mitigating systems. Normal secondary

heat removal is lost immediately, and the subsequent failure of emergency
feedwater results in a condition where no heat is being removed from the
reactor and the coolant is being boiled off through the safety / relief
valves, with the pressure remaining high. The operator has 20 minutes to
manually initiate primary system cooling by feed-and-bleed. Failure of

feed-and-bleed results in the eventual uncovering of the core and subsequent
core melt. In addition, failure of the RBSS and RBCS results in an inability
to remove heat or fission products from the containment atmosphere.

This sequence is the second most dominant contributor to release cate-
gories 2, 4 and 6. It contributes about 40% to category 2 when containment
failure results from overpressurization, about 45% to category 4 when the -

release results from containment leakage, and about 35% to category 6 when
*

containment failure results from melt-through.
i

The number of functional failures involved in this sequence makes it
unlikely to occur by combinations of completely independent faults. The

common mode of vulnerability in this case lies primarily in the dependence
upon emergency AC and DC power. This is readily seen in the three dominant
failure modes which are outlined below.

Failure Mode (Cut Set): T eA2*A3eDCB (2.3E-5/yr; 43%)
2A

Initiating Event: Loss of offsite poer (0.32/yr)T =
2A

Failure of backup emergency AC power From CrystalA2 =

River Units 1 and 2 (0.36/ demand)
Failure of diesel A to start and run (6.1E-2/ demand)A3 =

Failure of battery B (3.2E-3/ demand)DCB =

.

s
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Failure Mode (Cut Set): T2feA2*A3*A5+El (9.6E-6/yr; 18%)
T g*A2eA3 = Defined above (7.0E-3/yr)2

*
Failure of diesel B to start and run (6.2E-2/ demand)A5 =

Failure of turbine driven emergency feedwater trainEl =

(2.2E-2/ demand)=

.

T geA2eDCBeAMI (5.9E-6/yr; 11%)Failure Mode (Cut Set): 2
Defined above (3.7E-4/yr)T eA2*DCB =

2A
AMI Diesel train A is unavailable due to test or

maintenance (1.6E-2/ demand)

Note that failure of the B battery itself fails both the B diesel (the

breaker connecting the generator to the bus fails to close) and the turbine
driven emergency feedwater pump. With simultaneous failure of the A. diesel,
the last line of defense against failure of all (secondary, primary, and
containment) emergency cooling is the availability of emergency AC power
from Unit 1 or Unit 2. The resulting sequence frequency is about three
times lower than it would be if the two fossil units weren't at the CR-3-

site.

.

The B diesel and the turbine driven pump could fail independently.
This possibility contributes significantly (~18%) to the sequence frequency.
At the time of the analysis, the turbine pump itself was dependent upon AC
power. The present analysis is based on credit given for removing this
dependency.

The failure of post-accident radioactivity removal does not require an
additional failure in that it follows functionally from failure of contain-

! ment pressure reduction.

The failure modes described together contribute about 72% to the sequence
,

I
frequency. No other single failure mode contributes more than 10%. The con-t

tainment failure mode probabilities for this sequence are 0.5 for both over-
pressurization (a) and melt-through (e ), and 0.007 for containment leakage

l (8).
*

.
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This sequence deserves further examination when it is being compared to
the similar sequence in the Reactor Safety Study analysis of Surry because

'the differences are due in part to methodological issues. For example, the
two studies use different assumptions regarding the recoverability of off-

.

site power, which could impact the interpretation of this sequence as well
as others. The impact of different assumptions (relative to WASH-1400) or
specific sequences or specific release categories has not been examined in
the Crystal River study,

c. Small-small LOCA Followed by Failure of Reactor Building Spray Recircu-

lation and Emergency Coolant Recirculation (Sequence B S ; 3.9E-6/yr)46

This sequence is initiated by a small-small LOCA followed by success of
all systems in the injection phase, and failure during the recirculation
phase, of both the reactor building spray systems (RBSR) and the high pres-
sure recirculation (HPR) system, which provides emergency coolant to the
core. In this sequence, the initial loss of coolant through the break is
replenished by emergency coolant injection (ECI) and both the reactor build-
ing fans and sprays are available for pressure control. The eventual loss -

of HPR results in the uncovering of the core, followed by core melt. In
addition, loss of the sprays during recirculation results in the inability *

to remove radioactivity from the containment atmosphere, although containment
overpressure is still controlled by the reactor building fans.

This sequence contributes about 3% to category 2 when containment

failure results from hydrogen burning and about 3% to category 6 when con-;

tainment failure results from melt-through.

The frequency of this sequence is estimated as 3.9E-6/yr. The dominant
i

! contributors (cut sets) to this frequency are described below:

Failure Mode (Cut Set): B (3ME W yr; M )
4

B = Initiating Event: Small-small LOCA (1.3E-3/yr)4
LO4 Operator fails to initiate recirculation in time, draining=

the BWST; pump failure results from insufficient water in
,

the BWST (0.003/ demand)

.
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The containment failure mode probabilities for this sequence are 0.5
for both hydrogen burning (7) and melt-through (e).

.

d. Loss of Offsite Power Transient Followed by Failure of Emergency Feed-
water, Primary System Makeup, and Post Accident Radioactivity Removal

,

(Sequence T2A g; 2.5E-6/yr)T

This sequence is initiated by a loss of offsite power followed by the
failure of emergency feedwater, failure of the high pressure injection (HPI)
system to provide primary system makeup (in the feed-and-bleed mode), and

failure of the reactor building spray system (RBSS), which fails the post-
accident radioactivity removal function.

In this sequence, the loss of normal AC power results in degraded
operating conditions for all of the mitigating systems. Normal secondary

heat removal is lost immediately, and the subsequent failure of emergency
feedwater results in a condition where no heat is being removed from the
reactor and the coolant is being boiled off through the safety / relief
valves, with the pressure remaining high. The operator has 20 minutes to

* manually initiate primary system cooling by feed-and-bleed. Failure of
feed-and-bleed results in the eventual uncovering of the core and subsequent

'

core melt. Thus far, the sequence is identical to sequence T T The2A 10
sequence differs from T T in that the reactor building cooling system2A 10
(RBCS) operates successfully, controlling containment overpressure, although
the reactor building spray system (RBSS) fails, as it did in sequence T T2A 10'
so tha't radioactivity is not removed from the containment atmosphere.

,

The sequence contributes about 2% to releases in category 2 when con-
tainment failure results from hydrogen burning, and about 2% to releases in
category 6 when containment failure results from melt-through.

The frequency of this sequence is estimated as 2.5E-6/yr. The dominant

contributors to this frequency are described below:

,

a
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Failure Mode (Cut Set): T * A2*A3*E1*DM2 (3.3E-7/yr; 13%)
2A

Initiating Event: Loss of offsite power (0.32/yr)T =
2A

'
Failure of backup AC power from Crystal River units 1 andA2 =

2 (0.36/ demand)

Failure of diesel A to start and run (6.1E-2/ demand)A3 = *

El = Turbine-driven emergency feedwater pump fails to start or
some other fault fails the turbine-driven train
(2.2E-2/ demand)

DH2 = A component in the decay heat closed cycle cooling system
(DHCCCS) train B is out of service for maintenance
(2.1E-3/ demand)

Failure Mode (Cut Set): T2A*A2*A3*E1*D2 (3.1E-7/yr; 12%)
Tg*A2*A3*El Defined above (1.6E-4/yr)
D2 = A hardware fault occurs in the DHCCCS train B

(2.0E-3/ demand)

These two failure modes contribute about 25% of the risk from this sequence.
The remainder is contributed by a number of cut sets which contribute less

'

than 10% each. These other cut sets are made up of various combinations of
human and hardware failures of many kinds; no definite pattern is discernable.

.

The containment failure mode probabilities for hydrogen burning (7) and

! melt-through (e) are 0.5 for each, given occurrence of the sequence.

e. Small-Small LOCA Followed by failure of High Pressure Recirculation
!

(Sequence 8 5 ; 1.7E-4/yr)42

This sequence is initiated by a small-small LOCA followed by success of
all systems during the emergency coolant injection phase of post-accident

l operation and failure of high pressure emergency cooling during the recircu-
lation phase. The initial loss of coolant is replenished by high pressure

| emergency coolant injection from the borated water storage tank (BWST). Con-

tainment pressure is controlled by the reactor building cooling system (fan
coolers) with the reactor building sprays available as needed. This phase

,

lasts about 10 hours, at which time injection water is no longer available
,

from the BWST and the operator must switch manually, by realigning a number
of valves, to high pressure recirculation (HPR) from the reactor building ,

sump. The failure of HPR results in the uncovering of the core and eventu-
ally the melting of the core.

2-10
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!

This sequence dominates release categories 3, 5 and 7. It contributes
|about 75% to category 3 when containment failure results from hydrogen burn-

* ing, about 90% to category 5 when containment failure results from leakage,
and about 70% to category 7 when containment failure results from melt-

*
through.

The B 5 sequences in release categories 3 and 7 appear to have the42
highest expected frequency of any of the CR-3 sequences considered. In the
context of the IREP objectives, this basic sequence is definitely an outlier
with respect to the full spectrum of CR-3 sequences. It is also an outlier

relative to the Reactor Safety Study analysis of Surry in the sense that it
dominates the probabilities of releases in categories 3 and 7 at CR-3, which
are significantly higher than the corresponding earlier estimates for Surry.
These observations, however, should be tempered with recognition of the
reasons for the higher frequency estimates. To this end, the most important

,

modes of failure for the sequence (exclusive of containment failure) are
indicated below:

Failure Mode (Cut Set): B4*H*02 (1.0E-4/yr; 59%)

Initiating Event: Spontaneous (random) small-small LOCAB4 =
,

i (1.3E-3/yr)
H*02 = While attempting to switch from high pressure injection

| to recirculation, operator makes an error in the realign-

| ment of valves which fails recirculation (0.08/ demand)

Failure Mode (Cut Set): B4*LO6 (6.5E-5/yr; 38%)

Defined above (1.3E-3/yr)B4 =

Af ter having switched to recirculation, an operator shutsLO6 =
,

! down the low pressure pumps, belinving they are not needed,
since they would already have been shut down three previous
times when not needed during injection (0.06/ demand)

|
|

| The sequence probability, given the initiating event, is clearly due almost
entirely to two closely related operator faults occurring in the transition

' from coolant injection to recirculation, and the fact that recovery was not
!

.
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considered in the evaluation. Related faults appear in other sequences as
well.

.

The containment failure mode probabilities for this sequence are 0.5
for both hydrogen burning (7) and melt-through (e), and 0.007 for containment

,

leakage (B).

f. Loss of Offsite Power Transient Followed by Failure of Emergency Feed-
water and Primary System Makeup (Sequence T2A 8; 1.4E-5/yr)T

This sequence is initiated by a loss of offsite power followed by the
failure of emergency feedwater and failure of the high pressure injection
(HPI) system to provide primary system makeup (feed-and-bleed). The loss of
normal AC power results in degraded operating conditions for all the miti-
gating systems. Normal heat removal through the steam generators is lost
immediately, and the subsequent failure of emergency feedwater results in a

I condition where no heat is being removed from the reactor and the coolant

is being boiled off through the safety / relief values, with the pressure
remaining high. The operator has about 20 minutes to initiate primary sys-
tem makeup (feed-and-bleed) manually. The failure of feed-and-bleed in this '

sequence results in a core melt. The containment functions continue to con-
trol containment pressure and radioactive effluent releases.

In.this sequence, the loss of normal AC power results in degraded
operating conditions for all of the mitigating systems. Normal secondary.

heat removal is lost immediately, and the subsequent failure of emergency
feedwater results in a condition where no heat is being removed from the
reactor and the coolant is being boiled off through the safety / relief
valves, with the pressure remaining high. The operator has 20 minutes to

!, manually initiate primary system cooling by feed-and-bleed. Failure of
feed and-bleed results in the eventual uncovering of the core and subsequent
core melt. Thus far, the sequence is identical to sequences T T and2A 10
T T This sequence differs from those described earlier in that both the2A g.

containment cooling and radioactivity removal functions succeed.

This sequence contributes about 6% to category 3 when containment '

failure results from hydrogen burning, about 8% to category 5 when the
.

I
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release results from containment leakage, and about 6% to category 7 when
containment failure results from melt-through.

.

The frequency of this sequence is estimated as 1.4E-5/yr. The dominant

contributors (cut sets) to this frequency are described below:,

Failure Mode (Cut Set): T *A2*A3*E1*ll4 (3.1E-6/yr; 22%)g
Initiating Event: Loss of of fsite power (0.32/yr)T =g

A2 = Failure of backup AC power from Crystal River units I and
2 (0.36/ demand)

Failure of diesel A to start and run (6.1E-2/ demand)A3 =

El = Turbine-driven emergency feedwater pump f ails to start or
some other fault fails the turbine-driven train
(2.2E-2/ demand)

11 4 = One of two manual valves in high pressure injection train
B is left closed (2.0E-2/ demand)

Failure Mode (Cut Set): T eA2*A3*E1*lI03 (2.2E-6/yr; 16%)
2A

T *A2*A3*El Defined above (1.6E-4/yr)g
~

110 3 = Operator fails to correctly observe and diagnose the need
for feed-and-bleed and therefore does not initiate it

(1.4E-2/ demand).,

These two failure modes contribute about 38% of the risk from this sequence.
No other one failure mode contributes more than 10%.

The containment failure mode probabilities for this sequence are 0.5
for both hydrogen burning (7) and melt-through (e), and 0.007 for containment
leakage (B).

The essential difference between this sequence and the T T sequence2A 10
discussed earlier is that in the latter, both post-accident heat and radio-

activity removal from containment fail, whereas here they both succeed.

g. Small-small LOCA Followed by Failure of Emergency Coolant Injection

(Sequence B S ; 9.0E-6/yr.)4g
' This sequence is initiated by a small-small LOCA followed by failure of

the emergency coolant injection (ECI) system, which for this size break is
,
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the high pressure injection (HPI) system. The initial loss of coolant
through the break is not replenished due to the loss of ECI (HPI) at some

'time during the injection phase of the accident. This results in the even-
tual uncovering of the core and subsequent core melt. The reactor building

'

fans and sprays are available to control containment overpressure and remove
radioactivity from the containment atmosphere.

This sequence contributes about 4% to category 3 when containment

failure results from hydrogen burning, and about 4% to category 7 when
containment failure results from melt-through.

The frequency of this sequence is estimated as 9.0E-6/yr. The dominant

contributors (cut sets) to this frequency are described below:

Failure Mode (Cut Set): B *H01 (5.2E-6/yr; 58%)
4

4 = Initiating Event: Small-small LOCA (1.3E-3/yr)
H01 Operatcr shuts down the HPI system prematurely,=

believing that it is no longer required (0.004/ demand)

.

This failure mode contributes about 58% of the risk from this sequence. The

remainder is contributed by a number of cut sets which contribute less than *

10% each.

The containment failure mode probabilities for this sequence are 0.5
for both hydrogen burning (7) and melt-through (e).

h. Loss of Power Conversion System Transient Followed by Failure of

Emergency Feedwater and Primary System Makeup (Sequence (T -T2A)T ;2 8
8.6E-6/yr)

This sequence is initiated by a loss of power conversion system (PCS)
transient not caused by loss of offsite power, followed by failure of emer-
gency feedwater and failure of the high pressure injection (HPI) system to
provide primary system makeup (feed-and-bleed). The loss of PCS results in
the immediate loss of normal heat removal. The subsequent failure of emer-

'

gency feedwater results in a condition where no heat is being removed from
the reactor and the coolant is being boiled off through the safety / relief

.
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valves, with the pressure remaining high. The operator has 20 minutes to
initiate primary system (feed-and-bleed) manually. The failure of feed-and-

*
bleed in this sequence results in a core melt. The containment functions
continue to control containment pressure and radioactive effluent releases.

.

This sequence contributes about 4% to category 3 when containment fail-
ure results from hydrogen burning, and about 4% to category 7 when contain-
ment failure results from melt-through.

The frequency of this sequence is estimated as 8.6E-6/yr. The dominant

contributors (cut sets) to this frequency are described below:

Failure Mode (Cut Set): (T -Tgg)*EleEM2eH03 (3.0E-6/yr; 35%)2

T -T = Initi ting Event: Loss of power conversion system
2 2A

transient, not caused by loss of offsite power
(1.78/yr)

Turbine-driven emergency feedwater pump fails to startEl =

or some other hardware fault fails turbine-driven

train (2.2E-2/ demand)
A component in the motor-driven emergency feedwaterEM2 =

pump train is out of service for test or maintenance.

(5.5E-3/ demand)

Operator fails to correctly observe and diagnose the110 3 =
,

need for feed-and-bleed and therefore does not ini-
Liate it (1.4E-2/ demand).

Failure Mode (Cut Set): (T -Tgg).E0leH03 (2.5E-6/yr; 29%)2

(T -T )e1103 Defined above (2.5E-2/yr)

Auto actuation system for the emergency feedwaterE01 =

system is locked out and the operator fails to

recover it (IE-4/ demand)

Failure Mode (Cut Set): (T -Tgg)*E1.E2elI03 (1.9E-6/yr; 22%)2

(T -T )e El*1103 Defined above (5.5E-4/yr)
2

Motor-driven emergency feedwater pump fails to startE2 =

or some other hardware fault fails motor-driven train

(3.5E-3/ demand)

-

e
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.

These three failure modes contribute about 86% of the risk from this sequence.
The remainder is contributed by a number of cut sets which contribute less

'
than 10% each.

The containment failure mode probabilities for this sequence are 0.5 for ,

both hydrogen burning (T) and melt-through (e).

2.3 Functional and System Dependencies

It was noticed very early in the study that CR-3 appeared to have more
interconnections between safety (and support) systems than observed in
Surry-1, the plant analyzed in WASH-1400. This observation, and a desire to
be able to clearly describe the interdependencies, led to the development
of " system interaction diagrams." These diagrams provide a tool for rapidly
understanding and communicating the logical structure of plant systems and

| their dependencies on various support systems.

! Two diagrams constructed for CR-3 are presented in Figures 2.2 and 2.3.
Figure 2.2 illustrates the dependencies that exist at CR-3 between important

.

" front-line" plant systems and the support systems which provide component
and heat removal to the front-line systems. Figure 2.3 is the same as the

,

first figure, but with the emergency electric power dependencies superimposed
on it. Examination of Figure 2.3 shows, for example, that the "A" Train of
the reactor. building spray system (RBS-A) is dependent on the "A" Train of
the decay heat closed cycle cooling water system and 4160 VAC bus A. Failure

i of either will fail RBS-A. Other dependencies can be similarly read from
! the figure. It is also possible to extend this figure to show the electric

power dependencies on the diesels, etc.

The extensive interconnections that can be observed in these figures

| might have been expec'ted to result in risk from the plant being dominated
! by cooling system dependencies. It is noteworthy that risk is dominated by

accident sequences initiated by small-small LOCAs and loss of offsite power,;

as described in Section 2.1. The loss of offsite power initiating event
i results in a relatively high probability of losing both of the 4160 VAC '

buses because of the high failure rate for the diesel generators providing
emergency back-up power to the buses. ~
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Figure 2.4 shows the system interactions among AC power, DC power

Train B, and EFS for one of the dominant sequences in release category 2.
,

This system interaction diagram suggests several options for reducing the
frequency of transient-initiated dominant sequences in the low-numbered,,

high-consequence release categories. Three such options are:I

2 A. Reconfigure DC power to the EFS steam admission valve so that
the valve can be powered from either DC power train.

B. Replace (or parallel) the present steam admission valve with an
air operated valve which fails open on loss of control DC
power.

C. Provide the EFS with a redundant turbine pump. Steam feed to this
pump is provided through a new steam admission valve powered by the
opposite ("A") DC train.

Option A would remove the dependence of the turbine-driven pump train
on a single DC power train; this would result in about a factor of two

reduction in the sequence point estimates This factor of two reduction
would apply to many of the dominant transient-initiated sequences in the high

,

release categories. It would, of course, be necessary to verify that such
a system modification did not also result in an unacceptable side effect,j ,

such as a significant increase in the probability of a (common-cause) failure
of both DC trains.

Option B would remove the dependence of the turbine-driven pump train
on DC power. This would have essentially the same effect as Option A.

Option C would remove the dependence of the turbine system on a single
DC power train and also remove EFS dependence on a single turbine-driven
pump during a loss of all AC power. This should result in a reduction of
risk by a factor of ten or more.

!

!

1A fourth option might consider designs that would, on loss of control DC
power, automatically provide steam to the turbine-driven EFP from the hot

* steam line that runs from CR-1 and CR-2 to CR-3. No credit was given for,

this potential steam supply in the present analysis because the control
valve is manually operated.; .

|

|
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A quantitative evaluation of the actual probability reductions which
would result from these options (or combinations thereof) was not within the

* scope of the study. It is suggested that such an evaluation be performed
prior to making any changes to the system design so that both the positive

*
and negative aspects of potential changes can be carefully considered. It

is also suggested that other options considered for potential risk reduction
be similarly evaluated. Such evaluations would provide a basis for a cost-
benefit comparison of the various options.

2.4 Limitations of the Analysis

The applicability of the results of this analysis is circumscribed by
the important limitations indicated in the Introduction; these are (1) the
restricted set of initiating events, (2) the use of a surrogate measure of
risk in lieu of estimating consequences, and (3) the use of point estimates

| without an accompanying analysis of uncertainties.

The most important exclusions from the set of initiating events are
natural disasters such as earthquakes and tornados and any other events.

having comparable potential for causing widespread damage to the plant. The

representation of risk in terms of radioactivity releases essentially removesa

any influence of site characteristics (meteorological and demographic) on
the results. It helps to focus specifically on the operational reliability

of the systems designed to mitigate accidents of low to moderate frequency;
it makes the results more generic (applicable to plants other than CR-3)
than they would if consequences were considered, although the analysis is
highly specific to the CR-3 system design. In any case, the first two

limitations indicated are fully consistent with the objective of identifying

risk " outliers" associated with system design and reliability.
|

The use of point estimates means that no formal statistical interpreta-
tion can be given to the results. The estimated probabilities may simply be
thought of as "best estimates", with the notion of best in this context

represented by its intuitive, everyday, nontechnical meaning. The lack of
| an uncertainty analysis means that there is no basis for associating a level

of confidence with the likelihood that a design decision relating to risk,

would have its intended effect. This limitation is somewhat more serious

2-21
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than a simple restriction of scope in that it lessens the usefulness of

the results even in a domain where they are applicable. The objective of
'

identifying significant risk problems should be taken very literally; the

results may yield suggestions but they are not sufficient to say for sure
.

what to do about the problems identified. It might be noted in passing,.

however, that nearly all the information necessary to perform a comprehen-
sive sensitivity analysis is contained in this report and its supporting>

appendices.

As already indicated the technical safety issues associated with the
OTSG and the ICS were the subject of the second major objective of the larger
CR-3 study. Nevertheless, brief attention was given to the likelihood that
faults within the ICS itself could cause an overcooling transient because
this problem is at least partially amenable to the fault tree analysis

methodology used in the mainstream of this project. It was found, however,

that a superficial analysis would not likely be useful and an indepth study
was definitely out of scope. Hence, the problem is not addressed in this
report except in a passing comment or two.

,

Several technical issues were important to the analytical framework
employed but their investigation would have exceeded the time and resources *

available. Consequently, it was mutually agreed among sponsors and partici-

| pants that certain information relating to the Surry and Oconee plants would
be taken directly from, respectively, the Reactor Safety Study report (2-1),

Aand the RSSMAP Oconee report (2 2), and adapted to the CR-3 analysis. This

information concerned the description of radioactivity release categories,
the analysis of containment failure modes, and the component failure rate
data base.

The Surry event tree for containment failure (given core melt) was used
direttly without modification. The release category descriptions were also

,

used directly, even though they originated in a plant-specific analysis of
Surrey and are not necessarily the most appropriate for CR-3. The correlation
between release categories and the combinations of accident sequences and

,

containment failures modes is based on qualitative identification of the CR-3
sequences with the " nearest" Oconee sequences and reliance on the assignments .
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made in the earlier study. The probabilities of the various containment
failure modes were taken directly from the Oconee report, as these are more

* current and more directly applicable to CR-3. This procedure is used on the
tacit assumption that one pressurized water reactor is more or less repre-

'
sentative of another as far as containment failure and radioactivity release
phenomena are concerned. We believe this assumption is acceptable in view
of the limited objectives of the study and the inherent uncertainties from
other sources.

1

The basic component reliability data base used is identical to that used
in the Reactor Safety Study, except that the failure rates associated with
safety relief valves and with turbine-driven pumps have been changed. This

might be considered a minor limitation in that six years of data collection
activities have transpired in the interim. However, the same data has been

adopted as the official data base for Phase II of IREP (2-3), so there is no
significant limitation within the context of that program. In a few in-
stances, we went beyond the original scope of the study and examined data
specific to CR-3 and to B&W plants. The most significant consequence was

the elimination of " coupling" between the two emergency diesel generators
with regard to their failure to start.,

In connection with the coupling phenomenon in general, the CR-3
analysis treats most common mode failures in terms of a conditional proba-
bility of a second failure, given the first; the conditional probability is
represented by a "8 factor." This approach is in contrast to the much-
criticized bounding technique used in the Reactor Safety Study. It is

recognized, however, that the change in formalism does not lessen the need
for data related to common mode failures, of which there is very little.
For all active components that are assumed to be subject to coupling, the'

value of G is generally assumed to be 0.1. There is some information to
support this (2-4, 2-5) and there seems to be a loose concensus in the
probabilistic risk assessment community that this value is about right. The

6 factors would be prime candidates for attention in a sensitivity analysis.
Nevertheless, the "8 factor approach" to coupling is not an inherent limita-*

tion of the study, any more so than any other source of uncertainty.
.

{
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The plant was analyzed in the "as built" configuration as of November
1979, except that modifications-arising from post-TMI regulations for which

'

the utility had made a commitment to complete by the end of the next
scheduled refueling outage were included.1

.

A number of specific technical assumptions of a rather detailed nature
are worthy of mention, even though they are entirely consistent with normal
practice in previous probabilistic risk assessment studies.

We note first that system reliabilities are evaluated for only a period
of 24-hours following postulated accidents, even though the core may have

to be cooled for months (as in TMI-2). This feature of the analysis is

adopted for several reasons. The functional, and therefore equipment,
success requirements are much reduced after the first 24-hours so systems in
effect become more redundant; greater downtime intervals can be tolerated;
there is greater opportunity for repair and recovery of a least some equip-
ment. In general, there is greater likelihood that alternative success paths
can be improvised if necessary after 24-hours. In effect, we assume that

the probability of system failure, given successful operation for the first -

24-hours, is small in relation to the probability of failure-to-start and to

operate successfully for 24-hours. This assumption has been common since the *

Reactor Safety Study, and while we have not sought to verify its validity,
we believe it to be acceptable from a quantitative viewpoint.

Within the 24-hour period following accident initiation, no credit is
taken for repair and recovery of failed equipment. In addition, equipment
out-of service for maintenance is assumed not to be recoverable in the first
24-hours. Test outages, however, are generally assumed to be reversible,
which means they do not contribute to system unavailability.

No credit is given for operator actions not called for in a written

procedure, i.e., for the possibility of an operator coming up with a novel

IAn example of a modification important to the evaluation is the removal
,

of a dependency of the turbine-driven emergency feedwater pump on cooling
water provided by an AC powered system.

