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ABSTRACT

This report describes the results of a project to improve the generic component failure
data base for the Savannah River Site (SRS). A representative list of components and
failure modes for SRS risk models was generated by reviewing existing safety analyses
and component failure data bases and from suggestions from SRS safety analysts. Then
sources of data or failure rate estimates were identified and reviewed for applicability,
A major source of information was the Nuclear Computerized Library for Assessing
Reactor Reliability, or NUCLARR. 1 This source includes an extensive collection of
failure data and failure rate estimates for commercial nuclear power plants. A recent
Idaho National Engineering Laboratory report on failure data from the Idaho Chemical
Processing Plant was also reviewed. 2 From these and other recent sources, failure data
and failure rate estimates were collected for the components and failure modes of
interest. This information was aggregated to obtain a recommended generic failure rate
distribution (mean and error factor) for each component failure mode. Results are
presented in Table 1 in this report. :

A major difference between this generic data base and previous efforts is that
this effort attempted to base failure rate estimates on actual data (failure events) rather
than on existing failure rate estimates. This effort was successful in that over 75% of
the results are now based on actual data.
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1. INTRODUCTION

As part of an overall effort to upgrade the methodologiesfor safety analyses of
nonreactor nuclear facilities at the Savannah River Site (SRS), a new generic component
failure data base was developed. The project to update the SRSgeneric component failure
data base had severalgoals:

Provide information for various failure modes for each component, where
possible. An example is to provide failure rates for valve failure to open/close
upon demand and valve spurious operation, rather than just valve failure. Such
failure mode information is often necessary for detailed fault tree models.

Base component failure rates on actual data (failure events) wherever possible

Use the most up-todate and applicabledata sources available

Provide a clear documentation trail for each component failure rate estimate,
such that others can r_iew the basis for each estimate

The entire project was structured such that these goals could be accomplished. All of the
goals were met

Based on a review of existing safety analyses and component failure data bases,
and based on additional input from SRS safety analysts, a comprehensive list of
components and failure modes was generated The list is shown in Table 1
Approximately 500 component and failure mode combinations were identified Given
this list of components and failure modes, sources were identified that contained
applicable failure data or failure rate estimates
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2. DATA SOURCES

Sourc_ used to develop the SRS component generic data base may contain actual
failure data or failure rate estimates. Also, sources containing failure data may vary in
the quality or detail of the information. Therefore, three categories of sources were
established:

- Category 1 - Sources with actual failure data obtained from a detailed review of
failure events (to ensure applicability to the failure mode being considered) and
a detailed review of component populations and exposure durations (or demands).
Such data include the plant-specific component failure data collected for
probabilistic risk assessments (PRAs) or reliability studies. The NUCLARR 1
data base has 19 Category 1 sources, all from nuclear power plants. For this
project, the Savannah River Site (SRS) reactor data were added. The data sources
include the following: -,..

WSRC-RP-89-776, Rev. 03

WSRC-RP-90-1258, Rev. 04

. DPST.87.642. 0

Including these Category 1 sources increased the Category 1 data by nearly
20%.

Category 2 - Sources with actual failure data, but which have an added
uncertainty in the data compared with Category 1 sources. This added
uncertainty can result from a less comprehensive search for actual failures, a
more approximate method for determining component populations or exposure
durations (or demands), or a less clear breakdown of failures into the failuva
modes of concern. NUCLARR has 10 Category 2 sources in its data base. For this
project, an additional five Category 2 sources were identified and used:

- NPRD-36 - By carefully reviewing failure mode information presented
in tables in this document, the failure data presented in NPRD-3 could be
divided into the failure modes of interest for this project.

- OREDA 7 - FailurE_data from components in offshore oil drilling facilities
are presented in this report. In some cases judgment was needed to break
down the data by failure mode.

WIN-330 - This document lists failure data obtained from the
Department of Energy (DOE) Idaho Chemical Processing Plant. However,
this document does not distinguish failure modes, so some judgement was
needed to break down the data by failure mode.

. Tritium 8, 9, and 10. These documents include failure data from a
tritium handling facility at the Los Alamos National Laboratory. Again,
judgement was needed to break down the data by failure mode.

.....
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- LNG111 . Failure data from liquid natural ga_.....,:;ility co; _.:_nentsar_
presented in this document. Judgement was needed to break down the data
by failure mode.

Addition of these five sources more than doubled the amount of data from Category
2 sources in NUCLARR.

- Category 3 - Sources that list only failure rate estimates. Six representative
sources were used in this project. Many more such sources exit. The six were
chosen to represent a variety of industries.

I

All of the sources used in this project are listed in Table 2.

3
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3. AGGREGATION ROUTINES

As discussed in Section 2 of this report, sources of data were grouped into three
categories, depending upon the type and quality of information presented. For a given
component and failure mode, several sources within a category might have failure
information. Also, a single source may contain several sets of failure data. Therefore,
aggregation routines are needed to combine the information from the different sources to
obtain a representative result. Two different aggregation routines were used:

1. Combining actual failure data (failures and component exposure hours or
demands) from different sources (used for Categories 1 and 2)

2. Combining failure rate estimates that also include error factor estimates (used
for Category 3).

For Categories 1 and 2, the aggregalion procedure is as follows1:

1. Compute R and R2 from source data:

R = (T_.,fi)/(T_.,T i)

R 2 = [T_.,fi(fi - 1)/Ti]/(T_., Ti)

where fi = number of failures from source i

Ti = component exposure time (h) from source i.

2. Match moments to obtain underlying normal distribution:

M = 2 In(R) - 0.5 In(R2)

S 2 = In(R2) - 2 In(R).

3. Determine mean and error factor of Iognormal distribution:

Mn = exp(M + $2/2)

EF = exp(1.645 S)

where Mn - mean

EF = error factor (95th percentile/50th percentile).

For data involving demands rather than exposure hours, the same equations apply, but
with Ti replaced by Di (number of demands from source i). If the procedure described
above resulted in an error factor greater Ihan 30, the error factor was chosen to be 30.

°

4
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Three specialcas_smay arisewhen aggregatingactualfailuredata, suchthatthe
above routine does not work. The first is the case where only one data set is available
(number of failures and number of hours or demands). In this case a Bayesian update of

" a non-informativeprior was used to determinethe mean estimate36:

Mn = (2n + 1)/(2T) (for time-related data)

Mn = (2n + 1)/(2D + 2) (for demand-related data).

In both cases, an error factor of 10 was used. The error factor of 10 was chosen by
examining the aggregated results in Tables 3 and 4 and calculating an average error
factor.

The second special case occurs when all of the data sources involve zero or one
failure. In this case, the data were combined (failures added and exposure hours or
demands added) to obtain one data set which was then treated similarly to the case just
described.

Finally, the third case arises when S2 is less than zero. This case was treated the
sameas thesecondspecialcase.

For Category 3, the aggregation routine is the following37'

1. Determinevariance for each source:

Si2 = [(InEFi)/1.645] 2.

2. Determine natural logarithm of median for each source:

o_i = In(Mni) - Si2/2

where coi = natural logarithm of median.

3. Determine average of source variances:

Save 2 = (T_,Si2)/ns

where ns = number of sources.

4. Determine average of natural logarithms of medians:

¢Oave = (T.,_i)/ns.

5. Determine variance of natural logarithms of medians:

So_2 = T_.,(_oi - O_ave)2/ns.
B
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6. Determine mean and error factor of Iognormal distribution:

co = [_.,(o.)ilSi)l[7..,(llSi)]]

Mn=exp(C°+0.5S 2)

EF = exp(l.645 S)

where S = largerof _ave or S¢o.

Someof theCategory3 sourcesdo not listerror factors. In suchcases,an error
factor (3, 5, 10, or 30) was assumedbased on an average of error factors from the
other sources. If no sources listed an error factor, then 10 was used. Also, if the
aggregation resulted in an error factor greater than 30, then the error factor was
assumedto be 30. Finally, if a singlesourcelistedseveral failure rate estimates,then
theestimatesfor thatsourcewere aggregatedusingtheproceduredescribedabove. Then
the resultfor that sourcewas combinedwiththe othersources.

Because a goal of thisprojectwas to base componentfailure rate estimateson
actual failuredata (containedin Categories1 and 2) whereverpossible,and becausethe
qualityof data in Category1 sourcesis expectedto be better than that for Category2,
aggregations were performed only within categories. Results from each category
aggregationwere notcombinedto obtainan overallresult.
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4. DATA SEARCH

Results of the search for componenl failure information are summarized in
Tables 3 through5. Tables 3a through3f presentthe Category1 data by component,
failure mode, and type of system. The NUCLARR1 columnin Tables 3a through3f
actually represents the aggregationof all o! the Category 1 sources in NUCLARR.
Tables4a through4f present the Category 2 results, and Tables 5a through5f, the
Category3 results. Alsopresentedin each tableare the aggregatedresults(mean failure
rate and error factor).
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5. RECOMMENDED RESULTS

Recommended component generic lailure rates are presented in Tables la through
l f. The recommended results were obtained lrom the Category 1 aggregation, if such
data existed. If not, then the Category 2 results were used. Finally, if neither Category
1 nor Category 2 information were available, then the Category 3 results were used.
Also, because the product of this effort is a generic data base, the mean frequencies were
rounded off to 1, 3, or 5 times the appropriate power of 10. Error factors obtained
from the aggregation process were rounded off to 3, 5, 10, or 30. Tables 6a through 6f
contain more detailed notes concerningthe selectionsof recommended failure rates.

A review of Tables 6a through 6f indicates that approximately 75% of the
recommended failure rate estimates are based on actual failures from nuclear power
plants or other types of facilities. The remaining 25% of the estimates had to be
generated from sources listing only failure rales.

It should be noted that failure dala may be reflective of a particular application
or environment. In cases where data is limited to sources of specialized application or
operating environments, it may be appropriate to modify the recommended mean to
account for alternative conditions. In all cases, engineering judgment should be used in
the application of generic data.

