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A STATISTICAL ANALYSIS OF NUCLEAR POWER PLANT
PUMP FAILURE RATE VARIABILITY--SOME
PRELIMINARY RESULTS

by

Harry F. Martz and David E. Whiteman

ABRSTRACT

In-Plant Reliability Data System (IPRDS) pump failure
data on over 60 selected pumps in four nuclear power plants
are statistically analyzed using the Failure Rate Analysis
Code (FRAC)., A major purpose of the analysis 1is to
determine which environmental, system, and operating factors
adecuately explain the variability 1in the fallure data.
Catastrcohic, degraded, and {incipient fafilure severity
categories are considered for both demand-related and
time~dependent failures.

For catastrophic demand-related pump failures, the
variability 1is explained by the following factors listed in
their order of importance: system application, pump driver,
operating mode, reactor type, pump type, and unidentified
plant-specific {influences. Quantitative failure rate
ad justments are provided for the effects of these factors.

In the <case of catastrophic time-dependent pump
failures, the failure rate variability is explained by three
factors: reactor type, pump driver, and unidentified
plant-specific influences.

Finally, point and confidence interval failure rate
estimates are provided for each selected pump by considering
the influential factors. Both types of estimates represent
an improvement over the estimates computed exclusively from
the data on each pump.




1. INTRODUCTION AND EXECUTIVE SUMMARY

Estimates of the reliability of numerous pump components are used 1in
probabilistic risk analysis (PRA) of nuclear power plants. The estimates are
used in quantifying the system fault tree models that appear in the event trees
for each postulated accident.

The purpose of this report is (1) to determine the environmental, system,
and operating factors which best explain (in a statistical sense) the observed
differences in a certain set of estimated pump failure rates and to quantify the
effects that these factors have on the faflure rate estimates, (2) to determine
various statistical models using the factors found in (1) which can be used to
calculate pump faillure rate estimates, and (3) to provide point and confidence
interval estimates of pump falilure rates using the models deterained in (2).

Following the Introduction and Executive Summary in Section 1, Section 2
describes the pump failure rate data used in the analysis. Section 3 presents
the detailed results of the analysis, which are summarized in Section 1.3.

Finally, Section 4 gives the failure rate estimates.

1.1 Scope
The pump failure rate information analyzed here is the set of preliminary

data for a selected group of important pumps identified and considered in the
In-Plant Relfability Data System (IPRDS) on the pump conponent.l Pump data from
four nuclear power plants are analyzed. The data cover 23 functionally
different pumps for each of two Pressurized Water Reactors (PWRs), and 21 and 17
functionally different pumps, respectively, for two Boiling Water
Reactors (BWRs). Because the data in Ref. 1 are assumed to be of a preliminary
nature, the analysis undertaken here is likewise of a preliminary nature.

Two types of failures are analyzed: demand-related and time-dependent
fallures. Each pump {s classified into one of three operating modes according

to its primary mode of operation:

Running: The primary state of the pump is the running or active
mode, for example, the condensate feedwater pumps.

Alternating: The pump alternates between the running and standby
operating mode, such as boric acid transfer pumps.



Standby: The pump 1s normally in the standby state, for example,
the containment spray pumps.

Pumps in the running mode have a time-dependent failure rate, while those in the
standby mode possess a demand-related failure rate. Those in the alternating
mode have both time- and demand-related failure rates.

One of three fallure severity categories is assigned to each pump failure
based on six possible failure mode categories. The three severity categories

are

Catastrophic: The pump {is completely unable to perform {its
function. For example, the pump fails to start on
demand.

Degraded: The pump operates at less than {ts specified performance
level. For example, there is low flow 'm the pump.

Incipient: The pump performs as designed but exhibits
characteristics that, if left unattended, will likely
develop 1into either a degraded or a catastrophic
failure. For example, the pump mechanical seal lenks.

The six fallure mode categories are fails to start, fails while running,
low output, vibration, leakage, and other. A catastrophic failure is reported
for a pump which either fails to start (for demand-related failures) or fails
while running (for time-dependent failures). A degraded failure is reported
when a pump fails in the low output mode, and an incipie~* failure occurs for
those pumps failing in the vibration, leakage, or other failure mode categories.