.
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or imaginative (but nonstandard) method of mitigating an accident; nor was
credit given for operator errors acting fortuitously to improve the situation

* (the "no miracle rule"). On the other hand, credit was generally given for
standard operator actions from the control room to manually actuate a system

*
whose auto-actuation failed.

In the case of loss-of-offsite power transients which progress to LOCAs,
we have assumed that offsite power is restored by the time the cooling sys-
tems must be switched to a recirculation mode of operation. The significance
of this is that a single train of a cooling system could be unavailable for
coolant injection because of diesel failure and still be available during
recirculation. The injection period would likely exceed 10 hours; we feel
the likelihood of recovering offsite power in this period is high, but we
have little data to support this contention. It might be of interest,

however, that the Florida Power Corporation grid appears to be more stable
than might be expected for the entire Florida peninsula.

In general, it is assumed that the plant is operated in accordance
with the Technical Specifications which are a part of its operating license..

In other words, no explicit contributions to system unavailabilities were
' assessed because of willful violations of technical specifications, e.g.,*

for deliberately exceeding an allowed outage time for a safety system compo-
nent. While such violations may occur from time to time, there is no data
to support an estimate of their contributions, which are probably negligible
anyway. The general level of uncertainty places an upper limit on the depth
to which the analysis should go. This level is not well-defined, but inten-

tional violations of technical specifications are below it in this case.

! As a general rule, the principle that probabilistic risk assessments
should attempt to be realistic is followed. Some conservatism inevitably
creeps in, however. For example, the sequences for which there is much
uncertainty about whether they will proceed to core melt are assumed to do
so. On the other hand, some sequences which would almost certainly lead to
some core damage are assumed not to lead to core melt. Specific instances

,

are discussed in connection with event tree construction (Chapter 4). In

most cases, these types of uncertainties are not quantitatively significant,

!
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because major releases of radioactivity are most likely to stem from
sequences in which there is no doubt that the core will melt.

.

Conservatism also enters to a minor extent at the component fault
level. When data is lacking, faults are often assigned probabilities ,

believed to be conservatively high. Most often, these situations are quan-

titatively insignificant. If they do turn out to be significant, e.g., if

they are important contributors to quantitatively important sequences, the
probability estimates are refined through further analytical attention and
the sequences are evaluated again. This occurred on several occasions with
operator faults. (See, for example, Section 5.4.)

A final comment on limitations concerns the inevitable comparisons
between the CR-3 results presented here and the results for Surry-1 from
the Reactor Safety Study (indeed, such comparisons are inherent to IREP
objectives). Suffice it to note that nearly five years ensued from the

end of one study to the beginning of the other. Among the things which

have changed are some analytical techniques and some quantitative informa-
tion. To cite two examples: the two studies treated common mode failures -

differently; and, the frequency of component outages (for maintenance) at
CR-3 is assumed realistically to be about an order of magnitude less than *

was assumed at Surry, and maintenance outage contributions were significant
for Surry. These differences mean that apparent differences between the
two reactors could be attributed, to an unknown extent, to differences in

analysis rather than in fact. This problem, common to all IREP analyses,
could best be alleviated by appropriate uncertainty and sensitivity analysis.

.

4

2-26

_. . .



References

2-1 U.S. Nuclear Regulatory Commission, " Reactor Safety Study--An Assessment
* of Accident Risks in U.S. Commercial Nuclear Power Plants," WASH-1400

(NUREG-75/104), October 1975.
*

2-2 C.J. Kolb, S.W. Hatch, P. Cybulskis and R.O. Wooton, Sandia National
Laboratories, " Reactor Safety Study Methodology Applications Program:
Oconee No 3 PWR Power Plant," USNRC Report NUREG/CR-1659 (2 of 4)
January 1981, Revised May 1981.

2-3 Letter from Joseph Murphy, NRC, to David Carlson, Sandia National
Laboratories, Subject: Component Failure Rates to be used for IREP
Quantification, September 26, 1980.

2-4 D.M. Rasmuson, G.R. Burdick, and J.R. Wilson, EG&G Idaho, Inc. ,
" Common Cause Failure Analysis Techniques: A Review and Comparative
Evaluation," Report No. TREE-1349, September 1979.

2-5 C.J. Atwood, Idaho National Engineering Laboratory, " Common Cause and
Individual Failure and Fault Rates for Licensee Event Reports of Pumps
at U.S. Commercial Nuclear Power Plants-Draft," Report No. EGG-EA-5289,
November 1980.

.

9

9

9

2-27



. . - - .. . .- - - . - - . -- .-.

3.0 GENERAL PLANT DESCRIPTION

The Crystal River Unit 3 (CR-3) Nuclear Generating Plant (USNRC
4

Docket No. 50-302) is operated and 90% owned by Florida Power Corporation.
,

The unit is located on the Gulf of Mexico 70 miles north of Tampa and seven'

miles northwest of Crystal River, Florida, and shares the site with two
coal-fired power plants, Crystal River Units 1 and 2, as shown in the site:

layout plant in Figure 3.1. Unit 3 is a pressurized water reactor (PWR),

supplied by the Babcock & Wilcox Company (B&W). The architect-engineer is
,

Gilbert Associates, Inc. The unit is operated at core power levels up to
2452 MWth which corresponds to a gross electrical output of about 855 MWe.

The plant was declared commercial. in March of 1977. The description of CR-3
presented herein is taken primarily from the Final Safety Analysis Report

(3-1).
IThe reactor building is a dry-type containmont structure consisting

of a prestressed post-tensioned reinforced concrete cylinder and dome on
a conventional reinforced concrete slab, with a steel liner. The design-

pressure is 55 psig. The containment is similar to those at Arkansas-1;
j

Oconee-1, 2, and 3; Palisades; Point Beach-1 and 2; Three Mile Island-l and*

2, and Turkey Point-3 and 4. Cross sections through the reactor and

|
auxiliary building and through the reactor and spent fuel building are
shown in Figures 3.2a and b, respectively.

i
The B&W nuclear steam supply system (NSSS) has two steam

generators and four reactor coolant pumps arranged in two heat transport
loops, as shown in Figure 3.3. The NSSS is similar to those at Oconee and'

Three Mile Island.

i

!

<

I*
The terms ' reactor building' and ' containment' are used interchangeably.

i

*
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The major plant systems required to mitigate the consequences
of an accident are listed below: ,

e Reactor Coolant System
o Reactor Protection System *

e Engineered Safeguard Systems

e Emergency Feedwater System

o Emergency Electric Power
e Emergency Cooling Systems

Brief descriptions of each of these systems, and the connections between the

nuclear and coal-fired units, are contained in the following sections.
Detailed descriptions of these systems are provided in the Appendices to
this report.

3.1 REACTOR COOLANT SYSTEM (RCS)

The RCS consists of the reactor vessel, two vertical once-through
steam generators (OTSG), four shaft-sealed reactor coolant pumps, an -

electrically heated pressurizer, and interconnecting piping. The system
is arranged in two heat transport loops, each with one OTSG and two reactor *

coolant pumps. The RCS arrangement plan is shown in Figure 3.3.

The OTSG is a vertical, straight tube and shell heat exchanger
which produces superheated steam at constant pressure over the power range.
Reactor coolant flows downward through the tubes and transfers heat to

| generate steam on the shell side. Feedwater is supplied to the shell side
!

(the secondary side) of the OTSG through a feedwater ring located at the
side of the steam generator. Natural circulation of the reactor coolant
following a loss of all reactor coolant circulating pumps is assured. The

OTSG provides a barrier to prevent fission products and activated corrosion
products from entering the secondary side.

1

l 3.2 REACTOR PROTECTION SYSTEM (RPS)
.

The Reactor Protection System monitors parameters related to
reactor operation and trips the reactor by inserting control rods '

|
|

3-6
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1

;

into the core to protect the core against fuel rod cladding damage. In
!

i addition, it. protects against reactor coolant system damage from high
* system pressure.

The RPS consists of control rod assemblies (CRA), circuit
4 ,

i breakers, instrumentation, and electronic trip logic. The RPS trip logic
includes four identical channels, each consisting of logic circuits and
trip relays, which maintain the trip breakers and contactors energized4

under normal operating conditions. In response to input signals from sensors,
,

the channel logic deenergizes associated trip relays which in turn
deenergize the trip breakers and contactors. When any 2-out-of-4 channels

1trip, all trip breakers and contactors are deenergized. Thus, power from
the drive motors is removed and the regulating and safety CRAs drop into
the core under the influence of gravity.;

i

3.3 ENGINEERED SAFEGUARDS ACTUATION SYSTEM (ESAS)
!

,

The ESAS monitors reactor coolant pressure and reactor building

pressure to detect loss of reactor coolant system pressure boundary inteority.-

Setpoints of 1,500 psig and 500 psig in the RCS, and 4 psig and 30 psig in
the reactor building are used to initiate the operation of the High Pressure*

Injection (HPI), Low Pressure Injection (LPI), Reactor Building Isolation
and Cooling (RBIC), and Reactor Building Spray (RBS) Systems. The ESAS

i

I also starts engineered safeguards diesel generators A and B.

The ESAS utilizes a 2-out-of-3 redundancy for the detection of "out
of limit" conditions and generates redundant actuation signals to control the4

two trains of engineered safeguards auxiliaries. The redundant outputs are
labeled engineered safeguard actuation "A" and "B".

| The automatic actuation of the engineered safeguards is backed up

| by manual actuation switches located in the control room.

3.4 ENGINEERED SAFEGUARDS SYSTEMS

'
The engineered safeguard systems are designed to mitigate the

consequences of an accident by minimizing the release of fission products.
, ,

I

i
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!

The safeguard systems can be divided into two groups. The first, the

Emergency Core Cooling System (ECCS), provides emergency coolant if reactor I

coolant is lost to ensure that the reactor core is not uncovered and that
'

,

' residual shutdown decay heat is removed. The second group consists of the
J

.

Reactor Building Emergency Cooling System (RBECS) and the Reactor Building
; Spray System (RBSS). These two systems are designed to reduce the post-LOCA
) atmospheric containment pressure, so that the integrity of the reactor
! building is maintained. The RBSS serves also to remove radioactive iodine
I fission products from the containment atmosphere.

A simplified schematic piping diagram of the engineered safeguard
systems is shown in Figure 3.4.

I
!
! 3.4.1 Emergency Core Cooling System (ECCS)

The ECCS consists of the High Pressure (HP), the Low Pressure (LP),
and the Core Flood Tank (CFT) Systems. The three systems are designed to cover

i the entire spectrum of RCS break sizes. They are redundant two-train systems.
A portion of each Low Pressure Injection (LPI) train is shared with one Core *

'

Flood Tank.
.

High Pressure Injection (HPI)<

,

i The high pressure system operating in the injection mode (HPI)
! for small LOCAs where a high RCS pressure is maintained and to delay the
| uncovering of the core for intermediate break sizes. The HPI system is an

integral part of the Makeup and Purification System. HPI is automatically
actuated (backed-up by manual actuation) by the ESAS upon detection of

either a low coolant system pressure (11500 psig) or high reactor building
pressure (>4 psig). A safety injection signal switches the Makeup System,

from its normal operating mode to the emergency (HPI) mode. In the
emergency mode, borated water is injected into the reactor vessel, with the
HPI pumps taking suction from the Borated Water Storage Tank (BWST).

,

t

!
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The HPI system can be used also for the so-called " feed and bleed"

operation. The feed and bleed operation, manually initiated and controlled,
removes heat from the primary coolant if secondary heat removal capability .

is lost (i.e., loss of all main and emergency feedwater). System pressure
is reduced (energy removed) by blowing down reactor coolant through the -

pressurizer power operated relief valve (PORV) and injection of cold water
by HPI.

Core Flood Tank (CFT)-System

The CFT-system is designed to provide core protection continuity
for intermediate and large size LOCAs. It consists of two independent water
tanks, whose contents are pressurized to about 600 psig by nitrogen. Two
check valves in each discharge line prevent reactor coolant from entering
the CFTs when the RCS pressure is higher than the tank pressure. The same
check valves open and admit the content of the CFTs into the RCS if the
RCS pressure falls below that of the CFTs. Thus, the CFT-system is a
passive system requiring no control or operator action to actuate. Each

discharge line is connected to a low Pressure System injection line, sharing ,

one of the two check valves with the LP system.
*Low Pressure Injection (LPI)

The low pressure system operating in the injection mode (LPI)
is designed to maintain core cooling for break sizes ranging from inter-
mediate breaks to the doubled ended rupture of the largest pipe. The system

is used during normal shutdown operations to remove shutdown decay" heat from

the RCS by taking suction from one hot leg, pumping the water through a heat
exchanger and returning it to the reactor vessel. The system is called
the Decay Heat Removal System in this normal shutdown mode.

The LPI system consists of two redundant trains. The LPI pumps
take suction from the BWST, pass the borated water through a heat exchanger,

and discharge directly into the reactor vessel through core flooding nozzles
on opposite sides of the vessel. The core flooding nozzles are shared with
the CFT-system. The LPI system is provided with a crossover line to permit -

one train flow of 3,000 gpm to be split between both core flood nozzles
'

should one LPI pump fail.

3-10
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The LPI system is actuated by the ESAS. The LPI pumps receive a
start signal when the RCS-pressure is less than 1500 psig and the closed
injection valves are opened when the RCS pressure falls below 500 psig.e

The system is also automatically actuated when the reactor building pressure
rises above 4 psig.*

ECCS Recirculation Mode

When the BWST reaches a low water level, an alarm will be

annunciated in the control room. At this time the operator must switch
to the recirculation mode, i.e., recirculate reactor coolant and injection

water collected in the containment sump. The operator is required to open
the suction valves in the recirculation line from the sump. If the HP-system

is required to operate in the recirculation mode, the LP- and the HP-system
must be aligned so that the LP-system supplies the suction side of the HP-pumps.
This requirement for a " boosted" supply for the HP-pumps exists because the
water level in the sump does not provide sufficient suction head to these
pumps.

.

3.4.2 Reactor Building Cooling and Spray Systems

The Reactor Building Emergency Cooling System (RBECS) and the*

Reactor Building Spray System (RBSS) are independent and redundant systems.

They are designed to limit the post-accident pressure in the containment to
less than the design value and to reduce the pressure to nearly atmospheric
pressure.

The RBECS consists of three fan coolers whose heat exchangers

are served by the Nuclear Services Closed Cycle Cooling System. The RBSS

consists of two pump trains and injects water into the containment through
two spray headers. The RBSS shares the suction line header from the BWST

and from the sump with the LP-system. The RBSS also serves as an iodine

(fission product) removal system in addition to its role in reducing
pressure. The RBECS is actuated by the ESAS (via RBIC, see Section 3.3)

.

-

IThe RBECS is the emergency operating mode of the Reactor Building Cooling-

System (RBCS).

3-11
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1

i
i

I when the containment pressure rises above 4 psig; the RBSS is actuated

-

when the containment pressure rises above 30 psig.,

.

| Combinations of RBECS and RBSS equipment required to reduce the
post-accident containment pressure are defined in Section 4. -

;

| 3.5 EMERGENCY FEEDWATER SYSTEM (EFS)

| The purpose of the Emergency Feedwater System (EFS) is to remove
j post-shutdown decay heat from the coolant system via the steam generators
! if the power conversion system (the normal heat removal system) is not

available.

The EFS is an interconnected two-train system, each train capable

| of supplying emergency feedwater to either or both steam generators under
| automatic or manual initiation and control. The primary water source is

| the Condensate Storage Tank. An alternate source of water is available
j from the main condenser hotwell. The Train A pump of the EFS is turbine-
i driven, with motive steam supplied from either steam generator.

,

k The Train 8 pump is motor-driven and powered from a diesel-backed

engineered safeguards bus. At the present time, both pumps are cooled by -

j the NSCCCS, creating an undesirable dependency on AC-power. However, the
! Florida Power Corporation has made a commitment to eliminate this dependency

by making both pumps self-cooled (3-2). This study assumes self-cooled EFS
pumps.

The turbine-driven train is independent of any other auxiliary
system except for the steam admission valve, which is powered from DC-
power bus B.

3.6 EMERGENCY AUXILIARY SYSTEMS

The engineered safeguard systems are dependent on electric power

to operate pumps and valves and on cooling systems which provide cooling
to pumps and motors. The following subsections briefly describe the -

individual emergency auxiliary systems.
.
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,

3.6.1 Electric Power

The Unit 3 start-up transformer serves as the normal source for,

engineered safeguards auxiliaries, Power to this transformer is provided
f

from any one of five 230 kV transmission circuits (the normal offsite power.

source) or from any one of the existing on-site fossil Units 1 and 2. Both

Units 1 and 2 are designed to continue in operation following load rejection

; from 100 percent load down to unit auxiliary load without a turbine trip.
The credit taken for Units 1 and 2 in this analysis is discussed in Appendix D.

Upon loss of offsite power, power is supplied from two automatic,
fast-start-up diesel engine generator units. These are sized so that

! either one can carry the required engineered safeguards load. Each
emergency generator unit feeds one engineered safeguards 4160 volt bus

(Bus 3A or 3B). Each generator is capable of continuously supplying the
entire connected safeguards load plus selected balance-of-plant emergency
loads on one 4160 volt bus.

3.6.2 Emergency Cooling Systems.

Cooling of the engineered safeguard pumps and motors (and the
i

* RBECS fans) is supplied by two independent systems, the Nuclear Services
Cooling Water System (NSCWS) and the Decay Heat Services Cooling Water

System (DHCWS). A schematic of both systems is shown in Figure 3.5.

l Nuclear Services Cooling Water System

j The NSCWS is comprised of the single loop Nuclear Services Closed
Cycle Cooling System (NSCCCS) and the once-through Nuclear Services Seawater

System (NSSWS). During emergency operation, the NSCCS provides a heat sink

for equipment essential to the safety of the plant and provides a redundant
function to the RBSS by removing heat from the containment via the RBECS. It

also provides an intermediate loop between the primary coolant and the
seawater.

:

The NSCCCS consists of one normally operating pump (SWP-lC), which

is not rated for emergency flow, and two 100% rated emergency pumps. Each

emergency pump (SWP-1 A and 18) consists of two half-sized pumps driven by a
,

i single shaft.

!
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;

The NSSWS has one normally operating pump (RWP-1), which is not

! rated for emergency flow, and two 100% rated emergency pumps (RWP-2A,B).
e

4

The heat absorbed by the NSCCCS is transferred to the NSSWS by a

bank of four one-third capacity heat exchangers. Three operable heat.

exchangers are required for both emergency and normal operation.

Decay Heat Services Cooling Water System

The DHCWS is comprised of the two-loop Decay Heat Closed Cycle

Cooling System (DHCCCS) and the once-through Decay Heat Seawater System

(DHSWS). The DHCCCS provides an intermediate loop between the primaryi

coolant and the seawater. During emergency operation, the DHCCCS removes

decay heat from the LP-heat removal system and it provides a heat sink
for pumps and motors in the LP-system, the RBSS and one train of the Hp-

system (MUP-lC). Operation is also required during normal shutdown to
remove reactor shutdown decay heat.

The DHCCCS consists of two completely independent 100%
*

capacity trains. Because there are no cross-ties between the two trains,

)
each train only cools equipment in the respective train of the system served.4

.

The DHSWS is an open once-through two-train system, transporting
heat from the DHCCCS to the seawater discharge canal. Each DHSWS-train

is rated at 100% capacity and services only its respective DHCCCS-train.

3.7 CONNECTIONS BETWEEN CR-3 AND C0AL-FIRED UNITS 1 AND 2
'

Two safety-related connections which exist between the nuclear
and' coal-fired units are noteworthy. The first is a hot steam line from CR-1
and CR-2 which is connected to CR-3 through a normally-closed manually operated
valve at a point immediately upstream of the steam admission valve to the
CR-3 turbine-driven emergency feedwater pump. The second is an AC-power
connection through the startup transformer for CR-1 and CR-2 which can '

'

' '
supply emergency AC power to the 4.16 KV engineered safeguard (ES) busses
in CR-3. This means of ' supply to the 4.16 KV (ES) busses is an alternate

: manual backup in the event of loss-of-offsite power, shutdown of CR-3 and
*

failure of the emergency diesel generators. Both of these connections are
'

described and evaluated in the relevant appendices to this report.
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4.0 EVENT TREES

This chapter identifies the categories of initiating events.

considered and describes the event trees constructed to delineate the
accident sequences that stem from each initiator. Analyses are
also presented for three special events which are shown to have very small
probabilities and for which no detailed event trees are developed. Dis-
cussion of the quantitative evaluation of those sequences delineated by
event trees is deferred to the next chapter.

4.1 Initiating Events

The basic set of initiating events considered as potential accident
initiators for CR-3 are:

1. Transients

2. Loss of Coolant Accidents (LOCA)
3. Interfacing Systems LOCA*

4. Vessel Rupture
*

5. Steam Generator Tube Rupture

These initiators, which are the same as those considered in the Reactor Safety
Study (4-1), may generally be considered as originating within, or " internal"
to, the plant. Initiating events originating outside the plant, such as
earthquake, flooding, aircraft impact, or other similar " external" events,
and sabotage are outside the scope of the project and are not addressed.

Each of the five " internal" initiating event t3,es listed ab'ove
was carefully examined for applicability and relative probability prior
to the development of event trees for the plant. This effort resulted in

identification of only two of these, transients and LOCAs, as requiring the

development and construction of detailed event trees. Analyses of the
remaining three events are presented in Section 4.4.

F

e
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4.1.1 Transient Initiators
.,

A transient event is defined as any abnormal condition in the .

^

plant which requires that the plant be shutdown, but which does not directly
breach reactor coolant system (RCS) integrity. Many event types fall into -

this category. Reference 4-2 (EPRI NP-801), which was used as the basis for

transient event data in the present analysis,is the most current and complete
listing of such event types available. It tabulates and provides data for;

i 41 different PWR transient types. A careful review of this information
,

resulted in the, determination that these transients could be broken down
into two basic types:

Type T)e a

! Transients which leave the Power Conversion System (PCS)
capable of operation, i.e., it is possible to continue normal
secondary heat removal,

e Type T
2

Transients which directly cause the operation of the PCS -

to be interrupted, such as loss of main feedwater, condenser
j isolation, loss of offsite power, etc.

,

!

A more detailed review and evaluation of the two transient types
identified one particular transient in each major type that could not be
described only in terms of its effect on the PCS because it affected other
mitigating systems. These two transients were loss of component cooling
within Type 1 and loss of offsite power within Type 2. These were separated

out and designated subtypes T and T2A, respectively. The resulting fourlA
; transient categories are used in the subsequent analysis and evaluation.

| The frequencies for each of these four categories, obtained from EPRI
NP-801, are shown in Table 4.1

,
.

%

,

i

D
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lTable 4.1 Transient Event Frequencies
.

*

Events / Year

Transients with PCS Available

T : L ss of NSCCCS 0.011A

T -T :- All other T) Transients 8.48- j 1A

: All T Transients 8.49T) j

Transients with PCS Not Availt.ble

T : L ss of Offsite Power 0.322A

T -T : All other T Transients 1.782 2A 2

T : All T Transients 2.102 2
.

'All Transients 10.59

I
Data from Reference 4-2 (EPRI NP-801)

e

4.1.2 LOCA Initiators

A LOCA is defined as a breach of the pressure boundary
of the RCS which causes an uncontrollable loss of water.
Various categories of LOCA events can be defined in terms of the minimum

sets of equipment capable of successfully respondino, to each. These differ
from plant to plant. Four LOCA categories were defined for CR-3 as a

result of an examination of thA Final Safety Analysis Report (4-3). These
"

four LOCAs are referred to as larae (B)), medium (B ), small (8 ), and
2 3

small-small (B ), and they represent flow areas of greater than 1 square foot,
4,

|
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between 1 square foot and 0.4 snuare feet, between 0,4 square feet and 0.087
square feet, and less than 0,087 square feet, respectively. The basis of
these break categories is shown in Figure 4.1. The upper half of the

'

figure, taken from the Final Safety Analysis Report (FSAR), shows four
.

different equipment success combinations and the break size ranges they cover.
These equipment combinations, however, are not minimal. For example, the
combination of one HPI pump and one LPI pump is shown as successful from

0 - 8.5 inches; but one HPI pump alone is also shown as successful from 0-4
inches. Therefore, one LPI pump is not required from 0-4 inches and the

combination of one HPI pump and one LPI pump is not minimal over that range.
Similar considerations resulted in the development of the lower half of the
figure to identify and define unique minimal equipment combinations for the
four specific LOCA size ranges shown. . Note that the requirement for one

HPI pump was removed for the B) and B LOCAs. This is based on the LOCA2

blowdown curves in the FSAR, which indicate that RCS pressure drops quickly
enough for these break sizes ;o not require injection from the HPI pump.
The initiating event frequency for each of the four LOCA categories is shown

.in Table 4.2. The basis for these frequencies is later described in detail in
Section 5.3.2.

.

4.2 Transient Event Tree

A single event tree was designed and constructed to represent plant
response to both of the two basic transient types described above. This is
feasible because plant response to any transient, regardless of type, requires
the same plant functions to be performed. The transient type, however, does
s peci fy the conditions under which those functions must be performed. The

event tree constructed, shown in Figure 4.2, includes all the functions
required to bring the plant to a hot shutdown condition as well as the
consequence mitigating functions considered in scenarios where core damage

The functions include reactor shutdown (Subcriticality), removingoccurs.

the heat from the RCS (Normal and Emergency Secondary Heat Removal), RCS

| overpressure protection (Primary System Pressure Relief Requirement and
,

Primary System Pressure Relief), preventing the transient from becoming
a LOCA (Prirary System Irtegrity), direct cooling of the primary by injecting

.
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I '
Table 4.2 LOCA Frequencies

Initiator Defini tion Events / Year

B Large LOCA - a breach of the RCSy
with a flow area greater than

2 (B >13.5" diameter) 1.0 E-41 ft
1

B2 Medium LOCA - a breach of the RCS
with a flow area greater than

20.4 ft and less than or equal to
2 (13.5"2B >8,5" diameter) 1.0 E-41 ft 2

B Sm 11 LOCA - a breach of the RCS3
with a flow area greater than

20.087ft and less than or equal to
2 (8.5"2B 24" diameter) 1.0 E-40.4 ft 3 .

B Small-Small LOCA - a breach of the4
RCS with a flow area less than or -

2equal to 0.087 ft (4"2B diameter) 1.3 E-3
4

I Based on data in WASH-1400, Appendix III (Ref 4-4)

|

| '
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coolant (Primary System Makeup), and consequence reduction by preventing

containment overpressure (Containment Pressure Reduction) and removing .

radioactivity from the containment atmosphere (Post-Accident Radioactivity
Removal).

*

The second and fourth columns from the right accompanying the

event tree (Figure 4.2) provide information useful in shorthand designations
of the sequences. The column headed SEQUENCE represents the sequences in

the style used in the Reactor Safety Study, with appropriate symbols
representing the event tree branches and a bar over the symbol to denote
success rather than failure. The shorter designations appearing in
parentheses simply omit the successes. The initial T indicates the transient
initiator; a subscript would indicate a specific type of transient.
Throughout this report, a simpler designation is used at some expense to the
descriptive content. The sequences are numbered consecutively in the
column headed SEQ !. The appropriate sequence number is used as a subscript
to the symbol T to identify a particular generic sequence from the transient
event tree. A specific sequence is represented by appending the generic .

sequence representation to the appropriate initiator symbol, for example
T T nd (T)- TlA) T '

,

2A 10 8

The RESULT column indicates the outcome of the sequences in terms of the

fate of the reactor core, with the key appearing in the figure itself. The
NOTES column refers to notes which also appear in the figure.