Also listed in Tables l a through I f are identifiers such as PIP-LE-W for each of
the system/component/failure mode failure rate distributions. In the identifier, the
first three letters, PIP, indicate the type el cornponent, which is a pipe. The second set
of letters, LE, indicates the failure mode, which is external leakage. The final letter, W,
indicates the type of system, which is waler system. Tables 7, 8, and 9 list the codes
used for components, failure modes, and processing fluids. Parts of this naming scheme
were obtained from the report Review arid Development of Common Nomenclature for

Naming and Labeling Schemes for Probabilistic Risk Assessment. 38 However, in some
cases the naming schemes for components and failure modes in Reference 38 were
changed to allow for a more consistent approach. Also, many additional components had
to be added.

8
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Table la. Water system recommended generic failure' rates. ........

Systern/Comp'¢_nent/Failure Mode Identifier Reo_mF,_ded Failure Rate
Distribution (!ognormal)

Mean Error Factora
'11 ,ira,. 1 i , '' i i

Water XVM-CC-W 3.0E-4/d 10
Valve (Standby or Safety) or

Manual XVM-OO-W

F.,.ailstoopen/close........
Plugs XVM-PG-W 510E-8/h I0

Leakage (internal) XVM-LI-W 1.0E-6/h .... 10 '

' Rupture (internal) XVM-RI-W 5.0E"-'8/h 30 ....

Leakage (external) ...... XVM-LE-W 1.0E-8/h 10 ......

Rupture (extc'raal) XVM-RE-W 5.OE- 10/h 3 0

Ch_k .... CKV.CC-W 5.0E-5/d ]o
Fails to open
Fails to close CKV-OO-W 1.0E-3/d 5

i ,, ,,,,,, ,,.,.

Plugs CKV-PG-W 5.0E-8/h 10

" l._age (intemaD CKV-LI-W 1.0Z-6/h 10
,,, ,,

Rupture (internal) CKV-RI-W 5.0E-8/h 30
,, ,,,, ,,

Leakage (external) CKV-LE-W 1.0E- SPa 10

- Rupture'(external) ' CKV-RE-W 5.0E-10)h 30

Motor-Ol:;eratecl MOV-CC-W 3.0E-3/d 5 .......
Fails to open/close or

MOV-OO-W

..... Spurious Operation MOV-CO-W 3.0E-7/h 5
or

MOV-OC-W

Plugs MOV-PG_W 5.0E-8/h 10 .....

Leakage (internal) MOV-LI-W 1.0E-6/h 10 ....

Rupture (internal) MOV-RI-W 5.0E-S/h 30

Leakage (external) MOV-LE-W 1.0E-8/la ...... 10

Rupture (external) MOV-RE-W 5.0E- 10/h 30

Air-_raied AOV-CC-W l'0E-3/d 30
Fails to open/close or

AOV-OO-W

Spurious operation AOV-CO-W 1.0E-6/h 5 '
or

AOV-OC-W
, ,, ,i

Plugs AOV-PG-W 5.0E-81h I 0

Leakage (internal) AOv-LI-W 1.0E-6/h 10

Rupture(internal) 'AOV-Pd-W' " 5.0E'-S/h ........ 30 '
ii ,a i

Leakage (external) AOV-LE-W 1.0E-8/h 10

Rupture (external) AOV-RE-W 5.0E-IO/h 30

Solenoid-Operated SOV-CC-W 1.0E-3/d 10
Fails to open/close or

SOV-OO-W

Spurious operation SOV-CO-W 5.0E-7/h ..... 10
or

SOV-OC-W
......................

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.

12
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, L,, ll,l,, I " " I I I II , I II

. Table ia: Water system'recommended genenc faille rates (continu_).' ...........

"SysterrdComponent/Failure Mode ....Identifier ' RecOmmended l:ailure Rate ' "
Distributi_on (lognormal)

. Mean Error Factor a

........ ............ sov.m.w.......5.0E-8/h..... - 10
.....Leakage(in'real) SOV-LI-W 1.0E-6/h........1'0........

.... Rupture'(intemal) ..... SOV-RI'-W .... 5.0E-8/h " 30 "

Leakage (external) SOV-LE,-W 1.0E-g/h 10 ......

Rupture (ex_'rnal) ...... soV-RE-W 5.0E-10/h 30 ....

Safety/Relier; ........ sRv..cc-W .... 3.0E-3/d ........ -3 ........
Fails to open IIII J

Fails to re,close - -- SRV.OO-W 3.0E-3/d 3

' Leakage (internal) SRV-LI-W ...... i.0E-6/h ' " 10 .......

......Rupture (internal) ......sRV-RI-W 5.0E-Z/h......' 30

Leakage (external) - SRV-LE-W 1.0E-8/h .... L.....10
mlllll i" Ij IIII

Rupture (external) SRV-RE-W 5.6E- 10/h 30

- Vacutv_.Breal¢_ .... VBV'_cC.W "1,OZ-2/d .............. 1'0 "

,r:.12.toopen
}'::ii:_,to reclosc VBV-(x)-W" 1.0E-2!d'" 10

' ' Leakage (miernal) " " VBV-LI-W 1.0E-6/h iO --

'" Rupture (iniema]) ...... VBV-'RI-W 5.0E-8/1_ ...... 30
,,, , , , , , ,, ,, ,,

Leakage (ex: ,"a-hal) VBV-LE-W 1.0E-8/h 10

.... Rupture te,,_ rnaii VBV_RE-W 5.0E-10/h ..... 30

........... Explosive .... EXV-CC-W I .OE-4/d i'O ......

Fails toopen
l._akage (intemali EXv-LI-W 1.OE-6/h 10

Rupture (internal) EXV-'RI-W 5.0E-8/h 30 .....

Leakage(external) EXV-LE-W 1.0E-8/h iO .......

Rul_e (external) EXV:RF_,-W 5.0E'- 10/h 30 -

Valve (Control) ' CMV-FO-W " 3.0E-6_ 10
Motor-Operated

Fails open ,
Fails closed CMV-FC-W 3.0E.6/h .... 10

Fails to respond " CMV-NI_-W 3.0E-6/h ' i0 ....

' Plugs .... CMX;-PG-W 5.0E-8/h ' l0[

Leakage (external) .... CMV-LE-W 1.0E-8/h 10

Rupiure (external) CMV-RE-W' 5.0E-10/h ..... 30

Air-Operat_l ..... CAV-FO-W ' 3.0E-6/h ' i O "
Fails open ..........
Failsclosed CAV-FC.W 3.0E-6/h I0

Fails to respond " cAV'-N'R-W 3.0E-6/h .... 10 ......

" Plugs CA_/':PG_W 5.0E-8/h "' lO '

' Leakage(external) CAV_LF_,-W 1.0E-8/h ' 10 ......

R,_;,turc '(ex terr:'at) ...... C'AV-P,V,\V " 5 (_E ] O/h ..... 2 (1
.........

• Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Tabie la. Water system recommended generic failure rates (continued).

SystenffComponent/Failure Mode identifier Re'commended Failure Rate
, Distribution (1.o.gnormal)

Mean [ Error Factor a
,, , ,,, i, ' ih,,|,l i i ii:: '

.... Solen0id-Ol_ated" CSV-FO-W 3.0E-6/h 10

...... Fails open
Fails closed ' CSV-FC-W 3.0E-6/h 10

......... Fails to respond CSV'_FO-W 3.0E-6/h ]b

Plugs " CSV-PG-W 5.0E-S/h 10

Leakage (external) CSV-LE-W 1.OE-8/h 10 '

Rupture (external) CSV-RE-W 5.0E- 10/h 3 0

"'Pump .... MDP-FS-W 3.0E-3/d 5 ......
Motor-Driven

Fails to start

" Fails to run .... MDP-FR-W 3.0E-5/h 10 '

Overspeed ' MDP-os-w 5.0E-6/h 10

Fails to stop MDP-NS-W 3.0E-3/d '5 ....

Leakage (external) MDP-LE-_/ 3.0E-8/h 10

Rupture (external) MDP-RE-W 1.0E-9/h "30

Turbine-Driven TDP-Fs-W 3.0E-2/d 3
Fails to start

Fails to run .... TDP-FR'W 1.0E-4/h 30

...... Overspeed TDP-OS-W 3.0E-5/h 10
,,-- ,,,

Fails to stop TDP-NS'W 3.0E-2/d 3

Leakage (external) TDP-LE-W 3.0E-8/h 10

Rupture (ex tem'al) TDP-RE-w 1.0E-9/h 30

Diesel-Driven DDP-FS-W 1.0E-2/d 5
Fails to start

...... Fails to ru_a DDP-FR-W 5.0E-3Pa 5

Overspeed DDP-OS-W 1.0E-3/h 5
,,

Fails to stop DDP-NS-W 1.OE-2/d 5

Leakage (external) DDP-LE-W 3.0E-8/h 10 ....

Rupture (external) DDP-RE-W 1.0E-9/h 3 0

Piping/Hose/Jumper PIi/_LE-W 3.0E-9/h.ft 10
Piping

Leakage (external),, , , ,,,

Rupture (external) P!P-RE-W 1.0E- 10ha-ft 30
,,,

Plugs PIP-PF-W 1.0E- 10/h- ft 3 0

Hose HOS-LE-W l.OE-9/h-ft 10

Leakage (external)
Rupture (external) HOS-RE-W 1.0E-8/h-ft 10

..... Plugs ' HOS-PG-W 1.0E-8_-ft 10
i , ,, ,, ,

Jumper JPR-LE-W 1.0E-6/h 10
Leakage (external) ,,.

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.

14



WSRC-TR-93-262

Table la. W,,:_*rsystem recommended generic failure rates (c _*:d).

