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Absiract

Adverse effects caused by the surveillance test for the components of nuclear power plant involve

plant transients, unnecessary wear, burden on licznsee’s time, and the radiation exposure to person-

nel along with the characteristics of each component. The optimization methodology of STI and

AOT has been developed and applied to AFWPs of a reference plant. The approach proposed in

this paper consists of the results in minimal mezan unavailability of the two-out-offour system with

adverse effects are analytically calculated for the example systemn. The surveillance testing strategy

are given by the sequential test, the staggered test and the train staggered test, which is a mixed test
schemne. In the system level, the sensitivity analyses for the STI and AOT, are performed for the
measure of the system unavailability of the top event in the fault tree developed for the example

systemn. This methodology may contribute to establishing the basis for the risk-based regulations.

1. Introduction

"Te surveillance test interval(STI) and allowed out-
age time(AOT) of the components in the reference
plant{1] were restricted by the surveillance require-
merts(SR) and limiting conditions for operating
{L.CO) of technical specification(TS). The current
571 and AOT developed by the deterministic analysis
and engineering operating experience. This improve-
menrt contributes to enhancing safety and operability
without hardware changes for the equipments of nu-
clezr power plants.

The safety-significant components, such as emerg-

ercy diesel generators and auxiliary feedwater pum-

211

ps, have been often tested on the schedule specified
in TS. This frequent test has raised concern about
the progressive wear-out of the equipments due to
the accumulation of degradation caused by the test
itself. Adverse effects caused by the surveillance test
for the components involved were plant transients,
unnecessary wear, burden on licensee’s time and rad-
iation exposure to personnel along with the character-
istics of each component[1]. Unnecessary wear and
licensee burden were identified as the dominant ad-
verse effects for the auxiliary feedwater pumps
(AFWPs). A significant cause of the unnecessary
wear of the AFWPs results from component testing,
which is conducted by recirculating flow through a
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minimum recirculation line which is not adequate
size.

The approach in this paper for the optimal STI
and AOT of the AFWPs of the reference plant{1]
consists of the component level and system level. In
the component level, the optimal STI which results
in minimal system unavailability of the 2/4 system
with adverse effects are analyfically obtained for
AFWPs. The mean unavailability is functions of the
random failure, demand failure, common cause fail-

ure and human error committed when test and main-

tenance are performed. The basic model of the ran-
dom failure and the demand failure rate, which con-
sider the degradation mechanisms and wear caused
by surveillance test, are given as following ;

A= Ao{(l——Pl)+P,(—TW)}, (1)

D= i (1-P) + B}, @)

where the parameters used denotes the following ;

Ao :the random failure rate,

Dy :the demand failure rate,

P :the test degradation factor for standby time-re-

lated failures,

P. :the degradation factor associated with demand
failures,

: the period of surveillance test interval,

-3

W :the current surveillance test interval considering
the random and demand failure data.

These models represent linearizations for the
non-linear test caused model[2]. Since the previous
work assumed that the demand and random failure
rates have values of constants, the adverse effects as-
sociated with test and maintenance could not be in-
corporated as important factors. These linearized
models are used to obtain the analytical system unav
ailability.

The advantages on the staggered test base include
the small chances of occurrences of common cause
failures, which results in the reduced system unavail-
ability. But the staggered test bears disadvantage,

which requires additional licensed operators and over-
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time. It can also extended the time required to per-
form surweillance tests. The surveillance testing strat-
egy for the 2/4 redundant system of the AFWPs
used in this paper includes the sequential test, the
staggered test and the train staggered test, which is
sequential test performed in a train.

In system level, the sensitivity analyses for the STI
and AOT are performed for the measure of the sys-
tem unavailability. The fault tree of the auxiliary feed-
water system(AFWS) in the reference plant are mod-
eled and evaluated by using the IRRAS Code[6].
The data collected during the individual plant exam-
ination{IPE) are used for calculations.

