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Abstract

A method and computer code for the uncerainty analysis in the top event unavailability are
developed and tested by combining Monte Carlo Method and Moments method with fault tree
reduction technique. Using system fault trees and unavailability data selected in WASH-1400,
the efficiency of the proposed method is tested and these results are compared with those obtained
by Monte Carlo method. It is shown that the results are sufficiently good in accuracy and computa-

tion time is considerably reduced compared with those by Monte Carlo method.
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ility analysis which treats system failure in a

1. Introduction probabilistic way has been widely used.
General procedures of system reliability or
In investigating possible failure mechanisms availability analysis are as follows: First, a
of systems, particularly complex multicomponent system failure condition to be analyzed is ide-
systems such as nuclear reactors, system reliab- ntified and a fault tree which shows how the
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system fails is constructed. The system failure
event considered is called the top event. Second,
reliability data including components failures,
which are called basic events in the fault tree,
are gathered and analyzed. Next, minimal cut
sets are obtained from the fault trees. Finally,
quantitative analysis and uncertainty analysis
are carried out.

In evaluating the probability of the top event
occurence, wide uncertainty exists due to unce-
rtainties in the basic events data. These unce-
rtainties of data come from the following two
reasons.” One is the random variability in some
measurable quantities, since similar components
in different systems may be in different condi-
tions, for example, due to varying maintenance
or different operational demands. The other is
the lack of data due to relatively short operating
experience of nuclear power plants. The unce-
rtainty due to the lack of data can be reduced
by increasing effort in data gathering, while
random variability can not be reduced.

The realistic approach to quantify uncertain-
ties of basic events is the use of probability
distributions. In this study, only the lognormal
distribution is considered due to following reas-
ons.?? The lognormal distribution is frequently
used as a distribution for failure rates, especially
when the failure rates typically encountered
are enough low and sparse to make a logarit-
hmic transformation attractive. This happens
quite often for nuclear grade components, since
it was used in WASH-1400% issued in 1975.

Given the fault tree and reliability data, the
work to be dome is to calculate the distribution
of probability of the top event occurence. For
uncertainty analysis, three kinds of methods
such as Monte Carlo method, Moments method
and Discrete probability distribution (DPD]
method have been developed and widely used.
DPD method® uses discrete probability distrib-
utions which are created either by numerical
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integration of continuous distributions or from
the experimental data itself. The advantage of
this methed is that the exact calculation is
possible without random sampling. However,
it requires too much computation time to be
useful for general cases. Moments method”,®,%
calculates the moments (mean value and varia-
nce) for the top event from the moments of
the probability distributions for basic events and
analyzes uecertainty in the top event occurence
from the moments. This method can give suffi-
ciently accurate results with a few calculations
for simple cases, but errors are large for com-
plex cases. Monte Carlo method needs less
computation time compared with other methods,
when the same desired accuracy is required.
Therefore, Monte Carlo method is generally
preferred to Moments method and DPD method.
However, it still requires a considerable amount
of computatation time.

In this paper, a method for combining Monte
Carlo method and Moments method together
with fault tree reduction technique is conceived
and computer-programmed. Given the fault tree,
this method makes the tree simple by lumping
parts of the tree. For this purpose, the fault
tree is divided into independent subtrees which
consist of many basic events. The fault tree is
reconstructed with subtrees and the subtrees
are treated like basic events in the reconstructed
fault tree. After these procedures, probability
distributions for subirees are calculated by
Moments method and the probability distribu-
tion for the top event occurence is computed
by Monte Carlo method. From this distribution,
uncertainty is analyzed.

The brief descriptions on the proposed met-
hod are given in Sec. 2 and the computer code
developed is described in Sec. 3. Computational
results and computation time by the proposed
method and those by Monte Carlo method are
presented in Sec. 4, for examples selected
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;among system fault trees of WASH-1400.
Finally, the conclusion is given in Sec.5.

2. Method

The Proposed method consists of four steps;
‘the reduction of fault tree, the calculation of
probability distribution for subtree, the determ-
ination of minimal cut sets and the calculation
of confidence limits for the top event occurence.
“The brief procedures are as follows:

Step 1: The fault tree reduction

This step proposed by Rowsome!V is to make
the fault tree simple by lumping parts of the
tree. The fault tree is divided into many subt-
rees which, in turn, consist of basic events
appearing only in the subtree. Basic events
lumped into any subtree cannot be related to
the other subtrees. Then, the system fault tree
is reconstructed with these subtrees which are
treated like basic events in the reduced fault
tree. Many basic events can be lumped into one
subtree and subsequently the size of the fault
tree can be significantly reduced as shown in
Figs. 2 and 3.