" System/component/Failure Mocle identifie: Recomrt_ended Failure Rate
Distribution (lognormal)

Mean Error Factor a

Rupture iextemai) " * JPR-RF_,-W''''L'' 1.0E-8/h 30

Plugs IPR-PG-W 5.0E-8/h fO

v_sel ........ TnU-LE-W ].OE-8/h fo '
Tank (Unpressurized)

Leakage (external)
Rupture (external) "' t' TKU-RE-W .... 5.0E-10/tl " 30

Tank (Pressurized) TKP-LE-W '1 i(J'E-S/h i0
, Le.akage (externa!) i r= ,,,, ,i , ,,

Rupture (external) TKP-RE-W 5.0E.. 10/11 3 0

Flange/Gasket .... H.I3-LE-W 1.OE-8/h 10
L.e..akage (external)
Rupture (external) FI£]:RE-w '1.6E"'i0/h ':3'0

Heat Exchanger .... ISI'X-FL-W i.0E-7/h' ...... [0
Shell[I'ube

_ Fouling (tubes) ......
Plugs (tubes) HTX-PG-W 3.0E-8, _, 10

Le..akage (tu['>es) ......... trrx.Ll-w "'i.t;t.:.')/h.... i'o
R_apture'(tubes) HTX-RI-W 5.0E:9/h 30 '-

Leakage (shelii .... HTX'-I.,E-W 1.0E-8_- i 0 .....

Rupture (shell) HTX-RE,.W 5.0 E- 10/h 30

Heater (Eiectrical) ' - HTE'-FH-W '1.0E-6/h 10
Fails to heat

- (J_,erheats " HTFA)H-W ' 3.0E-7/h i0

Leakage (external') HTE-LE-W 1.0E-7/h 10

Rupture (extern'al) HTE-RE-W 5.0E-9/h '30

Strainer/Filter " FL'I;-PG-W 3.0E-6/h 10
Plugs ........
Leakage (internal) FLT-LI-W 3.0E-6/h ..... ] 0

i_upture (internal) ' FL'i'-RI-W 5.0E-7/fi ....... 10

I _ee ..... ORF-PG-W 1.0E-6/h" 3 '

, PIu_s
Miscellaneous TRS-PG_W 5.0E-T/h - 10

Travelling Screen
Plugs

,,' ,,, : ,,,,,, ,,, J , , ,, ,,, ,,, -

a. Error factor is the 95th percentile/50th percentile.

. Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.

15



WSRC-TR-93-262

, i i i i i J i i _:'"' r ' = i ,i i ,,.i. ,lI.,|l ....... _ i i

Table lb. Chemical process system recommended generic failure rates.

Systern/Component/Failur'e Mode Identifier RecommendedFailure Rate
Distribution (lognorma])

Mean [ Error Factor a
i i Jr ,,, , , 1_7 ,,,,I,I _ I I I ,, .IJl't = =:

) Chemical Process XVM-CC-C or = 3.0E'4/d 10
Valve (Standby or Safety) XVM-O0-C

Manual

Fails to open/close......... ,, i ,,,,,, __ | ,,,,, .

Plugs XVM-PG-C 5.0E-8/h 10 i

Leakage (internal) 'XVM-LI-C .... 1.0E-6ha - 10

Rupture (internal) XVM-RI-C ..... 5.0E-8/h - 30 ' -

Leakage (external) _k'VM-I.E-C 5.0E-7/h ....... 10 '

Rupture (external) XVM-RE-C 3.0E-8/h -- -30

Check .... CK_/-CC-C 5.0E-5/d 10

Fails to open .. _
Fails to close CKV-OO-C 1.0E-3/d 10

Plugs CKV-PG-C 5.0E-8_ .... 10

Leakage (internal)' 'CKv-LI-C 1.0E-6/h -- 10

Rupture(internal) CKV-RI-C 5.0E-8/h - 30'

Leakage (external) ...... CKV-LE-C 5.0E-7ha ...... 10

Rupture (exit, hal) CKV-RE-C 3.0E-S/h ......... 30 ........

Motor-Operated MOV-CC-C 3.0E-3/d .... 10 --
Fails to open/close or

MOV-OO-C

Spu6ous operation MOV-CO-C 3.0E-7/h - 10
or
MOV-OC-C, . , ill

Plugs MOV-PG-C 5.0E-8/h 10

Leakage(internal) MOV-LI-C 1ibE-6/h .... I0

Rupture (internal) ......... MOV-RI-C 5.0E-8/h -- 10 '

Leakage (external) MOV.LE-C 5.0E-7/h -- _10

Rupture (ex_'rnal) .... MOV-RE-C ' 3.0E-8/h ' - -30

Air-Operated ...... AOV-CC-C ' 1.0E-3/d -3 0 .......
Fails to open/close or

AOV.OO-C

Spurious operation AOX)-CO-C "' 1.0E-6/h -10
or

AOV-OC-C

Plugs AVO-CO.C 5.0E-8/h - -10
or
AOV-OC-C

Leakage(internal) AOV-LI-C 1.0E-6ha .... I0 ......

Rupture (internal) '" AOV-RI-C 5,()E-8/h 30 "

i Leakage (external) AOV-LE-C 5.0E-7/h 10

Rupture (external) AOV-RE-C 3.0E-8/h " - 30

Solenoid-Operated SOV-CC'-'C or 1.0E-3/d '10 ' '
Fails to open/close SOV-OO-C
Spurious operation SOV-CO-C ' " 5.0E-7/h -10

or

SOV-OC-C

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Tal_le lb' Chemical process system recommen_led generic failure rates (continued).4

System/Component]Failure 'Mode identifier l_e..commended Failure Rate .....
Distribution _lo_normal)
Mean Error Factor a

i i' r i,,, i ii "

Sov-Po-c 5.oE-8/h....'"
Leakage (inmmal) SOV-LI-C ..... 1.0E-6/h .... 10 " '

' R,_pmre(mt_m_) S0V-RI-C' 5.0E-S/h 30
Leakage (external) SOV-l_C 5.0E-7/h 10

Rupture(external) soV-RE.-C 3.0E-8/h 30' '

" Safety/Relief...... gRV..CC..C" '3.0E-31d I0 ...........

Fails to open .....
F_ailsto reclose ..... SRV-O0-C 3.0E-3'/d 10

i l l. i, H .. l

Leakage(internal) SRV-LI-C l.OE-6/h 10

" Rupture iinmmal) ' SRV-RI-2 .... 5.0E'8/h" ' 30

Leakage (external) SRV-LE-C 5.0E-7/h 10

'" Rupture (external) SRV-RE-C ...... 3.0E-8/h 30

' Vacuum-Breaker ' VBV-'(:C-C 1.0E-2/d 10 ....

Fails to open ...........
.... Fails to reclose VBv-Oo-c ...... 1.0E-2/d 10'

J

Leakage (intemaii' VBV-L]-C 1.0E-6/i"_ ....... 10

Rupture (intem'al) ....... VBV-RI-C 5.OE-8/h 3o'.......
Leakage(external) .... VBV-LE-C 5.OE-7/h 10 .......

'Rupture(external) VBv-RE-c 3.0'E-8/h 30 ....

Explosive ......... EXV-CC-C l.OE-41d 16

Failstoopen ,
' Leakage(internal) EXV-LI-(_ l.OE-6/h l0

Rupture (internal) EXV-RI-C " 5.0E-8/h 10 .......

Leakage (external) EXV-LE-C 5.0E-7/h 10

..... Rupture (external) ' Exv-RE-c 3.0E-8/h 30

Valve (Control) CMV-FO-C 3.0'E-6/h 10
Motor-Operated
Failso_n ,,
Failsclosed CMV-FC-C _3.0E-6/h 10

Fails to respon'_t cMV-NR-C 3.0E:6/h 10 .....

Plugs ' CMV-PG-C 5.0E-8/h ' 10'

Leakage(external)...... CMV-LE-C 5.0E-7/h 10

Ruptureiextcrnal) CMV-RE-C 3.{_'E-8/h 30

I Air-_rat_ .... CAV-FO.C ' 3.0E-6/h 10 ......

Fails open
Fails closed CAV-FC-C 3.()E-6/h 10 ......

Fails to'respond CAV-NR-c ' 3.0E-'6/h 10 ....

.....Pi'ugs ' CAV-PG-C 5.0E-S/h 10

Leakage(eXt_'nal) CAV-LE-C 5.0E-7/h 10

" R_ptu,re (external) CAV-RE-C 3.0E-8/h 3 0 ........
........... ,,,, ,,,

- Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Table lb. Chemical process system recommended generic failure rates (continued).

SystetrdComponent/l_ailure Mode Identifier Recommended Failure Rate
Distribution (lognormal !
Mean Error Factor a

Solenoid-Operated CSV-FO-C 3.0E-6/h 10
Fails open .......
Fails closed CSV-FC-C 3.0E-6/h 10

Fails to respond CSV-NR-C 3.0E-6/h 10 ....
i ,,ll ,,,i i

Plugs CSV-PG-C 5.0E-8/h 10

.... Leakage (external) CSV-LE..C 5.0E-7/h 10

Rupture (extern'al) CSV-RE-C 3.0E-S/h 30

Pump MDP-FS-C 1.0E-2/d 10
Motor-Driven

Fails to start i|l,,i

Fails to run M'DP-FR.C 1.0E-4/h 10

Overspeed MDP-OS-C 3.0E-5/h 10

Failstostop MDP-NS-C 1.0E-2/d I0
, , ,,,

Leakage'(external) MDP-LE-C 1.0E-6/h I0

Rupture (external) MDP-RE-C 5.0E-8/h 30

..... Turbine-Driven TDP-I_S-C 3.0E-2/d 10
Fails to start
Fails to run TDP-I_R-C 1.0E-4/h 30

Ov_ TDP-OS-C 3.0E-5/h I0

Failstostop TDP-I_S-C 3.0E-2/d' I0

Leakage (external) TDP-LE-C 1.0E-6/h 10

.... Rupture (external) TDP-RE-C 5.0E-8/h 3 0

Diesel-Driven DDP-FS-C 1.0E-2/d 10
Fails to start
Fails to run DDP-FR-C 5.0E-3/h 10

Overspeed DDP.OS-C 1.0E-3/h 10

Failstostop DDP-NS-C 1.0F.-2/d I0

Leakage (external) DDP-LE-C 1.0E-6/h 10

Rupture (external) DDP-RE-C 5.0E-8/h 30

Piping/Hose/Jumper PIP-LE-C 3.0E-9/h-ft 10
Piping

Leakage (external) ......

