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ABSTRACT This study analyzed national dam base operating
experience from the NuclearPlant ReliabilityData System

A studywas performedto assess the effects of aging on (NPRDS)andLicenseeEventReports (LER). Maintenance
the Reactor Core Isolation Cooling system in commercial data from an operating plant were also obtained and
Boiling Water Reactors. This study is pan of the Nuclear analyzed. In addition, a plant with a completed PRA was
Plant Aging Research program sponsored by the U.S. chosen for an unavailabilityanalysis. The PRA model of
Nuclear Regulatory Commission. The failure data from the RCIC system for that plant was used to representthe
national databases, as well as plant specific data were commonessential featuresof RCIC system designs and to
reviewed and analyzed to understandthe effects of aging on analyze varying age-related failure rates. This analysis
the RCIC system. This analysis identified important identifiedthe componentswhich havea dominanteffect on
components that shouldreceive the highestpriority in terms system availability. By performing a parametric study in
of aging management. The aging characterizationprovided this analysis, theeffects of uncontrolled aging degradation
informationon the effects of aging on component failure on system availabilityalso were evaluated. However, this
frequency, failure modes, and failure causes, unavailabilityanalysis in not discussed in this paper. In

this paper, aging effects on the RCICsystem, prioritization
INTRODUCTION of components for aging management, and aging

characterization of some of the components are discussed.
An aging study of Reactor Core Isolation Cooling

(RCIC) systems in commercial boiling water reactors OPERATING DATA ANALYSIS
(BWRs) has been performed as part of the Nuclear Plant
Aging Research (NPAR) program. The NPAR program is Effects of Aging on RCIC System
sponsored by the U.S. Nuclear Regulatory Commission
(NRC), Office of Research, Division of Engineering. Its Between January 1986 to December 1991, there were

goal is to pyovide a technical basis for understandingand 920 RCIC system failuresreported to NPRDS from the 31
managin&L_eeffects of aging in nuclearplants. A more BWR units in the USA. Seventy-eight percent of the
detailed description of the NPAR program can be found failures are due to aging, 9 %possibly due to aging, and
elsewhere 0tel. 1,2). 13 % due to non-aging causes. Therefore, the aging:

related failures (aging and possibly aging combined) are
The RCIC system was chosen because, as a safety- almost 87 % of all the failures in theRCIC systems, which

related system, it plays a vital role in the safe operationof clearly indicates that aging is an important issue for this
theplant. For station blackoutscenarios, the RCICsystem system.
is importantfor preventingcore melt in BWRs (Ref. 3, 4).
The RCIC system includes a steam turbine-drivenpump, Analysis of the NPRDS data showed thatthe effects of
and associated valves, interconnecting piping, pipe sup- component failures on RCIC system function become
ports/restraints, electrical power supply components and increasingly moreserious as the componentsage. During
instrumentation/controls, the period of 1986 - 87, about 22 % of the component

failures resulted in loss of system function or degraded
system operation, which increased to 30 % and 36 % for

1. This work was performed under the auspices of the the periods of 1988 - 89 and 1990 - 91, respectively, as
U.S. Nuclear Regulatory Commission. By acceptance shown in Figure 1. Throughoutthis period, about the same
of this article, the publisher and/or recipient number of BWR plants were in operation, therefore the
acknowledges the U.S. Government's rightto retain a populationsof components were relatively constant. This
nonexclusive, royalty-free license in and to any finding agrees with thatfrom LER analysis which showed
copyright covering this paper, increasedaging failures in the LER events as the plantsgot

older. LERscontain events thataremore safety significant
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Figure 1. Fraction of RCIC component failures that caused

loss of system funct/on or degraded system operation

than those reported to NPRD$. Thus, the increased For example, number of failures is the criterion most

fractions of LERs caused by aging-related failures mean commonly used, however, this would not identify
they resulted in more safety significant events as the governors and pumps as important components. By
components got older, considering all four importance criteria, it is concluded that

aging management of valve operators, switches/bistables,

_l__rioritizationof Components for Ac,in__ M*n*ge_m_en( governors, valves, circuit breakers, and pumps is most
important to reduce and mitigate the aging effects on RCIC

An importance prioritization or ranking of the RCIC system. These components should receive the highest
components. !can be a valuable tool for effective aging priority in aging management programs.
management. Table 1 shows the rankings obtained using

• _ --.-.-_...