Step 2: Calculation of the probability distribut-
ions for subtrees

Moments method gives good estimations and
requires little computation time for simple cases
such as subtrees. Especially, if probability dist-
ributions for basic events are lognormal, the
distribution for a subtree, which is a product
of basic events, is also lognormal. In the case
of the summation, the resulted distribution is
not precisely lognormal but similar to lognormal.
In Fig. 1 is shown the comparison of Moments
methed and Monte Carlo method for the sum-
mation of 2, 8 and 20 basic events. The scale
is for lognormal. The straight line corresponds
to the case that cumulative distribution function
{cdf) is lognormal.

The density function of lognormal distribution
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Fig, 1. Comparison of Moments and Monte Carlo

method
is given by
| [ _1/int/B\*
= exn | —5 (P LP) ]
for £>0 )

where « is the shape parameter and 8 is the
median value. The mean value m and variance

o? are defined as follows:
m=ﬂexp<%a2> 2)
o?=m?(expa?—1) 3
If the mean value and variance for each basic
event are calculated using Eqs. 1 to 3, m and
o2 for a subtree can be obtained as follows:

For an event of the product of events, the

probability that the event occurs is
p(s)z_ﬁl P(Xi) @

where S is an event corresponding to the sub-
ree, Xi’s are basic events and 7z is the number
of basic events included in the subtree. The

mean value and variance are
n=EP) =[] BP0 =T} m(x)
A=E((P(S)) ~ E(P(S) P ®
=11 (0" (XD) +m*(Xi) )~ m? ®

For an event of the summation of events.
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P§)=1-1] (1-P(X)) @
m=1-11 (1-m(Xi) ®

F=T [0*(XD) + (1-m(XD))*)

".»ﬁl ((1—m(XD))E) (9

If the mean value and variance are obtained,
the parameters for the subtree are calculated
using Egs. 1 to 3.

Step 8: Determination of minimal cut sets

This procedure is to transform the fault tree
into its logically equivalent form in terms of
specific combinations of basic events sufficient
to cause the undesired top event to occur. Each
combination will be a “minimal cut set”. A
minimal cut set is a set of events, which cannot
be reduced in mnumber and whose occurence
causes the top event.

In this study, trial and error test'® is used
to determine the minimal cut sets from the
reduced fault tree. First, a combination of the
failed basic events is selected. For the combi-
nation, it is tested whether failure of the top
event occurs or not. Only when the top event
fails, the selected combination is a cut set.
From these cut -sets obtained through the above
procedure, minimal cut sets are determined.

Given the minimal cut sets, the probability
of top event occurence can be calculated using

upper bound approximation;

P(Ty=1-{] (1—P(MD)) (10)
PQMi)=T1 P(X}) a

where P(T), P(Mi) and P(Xj)are the proba-
bility of occurence of the top event, i-th min-
imal cut set and j-th basic event, respectively,
and n is the number of minimal cut sets. If
all P(Mi)’s are lower than 0.1, the approxi-

mation gives a sufficiently accurate result.

J. Korean Nuclear Society, Vol. 16, No. 9, June, 1984

Step 4: Calculation of confidence limits for the
top event occurence

The probability distribution for the top event
is calculated by Monte Carlo simulation.®,%,5
First, by random sampling of values of P(Xi)’s.
from probability distributions of Xj's, P(Mi)’s.
are calculated by Eq. 11 and one P(Tk) is.
obtained from Eq. 10, If this procedure is rep-
eated N times,

P(T):(P(Tk),k=1,N) is obtained.
Then, P(Tk)’s are sorted by magnitude and.
the cdf of P(T) is determined. As shown in
Figs. 4 to 6, confidence limits can be presented.
from the cdf.

3. Computer Program

The program REDCON is a general purpose
computer program developed to perform uncer-
tainty analysis by the method described in Sec..
2. The program is divided into two parts. In
the first part, it takes a system fault tree and
probability distributions for basic events as.
input data. Then, it performs the reduction of
the fault tree and computation of probabilty
distribution for each subtree obtained in the
reduction process. In a subtree analysis, large
error can be arisen due to the use of Moments.
method when the subtree contains a large numbur
of basic events or different types of gates. The-
refore, in the procedure of fault tree reduction,
the number of basic events within a subtree is:
limited to 36 and different types of gates are
not allowed in any subtree. Next, the first part
of REDCON provides the second part with a
FORTRAN logical equivalent of a reduced fault
tree and the probability distribution for subtrees.
In the second part, the code performs determi-
nation of minimal cut sets and calculation of
confidence limits of the top event cccurence by
Monte Carlo simulation.