A variety of factors are reported for each pump in the data base and
gseveral of these are considered here. Such factors as pump {dentification
number, functional name, system and operating characteristics (such as pump and
driver type, horsepower, and differential head), reactor type, plant designator,
etc., are reported. However, 1in some cases not all of this information is
readily available from the plant records, and the corresponding data fields have
been left blank. Of all the factors reported.l six factors are complete enough

to be considered here. They are

Reactor Type: Two types of light water reactors: (1) PWR and (2)
BWR



Four plants

NI : 1 /7
NO o !, AN {

The TPRDS pumps in the following seven

gvarems: { \ 2) Fngineered Safet v, {(3)

‘ontainment, (4) Elec ¢ (5) Power Conversion,
Process Auxiliary and /) Plant Auxiliary (Section
nrovides a genert { g ¢ I'!Iv\ﬂf gvetems in eac!

theco

Three dominant modes of pump operation:

Running, (2) Standby, and (3) Alternating

'wo major pump ¢ 1) tive Displacement and

Centrifugal

1

Driver: Three tvpes of

and (3) Turbine

or each failure severity category, the relationship is determined between
eacl type of failure rate and the subset of the above factors found to be most

statistically significant for explaining the variability in the fafilure rates.
These relationshins ire used to calculate the numerical effect of each of the

significant factors. The factors are also importance-ranked according to their

effect on the failure rates.

™ Procedure

) ) g )

The Failure Rate Analyvsis Code (FRAC) is used for the aralysi FRKAC uses
the well-established statistical methods of weighted least squares and weighted
maximum likelihood » obtain the desired models based on the six factors
previously discussed. The statistical significance level associated with a
given model measures the ability of that mode ] to explain the observed
variability in the pump failure rate estimates. For a given failure rate tvype

ind severity category, finding the model having the smallest significance level,

or P-Value, within the class of all feasible models is desirable. Sucn a model

i{s subsequently identified and labeled the Most Statistically Significant (MSS)

model. Although other models may do nearly as well 1{in explaining the

variabhility, none are better than the MSS model The MSS model is considered

here to be the best model, and .he corresponding conclusions and estimates are

based on this model.




In the past it has been customary to examine the effect of multiple factors
on a failure rate one at a time. This is an inefficient method of analysis that
does not lend itself to convenient investigation of interaction effects and may
also indicate spurious effects when no such effects are present. Also, in such
an analysis, often either failure rate estimates are given for each factor
combination appearing in the data base with 1little or no data pooling or
estimates are based on pooled data with little or no statistical assurance that
such pooling 1s justified. In the case of little or no pooling, the estimates
may be inefficient, while in the case of pooling, the estimates may be
{nappropriate or incorrect. For example, suppose that the effect of pump size
on the fallure rate 1is of interest. If data are pooled into each of several
size categories, any apparent size effect may in fact be due to other factors
which coincidentally correspond to the size categories. Such confounding
effects can often result in confusing, and sometimes contradictory, reports
regarding the factors that affect pump failure rates. This potentially
inefficient and error-prone situation 1s avoided here by simultaneous
consideration of all the factors in a statistical analysis of variance framework
using FRAC. Because all the pump failure data are combined in the analysis, the
point and {interval estimates are expected to be superior to single-cell

1 This superiority 1is a direct

estimates such as reported by Drago et al.
consequence of the efficient FRAC method of analysis which permits all of the
data to be simultaneously utilized. The FRAC model 1is briefly described in
Section 3. Finally, FRAC pools data across one or more factors only if those
factors have no clear, statistically discernible effect on the pump failure

rate.

1.3 Conclusions
The following conclusions pertain to the ability of the six factors

discussed in Section 1.1 to statistically account for and explain the observed

variability in pump failure rates in the IPRDS pump failure data base.

Table 1 presents the MSS factors obtained from the FRAC analyses that
explain the variability for both demand- and time-related catastrophic, degraded,
and 1incipient failures. The factors are listed in their order of importance in
explaining the variation. The level of statistical significance (the P-Value)

associated with each set of factors is also given. Recall that each of these



P-Values {s the smallest value within the class of all feasible combinations of
the six main factors.

Table T also gives the percentage of the total pump variation that {s
explained by each of these MSS factors. In the case of both demand- and
time-related catastrophic fallures, significant plant-to-plant variation was
found to be present; thus, a random factor, Plant, is included in the set of MSS
factors. This factor accounts for those unidentifiable plant-to-plant
differences in the pump failure rate not explainable by the other five factors.

In addition, Table I presents the best and worst values, in regard to the
pump failure rate, for each fixed MSS factor. The actual quantitative
ad jus*ments corresponding to these best and worst case conditions, as well as
all other remaining {intermediate conditions, are given in Section 3 and the
appendices.