Rupture (external) PIP-RE-C 1.0E- 10Pa-ft 30

Plugs PIP-PG_ 1.bE-lO/h-ft ' 30 .........
ill i|

Hose HOS-LE-C 1.0E-9/h-ft 10

external ....L_akageI )
Rupture (external) HOS-RE-C 1.0E-f/h-ft 10

l iHill|

Plugs HOS-PG-C 1.0E-8/h-ft 10

Jumper JPR-LE-C 1.0E-6/h 10
Leakage (external)
Rupture (external) JPR-RE-c 1 .OE-8/h 30

......

i

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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, , ii

, ::Table' i b. Chemical l_ocess 'system recommended generic failure rates (continued).

System/Component/Failure Mode Identifier ..... R_c.ommended Failure Rate
Distribution (lognorma, ]_ .

. " 'Me_ ] Er,orP_c_rai,

Plugs JPR-PG-C 510E-8_ 10

Vessei ........ TKU-LE'=C ' l i0E-7/h " 10

Ta_ (Unpressurized)
Leakage _extemal),,,

I ' Rupture (external) TKU-RE-C 5.0E-9/h 30

Tank_es_ized) .... _'_:LF_ 1.0E-Wh 10
Leak,a_e _external ) .......
Rupture(external) T_-RE-C ' 5:0E-9/h 30

Flange/Gasket' FI.£]-LE-C " i':0E-7/h .... 10 .....
Le.akage (external) ,,
Rupture (external) FI._-RE-C i':0E-9/h 10

....Heat Exchanger ...... HTX-H.,-C 1.0E-6/h "l 0
Shell/Tube

Fouling (tubes)
Plugs(tubes) t/TX-_C 3.0E-?/h 10

' Leakage (tubes)' ' ' HTX-LI-C ' 'i".0E-6/h "' 10 ......

- Rupture (tubes) HTX-RI-C 5.0E'8/h 3 0 .....
.....

L_ag{:' (shell) HTX-LE-C 1,0E:7/h 10
i , , i i , , |,

Rupture (shell) HTX-RE-C 5.0E-9/h 30

Heater (Electrical) _E-FH-C ' 1,0E-5/h 'I0 '
Fails to heat

" Ov_heats HTE-OH-C 3.0E'-6/fi 10 ........

Leakage (external) HTE-LE-C ..... 1.0E-6/h I 0

Rupture (external) HTE-RE-C .... 5.0E.8/h 30 ...........

' S'1xainer/Filter ..... FLT-PG-C " 3.0E-6/h 10
Plugs

.... Leakage (internal) ' FLT-LI-C 3.0E-6/h 'I 0

' 'l_upture (internal) FLT-RI-C ' 5:0E-7/h 10

' Orifice '" ORF-PG-C 1.0E-6/h i0 .....

Plugs ...........
Miscellaneous ....... MIX-FA-C 5.0E'6/h 10

Mixer/Blender
Failure

...... Agitator I AGI-FA-C 5.0E-61h..... 10
Failure

! _ Centrifuge' C_-FA-C 5.0E'6/h 10
Failure

, , _ .., , ,: , , ,', ,,, ,: _,, - ,

Table lb. Chemical process system recommended generic failure rates.

a, Error factor is the 95th percentile/50th percentile.

-. Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Table lc. Compressed gas system recommended generic failure rates.

System/Component/Faiiure Mode ' Identifier " Recommended Failure Rate "'
Distribution (lognormal) ......

Mean I Error Factor a

"Compressed Gas .......... XVM-CC-G 1.OE-3/d 10
Valve (Standby or Safety) or

Manual XVM.OO.G

Fails to open/close ......
Plugs XVM-PG-G 5.0E-7/h 10

ii i.,.,, i i

Leakage (internal) XVM-LI-G 1.0E-5/h 10 I

Rupture (internal) XVM-I_I.G 5.0E-7/h 30 .....
i iii i

Leakage (external) XVM-_ l.OE-7/h 10

Rupture (external) XVM-RE-G 5.0E-9/h 30 "

Check ' CKV4_C-G ' 1.0E-4/d 10 ....

Fails to open ....
Fails to close CK'V.OO-G 3.0E-3/d 10

Plugs CKV-PG-G 5.0EJ7/h 10 ....

Leakage (internal) CKV-_-G 1.0E-5/h 10 .... _"

Rupture (intemai) " CKV-RI-G 5.0E-7/h ' 30

Leakage (external) CKV-LE-G 1.0E-TPa ' 10 ........

Rupture (external) CKv-RE-G 5.0E-9/h 3 0 ......

Motor-Operated MOV-CC-G 1.0E-2/d 10
Fails to open/close or

MOV-OO-G

Spurious opera[ion ' MOV-CO-G 3.0E-7/h 10 .....
or

MOV-OC-G

Plugs MOV-PG-G 5.0E-7/h 10"

Leakage (internal) 'MOV-LI-G 1.0E-5/h 10"

Rupture (internal) MOV-RI-G 5.0E-7/h 3 0

Leakage (external) Mov-LF_A3 ' i .0E-7/h ' 10 ............

Rupture (external) MOV-RE-G ' 5.0E-"9/h .... 30 .......
, , , =, ,,

Air-Operated AOV-CC-G 3.0E-3/d 30
Fails to open/close or

AOV-OO-G
,,, , ,,,,=

Spurious operation AOV-CO-G 1.0E-6/h 10
or

AOV-OC-G

' Hugs Aov-PG-G 5.0E-7/h "' 10

Leakage0nternal) .... AOV-LI-G ' 1.0E-5/h 10

Rul_ture(internal) AOV-RI-G 5.0E-7/h 30

" Leakage (external) AOV-I.E,-G 'i.OE-7/h '" 10 .......

Rupture (external) AOV-_-G 5.0E-9/h 3 0 .....

Solenoid-Operated SOV-CC.G 3.0E-3/d ..... 10
Fails to open/close or

SOV-OO-G

' Spurious operation SOV-CO-G '5.0E-7/h ...... l 0
or
SOV-OC-G......

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments. ..
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. Table lc. Compressed gas system recommended generic failure rates (continued).

System/Component/Failure Mode identifier '" Recommended Failure Rate
1o normalDistribution (.g ,)

. Mean ' Error Factor a
' ..... , 'i ........... ii ,,,llali:_ ,illa, , Illa

Plugs SOV-PG.G 5.0E-7/h 10

..... Leakage (internal) " $OV-LI-G ' 1.0E-5/h 10" '

Rupture (internal) SOV-RI-G ' 5.0E-7/h 30

' Leakage (external) SOV-LE_G l".()E-_//h 10

Rupture (external) soV-RE-G 5.0E-9/h 30 ......
,, , , ,,,,

Safety/Relief SRV-CC-G 1.0E-2/d 10
Fails toopen
Failstoreclose SRV-OO-G l.OE-2/d I0'"

Leakage(internal) SRV-LI-G ' l'.OE-5ha ...... l0 "

' Rupture(inmmal) sRV-RI-G 5.0E-7)h "' 30 .....

.... Leakage (external) SRV"LE-G ' l.OE-7/h ' 10 .....

Rupture (external) SRV-RE-G S.OE-9/h 30

Vacuum-Breaker ' VBV.CC-G 3.0E-2/d 10 '

Fails to ope,n ........
Fails to reclose VBV-OO.G 310E-2/d 10

Leakag_(inlema]) WV-U-G ....].oE.5/h i o
Rupture (internal) '" VBV RI O ...... 5.OE-_//h 30 ....

Leakage (external) VB_/-LE-G 1.0E-")'_ 10

Ruptm'e (external) VBV-RI_-G 5.0E-9/h 3 0 '

V V_ve (control) CMV-FO-G' 3.0E-6/h 10
Motor-Operated

Fails open
Fails closed CMV-FC-G" 3.0E- 6/h 10

...... Fails to respond ' CMv-NR-G 3.0E-6/h 10 '

Plugs CMV-PG-G 5.0E-7Pa 10

Leakage (external) CMV-LE-G 1.0E-7/h 10

' Rupture (external) '" CMV-RE-G 5.0E'-'9/h 30 '

Air-Operated CAV-FO-G 3.0E-_5/h 10
Fails open ....

"Fails closed CAV-FC-G"' 3.0E-6/h 10

.... Fails to respond " CAV-NR.G 3.0E-6/h 10 ......

Plugs cAV-PGX; 5.0E"://h lo .......
.....Leakage (external) .... cAV-LE-G 1.0E-';Uh 10

Rupture (external) " CAV REG 50E'9/h 30

Solenoid-Operated CSV-FO'G 3 0E 6/h 10
Fails open

' ' Fails closed CSV-FC-G 3.0E-6/h I0

' Fails to respond "' CSV-NR.G 3.0E-'6/h .... 10

' Plugs 'CSV-PG-G 50Z?Z/h .......1o......
' -I::i,,1.;i'7-::'>;icrnal) CSV-LE-G " 1.07-7,rt,. 10 .....

,,-

•" NI Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Table Ic. Compressed gas system recommended generic failure rates (continued).

System/Component/Failure Mode ...... Iclentifier Recommended'Failur"e'Rate
..... Distribution (lognormal) ,

Mean [ ErrorFactora
'-- : ' '"" 'T ' ' , ' ,,'T', " "' ' ' i •

Rupture(external) csV-RE-G 5.0E-9/h 3 0

' Compressor.......... MI_-FS-G .......5.0E-3/d ....
Motor-Driven

Fails to start
Fails torun MI_-FR.G 5.0E-5/h 3

I O_,_ MDC-OS-G" ' 1.0E-5/h 5 ....