four different crlteria: number of aging-related failures Effects of Azin_ on RC.IC Cgmponent Failure
reported to NPRDS, number of loss of system function FreQuency
failu_res reported to NPP,.DS, number of aging-related

failu:res reported as LERs, and contribution to system Out of the 31 BWR units that have RCIC systems, 26
unavailability. The information for the last criterion was were selected for normalization based "on the number of

obtaiined by conducting an unavailability analysis, which is failures reported. The failure frequeh'cy curve for the

discussed in reference 2. Valves fail most often mainly RCIC components shows a peak at 3 - 4 years of age,
because they are more numerous than other components, followed by two peaks at 11 - 13 years and 17 years, as

but they are ranked S'h when the criterion of number of shown in Figure 2. Since this component failure frequency
loss of system function failures is used. The reason is is the combined value for seven major components, it is
because the main failure mode for valves is leakage, which important to know which components contributed to these
generally degrades the system operation, but does not peaks. Data analyses for the major components showed
necessarily cause a loss of system function. On the other that failures of valves and switches/bistables mainly caused
hand, the failure frequency of the governors is low, but the peak at 3 - 4 years; failures of valve operators also
most of their failures cause a loss of system function, contributed to this peak. The second failure frequency
putting them in a higher rank when the criterion of number peak at 11 - 13 years is due to the increased failures of

of loss of system function failures is used. valves, switches/bistables, circuit breakers, and valve

operators. The increased failures of valves are responsible
This study shows that if only one criterion is used for for the third peak at 17 years.

prioridzation, important components may be overlooked.



Table 1

Importance Rankings for RCIC Components

,,=, ,,, - ,,,;, ,., . ,,, ,,., , , , ,, , , ,,,, , ..,,,

Criteria
,,, ,,,., ,, ,, , ,=, ,,

Ranking Number of Aging- SignificantSystem Numberof Aging- Unavailability
related Failures Effect relatedFailures

(NPRDS) (NPRDS)
(LER)

, ,, , ,.. ,. , ,, , ,,, ,, , ,,, , , .,, , ,.,.

1 Valves Valves Operators Valve operators Switehes/Bistables,,, , ,, ,, ,,. ,,..= . ,. ,

2 Switches/Bistables Switches/Bistables Switches/Bistables Pumps

3 Valve Operators Circuit Breakers Governors Valve Operators
, , ,, ,,.,,, , ,,,, ,.,, , ,

4 Circuit Breakers Governors Valves
, , ,,. . , , ,,,, , , ,

5 Transmitters Valves
_ ,.. . , , , , ,,.. ., ,,.,

6 Governors Turbines ...-
,, , ,,, , , , ,,,, , , , ,,, ,:. ,,,

7 Turbines Transmitters
,, ,,,, ,,, ,, ,

8 Pumps Pumps
,, ,,,., ,,, : , ,,, .,., ,, , ,. ,

SOURCE" NPRDS (1986 - 91)
6-

n,.-

.:

:, _ 5-

4-
#
3 s-

2-
_ .

==1==....
1 i l I I ! 1 - i

1 2 3 4 5 6 7 8 9 10111213141516171819

AGE AT FAILURE(YEARS)

Figure 2. Combined failure frequency for seven components normalized with 26 plants
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Agine Characterization Over time, leakage remained the predominant failure
mode. However, there was some increase in external

The aging characteristicsof all the major components leakage in place of internal leakage as the valves age.
discussed above were studied by analyzing the operating
data. However, in this paper, only the results on valves, A similaranalysis on watervalves shows more dramatic
valve operators, turbines, and pumpsare presented. The effects of aging on failure mode (Figure 7). During the
results of the analyses of LERs and plant specific data early years (1 - 7 years), more than half of the failures
agreed with those of the NPRDS data. Thus, only the were internalleakage, but, for older valves (12 - 19years),
results from the NPRDS data analysis are given here. about80 % of the failures were external leakages. This

indicates that the failure causes for these two periods are
Valves different, which will be discussed next.