Some adjustments are necessary to accommodate the use of a single
generic event tree for several types of initiators.

Por example, type T)
transients imply the event M, hence the event M is excluded by definition.
The type T) sequences containing M (T2 through T)4 and T through T I"20 30
this case) may be assigned zero probabilities or they may be omitted from
tabulations of sequence probabilities. The same is true of type T transient

2sequences containing N.

The two basic transient types discussed earlier have an effect on '

the reliability of various plant functions required to be performed in
.
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response to a transient. These transient types, however, affect only the
reliability of the function--not the need for it. For example, all loss

* of PCS transients (type T ) have a direct effect on the availability of
2

the primary heat removal functions, since the PCS itself is no longer
~

available to perform that function, Loss of offsite power transier,ts

(typeT2A) have an additional direct effect on all functions which
require electric power.

Transients which do not result in loss of PCS (type T)) do not
affect function reliabilities, but the type T subset (loss of NSCCCS)lA
causes the RBCS to become unavailable to perform the containment heat

removal function. The type T)4 transient also causes one train of HPI to
become unavailable for the primary heat removal function.

All of the functions included in the event tree, and their failure

criteria are described in Table 4.3. The event tree was constructed by con-

sidering the timing sequence of the accident as well as the following
functionability/ operability interrelationships between events (functions and/or
systems):.

1. If Normal Secondary Heat Removal succeeds (event R), then Emergency
Secondary Heat Removal doesn't matter since both functions provide*

water to the secondary side of steam generators in order to remove
heat from the RCS. Thus, only one of these functions is required
for any given sequence.

2. If Subcriticality and Normal Secondary Heat Removal succeed (events
K and M), then Primary System Pressure Relief, Primary System Integrity,
and Primary System Makeup don't matter. The justification for this is

'

that the pressure in the RCS would not reach the relief pressure, thus
pressure control is not required, and since no RCS inventory would be
lost, no makeup is required.

3. If Primary System Pressure Relief fails (event P ), Primary System2

Integrity and Primary System Makeup don't matter, and core melt is
assumed. This highly conservative assumption is justified because the
very small probability of event P2 (failure of S/RVs to open when
demanded) is expected to cause all accident sequences containing that
event to be relatively small contributors to risk. (Exception: Core
melt is not assumed if event P2 occurs in the sequence where subcriti-
cality and Emergency Secondary Heat Removal succeed, Normal Secondary*

Heat Removal Fails, and Primary System Pressure Relief is required
(events RMLh ) because the excess RCS pressure is not expected to be
very great).*

4. If Primary System Integrity fails (event Q) the sequence results in
a LOCA, and the sequence (and analysis) is continued in a LOCA event
tree. This is justified by the fact that the rate of leakage of RCS
inventory is sufficient to fit the definition of a LOCA.

. .. _. .. .
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Table 4.3 Event Definitions for Transient Event Tree

T Transient - Any abnormal condition in the plant which requires 'l Primary System Pressure Relief Requirement - Failure to require
that the plant be shut down but does not directly breach RC$ the RCS pressure relief function (i.e. - RCS Pressure does not

integrity. exceed relief setpoint).

i- e Type 1 Transient (T ) - a transient which does notj
directly affect the operability of the PCS (Normal '2 Primary system Pressure Relief - Failure of sufficient S/RVs to
Secondary Heat Removal), open and relieve excess primary system pressure, given the

requirement.

e Type 2 Transient (T ) - a transient which directly
affects the operabi ity of the PCS. causing it to Q Primary System Integrity - Failure of any 5/RVs which opened
become inoperative. to reseat.

'
K Suberiticality - Failure of automatic (or manual) reactor scram U Primary System Makeuo - Failure to establish flow from BWST to

j by some time t,. the RCS using at least one charging pump (for the purpose of a
j * bleed and feed * operation).

& M Normal Secondary Heat Removal - Failure of the PCS to remain in

b uninterrupted operation following a transient, providing 0 Containment Pressure Reduction - Failure to remove heat from the

~

o sufficient main feedwater (MFW) flow to the steam generators to containment atmosphere by the use of at least one Reactor Building
remove primary heat for 24 hours. Fan E at least one Reactor Building Spray Subsystem.

e For sequences with evenf Y, sufficient is defined as
6% of maximum MFW flow. 0* Post Accident Radioactivity Removal - Failure to remove radioactive

e For sequences with event K, sufficient is defined as effluents from the containment atmosphere by the use of at least
100% of maximum MFW flow initially, and sufficient flow one Reactor Building Spray Subsystem.
for the equilibrated power level for the remainder of
the 24 hours (this level depends on the specific
transient).

L Emergency Secondary Heat Removal - Failure to provide suffjClent

feedwater flow (defined as 6% of maximum MFW flow) to the steam
and maintain it for 24 hours, by onegenerators by some time ty

of the following methods:
>

e For sequences with event f:

1. Automatic activation of emergency feedwater system (EFS)
2. Manual actuation of EFS (if automatic falls),

| 3. Manual recovery of PCS

e For sequences with event K:

1. Automatic activation of EF5

| I Type 2 transients do not apply to Sequences 1 and 15-19 in Figure 4.2
! since the PCS remains operable in those sequences.
1

.

,
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5. Containment Pressure Reduction and Post-Accident Radioactivity Removal
functions are considered only in those sequences which result in core
melt since these functions serve only to reduce the consequences ofe

core melt accidents, and they would not serve any purpose in other
transient situations. (Exception: Containment Pressure Reduction is
considered in the situation where Subcriticality succeeds (event K),-

all Secondary Heat Removal fails (events M,L), and Primary System
Pressure Relief, Integrity, and Make-up succeed (events P , Q, and U.2

In this particular case, which is called a " feed and bleed" operation,
core melt is prevented by removing decay heat through the S/RVs and
replacing the coolant with the makeup system. However, this will
cause a buildup of steam in the containment, which may necessitate use
of Containment Pressure Reduction to prevent containment overpressure).

6. If Containment Pressure Reduction fails (event 0), the Post-Accident
Radioactivity Removal (PARR) is assumed to fail based on the failure
criteria for these events. If the failure criteria is met for Contain-
ment Pressure Reduction, then it must also be met for PARR (see Event
Definitions in Table 4.3).

These interrelationships reduce the number of possible sequences from 512 to 30.

Some differences from the event tree developments in the Reactor
Safety Study may be of particular interest. In this study, emergency.

electric power was treated only at the fault tree level, as were other
support systems, rather than as a functional heading on the event tree.=

This is adequate and does not change the substance of the analysis in any
essential way. In addition, the sodium hydroxide addition (SHA) system
was not included in the CR-3 analysis, since it was found in the Reactor
Safety Study itself that the enhancement of radioactivity removal by the
sprays due to SHA is not significant. CR-3 also has a sodium thio-sulphate
addition system (which at the time of this analysis was disabled by locked-
closed valves); this system was also not included in the analysis.

For this study, systems required for long-term cooling to
cold shutdown af ter a transient were not included on the transient tree.
These systems do not affect the occurrence of core melt or the radio-
active release. It was assumed that being in a stable hot shutdown condition
was sufficient. These systems were included in the Reactor Safety Study.

,

.
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!
!

! On the other hand, the Reactor Safety' Study transient event tree did not

include the containment overpressure protection or post-accident radioactivity

f removal functions. In this study, these systems were included for all
*

I transient core melt sequences, since they can affect the containment failure
1 -
i mode and release categories of the sequence.
.

j The equipment success requirements related to the functions

j defined in Table 4.3 are indicated in Table 4.4 These form the basis for
" top event" definitions used for system fault tree analysis as discussed;

| later in Chapter 5.
,.

4

) Table 4.4 Definition of Equipment Success Requirements for
j Transient Events in Crystal River-3

TPAMIENT SLBCRITI. NORMAL EMERGENCY PRIMARY PRIMARY PRIMARY PAIMARY CONTAlh- POST

irPE CALITY SECONDARY SECONCARY SY5 TEM SYSTEM SYSTEM SYSTEM MENT ACCICENT'

NEAT HEAT PRES 5URE PRES 5URE INTEGRITY FAREUP PRES 5URE RACI0ACT

REMOVAL REMOVAL L F RELIEF RE DUCTION :EMOVAL

* MENT

i GPERATI0tt AJTOMATIC IPCS RD:AINS AUTOMATIC RCS 1/3 ALL 1/3 1/3 1/2
'

Cr CR IN UNINTER- OR PRE 5SURE 5/Rv5 5/RV5 PAKEUP FAN COOLERS SPRAY ,

P0.ER PANIAL RUPTED OPERA- MANUAL EXCEEDS OPENS RESEAT PUMP 5 OR SL85YSTUt
CC'. VERSION REACTOR T!0N AT 65 0F ACTUATION RELIEF ALIGhED 1/2 SPRAV W/ REC 1RC. |

S YSTEy 5CRN1 FULL POWER OF EMERG. SITPOINTS TO SUBSYSTEM 1

i NOT OCCURS FLOW (FPF) FW $YSTEM BWST W/RECIRC. *
AFFECTED OR RECOVE'er

'

(6 F

CPEEATION FAILS
'

0F'

. PiNER

] CJhfRSILN
; SYSTEM
'

AffECTED
(F AIL ED)
(T )2

v v w, u a a <> L

There are eight non-melt sequences on the event tree, indicated on
Figure 4.2 by the "S" in the Result column. For sequences 1,2,4, and 5,
core melt is prevented by success of Subcriticality (shutting down the
nuclear reaction), removal of the decay heat by either Normal or Emergency
Secondary Heat Removal, and maintaining RCS integrity by either not lifting

,

.
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the S/RVs, or by having them reseat if they do lift.I For sequences 6 and 7,
core melt is prevented by establishing a " feed and bleed" operation, as earlier
described in the exception to functionability/ operability interrelationshipe

number 5. For sequences 15 and 20 (ATWS sequences), core melt is prevented
by (1) providing heat removal from the primary by success of Normal or-

Emergency Secondary Heat Removal, and (2) handling the initial pressure spike
(caused by failure of Subcriticality) by Primary System Pressure Relief
(lifting the S/RVs). In this situation, reactor power will stabilize at a
power level equivalent to the percentage of full main feedwater flow being
provided to the steam generator (s). This power level can be maintained until
negative reactivity can be added to shutdown the reactor.

There are four sequences on the tree, indicated in Figure 4.2
by the "L" in the Result Column, which lead to LOCAs. These sequences are
continued in a LOCA event tree and are handled as special cases of LOCA
sequences. In contrast, the Reactor Safety Study included transient-induced
LOCAs directly on the transient event tree and automatically assumed they
led to core melt.

.

4.3 LOCA Event Tree

A single event tree was constructed to represent plant response
to all four of the LOCA categories described in the previous section. A
single tree is considered adequate because plant response to any size LOCA
requires the same basic plant functions to be perfonned. The particular
break size, however, specifies the conditions under which those functions
must be performed. The event tree constructed, shown in Figure 4.3, includes
all systems / functions required to keep the core from melting and to minimize
radiation release to the environment. The systems / functions include reactor
shutdown (Reactor Subcriticality), keeping the core cooled during the injection
phase of the LOCA (Emergency Coolant Injection), preventing containment
overpressure during injection (Reactor Building Spray Injection and Reactor

I
It is important to note that these sequences (and sequences 3 and 15-19)'

have the potential for causing an overcooling transient by providing too
much Secondary Heat Removal.

e

s
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Figure 4.3 LOCA Event Tree for Crystal River-3 '
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Building Cooling System), removing radioactive effluents during injection
(Reactor Building Spray Injection), keeping the core cooled during the re-
circulation phase of the LOCA (Emergency Coolant Recirculation), preventing*

containment overpressure during recirculation (Reactor Building Spray Re-
circulation and Reactor Building Cooling System), and removing radioactive*

effluents during recirculation (Reactor Building Spray Recirculation).

It may be recalled that the Reactor Safety Study included an event
called emergency cooling functionability (ECF) on its large LOCA tree. This
event represented those occasions when ECI operates, but the core is not
cooled. This function is not included in the CR-3 trees.

The accident sequence symbology is analogous to that of the
transient event tree; the symbol S with the appropriate subscript identifies
the generic LOCA sequence. The initiating events are spontaneous LOCAs

(B), B ' 0 , or B ) or one of the transients which progress to a LOCA.2 3 4
Examples of specific LOCA sequences are B S and T T)) S27'4 27 2A

The basic plant functions are always required, but the different
LOCA sizes (and sometimes the particular location of the LOCA) determine+

equipment combinations required for success. Only two functions are
affected by the break size: Subcriticality and core cooling. Subcriticality*

for the B , B and B LOCA results directly from the blowdown, but thej 2 3,

B LOCA requires operation of the RPS. Core cooling requirements change
4

with break size and are a function of the RCS pressure response and the
flow rate of the coolant being lost.

All of the systems / functions included in the event tree, and
'

their failure criteria, are described in Table 4.5. As for the transient
tree, emergency electric power was not included 'as an event tree function.
The sodium hydroxide addition system is also not included.

,

,

| *

I

a
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Table 4.5 Event Definition for LOCA Event Tree

Reactor Building Spray Recirculation - Failure to provide flow fromFLE - A breech of the pressure boundary of the reactor coolant5 at least 1 out of 2 reactor building spray peps, taking suction
system (RCS) which causes an uncontrollable loss of water inventory,

from the reactor building sug, through its respective spray headef*
There are four LOCA categories,

into the containment atmosphere for 24 hours,
taree LOCA (Bi) - a breach of the RCS with a flow areae
greater than i f t' (8 > 13.5" diameter).

Reactor Buildino Cooling System (Fans) (Recirculation Phase) -2
Medium LOCA (8 ) - a breach of the RCS with a flow areae 3

'""" #" ""' *

rf. containment atmosobere for 24 hours by at least 1 out8 > . da

i Small LOCA (Bs) - a breach of the RCS with a flow area of 3 reactor buildine cooling fans,e
greater than .087 ft' and less than or equal to .4 ft"
(8.5* 2 8: > 4* diameter). * * "~ "" E * "

Small-Small LOCA (B.) - a breach of the RCS with a flow water to the core to prevent core melt in the recirculation phasee
area less than or equal to .087 ft' (4* 2 8. diameter).

K Reactor Suberiticality - Failure of cutomatic (or manual) reactor of a LOCA (24 hours).
e ECR for la e, Medfm and small LOCA - fatture to provide

scram by some time t,; (Note: This event applies only to small-small fl w to t e C5 fmm (a) at least 1 out of 2 low pressure
LOCAs (B.). For other LOCAs success is ass med due to the effects trains (taking suction from the reactor building sep) in

conjunction with cooling by the associated Decay Heat
of blowdown. Removal Subsysten or (b) at least 1 out of 2 low pressure

trains (taking suction from the reactor building sump) in
C Reactor Buildiaq Spray injection - Failure to provide flow from at conjunction with cooling by at least 1 out of 3 Reactor

least 1 of 2 reactor butiding spray peps, taking suction from the Building Fan Coolers.

BWST, through its respective spray header into the containment ECR for Small-Small LOCA - failure to provide flow to thee
# RCS from (a) at least 1 out of 2 high pressure trains with
1 atmosphe n. its associated low pressure train (taking suction from the

reactor buildin; sump) in conjunction with cooling by them
Y Reactor Building Cooling System (Fans) (!njection Phase) - Failure associated Decay Heat Removal Subsystem or (b) at least

to remove steam (heat) from the containment atmosphere by at least 1 out of 2 high pressure trains with its associate:f low
pressure train (taking suction from the reactor building

1 out of 3 reactor building cuoling fans. sump) in conjunction with cooling by at least 1 out of 3
Reactor Buffding fan Coolers.

D Emergency Coolant Injection - Failure to provide sufficient water
to the core to prevent core melt during the injection phase.

EC! for Large LOCA - failure to provide flow to thee
EC57 rom at least 1 out of 2 low pressure trains (taking
suction from the BWST) and 2 out of 2 core flooding tanks.

EC! for Meditsn LOCA - failure to provide flow to the RCSe
T~ rom La) at least 1 out of 2 low pressure trains (taking
suction from the BWST) and 2 out of 2 core flooding tanks,
or (b) 2 out of 2 low pressure trains (taking suction from
the BWST).

Ecl for small LOCA - failure to provide flow to the RCSe
Trem at least 1 out of 2 high pressure trains and 1 out
of 2 low pressure trains (taking suction from the SWST).

e ECT for Small-Small LOCA -

(a) For Sequences containing event E - failure to
provide flow to the RCS from at least 1 out of 2
high pressure trains (taking suction from the 8WST).

(b) For Sequences containing event K - failure to
provide flew to the RCS from 2 out of 2 high
pressure trains (taking suction from the BWST) and
to provide flow to the secondary side of the steam
generators from 1 out of 2 emergency feedwater trains.

-
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The event tree was constructed by considering the various functionability/
'

operability interrelationships between the systems / functions listed below:,

~

1. Failure of Reactor Subcriticality (event K) is only possible during
small-small LOCAs. This is because the rapid blowdown of the larger
break sizes removes the moderator, shutting down the reaction, and the

; replacement coolant supplied by ECI is highly borated.

2. If Reactor Building Spray Injection fails (event C) then Reactor
i Building Spray Recirculation fails, since the rest likely failures

involve equipment which is common to both systems.

! 3. If the Reactor Building Cooling System fails during the injection
phase (event Y), then it also fails during the recirculation phase,
since the equipment used and the success criteria are exactly the
same during both phases.

4. If Emergency Coolant Injection fails (event D), then Emergency Coolant
Recirculation doesn't matter, since failure to provide sufficient
injection phase cooling will result in a core melt regardless of what'
happens during the recirculation phase.

These interrelationships reduce the number of sequences from 128 to 28..

The equipment success requirements related to the functions4

*

defined in Table 4.5 and used in the definition of fault tree " top events"
are shown in Table 4.ti.,

There are five nonmelt sequences, indicated on Figure 4.3
by the "S" in the Result column. For all these sequences, core melt is
prevented by success of Reactor Subcriticality (shutting down the nuclear
reaction), replacing the lost coolant by means of Emergency Coolant
Injection, maintaining the water level above the core and removing decay
heat by Emergency Coolant Recirculation, and preventing containment over-

pressure by the Reactor Building Spray System or the Reactor Building Cooling
System.

j There are four possible nonmelt sequences, indicated in Figure 4.3
' by the "?" in the Result column. These sequences are similar to those

mentioned above, except that containment overpressure is not preventedo

*,

'.
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; (both the Reactor Building Spray System and the Reactor Building Cooling
System fail), resulting in containment overpressure and rapid flashing in

,
,

the sump. Core melt will occur if this flashing causes the Emergency

| Coolant Recirculation pumps to cavitate and fail. Because there is
substantial disagreement over the ability of these pumps to survive this
scenario, these sequences are evaluated as core melts for the purposes of,

this report.<

4

Table 4.6 Definition of ECCS Equipment Success Requirements
for LOCA Events in Crystal River-3

INJECTION PHASE RECIRCULATION PMASE

! LOCA CONTA!hMENT POST ACCIDENT EMERGEhtY CONTAINMENT POST ACCIDENT EMERGENCY

SIZE OVERPRESSURE RADIDACTIVITY CORE OVERPRESSURE RADIDACTIVITY CORE

PROTECTION REMOVAL COOLING PROTECTION REMOVAL COOLING

04* *
(0.037ft') 1/2 REACTOR 1/2 R351 1/3 HIGH PRESSURE 1/2 REACTOR 1/2 RB5R 1/3 HIGH PRESSURE

BLDG. SPRAY INJECTION (HP!5) BLDG SPRAY RECIRC. (HPRS)
84 LOCA RECIRC. W/ ASSOCIATED LPRS|NJECT!01 (RS$1) .........

OR for (RB5R) WITH TRAIN AND LPRS HEAT

.008f t <D<.015f t2 LOW PRES $URE EXCHANGER e2
1/3 dACTOR REC!RC. (LPR5)
3LDG. FM 2/3 HPIS MAY BE H# EmW'
COOLER (RBCS) REQUIRED gp

__

1/3 RBCS

4 *- 8. 5' D 1/3 HP15 1/2 LPR5 AND LPRS
HEAT EXCHANGER( .037 .4 f t') MD

j. 83 LOCA E
1/2 LOW PRESSURE

INJECTION (LPIS) 1/2 LPRS AND
1/3 RBCS

j

8. 5 *-13. 5, D 2/2 LPIS
(.4-1.0ft ) _O.R.

02 LOCA 1/2 LPIS AND,

I 2/2 CORE FLOOD
TANKS (CFT)

... . ........ ....

CFT BREAK,
CFT L!hE BREAK

;

1/1 LP15 AND 1/1 CFT 1/1 LPPS etc.'

!

13. 5** 36 " O 1/2 LPIS
(1.0- ?.1 f t') AND

2/2 CU
B| LOCA

\/ V Vy' Nf*

.

*

!
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4.4 Special Events

This section presents the analyses of the last three initiating
d * events indicated earlier in Section 4.1.

* 4.4.1 Interfacing Systems LOCA (Event V)

An interfacing systems LOCA is a breach of the highpressure reactor,

cooling system boundary at its interface with the low pressure cooling
system; it results in primary coolant being discharged directly outside of,

the containment.I The potential for this event at Crystal River-3 was
analyzed, and the event rejected as a signficant contributor to risk. The
only locations susceptible to Event V are the low pressure injection lines
which are connected to the reactor Coolant system piping. These are
illustrated in Figure 4.4.

,

1

|_ CONTAINMENT i
WALL

y

!* I n n
|I ,it"!

F%"t|
*

| 1AN .1A~<.

| |
:

CFV-5 CFv-6

I O
CFV-2 CFV-4

DHV 6DHV-6

IN N- -14 'A g.
I DHV 2 CFV-1 CFV-3 DHV 1

! "'t.c'a" ;m- V s
| |i pacssuar patssunt-

TAP TAP l
|

| | | |

!I V | !
' *

w|--+ PRE RE PRE RE h ---$> PRESSUREPRESSURE
PtPING PIPING PlPtNG PIPING

FIGURE 4.4. INTERFACES BETWEEN REACTOR COOLANT SYSTEM
f 4 AND LOW PRESSURE SYSTEMS

's
;

i

I This event is called Event V because it is analogous to the LOCA so
designated in WASH-1400

,

l
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I

In order to Event V to occur, the reactor coolant must flow through
the protecting check valves CFV-3 and DHV-1 (or CFV-1 and DHV-2) and

; through the isolation valve just outside the containment wall, DHV-5 (or
*DHV-6), which will rupture the low pressure piping, cause the loss of

primary coolant outside the containment, and result in an eventual core4

'
melt. For the sake of simplicity, the rest of the analysis is discussed
in terms of the path through CFV-3, DHV-1, and DHV-5. The other path is
symmetrical in every way, so that the total probability of Event V is
twice the probability of the analyzed path.

A fault tree representing Event V for the analyzed path as
constructed, taking into account the following information.

- During startup, the pressure between valves CFV-3 and DHV-1;

is checked by means of a pressure tap located between the valves.
pressure greater than 650 psi would indicate to the operator
that CFV-3 has failed to reseat.

i - A failure of valve DHV-1 to reseat during startup would result
; in loss of level aid pressure in the core flood tank if the tank

is properly aligned and functional. These conditions are alarmed
to alert the operator.

.

The assumptions listed below concerning operator actions and system
operations were made when the fault tree was constructed:

- The operator has the opportunity to close valve DHV-5 and
isolate the break if he can diagnose the situation from
available information within approximately ,20 minutes.

- In the event that both DHV-1 and CFV-3 fail to reseat
during startup, the reactor would trip before significant,

power levels had been reached, and the accident would be.

successfully averted. (The low pressure piping would rupture
very early in startup since the RCS reaches its full operating

| pressure of 2200 psig at less than 15 percent power and the
low pressure piping is designed for only 600 psig.)

:
- The plant g)oes all the way to cold shutdown once per year| (to refuel and it is at full pressure the rest of the time.

The result of the analysis is an estimated frequency of Event V
.

j of 2.0 E-9 per year, which is inconsequential for this study. The fault
tree is shown in' Figure 4.5 and the fault data is given in Table 4.7.

! '

|
4
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It is noted that there may be other locations where interfacing
systems LOCAs may occur which may be of comparable significance to the
very small frequency calculated for Event V; e.g., the residual heat,

removal suction lines. However, any initiating event of this type and
order-of-magnitude would not be significant to the results of the study,

because of the much larger frequencies for ordinary LOCAs and transient-
events.

4.4.2 Vessel Rupture

A reactor vessel rupture event is defined as a vessel rupture
large enough to negate the effectiveness of the emergency core cooling
systems required to prevent core melt, or a rupture of sufficient primaryi

coolant piping in a pattern that negates the effectiveness of those same
systems. The potential for this event at Crystal River-3 was considered

- and rejected as a significant contributor to risk--for reasons similar
to those described in Section 4.4.1 for rejecting the interfacing systems

,

i LOCA as a significant contributor to risk. The Reactor Safety Study

assessed vessel rupture at 1.0 E-7/yr (median). Since probabilities of,

less than 1.0 E-7/yr were considered to be negligible in the present
1 analysis (see Section 5) and we believe the Reactor Safety Study's value
| of 1.0 E-7/yr to be conservative, it was considered appropriate to

eliminate vessel rupture from further consideration as an initiator.

,

It is noted that the possibility of reactor vessel rupture at
pressure due to thernal shock, a subject of intense debate at the time
of publication of this report, was outside the scope of the analysis
and was not considered in this study.

.

*

,

i
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Table 4.7 Fault Summary Sheet for Event V Fault Tree
for Crystal River-3

_ __ __

b

FAULT DESCRIPTION DETECTION INTERVAL COMMENTS FAILtJRE RATE

.____

<
CFV3FR, check valve CFV-3 demand failure fault implies valve lE-4/ demand - l E-4/yr

has been opened (failure to reseatDHVIFR (OHV-1) fails to (1 demand /yr) during shutdown assuraed equal to
reseat during because of low pressure failure to open)
startup. systems check at refueling

4 hr between 1E-8/hr + IE-4/yr
CFV 3RUP, check valve CFV-3 -1 year at pressure the use of 10

4 hrs) tests is highly con-
CHVIRUP (CHV-1) ruptures (use 10

while plant is at servative but covers
operating pressure, the possibility of
allowing backflow long operating times
through the valve between test 6. De-

tection of these
ruptures between
tests is assumed unlikely.