Fails tostop MDC'NS-G 5.0E-3)d 5 '

Leakage (external) MDC-Ig-G 3.0E-7/h 10

Rupture'(external) MDC'RE-G 1.0E-8/h 3 0

Piping/Hose/Jumper/Tube PIP:LE-G 3.0E-S)h-f't "i0
Piping

Leakage(external)
-- Rupture(external) PIP-RE-G 1.0E-9ha-ft 30

Plugs PIP-PG-G 1.0E-9/h-ft 30 '

Hose HOS-LE-G 1.0E-8ha-ft 10
Leakage(external)
Rupture(external) HOS-RE-G 1.0E-7/h-ft 10

Plugs ' HOS-PGJ3 1.0E-7/h-ft 10
II II II

jumper JPR-LE.G 1.OE-5/h 10
__ Leakage (external)

Rupture (external) JPR-RE-G 1.0E-7/h ..... 3 0

-- Plugs' JPR-PG-G 1.0E-7/h 30

.....Tube ' TUB-LE-G 3.0E-7ha-ft 10 "

__ Leakage (external)
Rupture(external) TUB-RE.G 1.0E- 8/h-ft 3 0

Plugs TUB-PG-G i .0E-8/h-ft 30 ....

Vessel ...... TKP-LE-G 1.0E-7/h..... 10
Tank(Pressurized)

Leakage (external) .
Rupture (external) TKP-RE-G 5.0E-9/h 30

C},linder (Pressurized) CYL-LESG 1.0E-7/h 10 ....
.Leakal5e (extern.al) ....
Rupture (external) CYL-RE_ 5.0E-9/h 30

Flange/Gasket ' FLG.LE_3 1.0E-7/h 10
..... Leakage _external)

Rup.ure (external) FI_-RE-G 1.0E-9/h 10 .....

Heat Exchanger ..... HTX-FL-G 1.0E-5/h 10 '
Shell/rube

Fouling (tubes)
Plugs (tubes) HTX-PG-G 3.0E-6/h 10 '"

' "Leakage(tubes) '" HTX-LI-G 1.0E-5/h ..... 10
, ,,, , ,,

Rupture (tubes) HTX-RI-G 5.0E-7/h 30

Leakage (shell) HTX-LE-G 1.0E.6/h 10 ......

.... Rupture (she/}) ' HTX_RE-G 5.0E.8/h .........30
........

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments. "
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................... i i si,,ill,i , , I iI i,,ii i ,,l,_li i I ,i_l r I ,, ,_ , ' I

Table ie, Compressed gas system recommended generic failure rates (continued)

System/Component/Faiiur_e Mode ' "Identifier ' " Recommended Failure Rate
_ Dis,.tribut!gn ,(lognormal)

" Mean Error Factor a

....' "
Fails to heat

,,,

Overheats H'I'F.,OH-G 3.OE-7Pa 10

Leakage (external) }ifF.,-_ 1.OE-6_ ' 10 ......

Rupture (external) ...... HTE-RE-G .... 5"OE'S/h " 30

Vt_x)rlzer ' V_-FA-G 1.0E-4/h 10
Failure

Air Dryer , ADR-FA-G 5'I'0E-6_ 10
Failure

" FiJter FLT-PG-G 310E'6/h " 10 "
Plugs

"' Leakage (internal) ..... _T-LIa3 "' 3.0E'6/h 10 '"

' Rupture "iinternal) FLT-RI-G .... 5'.OE-7/h 1'0 '

_ee ..... ORF-PG-G i.0E-6/h 10 '

Plu_s ......•,, , 7 "' _ ' '

a. Error factor is the 95th percentile/50th percentile.

J)

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Table ld. _HVAC/exhaust system reco_ended generic fa.ilure rates. ...........

System/Component_ailure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

Mean Error Factor a
m I iig i i

HVAC/Exhaust ' ' XDM-CC-H or 3.0E-3id 10
Damper (Standby or Safety) XDM-OO-H

Manual

Fails to open/close ....
Plugs XDM-PG-H ...... 5.0E-7ht 1(i ....

l._akage (internal) XDM-LI-H ...... 1.0E-5/h 10

.... Rupture (internal) ' XDM-RI-H " 5.0E-7/h 30

Leakage (exiernal) XDM-LF_H 1.0E-7/h 10

Rupture (external) XDM-RE-H 5.0E-9/h 30

Motor-Operated MOD-CC-H or 3.0E-2/d 10
Fails to open/close MODOO-H .......
Spurious operation MOD-CO-H or 3.0E-6/h 10

MOD-OC-H

Plugs ....... MOD-PG-H 5.0E-7/h 10

Leakage (internal) MOD-LLH 1.0E-5/h 10

Rupture (internal) MOD-RI-H 5,0E-7/h 10

Leakage (external) MOD-LF_,-H 1.0E-7/h 10

Rupture (external) MOD-RE-H 510E-9/h 30

Air-Operated AoD-Cc-H or 1.0E-2/d 30
F..ailsto open/close AOD-OO-H ..... ,,,,,,,,,
Spurious operation AOD-CO-H or 1.0E-5/h 10

AOD-OC-H

Plugs AOD-PG-H ' 5.0E-7/h 10

Leakage (internal) ' AOD-LI-H 1.0E-5/h 10 '"

Rupture (internal) AOD-RI-H 5.0E-7/h 10

Leakage (external) AOIYLE.H 1.0E-7/h 10

Rupture (externai) AOD-RE-H ' 5.0E-9/h 30

Damper (Control) CMD-FO-H ..... 3.0E-6/h 10 ' r
Motor-Operated

Fails open , .......
Fails closed CMD-FC-H 3.0E-6/h 10

Fails to resl_ont_' CMD-NR-H 3.0E-6Pa 10

Plugs CMD-PG-H 5.0E-7/h 10
,,,,,,,

Leakage (external) CMD-LE-H 1.0E-7/h 10

Rupture (external) CMD-'RE-H 5 iOE-9/h 30
i i

Air-Operated CAD-FO-H 3.0E-6/h 10
Fails open ..........
Fails closed CAD-FC-H 3.0E-6Pa 10

Fails to respond CAD-NR-H 3.0E-6/h 10

Plugs CAD-PG-H ' 5.0E-7/h 10

Leakage (external) CAD-LE-H 1.0E-7/h 10

Rupture (external) CAD_'RE-H 5.0E-9/h 3'0 ....

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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" Tab leld. _l_;AC/exha_il,t_"__systcmrecommended geneOricfailure ratesicont'd).

System/(_omponent/Failure Mode ' Icientifier .... Recommended FailureRate '_
Distribution (iognormal)__

" Mean I ErrorFactora

......... MDF: S,H.... 5.oE.3id ............5' ''".......
Motor-Drivtm

Fails m start
Fails w run ' MDF-FR-H 3.0E.5/h 3 .....

Ov_ ........ MDF-OS-H 5.0E-6]h i 0

Failstostop ........ MDF-NS-H 5.OE-3/d i 0

" Leakage(extea_'al) MDF-'LF,-H 3.0E-7/h 10 '

' Rupture Cexternali MDF-RE-H 1.OE'8/h 30

Diesel-Driven DDF.FS-H 1.OE-2/d i0 ..........
Fails to start
FaiLstot_n ' DDF-FR-H 5.0E-3/h i'0 ....

Ov_ DDF-OS-H 1.{)E-3/h 10 _
i , ,, i ,, l ,,,,

Fails tostop DDF.NS'-'H 1.0E-2/d 10

Leakage (external) DDF-LE-H 3.0E-7/h i 0

I_'upture'iextemali DI_F.RE-H 1.0E-Sfh ' 10

' Ducting ...... D_-LE-H 3.0E-:l/h-ft i0 ....
, Leakase,,(external),

Rupture(external) DCq'-RE-H 1.0E- 8/h.ft 30

.... _ugs .... D_-PG'-H 1.0E-8/h-ft 30 .,
, j iJ _ ,,,p

Heat Exchanger ACU-FS-H 1.0E-2/d i 0
Air Conditioning Unit/
Chiller

Fails to start
.... Failstorun ACU-FR-H 3.0E-5/h I0 ........

FanCoolerUnit FCU-FS-H 1.0E-2/d 5 .......
Fails tostart

......Failstorun FCU-FR-'H 1.0E-5/h 3

Heater(Electrical)..... HTE-FH'-'H 1.0E-6/h 3 ......
Failsto heat

- Overhd_ ' m_.OH"-H 3.0g-7/h .... lo
Heater(Gas) HTG-FH'-H 1.0E'-3/h ' 10 ......

Fails to heat _ J
,,,, ,

Overheats HTG..OH-H 3.0E-4/h 10

......Filter .... FLT-PG-H 3.01_-6/h' 10 ....
Nomad

Plugs
-- Le-akage(internal) '" FLT-LI-H ....3.0E-6/h 10 - --

Rupture (internal) .... FLT-RI-H ' 5.01_-7/h 10 - --

-- Low-Efficiency _'_,L,.PG'-"H 3.0E'6/h..... 10 - -
_ PluBs .... _

Leakage (internal) .... /:LL-LI-rt 3.oi-6/h l0

Rupture (internal) FLL,.RI2H 5.0ff-7/h ..... l 0 -

- HEPA I_I'PA-PG-H' 3.0E-6/h" 10 - -

- Plugs
" Leakage (internal) HPA.LI-H 3.01_-6/h 10

.... Rupture (internal) .... H'PA-Ri'_H 5.01_-7/h " 10 ....
• __ , _ ,, ,, ,,,,,, ,,,,

Note: Modification of the recommended mean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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Ta51e ld. HVAC/ex_haustsystem r_:commendedgeneric failurerates(cont'd). '.....

system/Component/Failure Mode ldentit3er Recommended'Failure Rate "
,_Distribution (lognorma]I) ,,

Mean [ ErrorFactora

.....S_d ........ __._i ....3.0E-_/h.........10 ....
Plugs ,,
Leakage(_ternal) FLS-U-H 3.0E-6/h i 0

Rupture(internal) FL.S.RI.tt 5.0E-?/h 10
Baghouse BAG-PG-H 3.0E-5/h i 0

Plugs
Leakage(internal) BAG-LI-I-i 3.0E-5/h 10

Rupture(internal) BAG'..RI-H 5.0E-6/h i 0

Miscellaneous ' MTE-FA-H ' 1.OE-4_ ]0 .......
Mist Eliminator
Failure

L i i,., j

S_b_ 'SBR-FA-H ' i.OE-6/h' io "'
Failure

' Precipitator PCP-FA-H ' 5.0E-5/h" ..... 10
Failure '_'"

, ,,,,,l,, .l Hi ,|,,i , i i lj Jill

i

a. Errorfactor is the 95th percentile/5Othpercentile.