The system application of a pump is an important factor that explains the
variation 1in demand-related pump failure rates with Engineered Safety, Power
Conversion, and Electrical systems projected to yield the smallest failure
rates. The largest failure rates are expected to occur for Plant Auxiliary and
Nuclear system applications. The pump driver 1is also an {important factor.
Together these two factors account for over 50% of the explainable catastrophic
demand-related failure rate variability and 100Z of the explainable degraded
variability.

Reactor type 1is an {mportant factor that explains the varfation in
time-dependent pump failure rates, with BWRs clearly projected to have the
smallest failure rates. Pump driver is also an important explanatory factor for
catastrophic and incipient time-dependent failure rate differences, with
motor-driven pumps having the best projected rate of failure. Although the
sys.em application is by far the most {important factor for the category of
degraded pumps, {1t is not nearly as important for catastrophic or incipient
time-dependent faflures as it is for demand-related Failures.

Finally, there is more unexplained variation in degraded pump failures than
in either catastrophic or incipient failures. This is clear from the small

P-Values for both the catastrophic and incipient cases.



TABLE 1

MSS FACTORS AND THE PERCENTAGE OF PUMP FAILURE RATE VARIATION EXPLAINED BY EACH FIXED FACTOR

Percentage of

Pump Failure Rate Vartation
Fallure Type Fallure Severity P-Value MSS Factor Best Worst Explatined
Demand-Related Catastrophic 0,28 x m-ﬂ System Eng. Safety Plant Aux. 34
Pump Driver Motor Turbine 21
Operating Mode Alternating Standby 20
Reactor Type BWR PWR 13
Pump Type Pos. Diap. Centrifugal 12
Plant® — e -
Degraded 0,17 x lo-2 System Power Conv. Nuclear 73
Pump Driver Turbine Diesel 27
Incipient 0.55 = 10.a System Electrical Plant Aux. 81
Reactor Type BWR PWR 19
Time-Dependent Catastrophic 0.96 x 10-7 Reactor Type BWR PWR 53
Pump Driver Motor Turbine 47
Plant® - - -
Degraded 0.21 = lO-2 System Eng. Safety Power Conv. 82
Operating Mode Running Alternating 12
Reactor Type BWR PWR 6
Incipient 0,41 x 10-7 Reactor Type BWR PWR 61
Pump Driver Motor Turbine 39

fRandom factor.
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pendent and demand-related IPRDS pump sponding

are given 1in Appendix !/ For 7 1 he following

names are used throughout this report for the six main factors

Section l.1:

RTYPE Reactor Tyne
PLANT -- Plant
SYSTEM System
OPMODE Operating Mode
PTYPE Pump Tvype

DRIVER == Pump Driver




SELECTED PUMPS FROM PLANT 1:

__Functional Name

. - .

Auxiliary feedwater (diesel)
Auxili=ry feedwater (turbine)
Boric actd transfer

Boron injection reclirenlation
Centrifugal chargling
Circulating water
Compenent=cooling water
Condensate

Contalinment sapray

Dlesel fual oll transfer

Fire pump (motor)

Fire pump (diesel)

Fire system jockey pump

F.W. pump turbine emergency lube oll
F.W. pump turbine lube ofl transfer
F.W. pump turbine main lube ofl
Positive displacement charging
Reactor coolant

Resfdual heat removal

Safety injection

Service water

Service water booster

Steam generator feed F.W,

- - -

Ac = centrifugal.

rPn = positive dlsplacemert.
D = diesel.

d" = motor.

®r = turbine.

TABLE 11

System
Code

$05
805
NO9
NO9
NO9
P06
w03
PO4
c10
E04
X02
X02
X02
POS
P05
P05
NO9
NO4
NOS
503
wWo4
Wwoa
P05

PWR

Puup.'b Drive -
Type *~ Type

O O 0 0 g a0

9 0 O 6 O

O

" X Z 2 ZE X X X X ZE X2 92 X X X X X Zx "o

Population

N OB W NN S e N N e e e NNN W N DM -



(moto

(turbine)

mntinuous

nerator fuel oil transfer

nerator oil circulation
seal water
(motor)
iiesel)
transfer

safety injection

recirculation spray

side recirculation spray
nch spray

*tor coolant

fdual heat removal

vice water

am generator feed




TABLE IV

SELECTED PUMPS FROM PLANT 3: BWR
System  Pump Driver
Functional Name Code Type Type Population