2. The AFWPS of the Reference Plant

Figure 1 shows the simplified P&ID of the AFWS
of the reference plant. The AFWS have two trains,
while each train consists of both one motor driven
pump and one diesel driven pump. The main func-
tion of each pump is to supply the auxiliary feedwat-
er to the steam generators in order to continue to
retrain water level of S/G, when the main water sys-
tem is inoperable. The capability of each pump is
50% supplement of S/G water level. Therefore, the
logic of the system can be assumed as the 2/4 sys-
tem. The substantial safety function of AFWPs for
S/G during the accidents is sufficiently assured by
operation of a pump at least. The cument surveil-
lance test interval allowed in technical specifications
is required monthly on a staggered test basis. This
scheme may give the licensee a burden on licensee’s
time. In this study, analysis of system level is perfor-
med for AFW system regarding both trains.

2.1. Adverse Effects Caused by Test

Table 1 summarized the dominant adverse effects
caused by the several example tests. Adverse effects
caused by the test involve plant transients, unnecess-
ary wear, burden on licensee’s time and the radiation
exposure to personnel along with the characteristics
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Fig. 1. Simplified P&ID of the AFWS of the Referencz
Plant

Table 1. Dorninant Adverse Effects{AE) from the Com:-

ponents[2]
AE  Plant Unnecess- Licensee Radiation
ss' Transient ary Wear Burden Exposure
MSIV O
DGs O
AFWP O O
=CCS O O

* 55 : Surveillance system

of each component{2]. Unnecessary wear and li-
censee burden were identified as dominant adverse
effects of the AFWPs testing. A significant ceuse of
+he unnecessary wear resulting from testing the pum-
15 2y recirculating flow through a minimum recircula-
#or line which is not adequate sized. Even if these
recirculation lines are expanded, the frequent testing

may cause the wear.
2.2. Analytical Unavailability

Figure 2a shows the staggered test scheme which
are periodically divided into uniform intervals for
each component of 2/4 system. The parameter, t,
represents the test period for each component. The
parameter, 7{BC, DE, FG and HlI), represents sur-

veillance duration time for one component. The ana-
lytical solutions for the system unavailability are
obtained by using the failure factors with the random
failure, demand failure rate, common cause failure
(CCF) probability and human error probability. The
random failure and demand failure rate are incor-
porated in the following model linearized from the
non-linear test-caused model. The model with the
degradation mechanisms caused by test can be
expressed by the following Eqn. (3)-(6) ;

Aa=daf1=Pa) + Pa(F)}. @)

Ao = du{ (1= Py) + Po( )} @

Da = Do (1=Pa) + Pa(H )} (5)
and

Do = Do (1-Pa) + Pa( )} (6)

where subscript 1 and 2 :diesel driven pumps and

motor driven pumps.

Ao and A,z :random failure rate,

Do and Doz : demand failure rate,

P, and P2 :the test degradation factor for standby
time-related failure,

Pn and Pz :the degradation factor associated with
demand failures,

T : the period of surveillance test interval,

W :the current surveillance test interval

considering the random and demand
failure data.

The B model is used here for common cause fail-
ures. The start-up and the operation power are dif-
ferent from the typical situations. For diesel driven
pumps and motor driven pumps, the characteristics
associated with CCFs are modeled and expressed in
the following Eqn. (7)-(10);

25 A = A )
o A= A 8)
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Total random failure rate is ;

and

Ar‘l + Acl = /11,

I‘,Q'*'/{d:/lz-

Total demand failure rate is ;

D,ﬂ + Dcl = Dl’

and

De + Dz = D2
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71 and 72 represent human error rates. The hu-
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Fig. 2c. Sequential Test Scheme

man errors may occur on test and maintenance. Any

dependent human error between consecutive test ac-
tions is negligible when the staggered test is perfor-

Table 2a. Unavailability with Random Faifure and Demand Failure

uniformly separated.