Note: Modification of the recommendedmean for hourly failurerates may be appropriatefor components subjected to hostile
radioactive or chemical environments.
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Table le. Electficai dis_bution system r'eco'mmendedgeneric failure rates.

" Sys_m/Component/Failure Mode "l¢ien'ti'fier "I R_mmended'Failure Rate '
Distribution (lognormal)

.... Me'_' ErrorFscto#

• Eiectri¢Power......... DDG-FS-E 1iOE-2/d 3 ......
Generator

Diesel-Driven
Fails to start

ii i i i i i • . i, i L l llll__ i i i

.....#.ilstorun DIX_.FR-E 5.0E.3/h J
Motor-Driven (ac to _)MDG-FS'E 1.0E-5_ .... i 0

Fails to start
' Fails to 'run....... M_'.FR'-E 3.0E-5/h ..... i 0 -

"' ou-Turbine-Driv'en " 'rm'_'ne'_"v,,._,,,_,.. 3'.oE.2/d " I0 _- "
Fails to start

.....Fails"to_ ...........O_.FR.E....3.0E'.ah _0 ........

Hydro-:l'urbine._ven H_'FS-E ' 3.0E-3/d 10 ...............
Fails to start

...... Fails to run HDG-FR-E 3.0E-4/h 10

Batte_/ ............. BAT-FA-E 110E-5/h
Failure

'Charger ................... RCT-FA'E l'iOE'5/h .... 3
Rectifier

Failure ......j
"Bus ............ BUM-FA-E 1.0E-7/h '5

Me_al-Enclosed
Failure

...... B'_e ...... BUB-FA-E 1,0E"6/h 10
Failure

Cabie/Jomt/ ......... CBL-FAE 3.01_-6/h 3
Termination/Jumper

Cable (Copper, lO00ft)
Failure

........Joint('Copper) ...... JNT-FA-E I '3'.()E.6/h 30 ........
Failure

T_mination (Copper) TMN.FA-E ....3.0E-7/h......I0 -
Failure

.... Jumper(Power) ....... JPR-FA-E 5'.0E-6/h ...... 10
Failure

....CircuitBre.aker .............. CBR-CC.Eor 5.0E-4/d .... 5 .........
General CBR-OO-Eor

Fails to open/close CBR-NR-E

Spuriouso_'ration cBR"-'CO-I_or 3.0E-7/h i 0
CBR-OC.Em
CBR-SO-E

"ReactorTrip....... RTB-CC.E 5.0E-3/d S .....
Fails to open
Spuriousoperation .... RTB-CO-E 3.0E-6/h - 10

Relay ..... RLF-'CC-Eor 1.0E-3/d.... 10
Protective RLP-OO-Eor
Failstoopen/close.... :-'_E

Spuriousoperation RLP-co'.E or i.OE'7/h ..... l 0 ....
RLP-OC-Eor
RLP-SO-E

Control .... RLC:CC-Eor l.OE-4/d ' 'i0
Fails to open/close RLE-OO-Eor

RLC-NR-E..........

Note: Modification of the recommended mean for hourly failure ratesmay be appropriatefor components subjected to hostile
radioactive or chemical environments.
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III I1' I! III ....

Table le. Electrical distribution system recommended generic failure rates (cont'cii.

System/Comp0nent/Failure Mode Identifier Re_mmended FailureRaie
Distribution (lo_ng.-mal)
Mean ErrorFactora

' sp 'ou, RLc o-Eo,3.0E.7/h 30
RLC-OC-Eor
RLC-SO-E

Bhttable ' ' BIS'-CC-I_or 1.0E-5/d 10 .......
Fails to open/close BIS-OO.Eor

BIS-NR-E

.... spu_ou,0_ation ms-co-Eor..... 3.0_-_/h ....._0 ........
BIS-OC-Eor
BIS-SO-E

II I II I IIIIII I I • ill IIIIII II I

Swich ...... xsP.cc-E or 1.0E-6/h 10
j Push-Button(Manual) XSP-OO-Eor

Fails to ope_close .... XSP-NR-E
Spuriousoperation XSP-CO-Eor 1.0E-6/h 10

XSP-OC-Eor
XSP-SO-E

Rotary(M_ual) " XSR-CC-Eor 5.0E-8/h 10 "'
Fails to open/close XSR-OO-Eor

XSR-NR-E

Spuriou,op_ation ...... XSR-CO-Eo;"510E-'l/h 10 ....
XSR-OC-Eor
XSR-SO-E

I

Key-Operated(Manual) .... XSK.CC-Eor 3.0E-7/h 10
II I

Fails to open/close XSK-OO-Eor
XSK-NR-E

Spurious'operation XSK-CO-Eor 1.0E-6/h 10
XSK-OC-Eor
XSK-SO-E

Automatic-Transfer ..... ATs-CC_Eor' 1.0E-6/h 10 ....
Failstoopen/close ATS-OO-Eor

ATS-NR-E
i± ,i ,i , ,, , ,,

Spuriousoperation ATS-CO-Eor 1.0E-6/h 10
ATS-OC-Eor
ATS-SO-E

i i i ,_ ii

Limit LMS-CC-Eor 1.0E-6/h 10
Failsto open/close LMS-OO-Eor

LMS-NR-E

Spuriousoperation LMS-CO-Eor l.OE-6/h 5
LMS-OC-Eor
LMS-SO-E

Fuse .... FUS-CC-E 1,0E-7/h I0
Failtoopen ......
Prematureopening FUS-SO-E 1.0E-8/h I 0

Inverter ..... INV-FA-E 1.0E-5/h 3 "'
Failure

i i ,, ,,, i ,

Motor MRA-FS-E 3.0E-4/d 3
AC

Fails to start
Fails to run MRA-FR-E 5.0E-6/h 3

DC .... MRD-'FS-E 3.0E-4/d 3
Failstostart............ ,,, ,,

Note: Modification of the recommended mean forhourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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" Table le. Electrical distribution system recommended generic failure rates (cont'd).

System/Component[Failure Mode ....Identifier Recommended_FailureRate
Distribution (lognormal)
Mean ErrorFactora

lIH|l II IIII i

Failstorun MRD-FR-E I.OE-5/h

Sync_o........ SVN-FA-i_'" 1.0E-S/h lo
Failure

Transforme_........ TFP-FA-E l.OE-6/h I0 ..........
Power
Failure
Inslxum_tati0n/ControiTFI-FA-E l:OE-6/h'" I0 ....
Failure

•._ . : IllllI iI/ll I I I [ II Illlllln : I 1 I I I Ill I I ]llll =7..... --

a. Errorfactor is the 95th percentile/50thpercentile.

Note: Modification of the recommended mean for hourly failure rates may be appropriatefor components subjected to hostile
radioactive or chemical environments.
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'l'able IL _trumentation andcontrol system recommended generic failure rates.

System/C0mPonent/Failure Mode Identifier RecommendedFailureRate
Distribution (lognormal)
Mean ErrorFactora

Instrumentation and Control ALR-NR-I 3.0E-5/h 10
Alarm/Annunciator

Failsto aiarm

Spuriousoperation ALR-so-I 5.0E-6/h ']0 .......

Sensor[i'r_nsmitter/ ......... TST-FA-I I'.OE-6_ .... 3
Tranutucer/ProcessSwitch

Temperature
Failure

Pressure PsT-FA-I 1.OE-6/h 3
Failure

' DifferentialPressure DPS-FA-I " ' 3.0E-6/h 10

Failure,
Flow FST-FA'-I 3.0E-6/h 3

Failure
Level .... LST-FA-I ' 5.0E-7/h 3 ........

Failure
i i i llll

Humidity UST-FA-I 1.0E-5/h 10
Failure _

pH ...... HST-FA-I 5.0E-7/h ..... 5
Failure

......OxygenConcentration oXC-FA-I l.OE-5/h' 10
- Failure __

CO2 Concentration CO(_-FA-I 1.0E-4/h 10
Failure

....HydrogenConcenU'ation HYc-FA-I 1.0E-5/h 3
Failure

Nitrogen Concentration NIC-FA4 1.0E-5/h 3
i

Failure
HydrocarbonConcentration HCC-FA-I 1.0E-5/h 3

Failure
HeiiumC0ncentration HEC-FA-I 1.0E-5Pa 3
Failurei

Speed SST-FA-I 1.0E-6/h 10
Failure...... ,.,iJ ,,,

Seismic SET-FA-I 1.0E- 6/h 5
Failure

Radiation RST-FA-I 5.0E-6/h 5
Failure

Indicator I]_ID-FA-I 1.0E-5/h 10
Failure

Amplifier AM'P-FA-I 5.0E-6/h 10
Failure

Modifier/Signal Conditioner SCR-FA-I 3.0E-7/h 3
Failure

LogicModule..... LOG-FA-I 3.0E-6/h 5
Failure

Recorder REC-FA-I 3.0E-5/h 30
Failure

Sampler .... SAM-FA-I 1.0E-5/h 10 -
Failure

x

Analyzer ANA-FA-I 5.0E-6/h 10
Failure ....

Timer ' TMR-FA-I 5.0E-6/h 10
Failure ......

Note: Modification of the recommendedmean for hourly failure rates may be appropriate for components subjected to hostile
radioactive or chemical environments.
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. 'Table" lf'_' Ials_mcntaiion and control' system r_ommencied generic failure tales. "" ''_'''_'_'''"

'Sy'stem/C0mponent/Failure Mode identifier Rec0mmende,,dFailure Rate
I|

Distribution (lognorma!)