Condensate P04 c M 9
Condensate booster P04 M 9
Condenser circulating P06 C M 9
Control rod drive NO2 c M 5
Core spray S03 C M 12
Engine-driven fuel EO4 c D 12
Fire X02 C 3M,D 4
High-pressure coolant injection (HPCI) S03 C T

HPCI booster S03 c T 3
Lube oil transfer EO4 c M 1
Raw cooling water wo3 C M 12
Raw cooling water booster wo3 ¢ M 4
Reactor building closed cooling water wo3 c M 9
Reactor core isolation cooling (RCIC) S01 c T 3
Reactor feedwater P05 c T 9
Reactor recirculating NO4 c M 6
Residual heat removal NO8 c M 12
Residual heat removal service water Wo4 c M 12
Seal water injection to F.W. pump PO5 c M

Standby liquid control NO5 PD M

Transfer pump EO4 C M 22

11
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TABLE VI
IPRD GENERIC SYSTEMS LI1ST

Nuclear Systems-N

BWR PWR i
NO1 Reactor core NO1 Reactor core
NO2 Control rod drive system NO2 Control rod drive system
N0O2.A Control rod drive hydraulic
system
NO3 Reactor control system NO3 Reactor control system
NO4 Reactor recirculation system NO4 Reactor coolant system
NO5 Standby liquid control system NOS5 Emergency boration system
NOG Reactor protection system NO6 Reactor protection system
NO7 Neutron monitoring/nuclear NO7 Nuclear monitoring/nuclear
instrumentation system instrumentation system
NOB Residual heat removal/low- NO8 Residual heat . :moval/low-
pressure safety injection pressure safety injec*ion
system system
NO9 Reactor water cleanup system NO9 Chemical and volume control
system (CVCS)
Engineered Safety Systems-S
BWR PWR
SOl Reactor core isolation cooling
system
S02 Engineered safety features
actuation system
S03 Engineered safety features s03 Safety injection system
S03.A High-pressure coolant injec~ §03.A High-pressure safety injec-
tion/core spray system tion suosystem
$03.8 Safety injection tank/core
flood subsystem
§03.C Low-pressure coolant injection §03.C Low-pressure safety injec~
tien subsystem
§03.D Low-pressure core spray system
S03.,E Automatic depressurization
system
S04 Remote shutdown system S04 Remote shutdown system

S05 Auxiliary feedwater system

13



TABLE VI (cont)

Containment Systems-C

TamER T DRI . . SIS
col Primary containment and pene-
trations
c02 Reactor building €02 Reactor building/containment
and penetrations
co3 Containment heat removal co3 Containment cooling system
C03.A Ice condenser s stem
(W31 Containment {isolation system co4 Containment isolation system
cns Containment purge system co5 Containment purge ¢ 'stem
co6 Standby gas treatment system
co7 Combustible gas control system co7 Combustible gas control
system
cOo8 Containment ventilation system co8 Containment ventilation
system
co9 Reactor building ventilation
system
c10 Containment spray system Cc10 Containment spray system
Ccll Penetration room ventilation
system
Electrical Systems-F
N S N} BWR L L PWR -
EO1 Main power system ® plant instrument ac power
EOl.A Protective relaying and subsystem
controls E04 Emergency power system
E02 Plant ac distribution system ED4.A Diesel-generator fuel oil
EO2.A FEssential power system subsystem
END2,B Nonessential power system E04,.B Diesel-generator cooling

water subsystem
E02.C High-pressure core spray
power system

E02.D Protective relaying and E04.C Diesel-generator air
controls subsystem
EO3 Instrumentation and control E04.D Diesel-generator power
systems lubrication oil
E03.A dec power system subsystem
® vital dc power subsystem EOS5 Plant lightirng system
® plant dc power subsystem E05.A Essential lighting
E0O3.B Instrument ac power system E0S.B Nonessential lighting
® vital instrument ac power E06 Plant computer
subsystem E03.B Instrument power system
EO07 Switchyard
EO7.A dec control power system
EO7.B Protective relaying

14



TABLE VI (cont)