CFv4FC check valve CFV-4 demand failure valve operability 1E-4/ demand

(core flood tank checked imnediately

"B" check valve) prior to repressur-

fails in the closed izing for operation,
state, preventing thus valve would
flow from the tank. have to fail closed

immediately after
testing in order to
prevent detection of
stuck open DHV-1

OPDHV5FC the operator fails demand failure operator has at least IE-1/ demand
20 min. (very conser-to determine the vative) to act. Mostcause of primary
noticable indications

% coolant loss and
fails to close would be high radia-

tion alams in select-valve OHV-5 to
isolate the loss ed areas of auxiliary

building.
O

DHV5FC valve CHV-5 fatis demand failure valve design is sufficient IE-3/ demand
to close at reactor operatingto close given

that the operator pressure,

tries to close it

OPFCP operator forgets demand failure step included in startup 1E-2/ demand

procedure,to check the pres-

sure between valves
CFV-3 and CHV-1

OPFNP given that the demand failure normal pressure should be 3E-3/ demand
be around 650 psi, faulted

pressure bet.een pressure would be around
CFV-3 and DHV-1 2200 psiis high (CFV-3
has failed open)
the operator f ails
to notice this
when he performs
the pressure check

PMFL pressure meter demand failure same as above 3E-3/ demand

used for check is
failed low or mis-
calibrated

CPCFV6LC operator leaves demand failure mentioned in at least 2
valve CFV-6 (core prompt detection startup procedures;

c
flood tank isola- (co.dition alarmed) If valve closed as pressure

increases above s 750 psi.
tion valve) closed condition is alarmed
efter startup.,

e

OPFNAL P given that OHV-1 is demand failure both low level and low pres-

failed open and core prompt detection sure in CFT are alamed

flood tank (CFT) is/ properly lined up
and f unctional, the
operator fails to
notice the decrease
in CFT level and
pressure
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4.4.3 Steam Generator Tube Rupture '

A steam generator tube rupture is defined as a break in the

interface between the primary and secondary systems in a steam generator.
,

An examination of this initiator resulted in the determination that the
basic plant behavior is similar to that for a loss of PCS transient, so

,

that a separate' evaluation is not required. This results from the
following logic:

The RCS is blowing down into the secondary system, whiche

has a back pressure of about 900 psig. Blowdown therefore
terminates at 900 psig instead of the 40 psig of a LOCA
(which blows down to the containment), resulting in much

| less coolant being lost. Available information from the
FSAR seems to indicate that the pressure will equalize
before the core is uncovered and ECCS reflood will not be.required.

In order for the initiator to become a noncoolable LOCA,e

a relief valve in the secondary cooling system which cannot!

be isolated must fail to close. This requirement for an
additional failure makes the_ entire sequence a low probability
event.

Steam generator tube rupture is thus eliminated from consideration as '

| a separate initiator.

.

4.5 Containment Failure Modes

The containment failure modes considered in this analysis are

identical to those in WASH-1400. The five types, listed in Table 4.8
below, are briefly described in the following text. The reader who

>

desires additional detail is referred to Appendix VIII of WASH-1400.

Table 4.8 Containment Failure Modes

! Failure Mode Symbol

Vessel Steam Explosion u

Containment Leakage 8
.

Hydrogen Burning Y

3Overpressure 6

Mel t-through '

4-2A
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The five possible ways in which the containment can fail following
a core melt accident sequence are considered in the event tree construction

process. To minimize the comolexity of the event tree, however, a separate,

tree is developed for the containment and subsequently combined with the
accident sequences defined in the system level event tree. The containment

,

I event tree developed for CR-3, shown in Figure 4.6, is identical to the PWR

containment event tree in WASH-1400.

!
'

.

-

VE55EL STEM CD'sTA!NMENT HYDROGEN OVERPRESSURE MEL T THROUGH
L WGE BunNING

EXPLOSION

,

. e v 6 .

.

6

) h
I T

f

a-

.,
,

i

!

Figure 4.6 PWR Containment Event Tree (Ref. 4-1)

i

When the accident sequence and containment event trees are

| limked, it is necessary to consider the conditional dependencies that exist
between the systems involved in each accident sequence and the containment,

and to modify the containment tree for the various accident sequences. In

other words, not all possible containment failure modes are possible for

| each accident sequence. For example, an accident sequence initiated by a.

small pipe break followed by success of emergency injection and recirculation

| *
!

|
| 4-25
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would not involve consideration of containment rupture due to a steam
explosion in the vessel since the reactor core was reflooded after the
initiating event and emergency coolant recirculation (including residual

,

heat removal) succeeded.

Linking of the function / system level event tree and the containment -

event tree results in defining the set of complete accident sequences for
the particular initiating event being considered. Each complete sequence

consists of a combination of an initiating event, a sequence of system
failures, and a containment failure mode, e.g. , B S -7*42

The five containment failure modes are briefly defined as follows:

Containment Rupture Due to Vessel Steam Explosiona-

A violent interaction between a large quantity of molten
core material (U0 ) which falls into a pool of water2
remaining in the Tower reactor vessel head results in a
steam explosion in the vessel and rupture of the containment
by large vessel fragments or the upper vessel head.

Serious consequences are possible from this containment
failure mode because of the early containment failure and e

the early and energetic dispersal of the core into the
containment atmosphere and the environment.

,

8- Containment Leakage

A leak rate from the containment large enough to preclude both
hydrogen burning and containment failure by overpressurization.

WASH-1400 assumed that a leak rate of 200% per day, which
is approximately equivalent to a hole in the containment
3.6 to 4 inches in diameter, was sufficient to meet this
criterion.

y- Containment Rupture Due to Hydrogen Burning

The combination of existing high pressure from steam
and noncondensible gases (hydrogen and carbon dioxide)'

with energy generated by the burning of hydrogen in a
core melt sequence near the end of the meltdown period
results in a pressure increase sufficient to rupture e

containment.

The steam is generated by decay heat from the molten *
core; hydrogen is formed by water reacting with zirconium
and steel; and carbon dioxide is formed by molten fuel
interacting with the concrete in the containment floor.

4-26
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.

6- Containment Rupture Due to Overpressure

The buildup of pressure within the containment from
steam and noncondensible gases (hydrogen and carbon'

dioxide) results in rupture of the containment.
r-

c- Containment Rupture Due to Meltthrough

The inevitable result of core melt, which will occur
whether or not the containment was ruptured by another -
failure mode, or whether or not containment leakage
prevented an overpressure rupture.

This failure mode is placed last on the containment event
tree because it will generally occur last and not
contribute significantly to consequences.

4.6 Radioactive Release Categories

The radioactive release categories utilized in the CR-3 evaluation
are those defined in WASH-1400 for a PWR. We did not redefine or modify

'

them in any way. Although nine release categories were defined in WASH-1400
for the PWR, only seven include accident sequences which result in core*

mel t. These seven are the categories of interest to this study.
.

The categories are numbered PWR-1 through PWR-7, with PWR-1 having

the most severe consequences and the others progressively less severe
consequences, although the differences between categories are not easy to
describe or quantify. The differences between categories are not constant
or necessarily directly related due to the differences in the way they
affect different types of consequences, e.g., short- or long-term health
effects, land contamination, etc. A brief but moderately detailed
description of the seven release categories of interest is provided in
Table 4.9 for the convenience of the reader. An abridged discussion (from
reference 4-5) which characterizes the release categories follows below.
A more complete description and discussion of the release categories is
contained in Appendix VI of WASH-1400 (Ref. 4-5). The reader is referred

f, to that document for complete details.

| 4
,

4-27

. . - _ . . - . -- - - __ __ . - - . - . . .



"The release categories are generic classes of hypothetical accident
sequences characterized by several parameters, the first of which

,.is release magnitude. The others 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 refers to the time interval between the
start of the hypothetical accident and the release of radioactive
material from the containment building to the atmosphere; it is
used to calculate the initial decay of radioactivity. The
duration of release is the total time during which radioactive

,! material is emitted into the atmosphere; it is used to account for
continuous releases by adjusting for horizontal dispersion due to
wind meander. These parameters, time and duration of release,
represent the temporal behavior of the release in the dispersion
model. They are used to modela " puff" release from calculations of
release versus time.

The warning time for evacuation is the interval between awareness
of impending core melt and the release of radioactive material from

. the containment building. Finally, the height of release and the
'

energy content of the released plume gas affect the manner in which
the plume would be dispersed in the atmosphere.;

Table 4.10 lists the leakage parameters that characterize the -

seven PWR release categories considered. It should be understood that
these categories are composites of numerous event tree sequences with

| similar characteristics. " '

i

e

I
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Table 4.9 PWR Category Descriptions (4-5)

nm 1

This release category can be characterised by a core meltdown followed by a steam() esploaton on contact of molten fuel with the residual water in the reactor veses1.-

removal systems are also assumed to have failed and,The containment apray and heat
therefore, the containment could be at a pressure above ambient at the time of the
steam esplosion. It is assumed,that the steam emplosion would rupture the upper ,
portion of the reactor vessel and breach the containment barrier, with the result

Q- th a t a substantial amount of radaoactivity enght be released f rom the containment
in a puf f over a period of about 10 minutes. Due to the sweeping action of gases
generated during containment-vessel melttarough, tne release of radioactive materials
would continue et a relativelv low rate thereafter. The total release would contain
appscatmately 704 of the iodines and 40% of the alkali metals present in the core
at the time of release.a Because the containment would contain hot pressurised
gases at the time of f ailure, a relatively high release. rate of eensible energy
f rom the cont ennment could be associated with this category. This category also
'ncludes certaan potential accident sequences that would involve the occurrencei

of core melting and a steam emplosion af ter containment rupture due to overpressure.
In these saquences, the rate of energy release would be lower, although still
relat avely high.

Pws 2

This category la associated with the f ailure of core-cooling systems and core
melting concurrent with the failure of containment spray and heat-removal systems.
Failure of the containment barrier would occur through overpressure, causing a
substantial fraction of the containment atmosphere to be released in a puf f over
a peraod of about 30 minutes. Due to the sweeping action of gases generated during
containment vessel meltthrough, the release of radioactive material would continue
at a relatively low rate thereafter. The total release would contalp approximately
70% of the iodines and $04 of the alk'ali metals present in the core et the thee of
release. As in PWR release category 1 the high temperature and pressure within
containment at the time of containment failure would result in a relatively high
release rate cf sensible energy f rom the containment.

Pws 3

This category anvolves an overpressure f ailure ef the contathment due to f ailure of
con t ainment heat remove'. . Containment f ailure uould occur prior to the commencement
of core melting. Core melting then would cause radioactive materials to be released
through a ruptured containment barrier. Approminately 20% of the iodines and 20% of the
alkalt metals present in the core at the time of release would be released to the
atmosphere. Most of the release would occur over a period of about 1.5 hours. The
release of radioactive material f rom containment would be caused by the sweeping

Sinceactson of gases generated by the reaction of the molten f uel with concrete.
these gases would be initially heated by contact with the melt, the rate of sensible
energy release to Ohe atmosphere would be moderately high.

<
PWs a

This category involves f atture of the core-cooling system and the containment spray
injection system af ter a loss-of-coolant accident, together with a concurrent
fatture of the containment system to properly isolate. This would result in thea release of 94 of the iodines and 4% of the alkali metals present in the core at the
time of release. Most of the release would occur continuously over a period of
2 to 3 hours. Because the containment reca rculation spray and heat-removat systems
would operate to remove heat from the containment atmosphere during core melting,
a relatively low rate of release of sensible energy would be associated with this
ca t egory .

PWE t

This category tavolves f ailure of the core cooling systems and is similer to PWR
release category 4, except that the coetainment spray injection system would operate
to f urther reduce the quantity of airborne radioactive material and to initially

temperature and pressure. The containment barrier would havesuppress containsect
a large leakage rate due to a concurrent f ailure of the containment system to properly
isolate, and most of the radioactive material would be released continuously over
a period of several hours. Approutmately 34 et the iodanes and 0.9% of the alkali
metals present in the core would be released. Because of the operation of the
containment heat-removal systema, the energy release rate would be low.

rus 6

This category involves a core meltdown due to f ailure in the core cooling systems.
The containment sprays would not operate, but the containment barrier would retain
it s integrity untti the molten core proceeded to melt through the concrete containment
base sat. The radioacto saterials would be released into the ground, with some

,

|
1eakage to the atmospha. occurring upward through the ground. Direct testage to

I the atmosphere would also occur at a low rate prior to containment-vessel meltthrough.
( most of the release would occur continuously over a period of about 10 hours.

The release would LActude approsisately 0.00% of the iodines and alkali metals
j present in the core at the time of release. Because leakage from containment to

the atmosphere would be low and gases escaping through the ground would be cooled
by contact with the soil, the energy release rate would be very low.

PWR 3

This category te similar to PwM release category 6, except that containment sprays
would operate to reduce the containment temperature and pressure as well as the
amo un t of airborne radioactivity. The release would involve 0.0024 of the iodines

f G and 0.001% of the alkali metals present in the core at the time of release. Most

,

of the release would occur over a period of 10 hours. ha in PwR release category 6,

|
the energy release rate would be very low.

3The release f ractions of all the chemical species are listed in Table 4.10 e
4 The release f ractions of iodine and alkali metala are indicated here toi

illustrate the variations in release with release category.

t

>
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i 5.0 FAULT AND EVENT TREE QUANTIFICATION PROCEDURES
$

An overview of the fault tree analyses of Crystal River-3 is provided
in this chapter. The analytical techniques, the basic assumptions and the

,

sources of data used in obtaining point estimates of safety system unavailabili-
ties are described first. With a few exceptions, the basic approach is the
same as that used in the Reactor Safety Study (5-1). The second section outlines
the organization and structure of the Crystal River fault trees and gives
some intermediate results. It also serves as a guide to the appendices which

I contain the bulk of the analysis and results pertaining to individual systems.
'

Next, the procedures for analyzing accident sequences are discussed and the
results are presented. Finally, the detailed analysis of a selected set of
operator faults is discussed.

.

5.1 ANALYTICAL METHODS FOR ESTIMATING PRIMARY EVENT PROBABILITIES

Point estimates of CR-3 safety system unavailability or unreliability
were obtained. Single failures, and active double component failures that,

would fail the system were quantified, as were operator and human faults,
test and maintenance outages, and failures of supporting systems, such as-s

AC and DC power, which would contribute to safety unavailability.

: 5.1.1 FAULT TREE DEVELOPMENT

Detailed fault trees were developed for each system to a level of
detail sufficient to identify possible common mode or common-cause failures.
Simplified fault trees were then developed from the detailed trees. The

'

simplified trees contained only single active and passive faults, double active

faults, test and maintenance outages, and common mode failures. The faults
appearing on the simplified fault trees were then grouped by type into modules,

( to aid in the quantification of the event tree sequences. Each module consists
'

of one or more faults, usually under an OR gate.1 The modules were constructed
|

.
.,

I 1Boolean algebra operations discussed in the text are written in capital
letters and underlined, e.g., OR_, AND, to eliminate possible logical ambiguity,

with text.,

i

t

I

5-1,

|
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a

i

to be completely independent of each other. That is, all faults appearing
in a particular module appear in no other modules on any fault tree, although
a module may itself appear in more than one fault tree. The intent in con- <

structing the modules was to collect the maximum number of faults under a
particular OR gate such that the module remained independent of all other e

i modules. For example, on any one tree separate modules would be constructed

for single hardware faults that appear in only one system and for single hard-
ware faults that appear in more than one system. The faults on each side
of a double would be collected into two separate modules. Operator errors
were each expressed as separate modules for the sake of visibility. Inter-
facing system faults were expressed as separate modules for each train of
the interfacing system (i.e., AC power was modularized as ACA and ACB, for
AC train A and AC train B, respectively).

Construction of modularized fault trees reduced the number of terms
in the Boolean equation representing the fault tree and resulted in a tract-
able Boolean reduction effort to evaluate the event tree sequences. Even

'

so, a Boolean reduction computer code was required (5-2).
The types of modules contained in a typical tree are illustrated ,

in the generic modularized fault tree presented in Figure 5.1. These modules

| and their evaluation are described in the following paragraphs. The single r

| hardware failures generally did not contribute to safety system unavailability.
Single failures generally consisted of pipe or tank ruptures with very small
failure rates; in many instances failure modes are monitored. The NRC single
failure criterion generally prohibits single failures that would result in'

safety system failure.
Individual train faults or outages were partitioned into at least

four categories, as shown in Figure 5.1. These four categories are: a) single
faults, both hardware and human, that fail a train; b) maintenance outages
that leave a train unavailable or result in a less redundant system for the
duration of maintenance; c) test outages that remove a train from service
for the test duration; and d) interfacing system faults that fail a train,
such as faults in the corresponding trains of AC power, DC power, or component
cooling. -

,

5-2
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Figure 5.1 Generic Modularized Fault Tree for " Safety System Fails or Unavailable"
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5.1.2 QUANTIFICATION DATA BASE

The principal data base employed in the Crystal River-3 analysis
'for component failure rates was the IREP data base (5-3). With the exception

of failure rates for safety valves and turbine-driven pumps, this data is
'taken from WASH-1400 (5-1). The data is reproduced here in Tables 5.la and 5.lb.

use of plant specific data was considered for: (1) emergency power

from the on-site fossil units 1 and 2; (2) emergency diesel generators; (3)
emergency feedwater turbine pump; (4) batteries, and; (5) maintenance outage
frequency and duration of active mechanical components. Each of these are

described below.

Emergency AC Power from Units 1 and 2

Examination of the operating availability history for CR-1 and CR-2
from the EEI data shown in Table 5.2 yields availability figures of .827 and
.848 respectively (5-4). Based on this limited information, availabilities
of 80% (or 20% unavailability) were used for each unit.

Information from the plant also indicates that there have been two occur-
,

rences of loss of offsite power during the period when the fossil units were in
operation and before CR-3 came on-line. On each of these occurrences,'one
of the fossil units (net the same one) tripped while the other ran back and
stayed on-line. Based on this very limited sample, we have estimated a prob-
ability of 0.5 for each fossil unit failing to successfully run back and stay
on-line when off-site power is lost.

Emergency Diesel Generator _s

The WASH-1400 diesel demand failure probability of 3E-2/d was used

for the initial CR-3 accident sequence assessments. Because diesel failure
appears in dominant cut sets of dominant accident sequences, plant specific
data were reviewed for diesel failure Licensee Event Reports indicate 6 failures
to start in 213 demands, yielding an estimated failure propability of 2.8E-3/ demand.
For practical purposes, this is essentially identical to the IREP/ WASH-1400
figure, which was therefore used in the final analyses. .

The possibility of non-independent diesel failure probabilities
is discussed later in connection with the common-cause data base. -

5-4
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; Table 5.la - Mechnical Component Failure Rate Data
(from WASH-1400, Table III _4-1)'

I AlWRI 6

ComPontaf & FAILuaE MUSE RATE ASSEl5ED J
TYPE RANGE mEBl&# (F

pumps (thCLuMS DRIVER):
MOTOR S TuR3thE D4tytm (GEhERIC CLAllis

i F AILu'E TO STAAT ON DEMANDt - . D (A) 3E4 3E-3 1E-3 3

FalLURE TO RUN, 61vEN $ TART (NORMAL Envl#0hmENTsh 0 3E-6 3E-4 3E-5 10

| 6 FAILURE T0 tun, 61vE4 START, (EnfaEME, POST
ACCIDE%f ENv!NON4EhT5 INSIDE CONTAlhMENT) 0 1E-4 IE-2 IE-3 10

FAILeaf TO RJM, Elvf 4 START (PCST ACCIDENT, AFTER
t' E=vla0mmEmTAL REC 0vtav) 0 3E-5 3E-3 3E-4 10

ThaBabs Driven PumPBsQ
3;AFAILURE To sTatt ca DEu=Ds D IE-3 IE-2 3E-3 A

;
FAILURE TO AWN, GivE4 START (NORMAL EMv!RONMEtT) 0 1E-5 IE4 3E-5 3:

v&LVES:

MOTOR OPERATED:

FAILURE TO OPERATE (INCLUDES DRIVER): D (s) 3C-4 3E-3 IE-3 3

FAILunt TO REMAIN OPEh (PLu6): D (C) 3E-5 3E4 IE4 3

FAILURE TO At=Al4 CPE4 (Plu6): s IE-7 IE-6 3E-7 3

RuefuRE S 1E-9 IE-7 IE-8 10

$0LE40!D GP'ERATED:

FAILunt TO OPERATE: D (D) 3E-4 3E-3 IE-3 3

FAILURE TO REMAlm OPEN (PLb6): D 3E-5 3E4 IE-4 3

avefuRE r s IE-9 IE-7 IE-8 10

1

Alt-FLulD OPERATED:
FAILURE TO OPERATEI D (al 1E-4 IE-3 3E-4 3

} FAILURE TO RE9 Alm OPEN (PLUG): D 3E-5 3E-4 IE4 3
/

I Faltual 70 nEsim CPEg (Plush s 1E-7 1E-6 3E-7 3

RuPTJREI s 1E-9 IE 1 IE 8 10!

CNECE VALVE $tt
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Table 5.2 Operating Availability History Datal
for Crystal River Units 1 and 2

,

:

'' Operating' Availability (%)

Year Fuel CR-1 CR-2
,

1967 coal 89.1

1968 coal 78.0

1969 coal 86.6

1970 ccal 66.0 89.3

1971 coal 90.8 74.4

1972 coal 83.9 88.3

1973 oil 85.3 76.4
'

1974 oil 79.4 92.5
1975 oil 85.3 88.0

Avg = 82.7 Avg = 84.8

I
.

Source: Edison Electric Institute, Reference 5-4
4

i

!

i
1

|

| Emergency Feedwater Turbine Pump

The WASH-1400 data base does not distinguish turbine pump faults

from failures of other kinds of pumps. Turbine pumps faults are, however,
given in NUREG/CR-1205 (5-5). This reference gives a value of 2E-2 as the
failure-to-start probability for turbine pumps used in B&W plants. This is

,

approximately an order of magnitude larger than the pump failure-to-start
i probability given in the WASH-1400 data base. The CR-3 plant-specific data

presented in NUREG/CR-1205 indicates 6 failures out of 15 turbine pump demands,
,

!

,

,

4

I 5-7
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which would give an estimated failure-to-start probability of 0.4. However,

this plant specific number is considered too high for several reasons:
4

e The estimated number of demands (15) is probably smaller than
the number which actually occurred. The number supposedly +

includes only those demands explicitly required by technical
specifications

e The number of failures probably reflects a significant burn-in

effect, whereas our analysis is intended to represent a steady
state condition of the plant

e The relatively small number of demands could lead to a
significant deviation from the mean value of turbine pump
failure probability.

Based on these considerations, it was decided to use the more generic turbine
pump failure-to-start probability of 2E-2 for B&W plants, which includes the

CR-3 experience. It is believed that this number more closely represents
the steady state turbine pump failure probability for CR-3 than the plant -

specific value estimated from the incomplete data. which does not fit our
modeling assumptions. *

Batteries

Battery faults also appear in dominant cut sets of dominant accident

sequences. The original sequence evaluation used the IREP/ WASH-1400 battery

failure rate, which is derived primarily from lead-acid battery history. The
CR-3 batteries are of the lead-calcium type. Insufficient plant-specific

data were available from CR-3 battery history (approximately 2 years of
operating history) to estimate a failure rate for the CR-3 lead-calcium batter-
ies, but some general data were located (5-6,5-7) that indicated the failure
rate of lead-calcium batteries is essentially the same as the rate given by
IREP/ WASH-1400 for lead-acid batteries; this value was therefore used.

.

*
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Maintenance Outage Frequency and Duration

Plant-specific data on scheduled maintenance frequency and outage.
,

duration for major active components were obtained by written communication
from the plant (5-8,5-9). These data suggest an average frequency of scheduleds

maintenance of about 2.0E-2 acts per month per component in emergency core
cooling systems and about once per quarter per train for the emergency feed-
water system. Average outage durations are approximately 7 hours for valves
and 19 hours for pumps. Diesel maintenance is not scheduled while the reactor

'
is operating and therefore does not contribute to unavailability.

Unscheduled maintenance contributions are negligible and were not
individually assessed.

Human Error Data Base

The basic data base used for the assessment of human and operator
errors was taken from WASH-1400, and augmented by subsequent further analyses

of operator errors appearing in dominant cut sets of dominant accident sequences.
* The CR-3 analysis distinguished between human errors that occur during routine

operation, such as leaving valves in an incorrect position after test and
'

maintenance, and operator errors committed during the course of an accident
2

in attempting to mitigate the accident. For the initial sequence evaluation,

j operator errors were assessed to be 0.1, 0.01 or 0.001 per act, depending
on the stress factors that were expected to exist for the operations in question,
and depending on an initial evaluation of the procedures pertaining to the
act. For operator errors that appeared in dominant accident sequences, THERP

: (Technique for Human Error Rate Prediction) trees were constructed and analyzed
using human error data from NUREG/CR-1278 (5-10). These analyses are discussed
later in Section 5.4.

The assessment of common mode double human errors was generally

performed using a 8-factor, for coupled errors, of 0.1. The 8-factor is the
i conditional probability of the second error, given the first. This differs

from the root mean square method employed in WASH-1400, although the numerical*

results are similar.
.

!
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Common-Cause Data Base

Certain valves and pumps on redundant trains of systems were assessed ,

assuming coupled (non-independent) failure probabilities. In the initial

assessment, to obtain an order-of-magnitude indication of the impact of common- ,

cause, a 8-factor of 0.1 was used throughout to couple pumps and valves with
potential common-cause failure modes. This vi.lue of the 8-factor was based
on information in reference 5-11.

Prior to the final analysis, references 5-12 and 5-13 were reviewed,
and the information incorporated into the final common-cause analysis. Refer-
ence 5-12 indicates that diesel failures appear to be essentially uncoupled,
and therefore the final CR-3 diesel assessment was performed assuming no con-

tribution from common-cause failures of both diesels. The 8-factor for common-
cause failures of pumps in redundant trains, and for major valves in redundant
trains, was assigned as 0.1 for the final analysis. This value is in line

with reference 5-11, and is within the error bounds of the information contained

in reference 5-12

.

Procedures and Technical Specifications

The CR-3 proceduresl and Technical Specifications (5-14) were "

reviewed and information contained therein was used as part of the analytical
data base. Procedures, as well as information obtained 6n plant visits, were
used to assist in assessing human errors. The plant surveillance requirements
were used to obtain component test periods to assess the test outage contri-
butions, and to assess component unavailabilities having per hour failure
rates. (Per demand component failure probabilities were used directly from
Table 5.1). Actual plant surveillance practice was incorporated into the
analysis for diesel generator testing, since the plant tests these components
more often than the Technical Specifications require.

I
The procedures types used in the analysis included operating (OP-series) , -

emergency (EP-series), abnormal (AP-series), maintenance (MP-and PM-series),
and surveillance (SP-series) procedures

+
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| 5.1.3 EVALUATION OF HARDWARE FAULTS

Point estimates of component hardware unavailabilities were evaluated
assuming exponentially distributed times between failures. Fault duration"

=

times of one-half the test period were used throughout to estimate average
unavailability. It was assumed that tests involve an entire train, so that*

every component in the train is tested. Unavailability point estimates qc'
for components having per hour failure rates were evaluated as:

qc * [oT (1 - * t)dt : AT/2

where: qc = component average unavailability
,

component failure rate (per hour)A =

period between tests of the camponent (hours)T =

The above approximate expression for qc is valid for values of AT/2 <0.1,
which was always tb For component failure modes whose failure rates

are more appropria, , expressed in terms of cyclic failure (per demand),,

? such as " pump fails to start" or " valve fails to change position," the demand
.\

failure probability data in Table 5.1 were used without modification.i -

| 5.1.4 EVALUATION OF HUMAN FAULTS

A distinction was made in this analysis between operator errors
and human errors. Operator errors are defined'as errors involving direct
and active misoperation of a safety system (0 9., incorrectly terminating
the high pressure injectian when HPI'is required). Operator errors were shownI

on the modularized fault trees as separate items. Human errors are defined
,

as errors occurring during routine o'peration, such'as leaving valves in the
7

i wrong position after test or maintenance. Coupled human errors that would
I fail both trains of a safety system were grouped with the single faults on

~

the individual trains. '

;

Factors used to guide the quanti.fication of operator errors included
,

~

| a review of operating procedures applicable to mitigating the accident, a
review of other operations that the operator is required to perform concur-

,

rently with the operation being assessed, chances for recovery from the error,
and additional information obtained from discussions with plant personnel.