med. It is because the surveillance duration times are

Staggered Test Train Staggered Test Sequential Test
F1 2( D4?Dy, + DyDa?) 2( Dy’Dg + DyDu® 2( Dg’Dy, + DyDa®)
F2 2(D.Da4, + D.Dg) 2(D.Dy, + D.Dy) 2D Dy + Dc,Dy)
F3 ( Dy, + DA ( D4%A,, + Dg'A. ) ( D4, + D)t
F4 2ADgDyA, + DaDad)t | 2DaDyd, + DyDadn)t | 2DgDad, + DaDad.)t
F5 (Dadrdn + Dadrdr)BE | (Dadd,+ Duks A0BE 1 (Dyad,, + Dardn) 4
F6 (Dadn? + Dy A,H3E | (Dy 4,2+ Dy 2, 3L (D4 A% + Dy x,f)%
F7 (AR, + 4,4, 2)25’3 (A,?A,._,wl,J,f)f (4,24, + 4, 4. 2)’;
F8 (DA, + DAt (D A, ¥+ DAyt (DA, + Dedr)z
F9 (Duke, + Dupe)3F ( Dude, + Dad)3E (Dade, + Dadc)t
F10 357 197 27
(Redr + AcAr) 558 (A, +AcA,) "5 (Aedr, + Ac,)%5
F11 2{( D+ Do+ Dy’ + 2{( Dy2+ Do+ Dy +Do+| 2{ Do+ Do+ D2+
Do+ 2DyDy+ DD UDDy+ Dy D) F Do, +2(D;Dy+ DD
F12 ADuhr,+ DA+ Dahy+ | 3Dy, +3DiA, +2Dghi+ | (3Dgd,+3DiA, +2Dsdi+
Ddill 7 + Dg/l r + Ddlllz)z', Dd./l r + Dzﬂ r + de‘Az) T, Ddlll n + Dz/l " + 20,1,/12) Ty
F13 (A +a)3 7+ Qe +23.)r,+ (A, +24)7,+
£ £ 2 r : 2 A
(AAn,+ A4, )T, (B, +Aod,) 5 (4 :2*1""“2 nt
AP
n 9r r
Aot A,}’é
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Table 2b. Unavailability with Human Error
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Fi14 2n 7t + 0w 2 »'+ nir) 2 v+ ntr)
F15 U D+ F (A +40) nrd D+ AE) AnrdDe+AE)
" Fi6 y22{(Dl+Dd,)+-2f—(/1,,+A,) 722(D,+Ddl+%/1,+f/l 722(Dl+Ddi+77(/11+/l,1))
| F17 7D+ D)+ 5o+ 4| 12 (Do Dat S dpt 2| 1 (Dot Dat F o+ 4,)
F18 27{( Da*+D.+2DDy)+| 2n{ Dy’ +2D4Dy+ D+ | 2n{ Da?+2DyDy+ D+
(DaA, + Dy + DA, )e- (DyA,.+ DA, + DyA)r (DA, + DA, + DA c+
A3t 4,250 4 2,285 4, 30y A 2—’—2~+/1c2
‘ 4
: m,%} AAr 134’2] A /112;}
F19 27o(( Dy’ + D, +2D:D;)+| 27 Da®+2D4Dy+ D+ | 27 D, +2D,D,+ D, +
(Dy A, +Dyhy+ DyA, )z- (DA, + Dok, + Dy o) (DA, + DoAy + DAt
2304 4,250 2,258 15,304 ARt
A, 3%4’2} A2y 13{2} A,,AZZ;}
F20 24n 7t n'+ r-f)r—r' Wdnrt n'+ 722)% 24nrnt n*+ n“’)—%
F21 2n{(D+ D)+ 271{(02+D,)% 2n{ (D4 D+
/1321’,+/1,4r+ gr+/1,22'+ Aqgt,+/l,2
2D~ +/1,r,} 2D, +/1,7} D+ A ]
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AR A% % + 2D+ 43 z',]
ZD:T—,'Hffr} 2D, +2,3 1) 1
Figure 2b shows the train staggered test scheme, (15);

in which the sequential test in a train is performed
and the staggered test is performed in terms of train-
s. The system unavailabilities are obtained through
Egn. (3){14). The conditional dependency of human
action performed during maintenance is assumed
medium(MD) in this study.

Figure 2c shows the conventional sequential test
scheme. Or each components of all trains are tested
sequentially.

Table 2 lists and itemizes the analytical results for
the system unavailability. The F1 item denotes the
mean system unavailability for both two diesel pumps
and one motor pump and one diesel pump and two
motor pumps downed. From F2 to F22, the total
system unavailability is obtained in the following Eqn.

