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Abstract

The objective of this study is to contribute to an improvement of fast reactor plant
operation and maintenance from the standpoint of risk assessment. An effort was made to
analyze a relationship between the valve failure probability and the standby time based on the
component reliability database and statistical analysis system (CORDS). According to the
analysis result, the following issues were examined: the surveillance test interval (STI),
timing and the allowable outage time (AOT) of redundant valve system in a fast reactor
model plant. An examination was performed based on the failure probability non-linearly
dependent on the standby time using the risk importance measures and technique to optimize
the AOT which are incorporated in the living PSA system (LIPSAS). The case study showed
that consideration of non-linear time trend of the failure probability made the recommended
STI and AOT longer under the same risk limitation. It is recommended to apply the non-
linear expression of demand failure probability in estimating the STI and AOT based on the
risk measures.

1. INTRODUCTION

PNC has been developing the "living" probabilistic safety assessment system
(LIPSAS)(1) and the component reliability database and statistical analysis system (CORDS)(2)

in order to improve the overall safety of a liquid-metal-cooled fast breeder reactor (LMFBR)
plant system. The target of the LIPSAS is currently aimed at the Japanese prototype fast
breeder reactor.

This paper describes preliminary an application of the LIPSAS and CORDS for
management of LMFBR operation and maintenance (O&M). Discussion is focused on (1)
optimization of surveillance testing interval (STI) of safety-related standby components and
(2) limiting condition for O&M when a failure of the safety-related standby component is
found during reactor operation. These issues were examined by using various analytical
methods which are incorporated in the LIPSAS in cooperation with the component reliability
data obtained from the CORDS.

2. STATISTICAL ANALYSIS OF COMPONENT OPERATING EXPERIENCE
AND FAILURE DATA

We performed statistical analysis of the operating record and failure data on the
component using the CORDS. The CORDS contains engineering-, operating- and failure-
records of typical components used in the US and Japanese LMFBR and sodium test loops.
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2.1 SELECTION OF COMPONENTS

Among the components compiled in the CORDS, the valve component was chosen in
order to analyze the relationship between probability of demand type of failure and standby
time period. Typical valves in the LMFBR plant system are valves exposed to sodium fluid
or to inert gas of forming sodium free surface. Fig. 1 shows relative population related to
time interval between open demands (or close demands) for each valve type. Four types of
the valve are available for the analysis. They are the motor-operated valve (MOV) and air-
operated valve (AOV) in sodium system, and the AOV in gas system and radioactive gas
system. The population is counted in proportion to cumulative time between the demands.
Total of relative population is normalized to unity. The following analysis result can be
applied within the effective range where there is sufficient population in Fig. 1.

2.2 ASSUMPTION OF MATHEMATICAL FUNCTION

In order to examine dependency of demand failure probability on the standby time, it
was assumed that the demand failure probability could be expressed as follows:

Q(t) = 1 - exp( - H(t) ), and H(t) = a * (t + c)b (1)

where "Q(t)" means the demand failure probability at "t",
"H(t)" is the cumulative hazard at "t",
"t" is the standby time which is reset to zero just after every same type of demands,

and
"a", "b" and '"c" are constant parameters.

This mathematical function has following characteristics.

(1) Where "t" is extremely greater than "c", "H(t)" is almost in proportion to "tb".
(2) Where "t" is extremely less than "c", "Q(t)" becomes approximately independent from
"t".
(3) When "b"=l, "H(t)" is expressed with summation of both the term in proportion to "t"
and the constant. In such case, "a" becomes a constant failure rate, and the product of "a" and
"c'? is a constant demand failure probability. They are conventional model parameters.

2.3 QUANTIFICATION METHOD OF FAILURE PROBABILITY FUNCTION

Using the maximum likelihood estimation (MLE) method, the failure probability
function, "Q(t)", is quantified. In this case, likelihood function, "L(a,b,c)", is defined as
follows:

imax

L(a,b,c) =11 {l-exp(-a(t,+c)b)r exp(-a(nrmi)(ti+c)b), (2)
i = l

where "i" indicates the number of the valve,
"imax", "rrij" and "n^' ^e the total number of the valve, of failure to open or close on
the "i"-th valve, and of open demands (or close demands) on the "i"-th valve
respectively, and
"t," is the mean time between open demands (or close demands) on the "i"-th valve.

The constant parameters are quantified so that the likelihood takes the maximum value in the
MLE method.
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FIG. 1. Distribution of Statistical Population for Failure Probability Calculation
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2.4 PARAMETER QUANTIFICATION RESULT

As a quantification result according to the MLE, we obtained the value of parameters
"a", "b" and "c" for each valve type. Fig. 2 shows failure probability curve, "Q(t)'\ for four
types of the valve in the effective time range with sufficient statistical population. Both
axis's are plotted in logarithmic scale. The quantitative result indicates that failure
probability in all types of valve simply increases with time. Parameter "b" for each valve
stays within the range between 1.0 and 2.0. There is indication of the positive asymptotic
value in the range of less than about 10 days of standby time in the failure probability curves
of the AOVs in sodium and gas system. This trend suggests that even if the standby time
becomes close to zero, the probability of failure to open/close does not reduce to zero.

