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Abstract

Effects of human error relevant to the periodic test are incorporated in the evaluations of the
unavailability and optimal test interval of a safety system. Two types of possible human error
with respect to the test and maintenance are considered. One is the possibility that a good
safety system is inadvertently left in a bad state after test{Type A human error) and the other is
the possibility that a bad safety system is undetected upon the test (Type B human error). An
event tree model is developed for the steady—state unavailability of a safety system in order to
determine the effects of human errors on the system unavailability and the optimal test
interval. A reliability analysis of the Safety Injection System (SIS) was performed to evaluate
the effects of human error on the SIS unavailability. Results of various sensitivity analyses
show that ; (1) the steady—state unavailability of the safety system increases as the probabilities
of both types of human error increase and it is far more sensitive to Type A human error, (2)
the optimal test interval increases slightly as the probability of Type A human error increases
but it decreases as the probability of Type B human error increases, and (3) provided that the
test interval of the safety injction pump is kept unchanged, the unavailability of SIS increases
significantly as the probability of Type A human error increases but slightly as the probability
of Type B human error increases. Therefore, to obtain the realistic result of reliability analysis,
one should take shorter test interval (not optimal test interval) so that the unavailability of SIS
can be maintained at the same level irrespective of human error. Since Type A human error
during test & maintenance influeces greatly on the system unavailability, special efforts to
reduce the possibility of Type A human error are essential in the course of test & mainte-
nance.
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1. Introduction

There have been growing efforts to modify the
technical specifications of nuclear power plant,
especially the surveillance test intervals (STI's) by
using Probabilistic Safety Assessment (PSA) tech-
nique. Technical Sepcifications are intimately re-
lated to risk because they establish the minimum
functional requirements for the safety systems that
are responsible for protecting the plant in the
event of an abnormal operating condition. Sur-
veillance requirements specify test and inspection
procedures that assure the quality of safety limits,
limiting safety system settings, and LCO’s. The
surveillance test intervals are the minimum re-
quired time intervals that major safety systems
should be under the inspection or test to insure
their availability for use when needed. Test fre-
quencies that are based on engineering judgement
may not be optimized from a safety standpoint.
Test frequencies that are too short result in exces-
sive radiation exposure to plant personnel and
possibly increase risks of test-induced plant tran-
sient. Test frequencies that are too long do not
provide adequate assurance for protecting public
safety. They can be relaxed only when the relaxa-
tion has no significant effect on the system availa-
bility and/ or core melt frequency. At present, it is
reported that test interval for major component of
some safety systems can be relaxed via the system

reliability analysis.®®

However, the possibility of human error during
test and maintenance of such component of safety
systems is obviously present and the effects of
human error should be incorporated in the system
reliability study in order to avoid the underestima-
tion of system unavailability. Human error effects
have not been explicitly accounted for in deter-
mining the STs.

Two types of human error are possible with
respect to the testing. One is the possibility that a
good safety system is inadvertently left in bad
state after inspection (Type A human error). Such
has been cited in regard to TMI-2 accident, i.e., a
manual isolation valve may be inadvertently left in
a closed position after the test on an auxiliary
feedwater system. The other type of possible hu-
man error is that a bad safety system is undetected
on inspection (Type B human error). The inclusion
of human error in the development of appropriate
inspection plans or procedures has recently been
undertaken. Thereby, optimal test interval and the
system availability can be derived more realistical-
ly The safety system unavailability as well as the
optimal test interval is proven to be susceptible to
human error.

Here, such human errors are considered in cal-
culating the steady—state unavailability and optimal
test interval of safety system by using a simple
event tree model for the calculation of steady-s-
tate unavailability of the safety system. Such a
consideration is aiready undertaken by T.P.McWil-
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liams and H.F.Martz by using a Markov model.")
Conclusively, the reliability analysis of safety injec-
tion system (SIS) is performed to evaluate the
effects of human error on SIS unavailability. De-
tails of the analysis are provided in the following
sections.

2. Steady-state Unavailability

The steady-state unavailability of a safety sys-
tem without human error can be written as;

Q=Qi+Qccr E.(1)
=(Qs +Qrm+Qetc) + Qccr

where
Q, : average unavailability due to independent
failure, :
Qccr :average unavailability due to common
cause failure,
Qs : average unavailability due to failure during
standby,
Qry : average unavailability due to test and
maintenance, and
Q. : average unavailability due to others.