I

(
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For the initial assessment, operator errors were assessed on an order-of-
magnitude basis. A basic operator error rate of 1.0 E-2 was assumed as the
starting point. This rate was adjusted up or down by an order-of-magnitude

,

depending on the expected influence of the other factors considered. A more

detailed analysis using THERP trees was performed to quantify those operator
,

errors found to be quantitatively significant in the dominant accident sequences.
Each of the THERP trees developed and analyzed is described in Section 5.4.

Human errors committed during routine operation were categorized
as " single faults" within individual trains and were coupled, if appropriate,
when the Boolean equation for the fault tree was derived. In most cases these
faults involved leaving valves in an incorrect position after test or maintenance.
The probability of leaving a single valve in the wrong position was assumed
to be 1.0 E-2 per act (from WASH-1400). This probability was used throughout
the present analysis for this type of human error. A coupling coefficient
of 0.1 was used for the conditional probability of also leaving the correspond-
ing valve in the other train in the wrong position, given the first act. (A

few special cases are treated individually as they arise.) However, this
conditional probability was used only for those cases where the trains are

,

tested or maintained sequentially. Staggered testing is performed on redun-
dant .ubsystem trains in most cases so that human errors of this type do not ,

contribute significantly to safety system unavailability. (CR-3 uses standard
Technical Specification, which specify staggard testing.)

5.1.5 EVALUATION OF COMMON-CAUSE FAULTS

Certain hardware faults on each of two redundant trains were assumed
to be coupled. These cross-train coupled hardware faults were also included
in the " single faults" category on each train and were coupled when the Boolean
equation for the fault tree was derived. The S-factor, or conditional prob-
ability of failure approach, was used to assess coupled hardware faults. Not
every major cross-train component pair was assumed to have coupled failure,

modes. Only major pumps and valve pairs (generally at an interface with another
system) being exposed to conditions with potential for failing both components
were assessed for common-cause failures. A6-factorof0.1wasusedthrough5ut, '

,

where coupling was assumed, for the conditional probability that the second
'

pump or valve fails, given that the first failed.

5-12
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5.1.6 EVALUATION OF TEST AND MAINTENANCE OUTAGES

Scheduled maintenance outage contributions to single train unavail-
' ability were assessed for pumps and motor-operated valves that undergo scheduled

maintenance during normal plant operation. The maintenance contribution to
' single train unavailability for a component in that train, qm, was assessed

as:

q* * f.tm
720

where: f = frequency at which scheduled maintenance is performed
(acts / month;f/720= acts / hour)

t = average outage time per maintenance act (hours)m

Only major components on which maintenance can be performed without violation
of Technical Specifications or reasonable safety constraints were assumed
to be maintained when the reactor is operating.

Maintenance contributions to the unavailability of each train were
assessed and then combined in the Boolean equation representing system failure.
Cross-maintenance terms, representing simultaneous outage of both trains,*

were removed from the Boolean equation since this is prohibited by Technical
Specifications. Terms representing maintenance of one train at the same time*

that the other train is out for test were also removed for the same reason.
This is not to say that Technical Specifications are never violated. But
we expect, and therefore assume, the probability of these events is small
compared to the total unavailabilitites.

Test outage contributions to single train unavailability were assessed
for tests that removed the entire train from service. The test times used
throughout were those assumed in WASH-1400. Test frequencies were obtained
from the CR-3 surveillance requirements (5-14) for each safety system.

The test contribution to single train unavailability, qt, was assessed
as:

t

9t = T,

P
'

where: tT = single train outage time per test (hours)
P = test period (time between tests of the train)(hours)

,
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Test contributions to the unavailability of each train were assessed
,

| and then combined in the Boolean equation representing system unavailability.
! As in the assessment of maintenance contributions, cross-test terms representing ,

;

'simultaneous outages of both trains were removed from the Boolean equation
i since this is prohibited by Technical Specifications. Terms representing ,

test outages in one train at the same time that the other train is out for

maintenance were also removed for the same reason.

i

5.1.7 EVALUATION OF INTERFACING SYSTEM FAULTS

Interfacing system fault contributions to safety system single train
unavailabilities were assessed where they resulted from the failure of AC
power, DC power, component cooling, or core heat removal. Fault tree analyses
were performed on these systems and point estimates of system unavailabilities
were obtained.

The AC power and DC power systems are essentially redundant two-

strain systems. Generally, the A and B trains of these systems provide power
to the corresponding trains in the safety systems, i.e., AC power Train A
provides power for Train A of the safety systems, while AC power Train B pro- *

vides power to Train B of the safety systems. AC power is required to run |

'pumps and reconfigure AC operated valves, while DC power is required to recon-
figure DC operated valves and actuate circuit breakers. DC power is also
required for AC power success when the accident sequence is initiated by loss
of offsite power. DC power fault contributions were included in the assess- t

ment of AC power unavailability. Component cooling is supplied by one of
two cooling water systems (the DHCCCS or the NSCCCS). Both component cooling

systems depend on the availability of AC and DC power. When offsite power ,

is available, contributions due to AC power and DC power unavailability were
assessed to be negligible. When offsite power is lost, AC power unavailability
is a significant contributor to system unavailability primarily because of
the probability of diesel failure. In this case, the system dependence on
DC power is essentially due to the DC power contribution to AC power unavail-
ability. The unavailability of component cooling contributes to individual

~

safety system train unavailability both with and without offsite power available.
Unavailability point estimates of each train of the supporting systems

,

are included as a module on the appropriate train of the modularized safety

5-14
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system fault tree. The interactions among the supporting systems themselves

j are represented in the Boolean equations for these systems.

.

5.1.8 EVALUATION OF SYSTEM UNRELIABILITY DURING RECIRCULATION

Point estimates were obtained for the unreliability of safety systems
i .

required to operate during the recirculation phase of post-LOCA accidents.

| It was necessary to estimate the probability that safety system failure occurs
during the recirculation phase, as opposed to the probability that the system
enters this phase in a failed state, since the consequences of system failure'

,

occurring during recirculation are different than if the failure occurred
during injection. System failure during recirculation therefore implies system

,

i success during injection (if the system is required during both injection

and recirculation).i

; Figure 5.2 shows a generic modularized fault tree for safety system ,

failure during recirculation. System failure could occur during recirculation
due to single hardware failures, operator faults that fail the system and

f are not recovered, or combinations of individual train failures during injection
! and recirculation. [.

|
Referring to Figure 5-2, single hardware faults that occur during

recirculation were generally found to be negligible contributors to the prob-i -

ability of safety system failure. Operator faults that could occur during
1

recirculation were evaluated, and for some systems these faults were the dominant

contributors to system failure. The assessment of these faults was performed
;

! in essentially the same manner as the assessment of operator errors previously
described for the injection phase.

Individual train failure during recirculation proncipally involves
the failure of operating equipment. Following WASH-1400 assumptions, an operating'

time period of 24 hours was assumed in all cases. Thus, failure probabilities
for operating equipment were computed based on an operating time of 24. hours.
As in WASH-1400, it was assumed that recovery from failures after this time

| would be likely, particularly in view of the fact that equipment requirements
|

j diminish with time.

! Single train faults during injection were partitioned into two types;
'

*

those for which no credit was given for recovery by the time the recirculationI
;

! *

r
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i

|

phase began, and those for which recovery was assumed likely. The latter ''

; category was comprised of component failures such as fuse failure, human errors
that involved leaving valves in incorrect positions, and test outages. No,

| credit was given for starting pumps that failed to start or for reconfiguring
i motor-operated valves that failed to change state. In all cases, an operator

,

error of failing to recover recoverable faults was assessed; the probability
was generally assumed to be 0.1. Interfacing system faults and maintenance outages

,

were assumed to be non-recoverable, except that evaluation of all accident'

sequences initiated by loss of offsite power assumed that offsite power is

| restored by the time the recirculation phase begins. (The duration of the
injection phase in this case is about 10 hours.) Therefore, a train which

,

fails in injection because a diesel fails would become available again during
recirculation. This modeling assumption is reflected in the quantitative

| analysis.

5.2 FAULT TREE ORGANIZATION AND STRUCTURE

i The thrust of the Crystal River study was toward the quantitative evaluation
of complete accident sequences as delineated by event trees rather than on obtain-<

,

ing probabilities of system and subsystem failure. Fault trees were treated
! merely as one link in the chain of analytical elements that constitute sequence.

evaluations. Although estimates of many.of the system failure probabilities were
obtained, they are of passing interest only.

I
' Fault tree quantification required two major areas of activity. The first

! involved organizing the logical structure of the simplified trees so as to
i reflect the variations in success requirements among different initiating events

while taking maximum advantage of the commonality among related fault trees.
This process was essential because fault tree development preceded detailed
sequence analysis. The other activity involved quantifying individual component-
level (primary) faults and combining them to obtain probabilities of. higher-
level but independent events. The latter are represented by fault tree " modules,"
i.e., independent subtrees. The actual quantification of the primary events and
independent modules followed the methods and assumptions outlined in Section 5.1.

*
The present section concentrates on the logical structure of the fault trees and
their equivalent Brolean equations. The presentation of primary faults and

.

fault tree modules is discussed briefly, although the analysis and most of the
results are contained in appendices.
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5.2.1 A Fault Tree Hierarchy

The starting point for fault tree evaluation was the set of simplified
'fault trees in which the gate structure was organized according to types of

faults (e.g. , hardware, operator, outage, etc.). Looking ahead to accident
.

sequence evaluation, and also to the evaluation of recirculation phase faults
in the case of LOCAs, it was necessary to impose a greater degree of organi-
zational structure onto the fault trees; it was found that four levels of
events were adequate and convenient. Thus, Boolean variables were defined to

represent the various systems at four levels of detail. A Boolean equation and
the fault tree (or sub-fault tree) it represents are entirely equivalent and
therefore interchangeable; Boolean equations were used exclusively for analysis,
although fault trees are often retained for display. The four levels of detail
are described below:

1. Functional-Level Faults. These are generic faults used in event tree
development; they are also sometimes used directly as event tree headings. An
example of such a fault is failure of emergency coolant injection, given a LOCA,

,

with Boolean symbol ECI. The functional-level variables are input variables for
the equations representing accident sequences through the core-melt stage. In ,

turn, they are represented by equations with input variables from lower levels
of faults, but primarily from the second level. Probabilities of the functional
level faults were not calculated explicitly for Crystal River.

Some of the functional level faults are discussed more fully in Section
5.2.3 below.

| 2. System-level Faults. These faults are inputs to functional-level faults.

| The corresponding variables represent system-level failures and therefore consti-
tute the " top events" for system fault trees. An example is failure of high

| pressure coolant injection (a contributor to ECI failure), given a small-small
LOCA; the Boolean variable is HpI. The principal input variables are from the
next two levels in the fault hierarchy.

| Sometimes, event tree headings are given directly in terms of system- .

level faults rather than functional faults. For example, in the Crystal River
LOCA event trees, some of the headings are defined in terms of the Reactor -

Building Spray System and the Reactor Building Emergency Cooling System rather

1
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than in terms of the respective functions they perform, namely Post Accident

! Radioactivity Removal and Containment Overpressure Protection.
1

The equations representing first and second level faults are derived.

from the functional and system success requirements as shown in Tables 4.3 and

4.6.-

3. Subsystem (train) -Level Faults. These faults are comprised of the
failures of independent trains within redundant systems. They contribute to
the system-level faults and are represented by high-level subtrees in the system
fault trees. They occasionally contribute directly to functional-level faults.
Subsystem-level faults in coolant injection phase functions (in the event of a
LOCA) also appear in the equations or fault trees representing recirculation
phase functions. This is the main reason that distinct Boolean variables are
defined at this level.

4. Fault Tree Modules. These are intermediate events whose inputs are
generally at the component level. They can contribute directly at any of the
three higher levels in the fault hierarchy. The contributing faults in a given,

module do not appear elsewhere in any fault tree (although a given module may
appear in more than one place) and their probabilities are independent of.

those of all other faults. Hence, the modules are independent subtrees (most
often a simple.QR gate). Their use greatly reduces the necessary number of
explicit variables and so facilitates manipulation and reduction of the
Boolean equations. In general, separate modules are defined for different
types of faults so as to maintain some semblance of the organization of the
original simplified fault trees.

The hierarchy outlined above was formulated expressly for the Crystal
River study as a matter of convenience and in the interests of traceability and
scrutabili ty. It is not absolutely essential to the basic approach and is not
used in a rigid manner, i.e., exceptions (usually self-evident) are allowed
when it is convenient to allow them.

.

&
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1

5.2.2 System and Subsystem-Level Faults

System-level faults were derived from the functional and system success
requirements outlined in Section 4 for the transient and LOCA event trees.

,

These were the " top events" from which the fault trees were originally developed.
The subsystem or train-level faults are subtrees in the system fault trees. .

They are usually assigned Boolean variables to maintain visibility of system
redundancy and because they often appear in more than one system-level fault
tree.

Variables representing the system and subsystem-level faults appearing in
LOCA sequences are identified with the appropriate initiators and systems in
Table 5,3; the actual definitions of the variables are provided in Table 5.4. The
latter table also gives the " point estimate" conditional probabilities (with
the initiating event given). Note that the probabilities of some faults vary among
initiating events. These results are not used explicitly but are included for the
benefit of those interested in quantitative analysis at the system level of detail.

Similar information is provided for the transient sequences in Tables 5.5
and 5.6, except that for transients which progress to LOCAs, the LOCA segment of

.

the sequences are characterized by the entries for a 84 LOCA in Tables 5.3 and 5.4.

A separate Boolean equation (or fault tree) is required for each of the
.

variables identified in the tables, but there is a great deal of interdependence
and commonality among them. The fault trees and corresponding Boolean equations
are given for all system-level and most subsystem-level faults in the appendices.
The modular faults which enter into these equations are defined in tabular form
as discussed later in Section 5.2.4.

With the exception of the Nuclear Services Closed Cycle Cooling System
(NSCCCS), which is a single train system, system-level faults are not defined
for the support systems. Only the train-level faults are required for the
sequence evaluations.

It may be noted that for the Reactor Building Spray System, the Reactor
Building Emergency Cooling System and for the support systems, the same varia-
bles (i.e., fault trees) are used for both transients and LOCAs. For transients

,

which do not progress to LOCAs, however, the union of the injection and recircu-
lation phase faults are used. This simply means the system can fail "early 0L ,

late," there being no actual distinction between injection and recirculation for
such sequences. The total period used in the evaluation was 24 hours.

5-20

_



, . , . . *

l
Table 5.3. Identification of System and Subsystem-Level Events Contributing to.LOCA Event Tree Functions

REACTOR

HIGH LOW BUILDING REACTOR ENGINEERED

PRESSURE PRESSURE CORE EMERGENCY BUILDING SAFEGUARDS

INITIATING COOLING COOLING FLOOD COOLING SPRAY SUPPORT ACTUATION

LOCA SYSTEM SYSTEM SYSTEM SYSTEM SYSTEM SYSTEMS SYSTEM

B1
Injection: CFS Injection: Injection: Injection: ILB1

LPI
--- FCI CSil N

LA CSA* DA ILB4
B

LB CSB* DB
S

"*
LPA Recirculation:

LPB FCR Recirculation: ACA
~ "

CSR ACB
Recirculation. '

CSA" DCA
B2 LPR

CSB" EB
, LRR

CRA
LIR

m
|o LRI Recirculation:
"

Injection: N*
I Injection:

CS13 DA*
B3 HPI

| ,_________

CSB

ACA*'
None

Recirculation: ACB*

I
Injection: Recirculation: CSR DCA* Ib
HPI LHR CSA" DCB. ISB

B4 GB"LHA
(including CRA

HB LHB
transient- CRBRecirculation:
induced LOCA)

HPR

HA*

HB*

1. Dashed lines separate system-and subsystem-level faults.
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Table 5.4. Definitions of System and Subsystem-Level Boolean Variables Used in LOCA Sequence Analysis
(Listed by systems; see notes at bottom of table.)

Estimated EstimatedProbability
Proba bil i ty_

High Pressure Cooling System low Pressure Cooling System (Continued)

HPI High pressure injection system falls to provide (5) 5.7E-2 LRI Failure of low pressure system Train 8 during in- 3.8E-5one pump flow via two injection lines to cold (L) 5.8E-2 jection and of Train A during recirculation tolegs; given B3, B4 or transient induced LOCA (NL) 5.4;-2 provide flow to reactor vessel; given Bl. B2 or
B3 LOCA

HA (HB) High pressure injection system Train A fails to (5.NL) 1.6E-3
provide one pump flow to injection If ne headers; (L) 5.1E-3 LHR Failure of low pressure system to provide flow to 5.4E-2given 84 or transient-induced LOCA suction of at least one high pressure train during

(5) B.4E-2 recirculation; given B4 or transient-induced LOCA
HPR High pressure system fails to provide at least (L) 8.3E-2

one pump flow via two injection lines to cold (NL) 8.3E-2 LHA (LHB) Failure of low pressure system to provide flow to 5.5E-2legs in the recirculation phase, given HPl suc- suction of high pressure Train A during recircu-ceeds and the corresponding low pressure trains lation; given 64 or transient-induced LOCA
provide adequate suction head to the high pres-
sure pumps; given B4 or transient-induced LOCA Core Flood System

HA* (HB*) High pressure system Train A fails to provide at 8.0E-3(2.8E-2) CFS Failure of either core flood tank to deliver 8.4E-4least one pump flow to injection line headers contents to reactor vessel at 600 pst; given
during recirculation. given success during injec- B1 or B2 LOCA
tion and adequate suction head from the corres-

m por. ding low pressure pump; given B4 or transient-
induced LOCA Reactor Building Emergency Cooling System

N Low Pressure Cooling System FCI Failure of fan cooler system to provide at least (L) 3.5E-3
LPI Failure of Low Pressure System to provide at least 1.0E-1 * *

ha s g aLone pump flow to reactor vessel during injection;
given Bl. B2 or 83 LOCA.

FCR Failure of fan cooler system to provide at least 2.5E-4
LA (LB) Low Pressure Train A failures from BWST to cross- 1.9E-2 t n pha e aover during injection; given Bl. B2 or B3 LOCA.

Reactor Building Spray SystemLPA (LPB) Failure of low pressure Train A to provide flow to 2.0E-2
re tor vessel during injection; given Bl. B2 or B3

*
CSil Failure of both containment spray trains to provide 5.1E-2

containment atmosphere cooling during injection;
LPR Failure of low pressure system to provide at least 4.1E-3 g en B1 or B2 M A

d" " "

n v 1 B2 r 0 CSA* (CSB*) Failure of containment spray Train A to provide 1.2E-2containment atmosphere cooling during injection;
given H or B2 LOCA.

LRR Failure of both low pressure system trains to pro- 1.2E-5
" "9 "

CSI3 Failure of both containment spray trains to provide 6.1E-2to; e B*B r containment atmosphere cooling during injection;
LIR Failure of low pressure system Train A during 3.8E-5 g en B3, B4 or transknt-induced NA

injection and of Train B during recirculation to
provide flow to reactor vessel; given Bl. B2 or
B3 LOCA.

Notes: 1. Train B variables shown in parentheses are analogous to the corresponding Train A variables. If the probabilities are different. the
Train 8 probability is shown in parentheses.

2. Individual train variables do not include single or common mode faults that would fail both trains.
3. Recirculation failures imply success during injection (see text for exceptions with loss of offsite power).
4. The evaluation period is 24 hours for injection and recirculation combined.
5. Probabilities preceded oy labels apply only to specific initiating events, as follows: S. spontaneous LOCA; L. Loss-of-offsite-power

transient-induced LOCA; NL, non-LOSP transient-induced LOCA.
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| Table 5.4. Definitions of System and Subsystem-Level Boolean Variables Used in LOCA Sequence Analysis
(Listed by systems; see notes at bottom of table.) (Continued)'

:
; |

Estimated Estimated
i Probability Probability

; Reactor Building Spray System (continued) Onergency DC Power

CSA (CSB) Failure of containment spray Train A to provide 1.2E-2 DCA (DCB) Insufficient power on DC Train A buses during (S.NL) c
I#

containment atmosphere cooling during injection; injection; given a LOCA. (L) 3.2E-3 '

,
given B3, 84 or transient-induced LOCA DCA* (DCB*) Insufficient power on DC Train A buses during c i

| Failure of both containment spray trains to provide 4.0E-3 recirculation; given a LOCA. t

CSR
containment atmosphere cooling during recirculation;
given LOCA Engineered Safeguards Actuation System (

.

4

CSA**CSB**) Failure of containment spray Train A to provide con- 1.1E-2 ISSI Non-time delayed HPI actuation signal not available 2.1E-4
tainment atmosphere cooling during injection, due to to exactly 1 piece of equipment; given 84 LOCA
non-recoverable faults; given LOCA

ISS2 Time delayed HP! actuation signal not available to 2.2E-4
j

CRA (CRB) Failure of containment spray Train A to provide con- 4.4E-3 exactly 1 piece of equipment; given 64 LOCA
tainment atmosphere cooling during recirculation;

; given LOCA ISB HP1 actuation signal not available to any equipment; 7.2E-4
given B4 LOCA

Nuclear Services Closed Cycle Cooling System
; ILB1 Non-time delayed HPI actuation signal not available 1.0E-7

N Failure of the NSCCCS to deliver one pump flow with (S.NL) 1.3E-4 to exactly 1 piece of equipment; given B1, B2 or
j ultimate heat removal for component cooling during (L) 2.BE-3 B3 LOCA

i
injection; given LOCA*

ILB2 Time delayed HPI actuation signal not available to 5.6E-6
{ f N* Failure of the NSCCCS to deliver one pump flow with 1.0E-5 exactly 1 piece of equipment; given 81. 82 or 83
: m ultimate heat removal for cooling during recircula- LOCAw

tion; given LOCA
ILB3 LPI actuation signal not available to exactly 1 1.0E-7

Decay Heat Closed Cycle Cooling System piece of equipment; given Bl. 82 or B3 LOCA j
.

DA (DB) Failure of DHCCCS Train A to provide one pump flow ($,NL) 5.8E-3 ILB4 RBIC actuation signal not available to exactly 1 1.3E-6 ,

with ultimate heat removal for component cooling or (L) 3.BE-2 p' ace of eoutpment; given B1, B2 or B3 LOCA I
i

decay heat removal during injection; given demand.
ILB5 Containment spray equipment does not receive 1.2E-6

DA* (DB*) Failure of DHCCCS Train A to provide one pump flow I.7E-3- actuation signal; given Bl. B2 or 83 LOCA i

j
with ultimate heat removal for component cooling or
decay heat removal during recirculation; given ILS All RBIC and RBSS equipment does not receive 1.1E-4

actuation signal; given Bl. 82 or 83 LOCA.2

demand
2

5 Emergency AC Power

5 ACA (ACB) No power on 4160 V ESF bus 3A during injection; (S,NL) c
given a LOCA (L) 3.2E-2'

j ACA* (ACB*) No power on 4160 V ESF bus 3A during recirculation; c
j given a LOCA
!

Train B variables shown in parentheses are analogous to the corresponding Train A variables, if the probablittles are different, the1

Notes: 1.
Train B probability is shown in parentheses.
Individual train variables do not include single or comon node f aults that would fall both trains.2. Recirculation failures imply success during injection (see text for exceptions with loss of offsite power).,

3.
The evaluation period is 24 hours for injection and recirculation combined. ;

5. Probabilities preceded by labels apply only to specific initiating events, as follows: 5, spontaneous LOCA; L. Loss-of-offsite-power4.

, transient-induced LOCA: NL, non-LOSP transient-induced LOCA.
4

i
i
,

i
4
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|

l
| Table 5.5. Identification of System and Subsystem-level Events Contributing to Transient Event Tree Functions
!

!

l

i
EMERGENCY PRIMARY CONTAINMENT POST-ACCIDENT SUPPORT

3
INITIATOR FEEDWATER MAKEUP PRESSURE RADICACTIVITY SYSTEMS

; SYSTEM REDUCTION REMDVAL

I

TRANSIENTS EFl FCI + FCR CSil + CSR N + h*'

WITHOUT LOSS OF CSil + CSR DA + DA*

DB + DB*NORMAL

ACA + ACA*
FEEDWATER:

ACB + ACB*
T -TIA, TIA DCA + DCA*3

DCS + DCB*

T TRANSIENTS WITH With loss of all
ro
A LOSS OF NORMAL secondary cooling:

FEEDWATER: HPFB
T -T2 2A HAF

+

LOSS OF EF2 HBF

0FFSITE
POWER:

T gg

Notes: 1. Dashed I ne separates system-and subsystem-level faults.
2. For the LOCA segment of transient-induced LOCA sequences, see the table of Top Events for LOCA Event Trees.
3. N + N* means N OR N*, etc.

l
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Table 5.6. Definitions of System and Subsystem-Level Boolean Variables Used in Transient Sequence
Analysis (Listed by system or function; see notes at bottom of table.)

Estimated Estimated
Proba bili tY Probability

Emergency Feedwater System Post-Accident Radioactivity Removal

EF1 failure of EFS to provide at least 1/2 pump flow 3.4E-4 CSIl + CSR 5ee above. 5.5E-2to at least "/2 once-through steam generators,.

given offsite power is available.

EF2 Failure of EFS to provide at least 1/2 pump flow 1.8E-3
to at least 1/2 once-through steam generators. N + N* Failure of the hSCCCS to deliver one pump flow with (L)2.8E-3given a loss-of-offsite power transient. ultimate heat removal, given demand. (NL )1. 4E-4

Primary Makeup (High Pressure Cooling System) Decay Heat Closed Cycle Cooling System
HPF B Operator falls to establish feed and bleed opera- (L)1.9E-3 CA + DA* Failure of DHCCCS Train A to provide one pump flow (L 4.0E-2tion or high pressure injection system falls to (NL)1.4E ' (CB + DB*) with ultimate heat removal for component cooling (NL 7.5E-3provide one pump flow via two injection lines to

cold legst given transient with loss of all and decay heat removal,
secondary cooling.

W HAF (HBF) High pressura injection Train A fails to provide st)5.0E-2(6.0E-2)
Emergency AC Power,

k one pump flow to injection line headers for feed (NL)1.4E-3(2.8E-2) ACA + ACA* ho power on 4160 V ESF bus 3A. given demand. (L)3.2E-2m and bleed; given transient with loss of all
(ACB + ACB*) Ihl} Csecondary cooling.