Power Conversion Systems-P

i T ey PWR )
PO1 Main steam system PO4.A Condenser evacuation system
P02 Turbine-generator system P04 .B Condensate cleanup/polishing
PO2.A Electro-hydraulic control system
subsystem P04,.C Condensate heater drain
P02.B Turbine gland seal subsystem subsystem
P02.C Turbine lubrication subsystem POS Feedwater system
P02.D Stator (hydrogen) cooling PO5.A Feedwater heater drain
subsystem subsystem
PO2.E Hydrogen seal oil subsystem P06 Circulating water system
PO3 Turbine bypass system P07 Steam generator blowdown
(PWR)
P04 Condenser and condensate system PO8S Auxiliary steam system
Process Auxiliary Systems-W
BWR PWR
wol Radioactive waste system W04.B Station service water system
WOl.A Gaseous radwaste system ® essential service water
® offgas subsystem (BWR) system
WOl.B Liquid radwaste system ® nonessential service
WOl.,C Solid radwaste system wator system
w02 Radiation monitoring system
W02.A Plant area radiation monitors wo4.C Chilled water system
W02.8B Environmental radiation wo5 Refueling system
monitors woé Spent fuel storage system
W02.C Process radiation monitorse W06.A Fuel-pool-cooling and clean-
wo3 Cooling water systems up systems
W03.A Reactor building ccuoling wo7 Compressed air system
water system w07.A Service air system
WO3.B Turbine building cooling w07.8 Instrument air system
water system wo8 Process sampling system
W04 Service water systems w09 Plant gas system
W04.,A Demineralized makeup water W09.A Nitrogen system
system w09.B Hydrogen system
Plant Auxiliary Systems-X
. BWR PWR
X01 Potable and sanitary water X05.C Diesel building ventilation
system system
X02 Fire protection system X05.D Auxiliary building ventila-
X02.A Water system tion system
X02.B Carbon dioxide system X05.E Fuel building ventilation
X03 Communications system system
X04 Security system X06 Nonradioactive waste system
X05 Heating, ventilating, and X06.A Gaseous waste subsystem
air conditioning systems
X05.A Control room habitability X06.8 Liquid waste subsystem
system X06.C Solid waste subsystem
X05.8 Turbine building ventilation

system

15
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elther fixed (that {s, nonrandan) factors or random variables. If F, is a
J

random factor, then log A(4,s(§)) is assumed to be the value of a normally

4 distributed random variable with mean ind variance *]'V(-R\TQ: thus, A(j,s(i))
1 1

,
e has a lognormal distribution with median one. In the FRAC analysis here, only

the main factor PLANT is considered to be a random factor. The main reason for

represented 1in the

this is that the actual identity of each of the four 1\11"4%

{s proprietary information and thus any PLANT effects cannot be

iata base

attributed to specific plants. Therefore, any observed plant-to=-plant

differences for the four plants considered are interpreted as random plant

population variability effects. [f 0§ = 0, then there is no PLANT effect on a

given pump failure rate 1 A(4,8(4)) = 1 for all plants. However, if o5 > 0,

then the larger the value of 0%, the greater the plant-to-plant contribution to

the pump failure rate variability. The random factor PLANT thus represents the

varfability effect on the pump failure rate.

plant population

‘.‘ "ﬁ‘le‘l“f ing the Best \".(\f!(’l

FRAC uses the methods of weighted 1least squares and weighted maximum

likelihood to arrive at estimates of the fixed effects A(j,s(j)) and the

variance components 0% y f the random factors. A chi-square statistic 1is

3

computed and used to statistically assess the quality of fit of a given model to

the observed pump failure rate data. For each model examined, the P-=Value

1ssocfated with the chi-square statistic is computed. This wvalue is the

probability of observing an associated chi-square statistic at least as large as

the computed value by pure chance alone when only a constant term _ 1s in the
¥

P-Value for a given model i{s 0.04, then the factors

in the model (other than the constant term) are statistically able to explain

/.

variability at the 4% level of significance. The

P-Value, the more statistically significant the model. In other

words, the smaller the P-Value, the better the set of factors in the given model

failure rates.

observed variability in pump

As discussed in Scetion 1.2, the class of models consisting of all feasible

combinations of the six main factors given in Section 1.l is considered. The

model having the smallest P-=Value within this class 1{is labeled the Most

5 Statistically Significant (MSS) model. This model is considered to be the best
. i explaining the variability in the IPRDS pump failure rate data. All

subsequent results, conclusions, and estimates are basel on such MSS models.



average pump
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most
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l.1 that pumps which operate in either a standby or an
issoclated demand-related failure rate. We consider
start per demand as well as degraded and incipient

rates

}J.2.1 Cat [ V gives the P-Values

ilur
3ix main factors. Because PLANT is nested within RTYPE, PLANT cannot appear

the model unless RTYPE is also present. The MSS model contains all six

i

factors, and this model is highly statistically significant at the 28 x 1

level f significance. The outlined arrows in the table indicate the MSS model

y{ven number of factors, while the solid arrow indicates the overall MSS
Table VIII gives the estimated effects (the multiplicative "adjustments")
each of the factors at each possible level in the MSS model. The values of
ire also given for each of the fixed factors, and the fixed factors in Table
are listed in their decreasing order of influence according to these

values. The entries 1in parentheses in Table VIII are the estimated standard

deviations associated with the estimated adjustments and variance components.

lhe rather large standard deviations for some factor levels are the result of
the relatively small quantity of data currently in the IPRDS pump failure data
base for the selected group of pumps considered here.

