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I. INTRODUCTION

Technical specifications (TS) in a nuclear power plant are specific re-

quirements on its day-to-day operation, designed to protect public health and

safety. Two primary aspects of the TS are (1) limiting conditions of opera-

tion (LCO) with allowed outage times (AOT's) and (2) surveillance testing in-

tervals (STI's). The promulgation of TS is an important element of the exist-

ing regulatory framework which governs licensing and operation of nuclear

power plants.

In recent years, there has been growing interest in the nuclear community

in reexamining the TS from a risk perspective. One of the reasons is that a

significant portior of reactor downtime (plant unavailability) is attributable

to the strict TS. Furthermore, it is generally believed that the TS were

established not on a firm technical basis but rather in an ad hoc manner and

that the apparently strict TS may not necessarily enhance the public safety.

In the debate regarding the merits of relaxing the TS,U»2) t n e burden is

however, primarily on the owners and operators of the plants to prove that the

existing TS are "too strict."

The higher level risk measures, e.g., core damage frequency and health

risks, which will usually be the attributes in risk-based decisions, are not

directly "measurable." Thus, they must be evaluated by mathematical (deter-

ministic and/or probabilistic) methods using various models. Here arises the

importance of the chosen methods and models since the final decision would de-

pend on them. The outcome of a decision based on a particular method could be

different from a decision which was based on another method. This aspect is

particularly relevant to the TS problem since various complex characteristics
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are inherent in the TS problem, that is, allowed outage times (AOT's) and sur-

veillance testing intervals (STI's) introduce into the TS problem a high de-

gree of stochastic dependency among components and systems.

The available methods applicable to the TS problem invariably employ some
kind of approximations. The degree of approximation varies according to the
methods. Some approximations are intrinsic to particular methods because of
fundamental assumptions in the methods while some approximations are made for
numerical and computational efficiency. The methods reviewed and tested
(using a sample problem) in this study are limited to those whose computer
code implementations are available to the authors. These are: (1) "static"
fault tree approach,(3) (2) "time-dependent" unavailability analysis, W
and (3) Markov analysis.^)

II. SAMPLE PROBLEM

The sample problem devised in this study is to calculate core damage fre-
quencies for different AOTs from an accident sequence using the three methods
mentioned above. The accident sequence consists of an initiator and failures
of two frontline systems which share a support system. Figure 2.1 represents
the sample problem configuration in a reliability block diagram. Each block
is a "supercomponent" consisting of several components in series. For
example, Block 1 is composed of a pump and several valves associated with the
pump. Frontline system 1 (Fx) consists of Blocks 1, 2 and 3. Similarly,
frontline system 2 (F2) consists of Blocks 4, 5 and 6. The success criterion
is l-out-of-2 for both frontline systems. Blocks 7 and 8 consitute a support
system.

The problem |s characterized by the following:

1. The accident sequence is defined as TFjF2 where T is the initiating
event.

2. The two trains (blocks) in each system follow staggered testing
schedules.

3. The testing schedules are consistent between the frontline systems
and the support system. For example, test of Block 1 is also stag-
gered with test of Block 8.



4. The suction source (Block 3) for frontline system 1 is reconfigured
during test and repair. That is, when Block 3 is under test or re-
pair, the support system whose primary function is cooling of pumps
in Blocks 1, 2, 4 and 5 is also used, if it is available, as the
suction source in lieu of Block 3.

5. Test time of the suction source (Block 6) for frontline system 2 is
negligibly short. If test finds Block 6 is unavailable, the reactor
is shut down immediately.

6. If repair of each block is not completed within an AOT, the reactor

is shut down.

7. Each block is not available during its test.

8. Test and repair introduce human errors into the state of the block

affecting its unavailability.

III. RESULTS AND DISCUSSIONS

The static fault tree was quantified by the SETS code.(6) For time-
dependent unavailability analysis, FRANTIC IIl(^) was used. For Markov
analysis, the version of STAGEN and MARELA developed in Ref. 5 was modified
for the sample problem.

Figure 2.2 shows the results of sensitivity calculations obtained by
varying AOTs. In the case of unavailability of the combined systems in the
sequence, only time-averaged (for 360 days) values are included in the fig-
ure. FRANTIC III and STAGEN/MARELA also calculate unavailabilities as func-
tions of time in detail. In addition, STAGEN/MARELA also calculates core dam-
age probabilities and reactor shutdown probabilities (plant unavailabilities)
as functions of time directly. In the case of Markov analysis, each block was
modeled to be in three states, i.e., (1) operating, (2) failed, and (3) in re-
pair.

The results for the static fault tree approach and Markov analysis in-
clude reconfiguration of Block 3 during test and repair. The FRANTIC results
obtained here.., however, do not represent the reconfiguration exactly. Two
sets of results are instead provided for FRANTIC III calculations: one for no
reconfiguation of Block 3 during test and repair, and another for zero test
and repair duration (equivalent to no unavailability during test end repair)



of Block 3. Incorporating reconfiguration correctly in the FRANTIC calcula-
tion involves generating minimal cut sets by taking into account the resulting
new system structure and related human failures. These new minimal cut sets
should then be used only during test and repair by FRANTIC. There may be
situations, depending upon the problem and data, that the rare-event
approximation usually employed in current PRAs will not be accurate enough (on
the conservative side) if it is used also in the FRANTIC calculation, espe-
cially for test and repair phase. Therefore,, in the FRANTIC calculations for
the sample problem in this study, the min cut upper bound(^) was used to
reduce over-estimation in the unavailability.

It is observed from Figure 2.2 that for the range of AOT's considered,
Markov analysis gives smaller unavailabilities and core damage probabilities
than the other two methods. If reconfiguration is not considered in the
FRANTIC calculation, FRANTIC results are the most conservative. However, if
zero test and repair duration is assumed in the FRANTIC calculation, static
fault tree results become the most conservative. The static fault tree re-
sults are always conservative compared to the Markov analysis results.

The differences in core damage frequency and in unavailability (as far as
time-averaged unavailability is concerned) between the static fault tree and
FRANTIC results are not considered significant while the corresponding differ-
ences beteen the static fault tree and Markov results are considered substan-
tial. This is due to the fact that the Markov analysis models stochastic
dependency better than the other two methods and that multiple states in the
Markov analysis allows more realistic modeling of component and system dynamic
behavior, including renewal aspects of system challenges and inter-system
state transitions. FRANTIC (and Markov analysis) of course provides not only
time-averaged unavailabilities but also detailed unavailabilities as functions
of time which cannot be obtained by the static fault tree approach.

IV. CONCLUSIONS

Although the sample problem used is not a detailed model, it contains
most of the important and essential characteristics that should be addressed
in the TS problem. Thus, the trends observed in the results are expected to
be indicative of the real situation.



The results obtained in this study using three methods give useful in-
sights and lend confidence to the conclusion that the static fault tree
approach can be used by NRC for the AOT problem when the quantified higher
level measures, e.g., core damage frequency and health risks, turn out to be
unequivocally below the criteria (e.g., the safety goals). However, when the
higher level measures corresponding to the proposed AOTs are in the range of
the criteria, the Markov analysis or the time-dependent unavailability analy-
sis would be attractive to owners of the plants who bear the burden of proof
in AOT relaxation.
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Figure 2.1 Block configuration of a sample problem.



x 10-4

A" Static Fault Tree
B FRANTIC*
C FRANTIC*
D Markov

20 40 60 120 140 160

Core Damage
Frequency

Average
Unavailability

80 100

AOT (Hours)

Figure 2.2 Average Unavailability and Core Damage Frequency as Functions of AOT.