Failure Frequency When the valve failures from 26 Failure Cause Figure 8 shows the failure causes for
plants are normalized to show the failure frequency per steamvalves for the threedifferent periods. The NPRDS
unit-year as a function of age at failure, the curve shows cause codes are the following:
three peaks at the ages of 3, 11, and 17 (Figure 3). These
peaks coincide with those for the failure frequency curve AD - Normal/AbnormalWear
for theRCIC system in Figure 2, which indicates thatvalve BE - Dirty Internals
failures are the main contributorto the three peaks in the BC - Out of Mechanical Adjustment
system failure frequency curve. BB - Mechanical Damage/Binding :-

BD - Aging/Cyclic Fatigue "" •
There are between 50 and I00 valves in a typicalRCIC BG - Corrosion

system, depending on the BWR type. These fall into two
major groups, steam valves and water valves, and it is As the valves get old, thereare increasedfailures caused
important to know which group is more susceptible to by dirty internals, out of mechanical adjustment,
aging degradation, mechanicaldamage, and corrosion. However, between 50

and 70 % of all the valve failures in the NPRDS data are

These two groups of valves were analyzedseparately; the categorized as normal/abnormalwear. This description
results are shown in Figures4 and 5. As expected, dueto indicates that the failure was due to aging, but it is not
the harsher environment, the failure frequencies for the specific enough to provide more useful information.
steam valves are much higher than those for the water
valves. Since there are fewer steam valves, the actual The proximatecauses developed by BNL provide more
difference in valve failure rates is even higher than these detailed informationabout the failures (Figure 9). The
figures show. The failurefrequenciesfor the steamvalves BNL codes for the proximatecauses are the following:
(Figure 4) stay almost constant until 11 years, when they
peak. The:failure frequency of water valves peaks at 5 WS - Worn Seat/Disc
years, after:_,-hiefiit drops very low until 15 years, when WP - Worn Packing
the frequency again begins to increase. The possible CI - Corrosion Productor Dirt Buildup
reasons for the effects of aging on the failure frequency WG - Worn Bonnet Gasket, Worn Gasket
will be discussed later, using the results of failure mode
and cause analysis. Causes grouped under"Other"in the "figureinclude out

of adjustmentpacking, wornwedge, wo_nsear'ring, worn
Failure Mode The failure modes for the steamvalves tappet nut, worn cylinder wall, broken or damaged stem,

were analyzedfor threeage periods, 1-9, 10-14, and 15-18 and worn hinge pin.
years, based on the shape of thefrequency curve inFigure
3. The results, in Figure 6, show the relative proportion In the early ages (I - 9 years), worn seats caused about
of each failure mode. The failure mode codes are from 37 % of the steam valve failures, worn packing about 22
the NPRDS, and those for the valves are the following: %. For the older steam valves (15 - 18 years), worn

packing caused about35 %, and worn seats about 30 %.
EL - External Leakage In addition to increased packing problems for the older
IL - Internal Leakage valves, corrosion product buildup and worn gaskets
FC - Failure to Close become more important, causing 20 % and I0 % of the
OR - Failure to Operateas Required failures, respectively. These proximatecauses may explain
MO - Foundduring Testing, Surveillance, Inspection, the increasedfailurefrequency at 17years shown in Figure
or Maintenance 4.

FO - Failure to Open
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These proximate causes also explain the failure modes years, and around I1 years. These peaks coincide with
shown in Figure 6. The increased external leaks are those in the system failure frequency curve in Figure 2,
caused by more failures due to worn packing and worn indicatingthatfailuresof valve operators contributedto the
gaskets, while a slight decrease in internal leaks in later system failure peaks at 3 -4 years and 11- 13 years.
years is due to fewer failurescaused by worn seat.

A valve operator has several subcomponents, each of
Figure 9 also shows that a worn gasket was the which has differentaging characteristics. Over the years,

proximatecause for about 10 %of the steam valve failures many subcomponents are repaired and replaced, which
after 15 years, but was not identified earlier, affects the shapeof the failurefrequency curve. Also, the

valve operatorsreceive more frequentperiodic testing and
The effects of aging on the failuremode of watervalves maintenancethan other components, which can detect the

are quite dramatic. During the early years, external leaks aging-related degradation before the aging effects
and internal leaks accountfor about23 % and 52 % of the accumulate. These may explain why the failure frequency
failures, respectively (Figure 7). In lateryears, external curve is not a typical bath-tub curve and why the failure
leak is the failure mode for almost 80 % of the failures, frequency decreases after the peaks. To understandwhat
This significant effect of aging on failure modes may be caused the two peaks, the failure causes are analyzed
explainedby their proximatecauses. Figure 10 shows that separatelyfor different age groups.
failurescaused by worn packingand worngasket increased
significantly at later years, from 16 % to 35 % and from Failure Cause There were several different causes for
zero to 24 %, respectively, while theportionof the failures the failures of valve operators with no dominating ones
due to worn seats decreased from about45 % to about 12 (Figure 12). These included oi_t of mechanical
%. The analysis for proximatecauses for watervalves also adjustment, normal/abnormal wear, mechanical
show thatgaskets begin to failafterabout 12years, causing damage/binding, burned/burned out, and defective
about one quarterof the failures, connection/loose parts. The "Others" category in this