Eontainment Pressure Reduction '"'I

DCA + DCA* Insufficient power on DC Train A buses, given (L)3.2E-3FCI + FCR Failure of Reactor Building Emergency Cooling (L)3.8E-3
(DCB + DCB*) demand. (NL) sSystem to provide at least 1/3 fans to cool con- (NL)3.0E-3

tainment for 24 hours, given demand

C511 + CSR Failure of both containment spray trains to pro- 5.5E-2
vide containment atmosphere cooling for 24 hours,i

given demand.

Notes: 1. Evaluation pertod is 24 hours.
2. LOCA segments of transient-induced LOCAs are treated with the LOCA sequences.
3. Train B variables shown in parentheses are analogous to corresponding Train A variables. If the probabilities are different, the Train 8

probabilt ties are shown in parentheses.
4. Individual train variables do not include single or corrnon mode faults that would fall both trains.
5. Probabilities preceded by labels apply only to specific transients (excluding LOCAs), as follows: L. LOSP transients; ht, non-LOSP

transients.

1



As indicated in the notes to Table 5.4, recirculationfailures following a
LOCA imply success during injection. There are exceptions to this, however,

when the initiator is Loss-of-Offsite-Power (LOSP). It is assumed that if an
,

LOSP transient progresses to a LOCA, the offsite power is restored by the time
the cooling systems are switched to the recirculation mode (typically about

.

10 hours). This means a single train of a cooling system could fail in
recirculation even if it had failed earlier, provided the earlier failure was
due to failure of the appropriate diesel generator to start. Thus, when train-

level injection faults (such as HA, LHA, etc.) appear in equations for recircu-
1ation faults (such as HPR), there is implied in their definitions that the
injection failures are due to faults other than failure of diesels to start,
i.e., due to non-recoverable faults. Although different symbols are not used
for the injection faults in these cases, they are noted as they occur throughout
the appendices and the appropriate numerical adjustments are made in the calcu-
lations. Of course, if, given an LOSP-induced LOCA, both diesels fail to start,
the coolant injection function is deemed to have failed, so success or failure
of emergency coolant recirculation becomes moot.

'

For single train faults in general (e.g., HA, HA*, LPA) the respective
Boolean equations or fault trees do not include single or coupled failure modes

.

common to both trains in the system. This practice was adopted as a matter of
convenience in Boolean reductions; it is not indicated explicitly in variable

definitions but is noted in the appendices. The system-level events of course
do include the singles and common modes.

In the case of the Engineered Safeguards Actuation System, it was not
necessary to define an actuation fault for every piece of equipment supposed
to receive a signal. Generic faults, such as "... signal not available to
exactly one piece of equipment" were generally adequate.

Fault trees were constructed and evaluated for two systems which are not
cited in the tables. The Reactor Protection System (RPS) is essentially inde-
pendent of the other systems, so there was no need to treat the fault hierarchy
explicitly. The failure probability simply enters as a multiplicative factor
in the evaluation of the accident sequences. The Containment Isolation System

-

(CIS and CIS*) was evaluated for its contribution to containment leakage proba-
-

bility. It enters into the containment event tree as a contribution to the
failure mode 8 rather than into the system response event trees.

( 5-26
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t 5.2.3 Functional Level Faults |

Event tree headings which are defined in terms of functional faults involv-
ing more than one system include Emergency Coolant Injection (ECI) and Emergency.

Coolant Recirculation (ECR) in the LOCA event trees and Containment Pressure

l- Reduction in the transient trees. Other headings were defined directly in terms

of system failures appearing among those presented earlier.

Having defined the system-level variables, the functional faults can now
be presented in terms of specific system faults. For ECI and ECR, the appro-

priate expressions, derived from the success requirements, are presented in
Table 5.7. (It may be of interest to note that the actual analysis proceeds in
the reverse direction, i.e., functional faults are first defined in the process
of event tree construction and subsequently translated into system failures.)

Table 5.7. Boolean Expressions for ECI and ECR
;

Initiator ECI ECR

*
B1 LPI + CFS LPR

B2 LPI + CFS-(LPA + LPB) LPR
*

B3 HPI + LPI LPR

; B4 HPI HPR + LPR + HA* LHB +
HB* LHA

Note: "+" E OR: " " E AND. ,

' In the recirculation phase, the expressions in Table 5,7do not give credit
. for reactor water cooling by the fans (Reactor Building Emergency Cooling System)
|

| when one of the main heat removal systems (DHCCCS or NSCCCS) fails. This may

be slightly conservative but it is of very little quantitative significance.

For a small-small (B4) LOCA, the equation ECI = HPI assumes the reactor
is shutdown. If thic is not the case (i.e., if reactor scram fails), ECI
success requires 2 of 2 rather than 1 of 2 trains of the high-pressure system

* and also 1 of 2 trains of the emergency feedwater system. The probability of
ECI failure would be slightly higher in this case but the low probability of

*
scram failure removes such sequences from the realm of major interest in the '

present study. These and other anticipated transients without scram (ATWS)

are discussed in Section 5.3.4.
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In the recirculation phase of a B4 LOCA, the Boolean expression for ECR
reflects the requirement that successful low and high pressure trains must be
aligned to each other to achieve success. (The low pressure pumps boost the ,

suction head to the high pressure pumps.) The expressions for LHA and LHB
(presented in Appendix.K) reflect also the possibility that in the event of -

some low-pressure system faults, cross-over valves can be opened to re-align a
low-pressure train with the opposite high-pressure train. On the other hand,

although both are required, alignment of low and high pressure systems is not
necessary for ECI success in the event of a B3 LOCA.

The Containment Pressure Reduction (CPR) function, in the event of a
non-LOCA transient, can be performed by either the Reactor Building Spray
System (sprays) or the Reactor Building Emergency Cooling System (fans); hence,
both systems must fail for the function itself to fail. This is true also for
LOCAs, but in the LOCA trees, separate headings are already used for the two
systems rather than a single heading for the function. For the transient case,
therefore, letting the symbol' CPR represent failure of CPR upon demand, we have

CPR = (CSIl + CSR)-(FCI + FCR)
*where again the union of LOCA injection and recirculation variables is used

for the 24-hour operating interval.
.

The Post Accident Radioactivity Removal (PARR) function is also performed
by the spray system; hence the last two events in the transient sequences are
not independent even at the system level. After system-level Boolean reductions

'

are performed, the last two events in the non-LOCA transient sequences of pri-
mary interest (T8, T9, T10) can be represented by the following:

i T8: 0 0' = UT PXITii = RBS

| T9: 0 0' = CPR PARR = RBS RBECS

T10: 0 = CPR = RBS RBECS

where RBS = CSIl + CSR, RBECS = FCI + FCR, and a bar over a symbol means

success (complement of failure).

Almost all of the system level faults appearing in the Boolean expressions
.

presented are interdependent to varying degrees because of common actuation

and support systems, and sometimes because of common or related operator actions.
,

| Consequently, all of these expressions require further reduction upon substitu-
tion of system fault trees. These reductions are carried out in the course of
sequence analysis as described later in Section 5.3.
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5.2.4 Fault Tree Quantification Tables

The fault tree modules described earlier are the lowest level events in
the fault hierarchy to appear explicitly in the system Boolean equations. They'

therefore play the role of basic or primary events from the viewpoint of
sequence analysis, even though they actually represent intermediate events in*

the system fault trees. The definition, quantification, and documentation of
fault tree modules are contained in fault tree quantification tables which
appear in the appendices on individual systems. The purpose here is simply to

illustrate the modular technique by presenting some examples from the tdgh

pressure cooling system analysis.

The Boolean equations themselves serve as guides to the fault tree
quantification tables. The equations for High Pressure Injection (from
Appendix G) are shown for illustration in Table 5.8. The top events HPI,

HA and HB were defined earlier in Tab'io 5.4. Some of the synbols on the

right hand side of the equations represent subsystem-level events (in this
case, HA and HB) as defined earlier, and some represent intermediate events
which are defined in the table immediately below the top event equations.

Symbols not falling into one of these two categories may be identified
.

as fault tree modules whose definitions are to be found in the fault tree
.

quantification tables. The Boolean equations and the quantification
tables in combination provide the basic documentation of the fault tree
analysis. Modularized system and subsystem fault trees are used as
an alternative or supplementary means of presentation in the fault tree
appendices.

The equations based on the fault trees are generally not in reduced form;
this is intentional, the purpose being to retain visibility of the basic struc-
ture of high-level fault trees. The equations for inttrmediate events are often
also not reduced. In this case, for example, HX1 and HX2 represent interfacing
system faults; the equations are written so as to retain visibility of these
faul ts . If the appropriate system fault trees (for AC power, DC power, and
NSCCCS) were inspected, it would be seen that N contains ACA which in turn

'

contains DCA, so the reduced form of HX1 would simply be HX1 = N; similarly
HX2 = DB.

.
.
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Table 5.8 Boolean Equations for High Pressure Injection

*

B0OLEAN EQUATIONS BASED ON f10DVLARIZED FAULT TREES

.

Top Events

HPI = HA HB + H1 H2-(H3 H4) + H5 + H6 + H7 + H9 + L3 +

+ L017 + H01 + (H02 H8) LOCA + (H04 ACA).AL

HA = HX1 + H10 + Hll H12 + H13 + H1-( AL + H2)-(H3 + H12 + H17 + H14)

HB = HX2 + H4 + H15 + H16 + H18

Intermediate Events

HX1 = ACA + DCA + N (=N)

HX2 = ACB + DCB + DB (=DB)

HX1 HX2 = ACA ACB + ACA=(D2 + D4 + Df12 + DH2) + DB[N1 + N2 (N3 + NM2)+
'

+ N6 (N5 + NM4) + N4-(N5 + N7 + NM4) + NM3=(N5 + N7) + N6 N7 +
+ N3 NM1]

,

BOOLEAN EQUATIONS REGROUPED FOR REDUCTION

Top Event

HPI = HS + H6 + H7 + H9 + L3 + L017 + H01 + H02 H8 LOCA + (H04 ACA) AL +
+ HX1 -(H4 + H15 + H16 + H18) + ACA ACB +

| + HX2-{H10 + Hll H12 + H13 + H1-[AL-(H3 + H12 + H17 + H14) +

| + H2-(H12 + H17 + H14) + H2 H3]} + (H10 + Hll H12 + H13)-
- (H4 + H15 + H16 + H18) + Hl- {{H4 + HIS + H16 + H18) -
.[AL-(H3 + H12 + H17 + H14) + H2(H12 + Hl7 + H14)] +

+ H2.H3-(H15 + H16 + H18) + H2-(H3 H4)} +

+ ACA-(D2 + D4 + DM2 + DH2) + DB [fil + N2-(fl3 + NM2 ] +
+ N6 (N5 + NM4) +N4-(N5 + N7 +NM4) + NM3 (N5 + N7) +N6 N7 + N3 NMl] ,

.

__
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Intersections of events with non-independent probabilities are usually
shown in parentheses (e.g., H3 H4); double faults in which one fault is an
operator failure to recover from the other fault are often shown in parentheses

,

also (e.g., H02 H8).

When all substitutions are made, the " multiplications" carried out, and.

the Boolean reductions performed, the fully reduced system top event equation

is obtained. This is shown as the last expression in the table. It appears

under the heading " Boolean Equations Regrouped for Reduction"; this reflects
the fact that, although the equation is itself reduced, when combined with other
system equations to form sequence equations, further reduction will be necessary
because of system interdependencies.

A segment of the quantification table for events HA, HB, and HPI is shown
for illustration in Table 5.9. The EVENT column gives the Boolean symbol for a
fault tree module, while the COMPONENT column lists the components whose faults

contribute to the module. In most cases, a module represents an .QH. gate with

a number of inputs; the inputs are simply listed (see, for example, the event

H16). The third column gives descriptive information while the fourth and
fifth columns give the failure rate and duration, respectively. The next'

column gives the unavailability or probability for the component events and
shows the summation (the small probability approximation is nearly always valid)*

by means of a line and I symbol. This is further indication the module
represents an M, gate. The total is usually entered also at the top in line

with the event symbol, so this value often appears twice. The symbol e implies

a negligible value, usually less than 1.0E-6.

Some event symbols represent conaitions (i.e., " houses") so no component
is indicated; examples include H1, H11 and AL. Some events, H01 for example,
represent a single fault.

Sometimes modules appear in double events. If so, the complete double is
shown in the event column (e.g., H8 H02 in Table 5.9)to clearly indicate the
intended logic. The inputs are usually listed and quantified separately; the
product of probabilities is indicated by the symbol n and again is entered at
the top as the probability of the complete event.*

For double events comprised of coupled faults, the double may also be
,

shown explicitly in the event column, but the input events are not usually
listed since they are similar events. These events are quantified by means
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Table 5.9 Segment of Quantification Table for Events HA, HB and HPI

| EVENT FAl E fA T A A i SENS. h0TESco".Por:ENT EVENT OR Fault DESCRIPT!CN pg q_ ) qg pq( ) g g

fIRAINBPU*? FAULTS 2.3 E-3111 6

PUMP MU?-lC FAILS TO START a 1.0 E-3 3*, 3-

| circuli SKR. FAILS TO CLOSE D 1.0 E-3 3*, 3-
' r=2.0 E-3

HI PUMP IB rut.NING, FUT'P 1A CN STANDBY AT'

ONSET OF INCIDENT .75 2

H11 FUM? 13 DCWN, PUMP 1A PUNNING AT ONSET
' 0F INCIDENT .25 2

AL lii!TIATOR IS LOSS OF 0FFSITE POWER 1 OR 6 3

H5 PASSIVE SINGLE FAULTS Com01 TO BOTH
TRAINS c

L3 LWST N3T VENTED 1.3 E-5

2 VACUUM BKRS
(DH63 AND 70) Fall TO OPEN OR PLUGGED {1.0E-4)(0.1) 1.0 E-5 3 5

c 4T . WST RupruRED
w

c 4N WST NOT ruLL

f 4PIPE RUPTURE
t- 1.0 E-5

H3 H02 CPERATOR FAILS TO ISOLATE BREAK IN
!!!JECTION LINE 5.0 E-3 3+, 13- 0

H0 INJECT!0d BREAX OCCLRS IN INJECTION LINE, GIVEN

LlhE THAT S"ALL-S"ALL 3 PEAK OCCURS 0.5 6

H02 INJECTI0's
LihE OPERATOP FAILS TO CLOSE VALVE o 1.0 E-2 3+, 10- 0

w-5.0 E-3

H3'H4 MANUAL VALVES 2 VALVES LEFT CLOSED IN ANY OF THE
10, 70, 2, 59 COMBINATIONS: 73-59, 2-13, 70-2, 10-59 o 1.0 E-3 10+, 10- H 7

LOCA LOCA GATE

LOCA 1

NON LOCA 0

*
ItJ1 OPERATOP, OPERATOR INCORRECTLY TUPfiS OFF PUMP 3

AND FAILS TO REC 0VER IN TlHE TO
MITIGATE I:4CIDENT o 1.0 E-3 10+,3- 0 2

.. . . . .



of a beta factor which is shown eitner as a multiplier of the basic failure rate
in the fourth column or is explained by a note. (See for example the event H3 H4,

where the coupling is explained in the indicated note, and the failure of two
1vacuum breakers contri' uting to L3 , both of which appear in Table 5.9). In some' o

cases, the input faults appear separately in the tables as single train faults;
this is true of H3 and H4 although they don't appear in the excerpt shown as*

Table 5.9). The coupled doubles appear explicitly in the Boolean equations and
are quantified with the appropriate value from the table, rather than with the
product of the independent probabilities.

In those few cases where the module logic is not apparent from the fault

listings, an explanation is given in numbered notes which accompany the complete
tables; the notes are referenced in the last column. These notes also explain

the quantification of individual faults where such explanation is necessary,
indicate specific assumptions, and identify exceptions to the general analyti-
cal procedures. The notes are an integral part of the documentation.

Sometimes an event or module appears in more than one equation associated

with a given system. Since the fault listings are ordered to facilitate
following the logic represented by the equations, these events or modules.

appear more than once in the tables. This repetition is intentional. Again,
the equations provide the essential guides to the fault tree logic.*

The seventh and eighth columns, labeled ERROR FACTOR and SENS. (for SENSI-

TIVITY), were included in anticipation of future sensitivity studies; the infor-
mation contained in these columns was not used in the present study. The error
factors were taken directly from the failure rate data base (Tables 5.la and b when
given there; otherwise they were simply estimated. Upper and lower bounds of

an uncertainty range are obtained, respectively, by multiplying the point
unavailability by the factor labeled "+", and by dividing it by the factor

labeled " ". This uncertainty range is given no precise statistical signifi-
cance except that the probability of it containing the actual event probability
is believed to be high. The SENSITIVITY column is used simply to identify (by
labels) faults in selected categories which are of particular interest from the
standpoint of uncertainty and sensitivity. The labels used are B (for beta

'

factor as used in evaluating coupled faults), 0 (for operator faults), H (for
human errors) and M (for maintenance outages). The absence of a label has

,

absolutely no significance other than indicating that a fault does not belong
to one of these categories.

In the actual table in Appendix G, the sublisting of faults under L3 does not
a pear explicitly; it is incorporated by reference from the LPI table ( Appendix
K via Note 5. The listina for L3 is shown here for illustration.
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5.3 SEQUENCE ANALYSIS
*

This section discusses the accident sequence quantification
procedures and the identification of the dominant accident sequences in

.

the transient and LOCA event trees.

The accident sequences, including the initiating events and
containment failure modes, were evaluated by multiplying three probabilities:

e The probability of the initiating event

e The conditional probability of the event tree accident
sequence, given the initiating event

e The conditional probability of containnent failure (several
types), given the initating event and accident sequence

The Boolean reduction required to obtain point estimates of
the conditional probabilities of the event tree accident sequences, given
the initiating event, is discussed in Section 5.3.1. The choice and

quantification of the initiating events is discussed in Section 5.3.2.
The analysis to assign conditional probabilities of containment failure -

for each initiating event-accident sequence combination is presented in
Section 5.3.3. The results of the accident sequence quantification are *

discussed in Section 5.3.4; tables are presented that summarize the
results and assign each sequence to an accident category.

| 5.3.1 Boolean Reduction of Event Tree Sequences

Point estimates were obtained for the transient and LOCA event
tree accident sequences leading to core melt. The point estimates of
sequence probabilities were obtained by Boolean reduction and quantification
of each event tree sequence, using the Boolean equations of the modularized
fault trees which represent the event tree headings. Both system successes
and system failures were explicitly included in the Boolean reduction of
each event sequence so that "unallowed" cut sets would be removed from
the sequence equation. These "unallowed" cut sets are those that, in
addition to failing a system which does fail in the sequence, would also -

fail a system specified as succeeding in the sequence. If not removed,
.
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i they would result in an incorrect nunerical result for the event
sequence. The unallowed cut sets generally included combinations of
modules representing failure of supporting systems (e.g., AC power),t

,

certain human errors that had the potential of failing more than one
system, and modules representing' combinations of components that could,

i fail individual trains of more than one system. Dependencies upon the

emergency AC power and cooling system are illustrated in Figure 2.3
with a logical representation similar to that of a fault tree.

To illustrate the Boolean reduction procedure and the necessity
for it, consider a portion of the LOCA event tree specifying failure
of the Reactor Building Emergency Cooling System (fans) during injection
(FCI) together with success of the Reactor Building Spray System (sprays)
during injection (CSI). The Boolean expressions for FCI and CSI (from
Appendices L and M respectively) are:

FCI = F4 + AL ACA F5 + N

CSI = K1 + (K2 + DA)+(K3 + DB)
.

where K1, K2 and K3 are themselves independent Boolean variables, with
; modules as inputs, defined for convenience in this example. The support.

system faults N, DA and DB are represented by expressions (from Appendices'

E and F) of the form:

N = XN + YN ACA + ZN ACB + ACA ACBi

DA = XDA + ACA

DB = XDB + ACB

where XN, YN, ZN, XDA and XDB are also independent Boolean variables. The

events ACA and ACB represent failures of Train A and Train B, respectively,
of emergency AC power. The essence of the reduction problem is to'

accommodate the fact that ACA and ACB, (in this example), appear;

simultaneously in a failure and a success. Substituting for DA and
DB in CSI and then taking the complement rbsults in:*

CSI = KT FXDA ACK + T(T K3 XDB ACB
' '

,
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Substituting for N in FCI and forming the product FCI CSI, the simple
example sequence, yields the following twelve cut sets:

,

1. F4 U Kf YDX XCX

2. F4 V7 U XDB ACB '

3. Xtl U if M ACA

4. YN ACA U KZ XdK XCX

5. ZN ACB U Ef XDA XCX

6. ACA ACB U U YUK XCX

7. XN U U XDB ACB

8. YN ACA U U Y G XG

9. ZN ACB U U XDB ACB

10. ACA ACB U U XDB.ACB

11. AL ACA F5 U E2 XDK.XCK
'

12. AL.ACA F5 U U 7DY X G

*

Note that cut sets 4, 6 and 11 contain the event ACA ACA and cut sets 9

and 10 contain the event ACB ACB. These are null events since they each
represent simultaneous success and failure of an AC power train, clearly
an impossible situation. The seven remaining cut sets can be recombined
to obtain the following equation:

FCI CST = (F4 + XN)- (Ef XDA ACA + U XDB ACB ) +
+ ZN ACB-(KZ YdK XCX) +

+ (YN + Al FS) ACA-( U XDB X M )

Since module successes have probabilities very nearly equal to one,
the factors in square brackets have little quantitative effect; hence,
the above expression can be replaced by a surrogate equation, viz., ,

FCI rST = F4 + XN + ZN ACB + (YN + AL FS) ACA
.

The surrogate equation is "approximately equal" to the complete equation
in the sense that their probabilities are approximately equal. (Note that
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I

the surrogate equation could be obtained directly from the seven cut sets
simply omitting the successes and taking the Boolean sum, or union, of
what remains. (The process works only af ter all the null events have been

,

eliminated.)

The key feature in the above process is the elimination of the null-

sets, i.e. , removing the "unallowed" cut sets referred to earlier. The
net effect in the example was to eliminate ACA ACB as a contributor to
FCI CSI; in fact, the only difference between FCI and the surrogate
expression for FCI CSI is that the term ACA ACB is missing from the latter.
Dropping the successes af ter eliminating the null sets is a computational
convenience with numerical error well within the range of expected

uncertainty.

The example above was deliberately made simple for convenience of

presentation. It should be recognized, however, that for actual sequences,
all the factors, both failures and successes, must be included before the
reduction process is carried out. For systems with extensive interdependencies,
as in the case of Crystal River-3, the formal Boolean reduction process
is both lengthy and costly, even when performed with the aid of computer~

codes. (The code WAMCUT (5-2) was used in the present study.) A generally
*

applicable and highly reliable short-cut process would be very useful
and is probably feasible but h_s not yet been developed.

Each' of the Crystal River sequences, for transients and LOCAs,
was reduced as illustrated in the above example. The resulting surrogate
equations were quantified to obtain point estimates of the conditional
sequence probabilities, given the initiating events.

5.3.2 Initiating Event Frequencie.s

The two major classes of initiating events considered in this
study are transients and LOCAs. Transients are grouped into two basic
types:

Type T) - those which do not directly affect the operabilityo
of the power conversion system (PCS), and,

e Type T2 - those which result directly in loss of the PCS.
,
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Each of these is further subdivided into two subtypes, as described in Section.

4.1, so that four transient categories are defined. LOCA initiators are also
,

grouped into four categories, by size, based on analyses of ECCS capabilities
,

presented in the Crystal River-3 FSAR (also discussed in Section 4.1).

.

; Transient frequencies were estimated on the basis of data from
Reference 5-15 (EPRI NP-801). The estimates were presented earlier in.

'Table 4.la.

1

1 The frequency of LOCA initiators was assessed by comparison of

CR-3-assumed LOCA sizes to WASH-1400 LOCA frequency data used for Surry-1.

The CR-3 small LOCA size range corresponds roughly to the small-small and
small LOCA size range used for Surry. We therefore summed the frequency
for the two smallest Surry LOCA categories to obtain a frequency of 1.3,

! E-3/ year for the B4 (smallest) CR-3 LOCA. The occurrence frequency for the
other CR-3 LOCA sizes (B1, 82, and B3) were assumed to be 1.0 E-4/ year,
which corresponds to the large LOCA occurrence frequency for Surry. The,

B1, 82, and B3 LOCA sizes roughly correspond to the range of the Surry large
.

1 LOCA. Thus, assigning 1.0 E-4/ year to each of the CR-3 LOCA categories re-
sults in a conservative assessment of these initiator frequences. The specific

,

definitions and the probabilities of each of the LOCA initiators were pre-
sented in Table 4.lb.

5.3.3 Probabilities for Special Events in the Transient Event Tree

Four of the events included in the transient event tree were
not evaluated by means of fault tree analysis due to their simplicity,
or the availability of actual data, or the existence of a sound basis for
engineering judgment. These events are:

a Loss of PCS (event M)
e Pressure relief requirement (event P )j
e Pressure relief (event P )2
e Reactor vessel integrity (event Q) -

.
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.1

In these cases a point estimate probability was used for the event. The
basis for each is described below:

/

* (1) Loss of PCS (Event M)

I The probability estimated for event M was 0.1/ demand. This is
,

based on information indicatino that the PCS will be lost following
a transient not directly affecting it on the order of once in ten transients.

(The probability of event M is 1.0 for loss of PCS transients.)
I

(2) PressureReliefRequirement(EventPlj
This event was included on the event tree for the purpose of dis-

tinguishing between those transients which require pressure relief and those
^

which do not for the specific case of reactor trip followed by loss of nonnal
' secondary heat removal and success of emergency secondary heat removal

(sequences 2-5 on the transient event tree in Figure 4.2). At the time the

| transient event tree was developed, there was reason to Delieve that slight

| phenomenological differences between plant responses to different transient
initiators required this distinction to be made. The evaluation of the; .

4 sequences which resulted would be accomplished by assigning a value of 0.0
* or 1.0 to P1 depending on the transient initiator. Transients which do not

require pressure relief would have P1 set equal to 1.0 (P1 = 0.0). Transients
which do require pressure relief would have P1 set equal to 0.0 (P1 = 1.0).,

By the time the sequence evaluation began, however, changes made

I at the plant in response to NRCs post-TMI requirements concerning anticipatory
trips and relle'f valve pressure setpoints made the distinction unnecessary.

The post-TMI changes eliminated the requirement for pressure relief for this

specific scenario for any transient initiator, thus Pi will ~always be equal
to 1.0 (P; = 0.0), and this value was used in the sequence evaluation.

It is noted that the net effect of setting the probability of P1
equal to zero is that allf sequences containing P1 will have a zero probability.
Thus sequences 2,3 and ~4 on the transient. event tree in Figure 4.2 essentiallya

' cease to exist.'

.

,

s

I

'
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(3) Pressure Relief (Event P )2

The probability estimated for event P2 (failure to achieve pres-
sure relief) is negligible. This is based on the following engineering judgments:

,

- Plant response is not significantly affected by small
errors in the lift setpoint of a relief or safety -

valve; i.e., it is not of paramount importance that
these valves lift precisely at their setpoints due

to the cor..;ervative design cf the plant.

- It is considered extremely unlikely that the relief
and/or safety valves will fail to lif t near their
setpoints and thus allow PCS pressure to rise to a

lvalue sufficient to cause a rupture in the system.

(Note that assuming P has negligible probability makes
2

all sequences Containing P2 have negligible probability).