The overall average pump failure rate estimate 1is 8.l )" 7. This
wverage value i{s roughly a factor of 8 larger than the commonly used WASH=1400

: -3
(Ref. ) value of 10 per demand.




the most Iinfluential factor, having an overall

the average pump failure rate estimate. Pl

have the smallest pump failure rates

syvstems are estimated t«

failure rates ( jus t me f 2 9) 5 & : v, DRIVER is

1 factor; ODE 1is ird; d so on.

is also in the MSS model. This means that there is

significant ariability in pump failure rates between the two

plants for each type of reactor which is not completely explained by the other

five factors. However, i is not ranked because it is a random factor. The

PLANT variance component in Table VIII {11 be reflected in the confidence
interval estimates given in Section 4.

Table VIII ar be used as follows: a centrifugally designed, standby,

{iesel-operated auxiliary feedwater pump in a PWR has an estimated catastrophic

rate per demand

_-'1(.‘ .38)(0,71)(2.06)(1.67)(1.63)

1

In performing a PRA the actual level of one or more of the factors in Table
VIII may be either unknown or undetermined at the time the PRA is performed. In
such as the corresponding factor ad justments could either simply be ignored,
because the geometric mean of the adjustments for each fixed factor has a
nominal wvalue constrained to be equal to one, or the extreme adjustments

corresponding to the unknown fixed factors could be used to establish a range of

uncertainty due to the unknown factors.

Table IX gives the best and worst case catastrophic demand-related pump

{lure rate estimates based on the FRAC MSS model in Table VIII. There are
approximately three orders of magnitude between the best and worst case
estimates that are explained by the FRAC MSS model. This compares favorably
with approximately 2.9 orders of magnitude between the largest and smallest
failure rate estimates in the IPRDS demand-related data base in Appendix A. The
observed range is expected to be smaller because the data extremes are unlikely
to be the absolute best and worst case conditions, which may or may not

represent feasible operating conditions.




3.2.2 Degraded Failures. Table B-I in Appendix B gives the P-Values for

all feasible degraded FRAC failure rate models based on the six main factors.
The dashes (==) in Table B-I indicate those models in which it is not possible
to consider all the indicated factors, primarily the result of
"multi-collinearity" between the factors. Such models are thus infeasible. In
such cases FRAC '"zeros out" one or more of the collinear factors, and the
corresponding model reduces to one of the lower order models in the table. The
MSS model contains the two fzctors SYSTEM and DRIVER and is highly significant
at the 1.67 x 1072 level of significance.

Table B-II gives the multiplicative adjustments for each of the two factors
in the MSS model. Analogous to Table VIII, Table B-II lists the factors in
their decreasing order of influence according to the value of Rj‘ SYSTEM 1is the
most 1influential factor with a range of 28, nearly three times that of the
remaining factor, DRIVER. Pumps in Nuclear systems are expected to have the
largest degraded demand-related failure rates, while pumps in Power Conversion
systems are expected to have the smallest failure rates.

Table B-IIT gives the best and worst case failure rate estimates based on
the FRAC model in Table B-II. There are approximately 3.5 orders of magnitude
between the best and worst case estimates that are accounted for by the FRAC MSS

degraded demand-related pump failure rate model.

3.2.3 Incipient Failures. Tables B-IV through B-VI give the results of

the pump demand-related FRAC failure rate analysis for {incipient faflures.
Table R IV gives the P-Values for all feasible FRAC models using the six main
factors. The MSS model contains the two factors SYSTEM and RTYPE and i{s highly
significant at the 5.55 x 10”7 level of significance.

Table B-V gives the multiplicative adjustments. The factor SYSTEM is the
most influential factor with a range of effect slightly over an order of
magnitude, while RTYPE has a range of 2.90. Because incipient failures are
often precursors of either catastrophic or desraded failures, incipient pump
fallures 1in Plant Auxiliary, Nuclear, Process Auxiliary, and Engineered Safety
systems should be carefully monitored as possible precursors of more serious
pump failures which may jeopardize plant safety.