figure includes dirt build-up, foreign material, lubrication
Theanalyses of failure modesandcauses mayexplain the problem, blocked, and insulation breakdown. The

different shapes of the failure frequency curves between insulationbreakdowndid not cause failures until 13 years.
steam and water valves. For the water valves, in the However, during 14 - 19 years period, 7 % of the valve
earlier years, the main failure mode is internal leakage operatorfailureswere caused by the insulationbreakdown.
caused by worn seats and accumulation of corrosion
products; however, in the later years, the main failure The analysis for proximate causes identifies the
mode is external leakage caused by worn packing andworn subcomponents that caused the failures. The major ones
gaskets. Thus, it seems to take some years untilpacking are motor, torque switch, limit switch, and tripper finger,
and gaskets age and fail for the water valves. On the other as shown in Figure 13. This figure also shows that motor
hand, for steam valves, the main failure modes stay about and limit switch are affected by aging more than others.
the same ove_. 19 years, with internaland external leaks Also, no particularsubcomponentfailures are responsible
contributing'-_I-most equally. This is mainly because for the two frequency peaks, at around 3 years and around
packing failures start much earlier than those for the water 11 years, except that the failures of tripperfmgers caused
valves, and continue to increase, causing the failure almost 20 % of the valve operator failures during the 11-
frequency of the steam valves to stay higher thanthat of 13 years of age. Dirty contacts caused about 8 % of the
the water valves. Since packing materials are usually failuresduring the 14 - 19 years; this proximate cause was
Polytetrafluoroethylene (I'TFE), Aramid, and graphite, not reported until this period. Much re_earch"on motor-
high temperature accelerates the aging degradation operated valves has been conductedunderNPAR and other
processes (Ref. 5). programs, and the detailed results of the component level

research on valve operators are available in references 6,
Valve Operators 7, and 8.

Failure Freouencv The failures of valve operators Turbine
caused approximately15 %of the RCIC system component
failures. Figure 11 shows the effects of aging on the There were 22 aging-relatedturbinefailures, of which 5
failure frequency, plotting the number of valve operator (21%) resulted in the loss of RCIC system function.
failures per unit-year as a function of component age, Seven turbine failures (32 %) degraded the system's
normalized for 26 plants. As valve operators age, no operation. This informationindicatesthat the turbine is an
dramatic change in the failure frequency can be seen, importantcomponent for RCIC operation, even though the
except that there are two frequency peaks, at around3 number of failures is low.



SOURCE : NPRDS (1986 - 91)

7O' 1 - 7 YRS

_._ .... _
............ 12- 19YRS

_.
w
0 40-
uJ
0. 30-

20- _'

10-

0 , - "-;" " " _'! i

EL IL FC OR MO FOOTHER
FAILUREMODE

Figure 7. Failuremodesfor watervalves

SOURCE: NPRDS (1986 - 91)

7'o- ' ' LL_
'- 1 - 9 YRS

_-_-- "- 60"

50- "' 10- 14YRS

_ 30- .

20-

o. =_,__ .8, ,
AD BE BC BB BD BGOTHER

FAILURECAUSES

Figure 8. Failure causes for steam valves

8



SOURCE : NPRDS (1986 - 91)

40- -
35- t - _ YRS

30- B _o-_4YRS

g 25- I _
I-- 15- 18YRS
Z
uJ 20- ....

B

0
rr
ILl
o. 15-

t0-

0 _ _"
WS WP CI WG OTHER

PROXIMATECAUSES

Rcure9. Proximatecausesforsteamvalvefailures

SOURCE • NPRDS (1986 - 91
,,.:

_ 45
1 - 7 YRS

II
12 - 19.YRS

.

_ isitl
0-t WS WP CI WG OTHER

PROXIMATECAUSES

Figure 10. Proximatecauses for water valve failures

9



SOURCE: NPRDS (1986 - 91)

1.6-

rr 1.4 .......................................................................................................................................

_' 1.2 ......................................................................................................................................