Now, we can calculate each term with the fun-
damentals in reliability study. The probability that
a system fails after time t is given by:

q)=1-e"*
where A is failure rate of the system(time™)
Hence, the average unavailability during the test
interval T is calculated by ;

QS=% |“atdt
=1 | Ta-a*at
=1——;T(1—e-”) Eq.2)

If AT<<1, then

Q=7 AT
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The unavailability due to the test & maintenance
is calculated by ;
Qv =Qrest  Qmaintenance
__t +F t
T+t;  T+t+t

Eq.(3)

where
t; : test time
t; : maintenance time
F : average maintenace frequency.

Common cause failure can be included by using
the f#-factor method. B—factor is defined as the
ratio of common cause failure rate to the total
failure rate. Common cause failures are very im-
portant factor in reliability analysis, and there are
various methodologies to treat the common cause
failures. Above all, £ -factor method is the most
popular one because of its simplicity and direct
applicability to large fault tree analysis. Irrespec-
tive of its deficiency in treating the multiple de-
pendent failures separately, i.e., double or triple
dependent failures are not separable and all com-
ponents in redundant system fail simultaneously
due to a common cause initiating event or a
shock, this method is adopted in this study be-
cause the CCF does not affect the result of this
study. By definition, the B —factor is

8= Qocr __ Qccr
Q  Qt+Qccr
Hence,
Q=152 Ea.@

Beta factor of 0.17 will be used for safety injection
pump in the reliability analysis of safety injection
system (SIS) afterwards.®’

Finally we ¢an obtain the steady—state unavaila-
bility by substituting above results into Eg.(1).
Assuming that the unavailability due to others is
negligible, then Eq.(1). can be rewritten as -

Q=Qr+Qccr

=(Qsn+ Q)+ Qccr Eq.(5)
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where cess is given by ;
Qsy : unavailability due to both random failure AT
and human error relevant to test & Qi=Pae Eq.(6)
maintenance.
PREVIOUS CYCLE TEST MAINTENANCE NEXT CYCLE
4
} .
<Good> ! f
(- AT : "PA : Success
]
\ 1 <Unavailable>
| -~ Fail : a
1 g Q 2
]
: P
! (Type A Error !
: ype : Fail : Q
e :
A !
<Bad> 1 : -
—+ T Success
1-exp(~ AT | 1--PB 1-PA '
' ) <Unavailable>
4 . Fail : Q
' ' 5
r @
! 1t S
] []
) <Type A Errory!
' Y + Fail : Q
) ' 4
' p :
X A i
! '
<T B Error» 1
S - Fail : @
t P ] 3
] B \
. \

Fig.1. Event Tree for Pump Unavailability Including
Human Errors during Test

Now, we should find the average unavailability
with human error, Qsy. An event tree is de-
veloped as shown in Fig.1 to evaluate the uh-
availability of a safety system during standby after
test. At the beginning of test or after the previous
cycle, the system is in either good or bad state.
The probability of being each state is e~ *T and
1-e™*T, respectively. If the system is good, Type
A human error can be possible and the probability
that the system is unavailable following this pro-

Suppose that a good system remains still good
state after test, system can be unavailable due to
the failure during standby for the next test interval
after test. The probability that the system is un-
available following this process is obtained by ;

Qo=(1-Pa)Qge~*T Eq.(7)

where Qg is expressed in Eq.(2).
If the system is bad, Type B human error can be
possible and the probability that the system is
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unavailable following this process is given by ;
Qy=Py(1-e™*7)

Suppose that a bad system be detected upon test,
the system should be repaired. After repair, the
system will be subjected to test and Type A hu-
man error can be possible. The probability that
the system is unavailable following this process is

Qq=Pa(1-Pp) (1™ *T) Eq.(9)

If both types of human error did not occur, the
system can be unavailable due to the failure dur-
ing standby for the next test interval after the test,
that is

Qs=(1-Pa) (1-Pp) Qs(1~€"*T)

Eq.(8)

Eq.(10)
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Finally, we get from Eq.{6) through Eq.(10);

QsH =Q;1+ Q2+ Q3+ Q4+ Qs
=Pae” " T+(1-Pa)Qse™ T
+Pgl(l—e™ *T)+Pa(l-Ppll—e*T)

+(1-PA)(1-Pp)Qs(1—e~*T), Eq.(11)

and
Qr=Qsn+Qm

whe Qs and Qqq are expressed in Eq.(2) and
Eq.(3). One can easily find that the average un-
availability of the system without human error, Qs,
by setting the probabilities for both types of hu-
man erros equal to zero in Eq.(11).