(4) Reactor Vessel Integrity (Event Q)

The assessed probability of event Q (loss of reactor vessel
'

integrity) is 2.0 E-2/ demand. This number is based on the probability for
failure of safety valves to reseat af ter opening of 1.0E-2/ demand as shown

4

in Table 5.la and the presence of two safety valves.

5.3.4 Analysis of ATWS Sequences

The ATWS sequences on the transient event tree were analyzed sep-

arately from the other sequences and shown to be relatively insignificant
contributors to plant risk based on their relatively low probabilities. These
sequences are shown in Figure 4.2 as sequences number 15 through 30. Of
the 16 sequences on the tree,12 result in core melt, two result in transient-
initiated LOCAs (with a potential for core melt), and two result in a " safe"
outcome (no core melt, but possible core damage). This delineation of ATWS

sequences is considered realistic and valid for the purposes of this project;
however, we did not intend or expect to resolve the long-standing ATWS issue

These judgments may not apply to one or two of the ATWS sequences on the
transient event tree, because of the very rapid pressure spike which is
expected to occur in the primary system in those cases. The judgments are -

believed to be valid for all non-ATWS cases and many of the ATWS seauences

as well.
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with our evaluation of the ATWS sequences for this reactor. That goal is
outside the scope of this project. We did intend to address these sequences
and rationally evaluate the relative contributions to risk posed by them

,

in comparison to the risk posed by non-ATWS sequences initiated by transients i

and LOCAs. This we have done on the basis of sequence probabilities, utilizing
,

all of the information available to us.

The discussion which follows describes individual sequences and

groups of sequences and their probabilities. The discussion progresses,
in six steps, through all 16 ATWS sequences. The sequences which do not

result in core melt are of no interest: those that result in core melt are
shown to be of low enough probability to be eliminated from further analysis
for the purposes of this project. This discussion and the supporting reference
documents fom the basis for our conclusion that the ATWS sequences are not

significant contributors to risk at Crystal River-3.

1. Sequence 15 - a non-melt sequence eliminated from further consideration.

The nonnal heat removal system stays in operation (event R) and

primary system integrity is maintained (event 4), so that the plant continues
to operate as if nothing happened, even though some trip setpoint has been

,

exceeded.

2. Sequence 20 - a non-melt sequence eliminated from further consideration.

The loss of normal heat removal (event M) causes a very high pres-

sure spike, but primary system (RCS) integrity is maintained (event 4), at
perhaps a very low but finite probability. With emergency feedwater (EFS)
operating (event L) and RCS intact, the plant power level will equilibrate
at a power level equal to the secondary heat demand created by the EFS, due
to the basic reactor physics associated with temperature-dependent reactivity.
This results in a stable condition at a low power level, with ample time
(on the order of more than 10 hours) to effect an orderly shutdown. This
is documented in references 5-16 and 5-17and corroborated by ATWS work per-

formed at Battelle Columbus Laboratory l
,

9

'

P. Cybulskis, Battelle Coimbus Laboratories, personal communication to-

P. Amico, SAI, and G. Kolb, SNL, November 1979 (several dates).
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3. Sequences 25 through 30

All of these sequences include events TKML. Therefore, any one
sequence can have a probability no higher than that of TKML and the sum of

#

the probabilities of these six sequences must equal the probability of TKML
(from Boolean algebra and simple statistics). Thus, if the probability of

'

TKML is negligible (defined as less than 1.0E-7 in this evaluation), each
one of sequences 25-30 must also have negligible probabilities. Figure 5.3
shows the analysis in the fann of a fault tree of TKML for each transient
class, with the rates for the events noted in the figure. Since the events
on these fault trees are independent, they can be multiplied together (within

each tree) to demonstrate that the probability of TKML, and thus the prob-
ability of each of sequences 25-30, is negligible for all transient initi-

ators. This entire group of sequences is therefore eliminated from further

consideration.

4. Sequences 17 through 19 and 22 through 24

Both sets of these sequences contain event P , the failure of S/RVs2

to open on demand. It is conservatively assumed in all of these sequences
that occurrence of event Pp results in core melt. Since the failure of all -

S/RVs to pen on demand is evaluated as a very small probability (c), all
'sequences containing event P2 must also have very small probabilities (c)

and they can be eliminated from further consideration.

5. Sequence 16

In this transient-initiated LOCA sequence, the power conversion
system remains in operation and a large pressure spike does not occur. It

is conservatively assumed, however, that the pressure increases enough to
lift the S/RVs (this is actually true only for a small fraction of all tran-
sients) and that one fails to close. Because the pressure increase will
in all cases be small, the S/RVs will pass only steam, and the usual failure
rates apply. Analysis provided by Battelle Columbus Laboratories shows
that the coolant loss which occurs if a valve sticks open can be mitigated

lby 2-out-of-3 (2/3) HPI pumps . A review of the HPI analysi' in Appendix G
.

I P. Cybulskis, Battelle Columbus Laboratories, personal conununication to .

P. Amico, SAI, and G. Kolb, SNL, Novenber 1979 (several dates)
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shows that the failure of HPI .is largely dominated by errors which are
independent of the number of pumps required (such as human errors which affect

the entire system); thus the failure rate calculated for the system with
1/3 pumps required (1.7E-2) can be applied as an approximation for 2/3 pumps '

required. The sequence is not analyzed further, since if HPI works, the
reaction is shut down, and the sequence behaves exactly like a non-ATWS se- *

quence in recirculation. Figure 5.4 shows tne analysis for this sequence in
the form of a fault tree with a probability of 4.3 E=Q c for transient ini-
tiators where the PCS remains available (PCS unavailable does not apply),
thus eliminating this sequence from further consideration.

6. Sequence 21

This transient initiated-LOCA sequence is similar to sequence 16,
described above. The only difference is in the probability of a breach of
the primary coolant system because the failure of normal heat removal causes

a very high pressure spike of short duration, as described for Sequence 20.
Analysis provided by Battelle Columbus Laboratory shows that 2/3 HPI pumps
in combination with a successful EFW system can prevent a core meltI

as in sequence 16. Therefore, the only additional information required is -

the probability of a loss of RCS integrity. First, the point must be made
that there is no reason to believe that a rupture of the vessel itself, causing' *

an uncoolable condition, will occur. Every analysis and indication provided
by actual experience has demonstrated that the weakest points in the RCS
are the S/RVs and the associated headers and the reactor coolant pump seals
and casings. We therefore assume that if the pressure spike causes a breach

2of the RCS, it will occur in one of these locations . Second, we must determine
what estimate to use for a probability of a loss of RCS integri.ty at one
of these locations, given that an overpressure condition has occurred. There

is not much data available for this but our experience suggests
that less than one-half of the HPI overpressure transients which have
occurred have led to a LOCA. We will use 0.5 for the purposes of this

I 'P. Cybulskis, Battelle Columbus Laboratories, personal communication to
P. Amico, SAI, and G. Kolb, SNL, November 1979 (several dat s)

2
For example, overpressurization of the RCS due to HPI pump start under solid
RCS conditions has never led to any breach other than at the S/RVs or the
RCS pump seals, if they led to any break at all.
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,

analysis. Figure 5.5 shows a fault tree analysis for this sequence for all
transient initiators. The sequence probabilities are not quite negligible,
but they are on the order of 1.0E-7. When we also consider the probabilities

4
of the containment failure modes that will be appended to this sequence,
those sequences which would be coupled to the a,4 and 6 containment failure

.

modes (all have probabilities less than 0.1) would become less likely and
therefore negligible by the present criterion. Containment failures by hydrogen
burning (7) or by melt-through (e) have probabilities of 0.5
Melt-through for ATWS leads only to release catecory 7. and, as will be
seen, there are already a significant number of accident sequences with prob-
abilities in the order of 1.0E-5 and 1.0E-6 in this category. Hence, no

significant contribution would be made by this sequence with containment

failure by melt-through. Failure of containment due to hydrooen burning (7)
would lead to releases in catecory 3, where a similar situation orevails.

5.3.5 Containment Failure Probabilities

The conditional probabilities of the containment failure mechanisms
identified in Section 4.5, given an initiating event and accident sequence, ,

were obtained from the Oconee RSSMAP Study (5-18). The five containment
failure mechanisms and their possible frequencies are shown in Table 5.10. .

Not all containment failure mechanisms are possible for every event ;.rce
sequence, and the probability of a given containment failure mode is highly
initiator and sequence dependent.

Table 5.10 Containment Failure Mode Probabilities

Probability /
Failure Type Description Core Melt Event

Vessel Steam Explosion 0.01 or 0.0001a

g Containment Leakage 0.007

y Hydrogen Combustion 0.2 or 0.5

6 Overpressure 0.0, 0.5 or 1.0
5

Melt Through 0.0, 0.5 or 0.8c

.
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The CR-3 event tree accident sequences whose calculated frequencies
are greater than the cutoff value (1E-7/yr) were matched with possible
containment failure modes and assigned to release categories by comparing *

the sequences with similar sequences appearing in the Reactor Safety Study
Methodology Applications Program (RSSMAP) analysis of the Oconee-3 plant *

I(5-18). Table 5.11 shows , for LOCA initiated accidents, a comparison of
the CR-3 sequences (column 1), and the Oconee sequences (column 2), and the

assigned release category (s) and probability (ies) corresponding to various
containment failure modes. In general, each event tree sequence could result in

several possible accident sequences depending on the containment failure
mode. The evaluation of each such accident sequence simply involved
multiplying the initiating event probability, the event tree sequence
probability and the containment failure mode probability from Table 5.10.
Table 5.12 shows a similar correspondence among the CR-3 and

Oconee transient sequences, and the release categories. The transient
sequences were quantified in the same way as the LOCA sequences.

5. 3.6 Accident Sequence Analysis Results '

Tables 5.13 through 5.20 list the probability of each accident ,

sequence, not including containment failure probabilities, for both transient-
induced and spontaneous LOCAs. The LOCA sequence numbers, corresponding

to each sequence on the LOCA event tree are given in the first column;
the outcomes in terms of core melt or safe?- sequences are presented in

column two. The third column presents the conditional probability of the

event sequence, given the initiating event. In the case of transient-
induced LOCAs, the initiating event consists of both the accident
initiator (T ) and the generic transient sequence leading to the LOCA, whichy

is a stuck open safety valve. Column four presents the probabilities of

each LOCA sequence including, for the transient-induced LOCAs, the frequency of

l 'Table 5.11 and all subsequYnt tables in Section 5.3 appea.r at the end of the
section. ',

;*
,

2 Safe, when used in reference to a sequence outcome, is defined as a non-melt
result. No distinction is made between sequences resulting in no fuel
cladding damage and those resulting in fuel cladding damage short of core melt.
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the accident initiator and the probability of the generic sequence; and for
pipe breaks, the probability of a pipe break of the stated size.,

Containment failure probabilities are not included in these tables.
,

Sequence probabilities of less than 1.0 E-7 were recorded as c.

Table 5.21 lists the conditional sequence probability for each.

of the transient sequences of interest that does not result in a
LOCA, but could lead to core melt. Three such sequences are of

interest (listed as T , T , T10) for each of the transient initiators.8 g

Sequence T represents failure of normal and emergency secondary heat8
removal, and failure to establish feed and bleed. Sequence T representsg

all the failures in sequence T , P us failure of containment radioactivityl
8

removal. Sequence T represents all the failures of sequence Tg plus
10

failure of containment cooling.

The conditional sequence probabilities listed in the fourth col.umn
are the probability of the sequence given (1) the initiating event, (2)
that pressure relief is successful (dvent F ), (3) that a nonmiticable

2
LOCA does not occur (event li), and (4) that PCS is not available as the
accident progresses. The sequence probabilities listed in the last column'

include the probabilities of those events which are mentioned as "given"
'

above. As in the previous tables, containment failure mode probabilities
are not included.

The sequences were combined with containment failure modes and

assigned to release categories. The release categories used were
described in Section 4.6. The results are presented in Tables

5.22 and 5.23 which list the accident sequences contributing to each
release category, by accident initiator, for transient-initiated and
LOCA-initiated events, respectively.

The sequences whose probabilities appear to be dominant in each
release category for the aggregate of all transient and LOCA initiators
are identified in Table 5.24 and listed by decreasing order-of-magnitude

j of the estimated individual sequence probabilities. The dominant risk
,

for the CR-3 plant, when consideration is given to both accident sequence
point estimates and release categories, appears to be due to the sequences, ,

shown in this table in release categories one through three.

;
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|

All of the highest frequency sequences shown in these categories

; are initiated by small-small (B ) LOCAs or loss-of-offsite-power (T2A)4 .
transients. In fact, about one-half of the sequences in this table have
these initiators and account for over 85% of the total core nelt probability.

,

The preponderance of these initiators is more dramatically presented in
.

| Tables 5.22 and 5.23, where it is clearly shown that the B LOCA and the T
4 2A

transient initiators dominate the low-numbered, high-consequence release
categories. These results can be generally attributed to several causes:

TheBfLOCAsequencesaredominatedbyhighprobabilityoperatorerrors.Other
contributors arise from the fact that the frequency of this initiator was assessed

an order-of-nagnitude higher than the other LOCA sizes, and a B LOCA
4

: requires suc:essful operation of both the high pressure injection system
: and the low pressure injection system (f6r recirculation) to prevent

,

; 2A (LOSP) transient initiator's significance is largelycore melt. "he T
due to its relatively high frequency of 0.32/ reactor year, the pervasive

i n&ture of AC power requirements in the plant, and the relatively high
'

unavailabilities of emergency AC power from CR-1 and CR-2, the CR-3
-

diesel-generators, and the turbine-driven emergency feedwater train.

.

The B S and B S sequences appear in three release categories<

42 4 23
each with different containment failure modes in each of the categories.

| Both of these B LOCA initiated sequences are dominated by accident
4,

sequence cut sets which contain various -types of operator errors, as!

described in Section 2.2.

i.
T T sequences are nearly identical2A g, and T2A 102A 8, TTThe T

differing only in the success or failure of the containment functions
of pressure reduction and/or post accident radioactivity removal. The

T sequence is very similar, differing from the others in that
2A ))S27T

it also includes a stuck-open safety valve. These transient-initiated
dominant sequences are dominated by two accident sequence cut sets:

.

e
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e loss of offsite power, failure of Battery B, and
failure to obtain emergency back-up power on AC
power Train A.

' s Loss of offsite power, failure to obtain emergency
power on either AC power train, and failure of the
EFS turbine pump..

Each of these two cut sets results in total loss of AC power and loss of
the EFS turbine pump. A more detailed description of each of the dominant
sequences in Table 5.24 is contained in Section 2.2, and a discussion of
potential approaches for reducing the point estimate probabilities for
some of the dominant sequences is given in Section 2.3.

<

b

a

m
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Table 5.11 Correspondence Between CR-3 and Oconee LOCA Sequences
lby Containment Failure Modes and Release Category

f CR-3 Oconce Reac. tor Safety Study Radioactivity Release Categories for NR
LOCA LOCA

|sequence sequence 1 2 3 | 5 I 6 74
,

c = 0.8
AH a= .01 Y = 0.2 8 = .007 j8512
ArH a= .01 Y = 0.2 8 = .007 c = 0.8 j -

I.8536,

A0 a= .01 y = 0.2 8 = .007 c = 0.8
B539 | I

ACO a = .01 Y = 0.2 8 = .007 e a 0.8
Bg523

8527 | SH a = .01 Y = 0.2 8 = .007 e = 0.8
f g

S rH a= .01 Y = 0.2 s = ,ogy c = o,8'

B526 l

8529 i S0 a = .01 Y = 0.2 6 = .007 c = 0.84

1
!

5 C0 a= .01 Y = 0.2 6 = .007 c ' O.8
857 23 1

5H a= .01 Y = 0.2 8 = .007 c = 0.8
8537 2

5 FH a= .01 Y = 0.2 8 = .007 e = 0.8
|B536 2

50 a= .01 Y = 0.2 5 = .007 e = 0.8.
] B539 2

5 C0 m= .01 Y = 0.2 s = .007 c = 0.8N B5 23 23

5H a = .0001 Y = 0.5 8 .007 c = 0.5
B542 3

5 rH a = .0001 Y = 0.5 3 = .007 e = 0.5
B546 3

50 a= .0001 Y = 0.5 6 = .007 c = 0.5
B549 , 3

5 YH a= .0001 Y = 0.5 8 * .007 6 = 0.5
854 14 3

5 CH a= .0001 Y = 0.5 3 , coy c = 0.585 e 34 70

3 00 a= .0001 y = 0.5 8 = .007 c = 0.5
B54 23 1 3

S CY0 a = .0001 | 6 = 0.5 a = .007 c = 0.5
B54 27 i 3

12/5/81

I *iis tabie includes only CR-3 LOCA saquences with calculated frequencies > IE-7/ Reactor-Year,7
t*e catcff value . sed in the sequence cuantification.

8
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i
i Table 5.12 Correspondence Between CR-3 and Oconee Transient Sequences
I by Containment Failure Modes and Release Categoryl

CR-3 Oconee Reactor Safety Study Radic'etivity Release Categories for PWR
Transient Transient+

Sequence Sequence 1 2 3 4 5 | 6 7

T (8 )MLU a = .0001 Y = 0.5 8 = .007 .c = 0.5T2A 8T i 3

T (B )MLUO' a = .0001 Y = 0.5 8 = .007 e = 0.5T T i 32A g
i

T (B )MLUD0' a = .0001 6 = 0.5 8 = .007 e = 0.5T T i 32A 10

T MLQH a = .0001 | Y=0.5
'

T 5T2A 11 2 I 8 = .007 e = 0.5
!T (B )MLQD a = .0001T T S i 3 Y = 0.5 8 = .007 e = 0.52A 11 g

! T T (B )MLQCDT 5 i 3 a= .0001 Y = 0.5 8 = .007 c = 0.52A 11 23
i

T (3 )MLQCypI 3 a= .0001 6 = 0.5 8 = .007 c = 0.5T T 52A 11 27

T MLU a = .0001 Y = 0.5 8 = .007 c = 0.5(T -T2A)T8 22
"

(T -T2A)T T MLQH a = .0001 'Y = 0.5 8 = .007 e = 0.5511 2 22

(T -T2A)T S T MLQD a = .0001 Y = 0.5 8 = .007 c = 0.511 g2 2

f (T -T2A)T 5 T MLQCD a = .0001 Y = 0.5 8 = .007 c = 0.511 23 22

| (T -TIA)T8 T MLU a = .0001 Y = 0.5 8 = .007 e = 0.531
'

(T -T g)T11 2 T MLQH a = .0001 Y = 0.5 8 = .007 c = 0.51 i 5 3

T MLQCD a = .0001 Y = 0.5 8 = .007 c = 0.5(T -T g)T 5 311 231 i

i

12/1/81

IThis table includes only CR-3 transient sequences with calculated frequencies > IE-7/ Reactor-Year,
j the cutoff value used in the sequence quantification.

.
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Table 5.13 Probabilities for Transient Induced B4 LOCA Accident Sequences
for Type T -T Transient Initiatorsj 1A ,

INITIATOR: Tx = Tg-TIA ( ANY 1HMIENT, OTHER THAN LOSS OF
NSCC3=S. WHICH LEAVES PCS AVAILABLE)

.

LOCA th00CED FROM T SEQ. #11 (EFS FAILURE)

LOCA
CONDITIONAL PROBABILITY SEQUE;1CE PROBABILITY

SE QUENCE OllTCOME ,ai

NUN ER P(Sxt|TyMQ) p($gygg).p(pg).r(y)g

2 CM 4.4 E-5 7.5 E-7
C

3 S
E

4 CM c

5 5

6 CM 1.1 E-6 c

E
7 CM ? c

C
8 CM c

E
9 CM 2.3 E-6

C
10 CM E

E
11 CM E

E
12 CM E

13 S

14 CM 1.1 E-7 c

15 CM ? c c

16 CM c c

17 CM C c

18 CM E c .

19 5

20 CM 2.2 E-7 c
4c

21 CM ? c
E

22 CN e

23 CM 1. 7 E-5 2.9 E-7
c

24 CM c
E

25 CM ? c
E

26 CM E

L
21 CM c

8/11/81
'No results are provided for sequences which result in a safe (S) outcome
(i .e. , the non-core-mel t sequences).

' Sequences for which the outcome is shown as "CM7* may not result in a core
melt; however. they are conservatively assumed to result in core melt for
the purposes of this analysis,

a

O
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Table 5.14 Probabilities for Transient Induced B4 LOCA Accident Sequences
for Type T Transient InitiatorslA,

INITIATOR: T; = Tgg (LOSS OF NSCCCWS, PCS AVAILABLE)
.

LOCA INDUCED FROM i SEQ. fil (EFS FAILURE)

Cm DITIO M PROB M ITY SEQUDCE NMITY
QLENCE

Ot/TCOME s,s.,
P(SxlTvMQ) p($xt|y gg).p( q ,r(y )L g

xNUMBER

2

3

4

5

6

7

8

9

10

11

12

13 S

14 CM 5.4 E-5 .

15 CM 7 3.5 E-7 t

16 CM 1.1 E-6 e

17 CM 1.1 E-5 c
,

* E
18 CM

19

o 20

21

22

24

25 CM 7 3.4 E-6 c

26 CM 1. 3 E-6 e

27 CM 1.7 E-5 c

11/81
No results are provided for sequences which result in a safe (5) outcome8

(f .e., the non-core-melt sequences).
Sequences for which the outcome is shown as "CM7* may not result in a core

I melt; however, they are conservatively assumed to result in core melt for
I the purposes of this analysis.

' Sequences for which no outcome is shown are not physically possible.

f
.

1

0

, e

I

i
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aTable 5.15 Probabilities for Transient Induced B 4 LOCA Accident Sequences
for Type T -T Transient Initiators2 2A

*

INITIATOR: Ty = 1 -T2A ( ANV TRANSilNT OTHER THAN LO55 0F OFF5ITE POWER. bHICH2
LEAVES PC5 NOT AVAILABLE)

LOCA INDUCED FROM T SEQ. fil (EF5 FAILURE)

" CONDITIONAL PROSABILITY SEQUE: ICE PP.0 BASIL 17Y
SEOutNCE

ouTCOMCs,s
P(5L|TyMQ) P(SyL|T MQ) P(LQ) F(T )3

X XNTLER

2 CM 4.4 E-5 2.5 E-6

3 5

4 CM c c

5 5

6 CM 1.1 E-6 e

7 CM ? c c

8 CM E E

9 CM 2.3 E-6 1.3 E-7

le CM C E

11 CM c c

12 CM c c

13 5

14 CM 1.1 E-7 c

15 CM ? c c
s

16 CM c c

17 CM c t

18 CM c c
'

19 5

'
20 CM 2.2 E-7

21 CM ? c <

22 CM C s

23 CM 1.7 E-5 9.7 E-7

24 CM C E

25 CM ? E C

| 26 CN * E

| 27 CM E E

No results are provided for sequences which result in a safe (5) outcome 8/11/813

1 (i.e.. the non-core-melt sequences).
25equences for which the outcore is shown as 'CM?* may not result in a core
melt; however, they are conservatively assumed to result in core melt for
the purposes of this analysis.

*
I

1

e

|
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Table 5.16 Probabilities for Transient Induced B4 LOCA Accident Sequences
for Type T Transient Initiators2A

.

INITIATOR: Tg . T2A (LO55 0F OFFSITE POWER. PCS NOT AVAILABLE)

LOCA INDUCED FROM T SEQ. fil (EFS FAILURE)

CM DI 1 A F AB ILITY SEQUE;tCE PROBABILITY
ENCE OUTCOME:,3

X( V, P(5 L|T MQ)*P(LQ)*F(Tg)NUPEER X X

2 CM 1.4 E-4 8.9 E-7

3 5

4 CM c c

5 5

6 CM 2.6 E-6 c

7 CM ? c c

8 CM E E

9 CM 3.4 E-5 2.2 E-7

10 CM c c

11 CM C C

12 CM c c

13 5

14 CM c c

15 CM 7 e c

** 16 CM c c

17 CM 2.3 E-7 c

16 CM c E

19 5

20 CM 1.1 E-7 c

C
21 CM 7 c

c
22 CM c

23 CM 6.8 E-5 4.3 E-7
c

24 CM c
E

25 CM ? E

26 CM E E

27 CM 1.6 E 4 1,0 t-6

8/11/81
8 14 0 results are provided for sequences which result in a safe (5) outcome
(i .e., the non-core-melt sequences).

' Sequences for which the outcome is shown as "CM7" may not result in a core
melt; however, they are conservatively assumed to result in core melt for
the purposes of this analysis.

0

e
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Table 5.17 Probabilities for B) Accident Sequences .

.

CONDlfl0NAL PROBABillif SEQUEhCE PROBA31Lif YSEQUENCE CUTCOFC',e
P(5 |Bg) P($g|8 ) P(Bg)NUMBER

33

2 CM 1.0 E-3 1.0 E-7
3 5

4 CM < c

5 5

6 CM 3.0 E-3 3.0 E-7
*7 CM 7 c

8 CM E c

9 CM 5.0 E-2 5.0 E-6
to CM 1.2 E-5 c

11 CM 2.0 E 4 c

12 CM c c

13 5

14 CM 2.1 E-6 c

15 CM ? 2.1 E 6 c

16 CM 6.3 E-6 c

17 CM 1.4 E- 4 c

18 CM c c

19 5 s

20 CM c c

21 CM ? c c

22 CM c c d

23 CM 5.0 E-2 5.0 E-6

24 CM 1. 2 E-5 c

25 CM ? c c

26 CM c c

27 CM 1.4 E-5 c

8/11/818 No results are provided for sequences which result in a safe (5) outcome
(i .e., the non-core-melt sequences).

a5equences for which the outcome is shown as "CM?" may not result in a core
melt; however, they are ccnservatively assumed to result in core melt for
the purposes of this analysis.

&

*
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Table 5.18 Probabilities for B Accident Sequences*

2

.

CONDITIONAL PROBABILITY SEQUENCE PROBA81LITYSEQUENCE OUTCOME ,ai

P($ II )+P(8 INUM8ER P($g|6 ) X 2 22

2 CM 1.0 E-3 1.0 E-7

3 $

4 CM e c

5 $

6 CM 3 0 E-3 3.0 E-7

7 CM 7 5 s

8 CM t c

9 CM 5.0 E-2 5.0 E-6

10 CM 1.2 E-5 c

11 CM 2. 0 E- 4 c

12 CM c c

13 $

14 CM 2.1 E-6 c

15 CM 7 2.1 E-6 C

16 CM 6.3 E-6 c

17 CM 1. 4 E- 4 s

18 CM c c
,,

19 5

20 CM c c

21 CM 7 e c
s

22 CM c c

23 CM 5.0 E-2 5.0 E-6

24 CM 1.2 E-5 c

25 CM 7 e c

26 CM c c

27 CM 1.4 E-5 c

'No results are provided for sequences which result in a safe ($) outcofre
(i.e., the non-core-melt sequences).

' Sequences for which the outcome is shown as "CM?" may not result in a Core
melt; however, they are conservatively assumed to result in core melt for
the purposes of this analysis.

J

e
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Ta bl e 5.19 Probabilities for 8 Accident Sequences '

3

.