. M.n I Er,
Gas Chromatograph ' GcR-FA-I 5.0E-5/h 10

Failure

Voltage Regulator " VRG-I_A-i' 310E-6/h 10 ......
Failure

' Tr_mitte_ TRM-FA-I 3.0E-6/h " i 0
Failure

Transducer TRD-FA-I 1.OE-6/h i 0 ......
Failure

' Programmabie Logic Contr'oiler PLC-FA-I . 3.0E-S/h 10
Failure

...... i ' "' i l lira i

a. Error factor is the 95th perc,entile/5Othpearccntile.

Note: Modification of therecommended mean for hourly failure ratesmay be appropriatefor components subjected to hostile
radioactive or chemical environments.
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Table 2. Data sources used ingenericdata basedevelopment.

CategoryI
,P

Big Rock PointPRA12
Oconee-3 PRA13
Zion PRA14
IndianPoint PRA15
Reliabilitydata fromSwedishnuclearpowerplants16
Millstone1 PRA17
ConnecticutYankee PRA18

B&Wnuclearpower plant(namewithheld)a
Europeannuclearpower plant(namewithheld)PRAa
GE nuclearpower plant(namewithheld)a
Westinghousenuclearpower plant(name withheld)a
7 othernuclearpower plant(nameswithheld)PRAsa
SavannahRiverSite reactors3, 4, and5 _..

Category2

Licenseeevent report(LER)surveyof pumpsat nuclearpowerplants19
LER surveyof valves20
LER surveyof inverters21
LER surveyof selected instrumentationand controlcomponents22
In-plantReliabilityData Base(IPRD) surveyof pumps23
IPRD surveyof valves24
IPRD surveyof diesel generators,batteries,chargers,andinverters25
NuclearSafety AnalysisCenter(NSAC) surveyof dieselgenerators26
Pipebreak survey27
LER surveyof pipes,valves,pumps,etc.28
NonelectronicPartsReliabilityData (military)G
OREDA data for offshoreoildrillingcomponents7
Chemicalprocessingplant2
Tritiumhandlingfacility8, 9, and10
Liquidnaturalgas plantcomponents11

Category3

WASH-140029
Center for ChemicalProcessSafety30
IEEE Std 500-198431
Naturalgas facilitycomponents32
Gasification-combined-cyclepower generationcomponents33
Coal-firedpower generationcomponents34
Genericdata base for nuclearreactorcomponents35

a. See ReferenceI for more detailson thesestudies.

,=
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3ao Category ! data for watersystem.

System/Component/Failure Mode FailureData (Category1 Sources)a ,ll

_1 SRS- Aggregated
REAC'I_RS Resultsb

Water 38/8.8E+dd, 0/7.1E+3d, 3.5E-4/d(18),
Valve (Standbyor Safety) 7/2.1E+Sh O/1.3E+4d, 3.3E-8/h(88)

Manual [1] 0/8.4E+2d,
Fails to open/close 0/5.SE+2d

[1] •
O/4.6E+Sh, 1.1E-6/h(lO)

Plugs 0f/.6E+3h, [1]
0/1.5E+3h
[2]

Leakage (internal) 0/8.8E+lh 5.7E-3/h(10)
[3] [11

- Ruptm'e(internal) [3]

LeJk%oe(exmmal)

l¢-_-e (egtemal)

Check 1/2.SE+4d 1/3.3E+3d, 6.0E-5/d(lO)
Fails to open [2] O/3.6E+2d, [2]

0/4.7E+2d,
O/2.2E+2d,
0/2.7E+3d,
[4]

Fails to close 1811.2E+4d [4] 9.SE-4/d(4.6)
[31 [21

Pb,._s

Leakage(internal) 36/1.2E+7h 014.1E+Th 6.8 E-7/h(63)
[41 [5]

R_ure(internal) (4] [5)

LeJk_e (external)

Rupture(ext_nal)
Motor.Olmmmd 390/1.2E+5d, 29/9.2E+3d, 3.3E-3/d(6.3),

Fails m open/close 15/3.1E+6h lO/7.5E+2d, 4.8E-6/h(9.6)
[5] 29/5.3E+3d,

4/1.8E+3d
[6]

I

t
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Table 3a. Category 1 data for water system.

System/Component/Failure Mode Failure Data (Category 1 Sources) a

NUCLARRI ] SRS- ] AggregatedREACTORS Results b

Spurious operation 1/2.1E+Th 2/1.3E+7h, 2.3E-7Pa(7.2)
[6] 0/2.SE+6h,

7/4.4E+6h,
O/1.9E+6h

F]
Plugs 1/1.8E+7h, 5.6E-8/h(10)

O/2.5E+6h,
0/4.4E+6h,

, 0/1.9E+6h

[si
Leakage (internal) 1/1.8 E+6h 8.3 E-7/h(10)

[9]
Rupture (inmrnal) [9]

Leakage (external)
i

Ruptt_ (ex_nal)

Air-Operated 110/9.4E+4d, 4/2.9E+3d, 1.2E-3/d(21 ),
Fails to open/close 2/4.8E+6h 0/8.8E+2d, 5.2E-7/h(1 O)

[7] l/6.0E+2d
[lO]

Spurious operation 1316.2E+6h 0/4.0E+6h, 1.2E-6/h(5.4)
[8] 0/5.0E+5h,

0/1.5E+3h

[11]
Plugs O/4.OE+6h, l.IE-7/h(lO)

0/5.0E+Sh, [1]
0/2.6E+lh

[12]
Leakage (internal) 8/5.3E+6h 1.6E-6/h(lO)

[9]
Rupture (in.hal) [9]

Leakage (external)

Rupture (external)

Solenoid-Operated 2/3.SE+3d, 2/2.3E+3d 7.SE-4/d(10),
: Fails to open/close 16/2.3E+7h [13] 7.1E-7/h(10)

_, [101
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i i

Table 3a. Category 1 data for water system.

System/Component/Failure Mode Failure Data (Category 1 Sources) a
NUCLARR1 SRS- I Aggregated

REACTORS [ Results b

Spurious operation 0/8.1E +5 h O/1.5 E+3 h 6.1 E-7/h(10)
[111 !141 [11

Plugs _iSE+3h 3.3E-4/h(10)[1]
L_.k.ge(in_)

- Rupture (inlemal)

Leakage (external)

Rupture (external)

Safety/Relief 15/5.4 E+3 d, 2.7 E-3/d(3.3),
Fails to open 0/5.9E+6h 8.5 E-8/h(10)

[12] [!]
Fails to reclose 47/2.0E+4d 2.3E-3/d(1.7)

[131

Leakage (internal)

Rupture(internal)

Leakage (external)

Rupture (external)

V_cuum-Breaker 0/4.5E+ I d, I. 1E-2/d(10),
Fails to open 0/1.1E+3h 4.4E-4/h(10)

[141 [11
Fails toreclose

Leakage (internal)

Rupture (internal)

Leakage (external)

Rupture (external)

Explosive 0/2.7 E+I d 1.8E-2/d(10)
Fails to o1_, [16] [ 1]
W__k_e (internal)

Rupture (internal)!
Leakage (external)
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Table 3a'.' "Category 1 data for water system.

System/Component/Failure Mode Failure Data (Category 1 Sources) a

NUCLARR1 SRS- Aggregated
REACI_RS Results b

Rupture (external)

Valve (Control)
Motor-Operaw.d

Fails open
Fails closed

Fails to restxmd

Plugs

Leakage (external)

Rupture (external)

Air-Operated
F.il._ open
Fails closed

Fails to respond

- Plugs

Leakage (external)

, Rupture (external)

, Solenoid-Operated

Failsclosed

Failstorespond

Plugs

Leakage (external)

Rupture (external)

Pump 137/4.9E+4d 25/2.1E+3d, 3.TE-3/d(4.7)
Motor-Driven [15] 3/2.6E+2d,

Fails to start 42/3.7E+3d,
6/2.4E+3d

_. [171

i
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Jrable3a. "Catego_ 1 dataforwatersystem.'

Syst_m/ComponeneFail_eMode F_ Da'_(¢_ego_yISo_c_)a
a|l

NUCLARRI SRS- Aggregated
RE.A_ Results b

i, i ii i

Fails torun 216/7.5E+6h 23/l'7E+6h' 2.2E-SPa(l 7) .
[16] 0/4.1E+2h,

0/3.1E+4h,
19/2.6E+6h

....... [is) .,
Over_,eed

FalLs to stop 5/2.6E+2d, 3.8E-3/d(4.4)
5/2.4E+3d

[,,19]
t,eak:ge(_tm_)
Rupture (external)

Turbine-Driven 45/2.0E+3d, 2.2E-2/d(3.8),
Fails to start 3/6.4E+4h 5.SE-5/h(lO)

[17] .
Fails to run 1911.4E+Sh 1.4E-4/h(22)

[is]
O_enpeea

Fails to stop

i , ,,,

Rupture (external)

Diesel-i_'ve_ 15/1.9E+3d ..... 7.9 E-3/d(5.8)

Failstostm [19]
Fails to run 3/6.SE+2h 4.6E-3/h(7.4)

, [2o1 ..........
_erspeea

i i ,,, i , i

" Fails to stop .....
i i H lal i i

Leakage (external)

Rupture (external) ......
i

Piping/Hose_umper
Piping

Leakage (extemal_
Rupture (external)

..... ,,| ,,,i i ,

Plugs
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Table 3a. Category 1 data for water system.

System/Component/Faiiure Mode Failure Data (Category 1 Sources) ai

NUCLARR1 SRS- Aggregated
REACTORS Results b

Hose

Leakage (external)
Rupture (external)

Plugs

Jumper
Le__kage(extern_])
Rupture (external)

Plugs

Vessel 0/6.9E+5h 7.3E-7/h(10)
Tank (Unpressmq.zcd) [21] [1]

Leakage(exter-al)
Rupture (external) [21]

Tank (Pressurized)
Leakage (external)
Rupture (external)

Flange/Gasket
ke___a_e(external)
Rupture (external)

Heat Exchanger
SheUFrube

Foulin_ (robes)
Plugs (robes) 0/1.9E+6h 2.6E-7/h(10)

[22] [1]

Leakage (tubes) 0/3.8E+Sh 1.3E-6/h(1 O)
[231 [1]

_ Rupture (robes) [23]

Leakage (shell) 0/1.6E+6h 3.1E-7/h(10)
[241 [1]

Rupture (shell) [24]

Heater (Elec_cal)
F_ to heat i

Overheats

Leakage (external)

38
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Table 3a. Category 1 data for water system.