_ 1 ......................... " .......... °'" *°"°" ....... • ....... ° .............................................

_,, 0.8 ............................................................................................

_ 0o6 ........ ° ....... "" "*................................. " .........................

_ 0o4 ................. ° .......... °'°°° ......... ".........................

o.2
1 2 3 4 5 6 7 8 910111213141516171819 ":"

AGEAT FAILURE(YEARS)

]LC'_re 11. Normalized failure frequency for valve operators as a function of age at failure

;,. OUT OF MECHADJUSTMENT _._'_
-_- _ "' " t .= _ 2 - 6 YRS

MECHANICALDAMAGE/BINDING _" "_ _"_ :LII ' _ i'_ .... I '

NORMAL/ABNORMALWEAR _ i 11 - 13 YRS
i :

BURNED/BURNEDOUT'm  :
AGINC.-_CYCLICFATIGUEi i 14". 19:_RS

SHORT/GROUNDED_i

CONNECTIONDEFECTIVE 1
i

CIRCUIT DEFECTIVE

OTHERS_''"_"_"'L_="_ 3.-_ ! "-
;' _";

0 5 10 15 20 2'5 30
PERCENTAGE(%)

SOURCE : NPRDS (1986 - 91)

Figure 12. Failure causes for valve operators

10



MOTOR __:_-=_::?'-=-L _- - _

TORQUE SWITCH __:_i:i:Y_:._., 2 - 6-YRS

LIMIT SWITCH ............................;_.;............;,--.,.--.........;,;_ 11 - 13 YRS
TRIPPER FINGER ............ ,.-.._:_

14 - 19 YRSSOLENOID COIL ......:; ......::_",22=2_

DIRTY CONTACT'. .......... !........ i
LOOSE SCREW', i _. i I

WORN GEAR ...........:; ..... i !i
SPRING PACK _ i I

• i

OTHERS _'=_'_-':_ i_i _ i _ ! ""
" _ " _ _ ....I -i -

0 5 10 15 2O 25 30

PERCENT (%) _-

.. SOURCE : NPRDS (1986 - 91) "'

Figure 13. Proximate causes for valve operator failures

The importantfailure modes are failure to run (20 %) could be prevented with proper aging management that
and failure to operate as required (20 %), while 35 % of includes improved maintenanceprograms.
the failures were assigned to the failure mode "found
during testing, surveillance, inspection, or maintenance". CONCLUSIONS
The major failure causes are normal/abnormalwear (28
%), out of mechanical adjustment (22 %) and mechanical As a result of this study, aging processes in the RCIC
damage/binding(11%). Again, therewere toofew datato systemare betterunderstoodthroughaging characterization
identify any meaningful trend in the failure frequency, of the system and components. The components most

frequently affected by aging degradation and those that
Pumps ._ need priority aging management are identified by the

;. suggested importancerankings. The informationobtained
There w_re-_'lI -aging-related pump failures; 5 of them from this studyshould providea technicalbasis uponwhich

were RCICpump failures, and the rest were 5 water leg future work can be performed.
pumpfailures and one condensatepump failure. Both the
RCIC pump and the water leg pump are essential for the The following specific findings were obtained:
system operation. One water leg pump failure resulted in
a loss of system function, which was caused by a pump * Most RCIC componentfailures reportedto NPRDS
motor overload trip due to lack of lubrication for the are due to aging-related degradation(87 %). The
bearings. Another similar failure and a condensate pump analysisof thecorrective maintenance recordsof an
shaft leak resulted in a degradedsystem operation. Three operatingBWRplantshowed that 83 % of the RCIC
of the RCIC pump failures were external leaks caused by component failures are due to aging-related
seal failures, whichdid notaffect the system operation;one degradation, which verifies the national data base
failure was a lubrication oil leak due to a worn gasket, results.
whichalso did not affect the system. Another RCICpump * The effects of the component failures on the RCIC
failure was caused by excessive vibration due to a worn system function become more serious as the
bearing. An oil leak from a drain plug caused a failureof components age. During the period of 1986 - 87,
a water leg pump, which did not affect the system, about 22 % of the component failures resulted in

loss of system function or degraded system
As shownabove, the aging-relatedfailures of pumpsare operation, which increasedto 30 % and 36 % for

mostly leakage of wateror oil due to worn seal/gasket and the periods of 1988 - 89 and 1990 - 91,
worn bearings due to lack of lubrication. These failures respectively.
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