The program is written for CYBER-170 ma-
chine KAERI.
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Table 1. Unavailability data for Example 1
EVENT MEBIAN ERRDOR EVENT HEDIAN | ERROR
INDEX TYPE VALUE FACTOR INDEX TYPE VALYE | FACTOR
11 HEVENTY 1.000E-0F .00 44 | Xvig21X J.000E-0S 1.00
2| JKOO 1.100E-04 3.00 A3 | CviC21C 1.000E-04 3.00
3| J4p0O 4,.200E-04 J.00 45 | CS4CA3X 1.000€~-03 3.00
4) 1300 1.100E-04 3.00 47 | CS0AC3C 0. 1.00
3| JCOO 4,200E-04 3.00 48 | CNOACAC 0. 1.00
6] 001000N 1.000£-03 3.00 49 | CSSCA3X 1.000€-03 3.00
7] TLUNISF 0. 1.00 50 | €505C3C 0. 1.60
8| PPLVLSP 0. 1.00 31 ] CNROSCAC 0. 1.00
9] ST2HIIF 3.700£-02 1.00 321 Xv1D20X 3.000E-0% 3.00
10| STXBPRF 1.300E-04 10.00 33§ CV1D20C 1.000E-04 3.00
11| STXDPRF 1.300E-04 10.00 S41 XVi21X 3.000E-0% I.00
12 STTAPRF 1.300E-04 10.00 ssl cvigeic 1.000E-04 3.00
13| STTCPRF 1.300E-04 10.00 56§ CS4D4a3X 1.000E-03 3.00
141 MUXBOOK 1.000E-03 3.00 57 1 CS0AD3C 0. 1.00
15 MUXDOOK 1.000€E-03 3.00 58] CNO4ADAC 0. 1.00
16| HUTAOOK 1.000€E-03 3.00 59§ CSSDA3X 1.600€E~03 1.00
171 HVTECOO0K 1.000E-04 3.00 60 ) CSOSD3C 0. 1.00
18| STXBCNF 3.500E-04 10.00 41 | CNOSDAC 0. 1.00
19| STXDCNF J.500E-04 10.00 821 my2a02C 1.000E-04 3.00
20| STTACNF J3.500E-04 10.00 431 ST2402D 1.000E-04 3.00
21| STTCCNF J.500E-04 10.00 64} PM2A03F 7.200E-04 10.00
22| XV1A20X 3.000E-05 1.00 45| PM2A03A 1.000E-03 3.00
23| cv1a20C 1.000E-04 3.00 66 ST2A03D 1.800E-03 3.00
24 | XV1/21X 3.000€£-095 3.00 467 | PH2A03X 1.000E-03 3.00
25 ] €CY1A21C 1.000E-04 3.00 681 My2apic 1.000E-04 3.00
26 | CS4a43X 1.000E-03 3.00 491 ST2401D 1.000E-06 3.00
27 1 CS04A3C 0. 1.00 70} Cv2a01D 1.000E-04 3.00
28 | CNO4A4C 0. 1.00 71| PHIAOTA 1.000€-03 3.00
29 | CS5A43X% 1.000E-03 3.00 72) ST1A01D 1.000E-04 3.00
30| CS05A3C 9. 1.00 73] PM1AROTF 2.400£-02 10.00
31 | CNOTJAAC 0. 1.00 741 MU2B02C 1.000€-04 3.00
321 XV1B20X 3.000E-05 3.00 75) ST2B02D 1.000€E-06 3.00
33§ cvrB20C 1.000E-04 .00 761 PM2BO3F 7.200E-04 10.00
34| XU1B21X J.000E-0S 3.00 77| PH2BO3A 1.000€-03 1.00
Is| CviRparC 1.000E-04 3.00 781 ST2B03D 1.800€-03 3.00
3461 C54B4A3X 1.000E-01 3.00 79| PR2BO3Y 1.000E-03 3.00
37 ] C504B3C 0. 1.00 B0 | MU2B01IC 1.000E-04 3.00
38 | CNO4RAC 0. 1.00 81] ST2801D 1.000€-064 3.00
39 | C59B43X 1.000E-03 3.00 82| CY2B0O1D 1.000E-04 3.00
40 | CSOSB3C 0. 1.00 93] PH1BO1A 1.0060E-03 3.00
41 | CNOSBAC 0. 1.00 84| ST1BOID 1.000E~-06 3.00
42 | XV1C20X 3.000E-03 3.Q0 5| PM1BOIF 2.400E-02 10.00
43 1 ty1C20C 1.000E-04 3.00




102 J. Korean Nuclear Society, Vol. 16, No. 2, June, 1984

&
&
@ @

e

G35

‘
666666806456 @@@@@@fégé

) &
6@5@@@5@@

[ah) (12 @ A
2— S04 i\ @L: 505 506 @ ‘A

¢ € é é @ o] 503
& @6 & ; ); & cog) )

&
s &
éjg*? T é@@@@@@@@@)
. fd ) ANANY:

5>

2
@é@@@i@@@@

Fig. 2. Original fault tree for Example 1
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4. Applications and Results

In order to compare the results of the prop-
-osed method with those obtained by exclusive
use of Monte Carlo method, three examples are
selected from WASH-1400 Appendix II. The
Monte Carlo method is performed by the
‘CONINT? which has been developed at KAERI.
The CONINT code does essentially the same
things as the SAMPLE code.?