Total unavailability ;

> F, (15)

2.3. Unavailability Calculations

Table 3 represents the data for calculations in this
study and they are cited from the IPE study in the
plant{1]. The error factor used here is a value of 10.
The data on adverse effects caused by test and main-
tenance are given by specific failure data of the
AFWPs in the LERs[8]. A review of LERs shows that
26% of the motor driven pumps had failed due to
the rotation element itself and 42% of pump failure
were found during surveillance test{1].
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Table 3. Failure Data of AFWPs[1]

0.014 L
Random Failure Demand failure CCF (Beta} Human Error ooz _ Teain
0.0546 oo Sequential
Motor (demand)  3.28E-3 i
3.0E-3/d SE-4/h '
Pump /A LSEAT o0 798E4 g i
(random) 3 acce [
0.0546 % '
Diesel (demand)  328E-3
2.0E- .
Pump 2/ 10E4/h 0.003 798E4
(random)
[} 2 0 60 20 100
STi(day)
Table 4. Failure Occurrence Ratio(%) of AFWPs(8]
Lack of Fig. 3a. Unavailability Along with Surweillance Test
i We
Lubrication or Mamt:::nce lei/;nd of Not stated  Efc Starategy(Wear)
Cooling
23% 17% 15% 19% 23%
0011 -
" 0.010 L —_-
0.009 | No wear
Table 5. Mean Unavailabilityof AFWPs "7 |
0.008 |-
. . 0.007 .: Wear
Staggered test Train staggered test Sequential test z
iy X 107X10°  158x107 3 ol
T 762x10 107x10° 154x10° T ool
(Wear) (Wear) (Wear) 3 o
04 268x107°  483x107° 81x107° ooy
00011 -
% 191x10°  335x10° 55010 ook
{Wear) (Wear) (Wear) 0 » r ) » 00
6.38x107* 1.36x107* 240x1072 ST(day)
Ndas TooIx107 | 796x10° 13910 2
- : - Fig. 3b. Unavailability of Staggered Test
(Wear) (Wear) (Wear)
Figure 3 shows that the mean unavailability of ool
AFWPs with adverse effects in the component level is 0012
decreased radically up to quarterly. They are decreas- astol,
ed from about 30% to 60 days and 40% to 90 days E oooe
on the staggered test. The mean system unavailability g - :
with respect to the surveillance testing strategy are af- % :
0.004
fected by random failure and human error rates. But =
not much affected by demand failure, as shown in oo
Table 5. noe . . . . .
] -4 40 ] 80 100

The system unavailability of AFWS using IRRAS
code in the system level are performed by the fault ]
tree analysis. The fault trees for AFWS of YGN Unit Fig. 3c. Unavailability of Train Staggered Test

STi(day)
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3&4 is adopted from the level I final PRA update re-
port for YGN 3&4 published by KAERI in 1993(1].
These fault trees for AFWS consists of many subtrees
representing the various significant systems such as
electric power systern, engineering safety feature ac-
tuation system, instrumentation and control systern,
etc. And these trees are built in the code by the con-
nections of transit gates. The calculated system unav-
ailabilities are shown in table 5 and figure 4. [i is
shown that are increased about 3.4% toc 60 days and
9.1% to 90 days, as shown in table 6.

3. Conclusions

NRC recommended that the STI of AFW pumjps
need to be changed from monthly to quarterly on a
staggered test basis, since the ASME cede requires
class 2 pumps, such as AFW pumps, be tested quar-
terly. It is described that the wear of AFW pumps is
caused by recirculating water during tests through a
“ne that has smaller diameter than presently recom-
mended by pump manufacturers and the licensee
Surden is increased by monthly testing[2].

The proposed approach in this paper consisis of
+he component level with adverse effects and the sys-

+em level. The IRRAS code is utilized in the system

‘evel analysis. The STI of AFW pumps could be chan-

ged from monthly to quarterly on a staggered test
sasis. The optimal STI and AOT for the safety-signifi-

cant components and systems can also be deter-
mined by this approach reflecting their characteristics
such as adverse effects. It is shown that this method-
ology is very flexible in that it can be applied to any
systemns. It may also contribute to establishing a basis
for the risk-based regulation.
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