Table B~VI gives the best and worst case FRAC estimates using the model in
Table V. There are roughly 1.6 orders of magnitude between the hest and worst
case estimates that are explainable by the FRAC MSS model.
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Incipient Failures. Table =IV gives the P-Values for all the
feasible FRAC models based on the six main factors. The MSS model contains the
two factors, RTYPE and DRIVER.

Table C-V gives the estimated failure rate ad justments for the MSS model.

Note that neither RTYPE nor DRIVER has a larpe range of effect on 1¢ 1incipient

time-dependent pump failure rates. Although RTYPE has the larger R, value, it

is « 7 slightly more influential than DRI
gives the best and worst case estimates using the FRAC MSS model
). 9 order
failures in PWR turbine driven pumps should be carefully monitored as possible
precursors of either catastrophic or degraded failures that may jeopardize plant

safety.
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4, PUMP FAILURE RATE ESTIMATES

Point ectimatee of pump fallure rates are calculated directly from the
estimated FRAC MSS models, such as in Tables VIII and XI. Confidence interval
estimates are computed using the FRAC procedure and equations given 1in Martz,
Beckman, 2-. HcInteer.2 Estimates are given for each of the pump failure data
entries in the data bases 1in Appendix A. Ninety-five percent confide.ce
interval estimates are given 1in which the lower and upper interval endpoints
correspond to the lower 2.5% and upper 97.5% confidence limits, respectively, on
the corresponding true (but unknown) underlying pump faflure rate.

For convenience, the following coded abbreviations are used in the tables
which follow:

RTYPE
P = PWR
= RWR
PLANT
1 = Plant 1 (PWR)
2 = Plant 2 (PWR)
3 = Plant 3 (BWR)
4 = Plant 4 (BWR)
OPMODE
S = Standby
A = Alternating
R = Running
DRIVER
M = Motor
D = Diesel
T = Turbine
PTYPE
PD = Positive Displacement
C = Centrifugal
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CATASTROPHIC DEMAND-RELATED

AUX Fw

AUX Fw

BORIC ACID TRANSFER

BORON INJECTION RECIRCULATION
CENTRIFUGAL CHARGING
COMPONENT -COODL ING WATER
CONTAINMENT SPRAY

DIESEL FUEL OIL TRANSFER
FIRE

FIRE

FIRE JOCKEY

FWw TURBINE EMER LUBE OIL

Fw TURBINE LUBE OIL TRANSFER
RESIDUAL HEAT REMOVAL

SAFETY INJECTION

SERVICE WATER

SERVICE WATER BOOSTER

AUX Fw

AUX Fw

BORIC ACID TRANSFER

BORON INJECTION RECIRCULATION

TABLE XIII

FRAC PUMP FAILURE RATE ESTIMATES PER DEMAND
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FILTERED SEAL WATER
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INSIDE RECIRCULATION SPRAY
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RESIDUAL HEAT REMOVAL

SERVICE WATER

CONTROL ROD DRIVE

CORE SPRAY

ENGINE -DRIVEN FUEL
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HIGH-PRESSURE COOLANT INJECTION
HPCI BOOSTER

LUBE OIL TRANSFER

RAW COOLING WATER
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RHR SERVICE WATER
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TABLE XIV