2.5 APPLICATION TO RELIABILITY ESTIMATION

Based on the probability considering the time trend, unavailability of a single valve
was evaluated. Safety-related valves are periodically actuated in the surveillance test in order
to detect failure prior to encounter with an accident which requires actuation of the valves.
Failure probability at the surveillance test is obtained from the equation (1) by substituting
the surveillance test interval (STI) to "t".

In safety analysis, we need the failure probability at the accident when valve actuation
is required. Since the accident happens at random, the mean probability is given with the
time-average over the STI. Fig. 3 depicts the mean probability curve for a single valve
derived from "Q(t)" drawn in Fig. 2. Generally there is uncertainty in the prediction curve of
the mean probability induced from averaging over both the effective and non-effective time
range. The prediction curve in Fig. 3 had better be utilized only in case of the STI greater than
about 30 days.

3. RISK-BASED EXAMINATION OF STI OF SAFETY-RELATED VALVES

3.1 EFFECT OF STI ON THE UNAVAILABILITY OF A SINGLE VALVE

Surveillance test of a single valve usually spends a couple of minutes. If the test
needs 5 minutes and the STI is 30 days, unavailability due to test outage of the valve without
test-override function becomes approximately 10'4. The shorter the STI is, unavailability due
to test outage increases. According to Fig. 3, it is possible to reduce the valve unavailability
to 10"4 order of magnitude if test duration time should keep at most a few minutes. Otherwise
the test-override function should be attached to the valve.

If a plant operator manually generates the valve actuation signal, we must consider
human error probability in examining the valve unavailability. According to the references
(3) and (4), it is difficult to reduce the human error probability to 10"4 even if action type is
skill-base or rule-base action and if there is longer than one hour remained for diagnosis and
operator action. Automatic actuation circuit is necessary in order to reduce the unavailability
of the safety-related valve to 10"4 order of magnitude.

According to Fig.2, it is possible to attain to 10"5 of unavailability on the AOVs in gas
system with both test-override function and automatic actuation signal if the STI is one day.
So, it is assumed that both automatic actuation and test-override function are already
incorporated into the valve design in the following examination of valve unavailability.
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3.2 UNAVAILABILITY OF REDUNDANT VALVES

It is important to consider contribution of the common cause failure (CCF) in
estimating the occurrence probability of failure to actuate at least one valve among two
redundant valves. In this study we estimated the CCF probability using the beta-factor
method. The value of beta-factor of the valve was quantified as 0.04 on the basis of the valve
operating experience in the US light water reactor plant <5)'(7). It is also important to consider
timing of surveillance testing between redundant valves such as simultaneously or
staggeredly. We computed the unavailability of a system consisting of two redundant valves
as a function of the STL The valves are periodically tested in a simultaneous or staggered
way. Fig. 4 shows the calculation result of the MOV in sodium system and the AOV in
radioactive gas system. If a limiting value for system unavailability is given, the STI to be
recommended can be determined using Fig. 4 so that the system unavailability becomes less
than the limiting value.

3.3 CASE STUDY ON RISK-BASED STI IN THE LMFBR MODEL PLANT

From the standpoint of safety, it is important to examine the degree of impact of the
STI of safety-related valve whose failure affects the occurrence frequency of core damage.
We studied the decision method for the surveillance test patterns of the valves to reduce the
impact of each valve using the probabilistic safety assessment of an LMFBR model plant.
The model plant is a loop-type and uses the liquid sodium as a reactor coolant. The accident
sequence to be examined is focused on one sequence with relatively high occurrence
frequency which result in the core damage and include failure of the valve component.

3.3.1 Plant description

In the plant to be examined, when the primary main cooling system leakage happens,
it is necessary to stop pressurizing the reactor cover gas in order to make-up reactor sodium
level. At least one of the two containment vessel isolation valves (see Fig. 5) in the cover gas
supply system must be shut by the automatic signal. The valve lineup is shown in Fig. 5.
There are two AOVs connected in series. In addition, there is another AOV connected in the
same pipe line whose design is different from that of the isolation valves. This valve does not
belong to the plant safety system. However, it is assumed that the operator remotely would
actuate this valve as an accident management if the plant entered the accident sequence. Thus
the core damage accident would happen if all of the three valves failed to close under the
primary main cooling system leakage accident.