CONDITIONAL PRORABILITY $[QUENCE PROBASILITYSEQUENCE OUTCOMES,
P(S I8 ) P($g|8 ) P(9 dNUMBER X 3 3

_-

2 CM 1.0 E 3 1.0 E-7

3 5
c4 CM c

5 5

6 CM 3.0 E-3 3.0 E-7

7 CM 7 < c

8 CM e c

9 CM 5.7 E-2 5.7 E-6

10 CM 1.4 E-5 c

11 CM 2.3 E 4 c

12 CM c c

13 5

14 CM 2.1 E-6 c

15 CM ? 2.1 E-6 e

16 CM 6.3 E-6 c

17 CM 1.6 E-4 c

c18 CM c

19 5 .

20 CM 3.0 E-5 c

21 CM t 2.4 E-6 e

22 CM c c s

23 CM 5.1 E-2 5.1 E-6
24 CM 1.2 E-5 c

25 CM ? 2.7 E-5 c

26 CM c c

27 CM 1.4 E-4 c

8/11/818 No results are provided for sequences which result in a safe (5) outcome
(f.e., the non-core-melt sequences).

8 Sequences for which the outcome is shown as 'CM7" may not result in a core
melt; however, they are conservatively assumed to result in core melt for
the purposes of this analysts.

=

0
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Table 5.20 Probabilities for B Accident Sequences=

4

.

SEQUENCE OUTCOME'*a
CS DITIM AL N ABIL! n WM MMILIU

NUMBER P($g[8 ) p(5 |8 ) P(84)4 1 4

2 CM 1.3 E-1 1. 7 E-4""

3 5

4 CM 3.2 E-5 *

5 5

6 CM 3.1 E-3 4.0 E-6
7 CM ? E c

8 CM t c

9 LM 6.9 E-3 9.0 E-6

10 CM 1.6 E-6 e

11 CM 2.6 E-5 c

12 CM c c

13 5

14 CM 3.1 E-4 4.0 E-7

15 CM ? 2.1 E-6 c

16 CM 6.3 E-6 c

17 CM 1.9 E-5 1

18 CM c c

19 5

< 20 CM 6.4 E-4 8.3 E 1
21 CM ? 2.4 E-6 c

22 CM ( c

S 23 CM 5.0 E-2 6.5 E-5
24 CM 1.2 E-5 e

25 CM 7 2. 7 E-5 e

26 CM E c

27 CM 1.4'E-4 1.8 E-7

'No results are provided Sr sequences which result in a safe (5) outcome
(i .e.. the non-core-melt sequences).

' Sequences for which the outcome is shown as "CM7* may not result in a core
melt; however, they are conservatively assumed to result in core melt for
the purposes of this analysis.

4

9

5-61

. , .



Table 5.21 Non-LOCA Transient Sequence Probabilities
,

*

TRAN51ENT TRAN33ENT DUTCOME CONDITIONAL PROBABILITY SEQUENCE FROBABILITY
F(T,[MP QT,) F(MP Q) F(Ts)Iulf!ATOR SEQUENCE F(7.|MPQTs) 2 22

(7,) (T.)

m 1.4 E-5 c
76igg

79 . Os hot Possible Not Possible

70 . 04 2.0 E-7 c
3

i
01 4.8 E-6 4.1 E-6

T -T a 78? 1 i

Of ( i
T9-

W ' '
710

Os 4.3 E-5 1.4 E-5
T3T2A

7.7 E-6 2.5 E-6Os79

1.7 E-4 5.4 E-5Os710 s

CM 4.8 E-6 8.6 E-6
T8 c7 -T2A2

Os t &
T9

W ' '
T10

8/11/81

o

'b

e
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Table 5.22 Dominant Accident Sequences vs Release Categories, .
for Transient-Inititated Events (Including Transient
InducedLOCAs);

'
!

. . .

RSS RADluiCitVITY RELEASE CATEGORIES FOR PWR
INITIAT!hG r

EVENT 1 | 2 3 li | 5 '6 7|
: | |'

i C W >gg

T -y Tg-5|*e T -5T -f T 8 25 811 23- yg gg .5 7 2.1 E-61.5 E-7 2.1 E-6

.
Ibl-7 b$E-7

)

{ f!.E. TOTALS 2E-7 2.5 E-6 2E-7 2.5 E-6

T 0-8T2A T10 4 T -s Tgo-a T -8T -v 1 88 8
2.7 E-5 7.0 E-6 3.8 E-7 1 IE-7 2.7 E-5 7.0 E-6

Tg-y Tgt-5 -y ig-a T )$ -83 22
1.3 E-6 4.5 E-7 1.3 E-6 4.5 E 74

11 27- 6 T11 5 -y T ST 5 9 T jS -c31 g7-s 3 9
5.0 E-7 1.1 E-7 5.u E-7 g.t.g.7

#
T 31 23-y T 55' 33 23-',

2.2 E-1 2.2 E-7

1.E. TOTALS 2.9 E-5 7.6 E-6 4E-7 1E-7 2.9 E-5 7.6 E-6

T;3E-62-72A T3 3q 8
E-; 3 E-6t7

f Ills -8|
Tg|S -v.h E 6 I* E*6

T 511 9-8[ Tits -y9
4 1E-7 4,IE-7

,

i

!.E. TOTALS | SE-7 5.7 E-6 SE.7 5.7 E-6

f TRAN5fENT TOTALS See Note 1 3.0 E-5 1.6 E-5 4E-7 IE-7 3.0 E-5 1.6 E 5
|

I 11/23/81

10n the order of IE-7, the cutoff value used in the sequence quantification.

i

|

l

*
.

, .
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Table 5.23 Dominant Accident Sequences vs Release
Categories for LOCA Initiated Events

e

e

RSS RADICACTIVITY RELEASE CATECORIES FOR PWR
INITIATING ; ;
tyt"7

1
'

2 1 3 4 5 | 6 7

| |5 |5r 5"c 95 .y ?
,l v

| 1 2f.0E-6 1.0 E-6 4.0 E-6 4.0 E-69

'
! 5 "C 5*6 2
| ,6-T 2.4 E-7 1[-7'

7
I i

| I

~

|I.E. TOTALS ,!
t I .0 E-6 1.1 E-6 4.2 E 6 4.1 E 6

'
Sy yc 5 -c

f 5 -v
9

,

82 : i 523-v 9 4.0 E-6 4.0 E-61.0 E-6 1.0 E-6j , 1

! 5 .c S',

6 p< jg.7i

| 5 -Y
6 | 2.4 E-7

~

< IE-7 g

I |

-.-}
|1.E.TCTAts !__.1.1E-6 __.____-j._._______| 4.2 E-6 4.1 E-6t 1.0 E-6

; __

, . _ ._ ; _
| 5 r' | 5

*[
3 ! 5 5 9. y | 2 9

2f.y3 '
1 4.1 E-6 4.6'E-6.0 E-6 1.1 E-6 : g ,

| |I
'

6< IE-7 |
- : 5 -c 5''

5., 26
! | 2.4 E- 7 1IM'

| || i <

l

! i !
t-

II.E.!OTAL5 j ! 4.3 E 6 4.7E-61.0 E 1.2 E-6
'

. ; 52- 8
_.__._|____._-6

*

I ._l___ _ _ _ _ ._ 1 .. . . __.

3 523- Y ,

5 ]".3 E-5 |S
5 -Y 523-b | 2 PE2 .4

8.5 E-53.3 E-5 t 8.5 E-5 4.6 E-7 1.2 E-6* i
,

! t i,6 Y| 5 .y i !5**
+ 5-5 99 6

,

4.5 E-6 | | 2.0 E-6

|5 | |
4.5 E-6*

, ,

i 529-Y
' '

1 4.2 E-7 34-v i ! 2 E-7 |;
' 2.0 E-7 ! i |Sp. 4 ;

C I 'I E-1 |,

! ! | Sgy-c| I

t IE-7 ,,

__ . . _ . , . _ .__ _ _ . _ _ _ . .. -.

| 1.2 E-6 ; 3.6 E 4 to M9.0 E-5
..___-7_ . . . _. . . _ . ..____.s -- ,

SE1.E. 70Tr.L5 '
-

3.6 E-5

f 4.9 E-5LCEA TOTALS See Note 1 3.9 E-5 1.2 E-4 | 5E-7 1.2 E-6 1.0 E-4 ;4

.i_ . . . _ _ _
. ,

_ . _

11/23/81

10n the order of IE-7, the cutof f value used in the sequence quantification,

s

v
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Table 5.24 Dominant Accident Sequences vs Release Categories
Tabulated in Decreasing Order-of-Magnitude of
Sequence Probabilities,

.

f RSS RADIDACTIVITY RELEASE CATEGORIES FOR PWR
RELEASE CATEGORY

| 1 ! 2 ! 3 ! 4 5 6 7
I

3 10-4

410-5 B54 23-Y B 52-7 B 523-c B452-c4 43.3 E-5 8.5 E-5 3.3 E-5 8.5 E-5

T T2A 10-8 T A 10-c2 T
2.7 E-5 2.7 E-5

I

310-6 ; 64S -v T T6 2A g-Y 845 -8 B53 23 c T2AT8-c2
j 2.0 E-6 7.0 E-6 1.2 E-6 4.1 E-6 7.0 E-6

T T 92A 9-v B45 -7 952 23-c 8359-c1.3 E-6 4.5 E-6 4.0 E-6 4.6 E-6
83S23-v (T -T A)T -v2 2 8 B51 23-c E 5 -5491.0 E-6 4.3 E-6 4.0 E-6 4.5 E-6
8 5 3-v (T -T A)T -722 i I 8 9 56-c (T -T A)T -52 2 841.0 E-6

| 2.1 E-6 2.0 E-6 4.3 E-6
lT-TB1 23-y5 24)T 15 -v T2AT9-c B25 -51 2 92

. 1.0 E 6 1.3 E-6'. 1.3 E 6 4.0 E-6
'

B S -v *
J9 D 5 -c191.1 E-6 4.0 E-6

, 82S9-y (7 -TIA)T -c1 8
1.0 E-6 2.1 E -6

6 59-y (T;-T A)T1 2 511 2-t1.0 E-6 1.3 E-6

>10-7 i 84523. e T i2A g-3
1 4.6 E-7 ( IE-7
} T2AT10-8
| 3.8 E-7
!
.

TOTALS (APPROXI* ATE) See Note 1 ( 6.6 E-5 1.1 E-4 EE-7 1.3 E-6 7.5 E-5 1.2 E-4
_

Total Probability of Core Melt c 3.7 E-4

11/23/81

1 n the order of IE-7, the cutoff value used in the sequence quantification.0

#

9
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5.4 Analysis of Selected Operator Faults

Six of the most easily identifiable important operator faults are
,

singled out for special attention. Five of these contribute to LOCA sequences
while the sixth contributes to transient sequences with loss of all secondary#

,

cooling. Of the five LOCA-related faults, three are dominant contributors to
dominant sequences; the other two are closely related faults although not as
significant quantitatively. The transient fault illustrates the role of the

operator as a backup to automatic systems. Because of the importance of these
faults, the object of this analysis is to improve the accuracy of their
estimated probabilities, or at least to increase the confidence that might
be placed in an assertion that the estimated probabilities are of the correct
order of magnitude. Whether or not the objective is met, the analysis should,

illustrate both the importance of operator faults and the pitfalls associated
with estimating their probabilities.,

The six faults are identified by their Boolean variable name and
;

] defined below. The estimated probabilities are given in parentheses following-
1 each definition: .

H*02 Operator makes error in switching to recirculation '

and loses core cooling capability, given a B4 or
transient-induced LOCA (0.08)

! LO6 Premature cutoff of low pressure coolant injection by
i operator, given a LOCA (0.05)
'

LOl7 Premature initiation of recirculation, given a LNA
; (0.05)

! LO4 Delayed initiation of recirculation, given a LOCA (0.003)
i

! H01 Premature cutoff of high pressure coolant injection by
! operator, given 8 , B3 or transient-induced LOCA (0.004)4

H03 Failure to establish a " feed and bleed" operation,
given a transient with loss of all secondary cooling
(0.014)

'

:
i

'
; All of these faults certain to specific actions required of the operator as

set forth in various emergency procedures. All of the faults imply a failure to
.

' recover.

)
)
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Each fault is analyzed by breaking down each complex action (as
described in the appropriate procedure) into a sequence of independent
simpler actions such that all the simple actions must be performed correctly,

and in order. Failure to perform any one of the simple actions results in
failure of the complex action. In fault tree terminology, the complex fault,

is represented as a single OR gate with all the simple faults as inputs.
For analytical purposes, simple (proper) actions are denoted by lower case
letters and the simple faults by the corresponding upper case letters. For

example, let a successful complex action X, with failure X, be comprised of
three simple actions, a, b, and c. The Boolean equations are then:

Y=abc ; X=A+B+C

and the probability of the fault X is

P(X) = 1-P(a b c)

= l-[1-P( A)][1-P(B)] [1-P(C)]
a

Applying the small probability approximation, for all practical purposes the last.

expression becomes:

P(X)=P(A) + P(B) + P(C)

The generalization to events with more than three simple actions is obvious.
The theory is that the probabilities of the simple faults can be estimated
more reliably than can the complex fault considered as a single event.

The logical structure of a complex fault may be illustrated by a
simple tree-like diagram, with branches to the left for successes and to the

right for failures. Such trees are shown in Figures 5-6 through
I5-11, which summarize the analyses of the six faults under consideration .

Branches are labeled with synbols as indicated above and probabilities
''

for each branch are shown in parentheses.

.

1These figures appear at the end of Section 5.4
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The simple required actions (a, b, c...) which comprise the complete fault
are defined immediately below the tree diagram. The simple faults (A, B, C...)
are not defined explicitly; they are simply the complements of the required ,

actions.
*These figures are intended to be more or less self-explanatory,

more if the appropriate procedures and other references are at hand.
These analyses are examples of a technique called THERP (Technique for Human

Error Rate Prediction) as described in Reference 5-10 (NUREG/CR-1278). This
document provides extensive tables and guidelines for estimating the
probabilities of simple faults. When a particular simple fault is
represented explicitly in NUREG/CR-1278, the given central estimate is used
unless othemise indicated in the figures. The specific table and line
number is generally shown under " Sources or Bases for Probabilities"; if the
explanation begins vith " Estimate", it means the fault is not explicitly

| represented in NUREG/CR-1278, in which case the fault is compared to a similar
i

or related fault appearing in the tables, which is then indicated, or the
probability is simply estimated on the basis of " engineering judgment"
tempered with some human factors experience. -

I
! A small-small LOCA followed by successful coolant injection but ,

subsequent failure of core cooling in recirculation (sequence B S ) is one42
of the most important sequences because it is dominant in several release
categories, depending on the containment failure mode. The operator faults
H*02 and LO6 together contribute about 97% to the conditional (given the
initiating event) probability of this sequence. Both faults are singles to
the LOCA sequence S '

2

H*02 (contributing about 59% to P(S )) involves a complex action
2

with many opportunities for making a mistake. The analysis in Figure 5.6
suggests that the arrangement of control panels should be examined with
res'pect to this and similar types of fault. The fault LO6 (contributing
about 38% to P(S )) inv lves a rather simple action in itself (although it

2
is embedded in a much more complex action), but the required action is
contrary to what is required in many similar situations, even those occurring '

in the larger context in which the fault LO6 is embedded. It raises questions
.
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I

about such procedures, or about systems designs which call for such
procedures.

t

The operator fault L017 is closely related to H*02 and LO6.
,

It contributes essentially 100% to LOCA sequence S This sequence is
23

not the most do..iinant in any category but it is a significant contributor
,

to several. L017 also contributes significantly to the LOCA sequence S27'
which entails failure of all cooling systems in injection (and therefore in
recirculation). L017 itself fails emergency coolant injection (both low
and hig5 pressure) and reactor building spray injection. It must combine
with a fault (most likely a valve or valve-related failure) in the Reactor'

Building Emergency Cooling System to cause the sequence S With these
27

combinations considered, L017 is involved in contributing about 92% to

the probability of S27, or of B S4 27'

LO4 is not a major contributor to dominant sequences, but it is a
counterpart to L017. As are all the LOCA-related faults, these are embedded

i in an extensive set of procedures for coping with a LOCA. It may be of
interest to note that L017 is treated as an injection fault and LO4 as a

recirculation fault. This somewhat artificial distinction stems from the,

tacit assumption of a sharp dividing line between injection and recirculation.
n For either fault, the result is a loss of suction to the low pressure pumps

and subsequent cavitation and burnout,
i

; The fault H01 is a major contributor (about 50%) to the LOCA
sequence S . The sequence B S - e is one of the dominant sequences appearingg 4g
in release category 7. There is no doubt that such a fault could happen
because it did happen at TMI (5-19). On the other hand, it is much less

likely to happen again (given a demand for HPI) because of TMI. Reactor>

operators everywhere are presumably sensitized to the possible consequences
of turning off HpI. Moreover, an NRC regulation now explicitly prohibits
turning off HPI for twenty minutes after it is initiated automatically.

4

Finally, the fault H03 is a different type of fault. It could
arise in the event of a transient with subsequent loss of both normal and

i emergency secondary cooling, i.e., loss of all feedwater flow to the steam,

genera tors . The only way to cool the reactor would be to remove energy
'

,

i

1
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by blowing off steam through a relief valve and replenishing the water
inventory by means of the high pressure injection pumps. Such an
operation is referred to as a " feed and bleed" operation. It is a manual

aoperation performed by the operator from the control room. The fault
H03 is failure to (a) diagnose the need for " feed and bleed" or (b)

,

properly initiate the operation. The feed and bleed operation under the
indicated circumstances is possible with B&W reactors because the B&W

HPI pumps have such a high shutoff head that they can pump large amounts of
coolant into the reactor even at normal operating pressures, whereas other
PWR HPI pumps have shutoff heads substantially below normal operating
pressures; in a sense this helps to compensate for the rapid response of the
once-through steam generator to feedwater transients, but it must be

initiated within a time window of about 20 minutes. (Other
PWRs permit a much longer time window, which increases the chances of
recovering emergency feedwater flow.)

H03, in combination with other faults, is a significant contributor
to the sequence T - e , which is dominant in the seventh release category.2A 8
The combination of faults most likely to yield this sequence include loss

,

of offsite power (the initiating event), failure of emergency diesel "A",
failure of emergency backup power from Crystal River Units 1 and 2, failure a

of the turbine-driven emergency feedwater train and H03. It may be of
interest to note that the same combinations of faults, except with H03
replaced by the human fault of leaving one-of-two manual valves closed ir

the high pressure train B, makes a comparable (actually larger) contribJt-:on
to the sequence orobability.

s

9
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FAULT: Operator makes error in switching to recirculation and loses core cooling capability,
given a B4 or transient-induced LOCA

o
BOOLEAN SYMBOL: H+02 H*02 (0.08)

ESTIMATED PROBABILITY: 0.08 (0.999)

A (0.001)b

(0.95)

B (0.05)(0.997)

d C (0.003)
(0.99)

e D (0.01)
(0.997)

'N (0 003)E
f

.

(0.997)

g F (0.003)
(0.99

*

REQUIRED ACTIONS:

a: Operator opens at least one DHP suction to RB sump
, b: Operator opens at least one DHP discharge to MVP suction

c: Operator performs step to close DHP suction from BWST
d: Operator closes second DHP suction, given that he has closed first
e: Operator starts at least one CHP
f: Operator performs step to close MUP suction from BWST
g: Operator closes second MVP suction, given that he has closed first

ASSUMPTIONS:

1. Analysis based on one operator
2. The probabilities of inadvertently selecting an incorrect control is assumed negligible.

SOURCES OR BASES OF PROBABILITY ESTIMATES:

a,A: Estimate. NUREG/CR-1278, Table 20-20, line 4; because of BWST alarm, treat as short
procedure, and use low value because the first item in a list is the least likely to

i be omitted.
' b,B: Estimate. Source would be NUREG/CR-1278, Table 20-20, line 4, but negative dependence

with a is assumed because b is the second half of a step that incorporates an OR; that
is, a requires performance of one or the other of two operations.

c,C: Estimate. NUREG/CR-1278. Table 20-20, line 4.
d,D: Es tima te. Normally there would be complete dependency between d and c; but this step is

embedded in a procedure which requires most operations to take place on either of two
panels, and d is the performance of an operation cn the other panel (the operation must

, be performed on both). The negative dependency between actions d and c is due to a
I poorly-written procedure. Normally d would have a higher probability of success than

c, up to complete dependency.
e,E: Es tima te. NUREG/CR-1278, Table 20-20, line 4.
f,F: Estimate. NUREG/CR-1278, Table 20-20, line 4.

'' g,G: Es tima te. See d (g relates to f as d relates to c).

REFERENCES:

| CR-3 Emergency Procedure EP-106, Loss of Reactor Coolant or Reactor Coolant Pressure.
' Rev. 22, 10/25/79.

Figure 5.6 Probability Estimation for Operator Fault H*02.
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i

TAULT: Premature cutoff of low pressure coolant injection by operator, given a LOCA

*BOOLEAN SYMBOL: LO6

ESTIMATED PROBABILITY: 0.05
.

LO6 (0.05)
4

a

(0.95
A(0.05),

b
i (0.999)

B (0.001)

1

REQUIRE 0 ACTIONS:
a

a: All operators leave LPI running when needed, even though it would properly have been
turned off several times earlier in the sequence.

b: All operators recognize low pressure condition and leave LPI running.
4

ASSUMPTIONS:

1. Multiple operators work independently. Any one of them could commit a fault. ,

SOURCES OR BASES OF PROBABILITY ESTIMATES:
#

a,A: Estimate. Based on the " mind-sets" of operators under pressure. The LPI is repeatedly
turned off and there are operators present who did not turn it off previously and thus
may believe it should be turned off at this time.'

b,B: The fault is that the operator responsible for monitoring primary system pressure will-

misread the pressure indicator, think the pressure is too high, and turn off LPI.
NUREG/CR-1278, Table 20-5, line 1. The lower bound of uncertair,ty is used because this
is a simple task being performed under high stress, which enhinces performance of simple
tasks.

REFERENCE:

; CR-3 Emergency Procedure EP-106, Loss of Reactor Coolant or Reactor Coolant Pressure,
Rev. 22, 10/25/79.

!

I
i

!

i

,

1
,

v

Figure 5.7 Probability Estimation for Operator Fault LO6.
,

1
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FAULT: Premature initiation of recirculation, given a LOCA
6

BOOLEAN SYMBOL: L017

ESTIMATED PROBABILITY: 0.05
e

LO17(0.05)

a

(0.95

A(0.05)

REQUIRED ACTION:

a: Operator bases decision on sump level indicator rather than on BWST low-level alarm.

ASSUMPTION:

1. Low-level setpoint will not fail or cause BWST alarm to go off too soon.

SOURCES OR BASES OF PROBABILITY ESTIMATES:

a,A: Estimate. NUREG/CR-1278. Table 20-20, line 5; the highest value is used since the
operators report a false belief with respect to the cue for initiating recirculation.

REFERENCES:

'
CR-3 Emergency Procedure EP-106, Loss of Reactor Coolant or Reactor Coolant Pressure,
Rev. 22 10
Discussions /25/79.with CR-3 operating personnel, November 1979.

d'

!

l
.,

!

Figure 5.8 Probability Estimation for Operator Fault L017.
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FAULT: Delayed initiation of recirculation, given any LOCA

BOOLEAN SYMBOL: LO4 4

ESTIMATED PROBABILITY: 0.003

.

LO4 (0.003)

a

(0.997)
A (0.003)

b

(sl.0)
B (c)

REQUIRED ACTIONS:

a: Operator detects BWST low-level alarm
b: Operator begins recirculation

ASSUMPTIONS:

1. Probability based on one operator
2. Annunciator is one of about five actuated at the same time ,

3. Action is completely dependent upon alarm, since operating procedure has operator
essentially waiting for the signal.

#
SOURCES OR BASES OF PROBABILITY ESTIMATES:

a,A: NUREG/CR-1278, Table 20-4, line 5
b,B: Estimate. Based on an assumption of complete dependency.

REFERENCES:

CR-3 Emergency Procedure EP-106, Loss of Reactor Coolant or Reactor Coolant Pressure,
Rev. 22, 10/25/79.
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| Figure 5.9 Probability Estimation for Operator Fault LO4.
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FAULT: Premature cutoff of high pressure coolant injection by operator, given B4, B3 or
o transient-induced LOCA

BOOLEAN SYMBOL: H01

* ESTIMATED PROBABILITY: 0.004

H01(0.004)

a

(0.997)
A (0.003)

b

(s1.0)
B (3E-8)

C

(0.999)
C (0.001)

REQUIRED ACTIONS:

a: Operator correctly reads LPI flow indicator
b: Operator correctly calculates subcooling,

c: Operator adequately throttles HPI system

ASSUMPTIONS:,

1. Analysis based on single operator
2. Correct subcooling curves will be read, as there is no similar page nearby in the

plant operations book

SOURCES OR BASES OF PROBABILITY ESTIMATES:

a,A: NUREG/CR-1278, Table 20-12 line 4
b,B: NUREG/CR-1278, Table 20-12 line 4 six meters. Adjusted for dependent readings with

a tendency for recovery (noting an error on reading four meters will tend to produce
correction of errors on meters 1-3, etc.) by treating as three independent readings,

c,C: Estimate. Action is considered a complex task performed under stress (relatively
| high error probability), but one in which a gross error is required to cause any

trouble.

REFERENCES:

CR-3 Emergency Procedure EP-106, Loss of Reactor Coolant or Reactor Coolant Pressure,
Rev. 22, 10/25/79.

; CR-3 Operating Procedure OP-103, Plant Curve Book, Rev. 20, 9/20/79.

,

i

..

Figure 5.10 Probability Estimation for Operator Fault H01.
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FAULT: Failure to establish a feed and bleed operation, given a transient with loss of all
secondary cooling.

BOOLEAN SYMBOL: H03

ESTIMATED DROBABILITY: 0.014
H03 (0.014) *

a

(0.997)

A (0.003)

b

(0.99)
B (0.01)

C

(0.999)

C (0.001)

REQUIRED ACTIONS:

*a: Operator detects alann indicating pressure or temperature deviation
b: Operator takes action to initiate feed-and-bleed

c: Operator chooses correct controls for feed-and-bleed operation

ASSUMPTIONS:

1. Analysis based on single operator
2. Pressure and temperature alarms are two out of about five that will sound at one time
3. Control relationship to other controls assumed to be typical
4. Moderate (optimal) stress assumed -- 15 minutes to perform task

SOURCES OR BASES OF PROBABILITY ESTIMATES:

a,A: NUREG/CR-1278, Table 20-4, line 5
b,B: This requires diagnosis of problem and choice of correct procedure, which must be done

within a time window of about 20 minutes. The probability is based on the assumption
that the operator is not likely to misdiagnose the condition. ATWS is the only condi-
tion with similar symptoms, and the reactor will not trip on ATWS, so it is noticeably
different. Note, however, that this event includes the possibility of the operator
regarding the symptoms as unimportant, as well as his regarding them as symptoms of a
different problem.

c,C: Estimate. NUREG/CR-1278, Table 20-19, typical value

REFERENCES:

CR-3 Emergency Procedure EP-108, Loss of Steam Generator Feed, Rev. 10, 8/2/79.
CR-3 Emergency Procedure EP-103, Loss of RC Flow /RC Pump Trip, Rev. 8, 8/2/79.

s

..

Figure 5.11 Probability Estimation for Operator Fault H03.
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