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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 perform 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 Requlatory Commission of the
sensitivity of risk to feedwater perturbations associated with the once-
through-steam-generator (0TSG) 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 performed 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 using
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 Wilcox
reactor by Battelle Columbus Laboratories in support of the Reactor Safety
Study Methodology Applications Program (RSSMAP).

The CR-3 study employed several new techniques in risk assessmont
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 not 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 freguency (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 in
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 {ailures 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
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 reasonable

confidence.

The most likely accidents involving core melt at CR-3 seem to be small-
small LOCAs (effective area less than 0.087 sq. ft.) with failure of the

' |



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 likelihooe of
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 freqguencies
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
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
are important in essentially all the LOCA sequences. Moreover, operator
error probabilities are among the most uncertain of all reliability param-
eters. A second example of analytical differences with the Reactor Safety
Study concerns the loss of offsite power, where different assumptions were
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 (0TSG) and the Integrated Controil
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.
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Hence, this problem as well as the more general problem of operational
sensitivity of the secondary cooling system are not addressed in this report.

A further limitation of the present study is that all calculations of
probabilities are in terms of "point estimates." The calculations rely
entirely on point estimates of component and human reliability parameters.
Uncertainties are investigated neither by error propagation nor by sensi-
tivity studies. This limitation lowers the confidence that one could place
in the results as basis for major design-related decisions, but it does
not preclude use of the results in the preliminary identification and
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
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-
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
and the correiation of sequences with release categories, those sequences
making dominant contributions to the likelihood of a release in any given

1-4



FIGURE 1.1. SCHEMATIC APPROACH TO PROBABILISTIC RISK ASSESSMENT
FOR CRYSTAL RIVER-3 SAFETY STUDY




category were identified. Operator faults contributing significantly to
any of these sequences were subjected to detailed analysis on the basis of
human factor principles. The probabilities of the corresponding sequences
were subsequently refined on the basis of this analysis.

Two aspects of the analysis are more advanced than their Reactor Safety
Study counterparts. Ffirst, for each system, the complete spectrum of top
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 cystem wherever it appeared in
the event trees. Second, in this study system interdependencies were rigor-
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.

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
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 4
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 guantification process.
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2.0 SUMMARY OF RESULTS

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

The estimated frequencies of releases in each category at CR-3 sre
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 diff:rent 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
< 1E-7/year, the cutoff value used in the sequence evaluation.

Initial appearances perhaps to the contrary, the differences in risk
pused by the two reactors are probably not as great as the uncertainty in
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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.
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a. Small-Small LOCA Followed by Failure of Emergency Coolant Injection and
6.5E-5/yr)

Reactor Building Spray Injection (Sequence 84523;

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. Ii 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): B&4eL017 (6.5E-5/yr; ~100%)
B& = Initiating Event: Small-small LOCA (1.3E-3/yr)

LO17 = Operator switches to recirculation prematurely;
pump failure results from insufficient water in
the sump. (0.05/demand)

With insufficient water in the reactor building sump, both the ECI and the
RBSI pumps lose suction due to lack of cooling.

The containment failure mode probabilities for this sequence are 0.5
for both hydrogen burning (v) 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: 83523, 5.1E-6/yr; 82523, 5.0E-6/yr; and 81523,
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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 84523, differing only in the initiating event probabilities.

Failure Mode (Cut Set): B30L017 (5.1E-6/yr; ~98%)
83 = Initiating Event: Small <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>