3.3.2 Examination of the STI based on the risk importance measures

The two kinds of risk importance measures with no dimension are introduced in
examining the STI of these valves. One is the index which indicates how many times the
total occurrence frequency of core damage increases when the specific component is
unavailable. It is called "risk achievement worth (RAW)". The other is the ratio of the
occurrence frequency of the specific core damage sequences which includes failure of the
specific component to that of the total core damage sequences. It is called "Fussell-Vesely
(FV) importance".
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It can be proposed to restrict both the risk importance measures less than specific
values from the standpoint of diversification of risks. We calculated the risk importance
measures of the AOV with various surveillance testing patterns based on the unavailability
quantified in the previous section. Not only point estimation but also 95% upper bound were
computed. In estimation of the upper bound, we took it into account only the uncertainty of
failure probability of the cover gas isolation AOV as an error factor of 5. These risk
measures are compared with those calculated with the conventional method using the
constant failure rate model in Fig. 6.

Difference between calculation methods is comparable to difference among
surveillance testing patterns. However, these differences are also comparable to the
difference between point estimation and the 95% upper bound. It is recommended to apply
the failure probability derived in the previous section in the risk measure calculation
considering the uncertainty. Assuming to keep the 95% upper bound of the FV importance
less than 0.1 for each valve, we must select less than or equal to one month of STI for the two
cover gas isolation AOVs. Furthermore if the 95% upper bound of the RAW must be
restricted less than 2, none of them in Fig. 6 is selected. However the RAW of the valve
means the risk impact only when the valve is unavailable. As to the valve with low FV
importance and high RAW, it is recommended to determine the usual STI being associated
with both the STI and allowable outage time (AOT) when the failure is detected, according to
another limitation which is discussed in the following section.

4. RISK-BASED O&M MANAGEMENT WHEN A FAILURE IS DETECTED

There is a case where it meaningfully increases plant risk (i.e. core damage frequency)
to shutdown the reactor soon after detecting a failure of the safety-related standby component.
The risk increment in detecting the failure is expressed as summation of the following factors:

(1) "outage risk" which is a risk increment due to outage of the failed component, and
(2) "shutdown risk" which is a risk on reactor decay heat removal being accompanied with
reactor shutdown.

In this case, it is possible to derive the allowable time to continue reactor operation
with corrective maintenance activity on the failed component and the adequate STI of intact
trains so that the risk increment becomes minimum or less than a limiting value.(8>

4.1 CASE 1: UNREPAIRABLE FAILURE

The "outage risk" is accumulated and increases with time. When the failed
component can not repaired under reactor operation, the "shutdown risk" stays at a constant
value independent from outage time. In this case, it is possible to determine the AOT so that
the total risk increment does not exceed a limiting value. Fig. 7 shows a relationship between
the total risk increment and the outage time when unrepairable failure of the cover gas
isolation AOV is detected. It is assumed that soon after detecting failure of one valve, an
operator must confirm the other valve available. According to Fig. 7, if the total risk
increment is required not to exceed 100% of total risk before failure happens (i.e., total risk
keeps less than twice) per one failure event, it is allowed to keep operating the reactor nearly
half year with surveillance test periodically implemented at least once per month.
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4.2 CASE 2: REPAIRABLE FAILURE

On the other hand, some of the failed component may be repairable in a short time
under the reactor operation such as failure of electric parts in accessible area. If the AOT is
longer than mean time to repair, the probability of restoration without reactor shutdown
increases. Considering this effect, the "shutdown risk" decreases with time. It is possible to
determine the AOT so that the total risk increment is the minimum.

Fig. 8 shows the total risk increment curve in case that the mean time to repair of the
failed valve is 6 hours. In the one-month STI before failure, the AOT which gives the risk
increment minimum becomes about 30 hours. The total risk increment becomes less than 1%
of normal risk.

Fig. 9 depicts a relationship between the AOT with minimum risk increment and the
mean time to repair of the cover gas isolation valve. In comparison of failure probability
calculation, there is little difference within a factor of two in the AOTs corresponding to the
mean time to repair shorter than several tens of hours. However in this case, the conventional
method gives the AOT shorter than the detailed calculation. It can be said that we should
apply the demand failure probability non-linearly dependent on the standby time into risk-
based examination of the AOT.

5. CONCLUSION

The time trend of the demand failure probability of the valve was quantified based on
the CORDS data and was applied to risk-based O&M examination of the safety-related
isolation valves in the LMFBR model plant. As a result of the application, it was found that
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both the STI and AOT derived from the failure probability considering non-linear time
dependency were longer than those from the conventional failure rate model under the same
risk limitation. We concluded that it was better to apply the demand failure probability
considering non-linear dependency on the standby time into the rational risk-based
examination of the STI and AOT.

It became possible to examine management of the STI and AOT based on the
operating experience in the real plant from the standpoint of risk assessment. It results from
both accumulation of operation-/failure-history of individual component and development of
various analytical techniques of risk considering the STI and AOT, that are the CORDS and
LIPSAS.
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