Ezample 1: CHRS (Containment Heat Removal
System)

The top event of the fault tree is “contain-
‘ment spray heat exchangers fail to sufficiently
cool spray fluid”. For this example, the system
fault tree and reduced fault tree are presented
in Figs. 2 and 3 and unavailability data are
presented in Table 1. In Fig. 2, an arrow
means that events below the segment indicated
by the arrow are lumped into a subtree. The
system fault tree with 85 basic events is reduced
to a tree with 13 events. The proposed method
calculates the median and 959 value for the top
event unavailability to be 1.01x 10~ and 4. 18
X 1074, respectively. The corresponding results
of Monte Carlo method are 1.07x10~* and

A%u

() &3

Fig. 3. Reduced fault tree for Example 1

4, 871074, times of the

proposed method and Monte Carlo method are
7.617 sec and 85,993 sec. The 50%, 80%,
90% and 95% values and computation time are
presented in Table 2 together with the results

The computation

of the next two examples. The cdf’s are shown
in Fig. 4 where the circles are the values of
the proposed method and crosses are those of
the Monte Carlo method.

Table 2. Summarized Results

Results
Method Computation time 50% FS(% 9009 959
Monte Carlo 85. 993" sec 1.07x107* | 2.07x107* | 3.15x107* | 4.87x10™*
Example 1 Proposed 7.617%sec | 1.01x10™* | 1.88x107* | 2.88x107 | 4.18x10*
method (—5.6%)¥ | (—9.2%) | (—8.0%) | (—14.2%)
Monte Carlo 30.216 sec 3.78%107% | 4.87x107% | 5.67x107® | 6.34x 10_3_
Example 2 Proposed 3.597 sec | 3.79x107®) 5.05x107 | 5.81x107 | 6.45x107®
method (0.3%) (3.7%) (2.5%) (1.7%)
Monte Carlo 101.584 sec | 2.04x107 | 3.04x107 | 3.87X107" | 5.19x10™
Example 3 Proposed 23.081 sec 2.00%1072 | 3.02x1072 | 3.67x1072 | 4.29%x1072
method (—2.0%) | (—0.7%) | (=56.2%) | (~5.2%)

1) excluding the calculation time of minimal cut sets

2) the calculation time

3) % difference of two methods

needed for all steps
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Ezample 2: LPIS(Low Pressure Injection
System)

The top event is “insufficient LPIS coolant to
a cold leg”. The fault tree and data are not
presented here, but they are given in Fig. II
5-32 and Table 5 II-16 of WASH-1400, The
cdfs for the top event unavailability are prese-
nted in Fig. 5. As shown in Table 2 and Fig.
5, the median and 959% value of the proposed
method are 3.78x 1073 and 6.34% 1073, while
those of the Monte Carlo method are 3,79% 1073
and 6.45%107%. The present method requires
the computation time of 3,597 sec compared

with 30.236 sec for the Monte Carlo method.
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Fig. 6. cdf for Example 3

Ezample 3: HPIS (High Pressure Injection
System)

The top event is “failure of HPIS to deliver
sufficient borated water to the reactor coolant
system when required”. The fault tree and
unavailability data are given in Fig. II 5-45
and Table II 5-18 of WASH-1400. The cdf’s
are shown in Fig. 6. The median values and
959 values of the proposed method and Monte
Carlo method are 2,04x107%, 5.19X107%, 2.00
% 10~2 and 4,92x 1072, respectively. The pres-
ent method requires the computation time of
less than the quarter of the time for the Monte
Carlo method.

5. Conclusion

The method and computer code are developed
in order to analyze the uncertainty in the top
event unavailability by combining Monte Carlo
method and Moments method together with
fault tree reduction technique. At present, the
program is limited to lognormal distribution for
probability distributions for basic events. The
differences between the results of the proposed
method and those obtained by the Monte Carlo
method are due to the use of Moments method,
but no significant differences are found. The
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major contribution to the reduction of comput-
ation time comes from the use of fault tree
reduction technique. The principal advantage
of the proposed method is its ability to handle
very large system fault trees which would req-
uire a great deal of computation time with

existing computer codes.
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