PUMP FAILURE RATE ESTIMATES PER DEMAND
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TABLE XVII

DEGRADED TIME-DEPENDENT FRAC PUMP FAILURE RATE ESTIMATES PER OPERATING HOUR

BORIC ACID TRANSFER

BORON INJECTION RECIRCULATION
CIRCULATING WATER

COMPONENT -COOLING WATER
CONDENSATE

FW TURBINE MAIN LUBE OIL
CHARGING

REACTOR COOLANT

RESIDUAL HEAT REMOVAL

SERVICE WATER

SERVICE WATER BOOSTER

STEAM GENERATOR FEED

BORIC ACID ;RANSFER

BORON INJECTION RECIRCULATION
CHARGING/HIGH-HEAD SAFETY INJECTIOW
CIRCULATING WATER

COMPONENT -COOL ING WATER
CONDENSATE

FILTERED SEAL WATER

REACTOR COOLANT

RESIDUAL HEAT REMOVAL

SERVICE WATER

STEAM GENFRATOR FEED
CONDENSATE

CONDENSATE BOOSTER

CONDENSER CIRCULATING

CONTROL ROD DRIVE

RAW COOLING WATER

RAW COOLING WATER BOOSTER
REACTOR BUILDING CLOSED COOLING
REACTOR Fw

REACTOR RECIRCULATING
RESIDUAL HEAT REMOVAL

RMR SERVICE WATER

SEAL WATER INJECTION TO FW
CIRCULATION

CONDENSATE

CONTROL ROD DRIVE

REACTOR BUILDING CLOSED COOLING
REACTOR FW

REACTOR RECIRCULATING
RESIDUAL HEAT REMOVAL

SERVICE WATER
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TABLE B-II

DEGRADED DEMAND-RELATED MSS FRAC MODEL

Average Failure Rate Estimate--1.5] x 10-2(8.091 10-3)

Fixed Factors

Level of Failure Rate
Influence Factor Level Description 817 Ad justment

1 SYSTEM 1 Nuclear 27.78 5.00 (2.188)

2 Engineered Safety 3.00 (2.037)

3 Containment 0.39 (0.441)

4 Electrical 0.34 (0.250)

5 Power Conversion 0.18 (0.282)

6 Process Auxiliary 2.10 (0.923)

7 Plant Auxiliary 1.31 (0.774)

2 DRIVER 1 Motor 10.52 0.99 (0.542)

2 Diesel 3.26 (1.389)

3 Turbine 0.31 (0.200)

Random Factor

Factor Variance Component

ERROR 3.186

TABLE B-III

BEST AND WORST CASE DEGRADED DEMAND-RELATED FRAC
PUMP FAILURE RATE ESTIMATES

Case SYSTEM DRIVER Estimate
Best Power Conversion Turbine 8.64 x 10-5/4
Worst Nuclear Diesel 2.49 x lO-l/d

Note: 2.49 x 10-1/8.66 X 10-5 = 2882 = 3.5 orders of magnitude between
the best and wu:st case estimates.


















RTYPE

Running
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’+6 orders of magnitude between
he best and worst case

estimates.







TABLE C-1V (cont)

Four-Factor Models

RTYPE, PLANT, SYSTEM, OPMODE
RTYPE, PLANT, SYSTEM, PTYPE

RTYPE, PLANT, SYSTEM, DRIVER
RTYPE, PLANT, OPMODE, PTYPE

RTYPE, FLANT, OPMODE, DRIVER
RTYPE, PLANT, PTYPE, DRIVER

RTYPE, OPMODE, SYSTEM, DRIVER
RTYPE, PTYPE, DRIVER, SYSTEM
RTYPE, PTYPE, OPMODE, SYSTEM
RTYPE, PTYPE, OPMODE, DRIVER
SYSTEM, PTYPE, OPMODE, DRIVER

o
-
&
~
o
w
® O X X oM

10”
10”7

10
10
10

1
w

Five-Factor Models P-Values
RTYPE, PLANT, SYSTEM, OPMODE, PTYPE

RTYPE, PLANT, SYSTEM, OPMODE, DRIVER

RTYPE, PLANT, SYSTEM, PTYPE, DRIVER

RTYPE, PLANT, OPMODE, PTYPE, DRIVER

RTYPE, SYSTEM, OPMODE, PTYPE, DRIVER 0.3649 x
Six-Factor Model P-Values
RTYPE, PLANT, SYSTEM, OPMODE -—

PTYPE, DRIVER



INCIPIENT TIME-DEPENDENT MSS FRAC MODEL

Average Failure Rate Estimate--3.65 x 10°°(5.02 x 10~

TABLE C-V

Fixed Factors

Level of Failure Rate
Inf luence Factor Level Description R] Ad justment
1 RTYPE 1 PWR 3.31 1.82 (0.181)
2 BWR 0.55 (0.055)
2 DRIVER 1 Motor 2.16 0.68 (0.093)
2 Turbine 1.47 (0.201)
Random Factor
Factor Variance Component
ERROR 5.596
TABLE C-VI
BEST AND WORST CASE INCIPIENT TIME-DEPENDENT
FRAC PUMP FAILURE RATE ESTIMATES
Case RTYPE DRIVER Estimate
Best BWR Motor 1.37 x lo-l‘/h
Worst PWR Turbine 9.77 x 1074/
Note: 9.77 x 10"‘/1.37 x 10-“ = 7.13 = 0.9 orders of magnitude between

%)

the best and worst case estimates.
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