Eq.(12)

Eq.(12) expresses the average unavailability of
the system with human errors of Type A and B.
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Fig.2. Optimal Condition with Type A Human Error
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Qyr varies with the probabilities of both types of
human error and with the test interval T, given
that A is constant. The optimal test interval is the
test interval which minimize the unavailability or
test cost of the system. Here, we derive it with
respect to the unavailability. Thus the optimal test
interval is derived from this equation by setting the
derivative of Eq.(12) with T equal to zero. The
optimal test interval and associated average un-
availability are plotted in Fig.2 and Fig.3 by
varying the probability of Type A and Type B,
respectively. The test time of 2 hours and A of
1075 hr! are assumed. From the calculational
results, we can find that the optimal test interval
increases slightly. and the unavailability increases
significantly with the probability of Type A human
error. On the other hand, the optimal test interval
decreases but the unavailability increases slightly

P
+ TEST INT.(*10000)
Fig.3. Optimal Condition with Type B Human Error

with the probability of Type B human error.

The reliability analysis for safety injection system
{SIS) of Kori 3 & 4 are performed to evaluate the
effects of human error on the total system un-
availability in the light of this results.

In general, the surveillance test interval for a
safety system is not always the optimal test inter-
val due to some practical reasons and the exist-
ence of human emor renders the unavailability
higher. Therefore, the test interval should be
shifted to the direction of optimal test interval so
that the unavailability can be maintained at the
same level imrespective of human error. The de-
sired test interval can be derived by setting the
unavailability with P, and Pg almost equal to that
of the non—-human error case, by varying the test
interval T, that is
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<e

‘ Qr—Qo ‘
QT —_
where
Qo : unavailability of non-human error case
€ :convergence criteria
Qr : unavailability with Py and Pg and with

varying T

A simple FORTRAN 77 program is written to
obtain the desired test interval with the converg-
ence criteria € of 0.01. The results are shown in
Fig.4. The desired test interval (not optimal test
interval) decreases significantly by including hu-
man error and is much more sensitive to Type A
human error than Type B human error. Hence,
one can easily recognize that the efforts to mini-
mize the probability of Type A human error
should be essential.
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3. Reliability Analysis of Safety Injection System

We performed the reliability analysis of SIS to
evaluate the effects of human error on the total
system unavailability. Details of analysis are pro-
vided in Reference(4). The safety injection pumps
are the key components of SIS whose unavailabi-
liies are the major contributors to the SIS un-
availability. The test interval for these pumps is
fixed as 2160 hours, which makes the unavailabil-
ity of the SI pump highter than that of the case
with optimal test interval. Considering that the
optimal test interval varies with human error prob-
ability, the fixed test interval results in even high-
ter unavailability.

We performed the sensitivity analysis of human
errors by applying aforementioned unavailability
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Fig.4. Desired Test Interval vs. Human Errors
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model to SI pumps. For convenience, we rewrite
Eq.(5) for pump

Qpr=Qp+QccrrtQetcp

where Qp is obtained from Eq.(12), Qccep is
obtained from Eq.(4) by equalizing Q; to Qp, and
last term represents the failures of signal, cooling
and control circuit. The simplified safety injection
system is shown in Fig.5 and the results of analy-
ses are shown in Fig.6. One can easily find that
the unavailability of SIS increases greatly with the
unavailability of Type A human error and slightly
with the unavailability of Type B human error,
which reveals the same trend compared to the
unavailability of a safety injection pump. This
means that SI pump are the key systems in SIS.
Hence, the unavailability of SI pump should be
minimized in order to minimize the unavailability

of the SIS.
4. Conclusion

In the light of the results from various sensitivity

analyses, it is proved that the human errors of
both Type A and B influence greatly on the com-
ponent unavailability and test interval. Conse-
quently, the total unavailability of SIS increases
significantly following the inclusion of human
errors. Type A human error (that is, a good sys-
tem is inadvertently left in a bad state after test) has
much more important effect on the unavailability.

Based on the results of this study, we conclude that

1) The unavailability increases as the human
errors are considered and the effect of Type A
human error is dominant.

2) The optimal test interval decreases as the prob-
ability of Type B human error increases but it
increases slightly as the probability of Type A
human error increases.

3) To avoid the underestimation of system un-
availability, effects of human errors shoulq be
incorporated in the system reliability analysis
quantitatively which aims at the relaxation of
surveillance test interval.

4) The SI pumps are the key safety systems in the
SIS and Type A human error has also areat
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Fig.6. SIS Unavailability vs. Human Errors

effect on the unavailability of SIS. Hence Type
A human error during test & maintenance of SI
pump should be minimized in order to mini-
mize the unavailability of the SIS.

Especially, Type A human error should be con-
sidered more adequately not only in the course
of reliability analysis but in the test and inspec-
tion procedures.

To reduce the possibility of human error during
the test procedure, possible erroneous situation
should be removed in addition to the qualifica-
tion and training of the personnel.®
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