System/Component/Failure Mode Failure Data (Category 1 Sotaces) a

I NUCI..ARR1 SRS- _ AggregatedResultsb

Rupture (external)

Strainer/Filter 2/6.0E+5h 0/2.5 E+4h 4.0E-6/h(10)

_.g_ [25] [20]
L#_akage(internal)

Rupture (internal)

Orifice

Plugs
Miscellaneous 0/9.6E+Sh 5.2E-7/h(10)

Travelling Screen [21] [1]

Table 3a. Category 1 data for water system.

a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period 0t) or number of demands. Numbers in brackets refer to notes listed below, m-rangedby source.

b. Aggregated results are mean and error factor (in parentheses). The error factor is the 95th percentile/50th percentile.

Notes

- S. A. Eide et al., Generic Com oonent Failure Data Base for Light Water and Liquid Sodium Reactor PRAs. Idaho National Engineering Laboratory, EGG-SSRE-8875, February
1990.

All failure data were obtained from Tables 6 and 7 in the reference. These tables list the aggregations of Category 1 somme data from NUCLARR as it existed in August 1989.

1. Manual valve fail to operate data used.

2. Check valve fail to open data used.

3. Check valve failto close data used.

4. Check valve leakage data used. Size of leakage not indicated.

5. Motor-operated valve fail to operate data used.

6. Motor-operated valve spurious operation data used.

7. Pneumatic val. c fail to operate and fail to open data used. 39
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8. Pneumatic valve spurious operation data used.

9. Pneumatic valve internal leakage data used. Size of leakage not indicated.

10. Solenoid-operated valve fail to operate data used.

I I. Solenoid-operated valve spurious operation data used.

12. Relief valve fail to operate and fail to open data used.

13. Relief valve fail to close data used.

!

14. Vacuum-breaker valve fail to operate dam used.
i

15. Motor-driven pump fail to start data used.

16. Motor-driven pmnp fail to run data used.

17. Turbine-driven pump fail to start data used.

Table 3a. Category 1 data for water system.

18. Turbine-drivenpump failtorundataused.

19. Diesel-drivenpump failtostartdataused.

20. Diesel-drivenpump failtorundataused.

2I. Tank (unpressurized)externalleakagedataused.Sizeofleakagenotindicated.

22 Heat exchanger robe plugged data used.

! 23. Heat exchanger internal leakage data used. Size of leakage not indicated.
i

24. Heat exchanger external leakage data used. Size of leakage not indicated.

!_ 25. Strainer plugged data used.

l, SRS-REACTORS - D. S. Cramer, Valve Reliability for the Level 1 PRA (U). Savannah River Site, WSRC-RP-89-776, Rev. 0, 1991; D. S. Cramer, Check Valve Reliability for the Level 1
PRA fU). Savannah River Site, WSRC-RP-90-1258, Rev. 0, 1991; arid D. S. Cramer, Data Base Develotxnent and Eau'_tpmentReliability for Phase 1 of the Pmlm_ Risk Analysis,
Savarmah River Site, DPST-87-642, October 1987.

1. Data are from Table 27 (first reference, above) for gate and plug valves. Fail to open (CC) and fail to close (OO) data used.

2. Data are from Table 27 (first reference) for gate and plug valves. Fails to remain open (OC) data used.

40
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3. Data are from Table 27 (In,st reference) for gate and plug valves. FaiLs to remain closed (CO) data used. Size of internal leakage not indicated.

4. Data are from Table 1 (second reference). Failures are not broken down into fails to open and fails to close in this reference.

5. Data are from Table 1 (second reference). Fails to remain closed (CO) data used. Size of internal leakage not indicated.

6. Data are from Table 27 (ftrst reference) for gate and plug motor-operated valves. Data used only in cases where mechanical and electrical driver entries in#icated the same number of
demands. Data include mechanical and electrical driver failures. Fail to open (CC) and fail to close (OO) data used.

7. See Note 6 above. Data include only electrical driver failures. Fails to remain closed (CO) and fails to remain open (OC) data used.

8. See Note 6 above. Data include only mechanical failures. Fails to remain open (OC) data used.

9. See Note 6 above. Data include only mechanical failures. Fails to remain closed (CO) data used. Size of internal leakage not indicated.

10. Data are from Table 27 (first reference) for butterfly and diaphragm air-operated valves. Data used only in cases where mechanical and air-driven enlries indicated the same number of
demands. Data include mechanical and air driver failures. Fail to open (CC) and fail to close (OO) data used.

11. See Note 10 above. Data include only air driver failures. Fails to remain closed (CO) and fails to remain open (OC) data used.

12. See Note 10 above. Data include only mechanical failures. Fails to remain open (OC) data used.

13. Data are from Table 27 (first reference) for solenoid-operated valves. Fail to open (CC) and fail to close (OO) data used.

Table 3a. Category 1 data for water system.

14. See Note 13 above. Data include only solenoid driver failures. Fails to remain closed (CO) and fails to remain open (OC) data used.

15. See Note 13 above. Data include only mechanical failures. Fails to remain open (OC) data used.

16. Data are from Table V.3 (third reference) for explosive valves. Fail to open (CC) data used.

17. Data are from Tables P.1, P.4, P.5, P.7, and P.8 (third reference). Data include mechanical and motor driver failures. Fail to start data used.

18. See Note 17 above. Fail to run data used.

19. See Note 17 above. Fail to stop data used.

20. Dam are from Table P.6 (third reference) for screens. Plugged failure data used.

21. Dam are from Table W.I (third reference) for laravelling screev_ Plugged failure data used.

[
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Agm'e2ated Results

1. Failure rate based on zero failures, and may be conservatively high.

2. SRS-REACTOR data arenot broken down into failure modes. NUCLARRI data indicate that most failures are fail m close. Therefore, the SRS-REACTOR failure was asstaned to be
fails to close.

42
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_rable'3b. Category I ¢lata for Chemical proc_s System. ...........

'System/Component/Failure Mode " Failure Data (Category 1 Sources) a
|

NUCLARRI SRS- Aggregated
REACI_RS Results b

RuptureCmtemal)
L_k_C_t_n_) .....
Rupture (external) .....

" Solenoid -Operated ....

Fails.to_close ..............
Spurious operation

Plugs

" Leakage(internal) .......

R_p_e_'m_,n,a).......
L_gc _tm_) .....

i | ,i,

Rupture (external)

Safety/Relief .........
Failstoopen' ,
Fails to reclose

g_z_eiint_m_) .....
i , ,,i i

" L_ag_(_tem_l) ' '
gup_ (external)

Vacumn_Brea.ker ........

Fails to open ....
Fails to reclose

Leakage (internal)

R_p_ Cm_)
l,_,_e i_,,,_) .........
g'i_reCe_,_/1) "

H ii i i ii, i ,, ,i,, ll,,,

Explosive
Fa/_,toopen ......
Leakage (internal)

_ 44
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Table 3b. Category 1 data for chemicalprocess system.

System/Component/Failure Mode FailureData (Category 1 Sources)a

NUCLARRI [ SRS- AggregatedREACTORS Resultsb
i J if

Fails torun

o__
Fails to stop

Rupture(external)

Turbine-Driven
Fails to start
Fails to run

overspeed
Fails to stop

Leakage(external)

Rupture(external)

Diesel-Driven
Fails to start
Fails to run

Overspeedi

! Fails to stop

Leakage(external)

Rupture(external)

i Piping/Bose/Jumper
! Piping

L_age (external)
Rupture(external)

i pl._s

Hose
Leakage _exteraal)

_ Rupture(external)

Plugs

46
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Table 3b. Category 1 data for chemical process system.

System/Component/Failure Mode Failure Data (Category 1 Sources)a

NUCLARR1 I SRS- 1 AggregatedREACTORS Resultsb

Jumper
L_J_._geCexternal)
Rupture(extern,_l)

I

Plugs , ,

Vessel
Tank (Unpressurized)

Le-qkage(exk;_,al)
Rupture(external)

Tank(Pressurized)
Le__k_age(external)
Rupture(external) ,I

Flmlge/Gasket
Leakage (external)
Rupture(external)

HeatExchanger
Shellfl'ube

Fouling (njb,_)
Plugs(robes) ,,

Leakage(tubes)

Rupture(robes)

Leakage (shell)

Rupture(shen)

Heater(Electrical)
Fails to b,._t
Overheats

Le_e (external)

Rupture(external)

Strainer/Filter
Pluc,s

i 47
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Table 3b. Category 1 data for chemical process system.
ii

System/Component/Failure Mode Failure Data (Category 1 Sources) a

NUCLARR1 SRS- Aggregated
REACI_RS Results b

Leakage (internal)

Rupture(internal)
Orifice

Pluss
Miscellaneous

Mixer/Blender
Failure

Agitator
Failure

Centrifuge
Failure

Table 3b. Category 1 data for chemical process system.

a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period (h) or number of demands. Numbers in brackets refer to notes listed below, arranged by source.

b. Aggregated results are mean and error factor (in parentheses). The error factor is the 95th percentile/50th percen,.ile.

48
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Table 3c. Category 1 data for compressed gas system.

System/Component/Failure Mode Failure Data (Category 1 Somr,es) a

NUll [ SRS- ] Aggregated,_ REACTORS Results b
ii

Compressed Gas
Valve (Standby or Safety)

Manual

Fails to open/close
,Plugs

Leakage (internal)

Rupture (internal)

Leakage (external)

Rupture (external) ,,,
nl

Check

Fails to open
Fails to close

Plugs

Leakage (internal)

Rupture (internal)

Leakage (external)

Rupture (external)

Moto_-Op_ra_
Failstoopen/close
Spurious operation

Plugs

Leakage (internal)

Rupture (internal)

[,_e (ex_al)

Rupture(external)
Air_,,d

FAils to o_mJclose
Spuriousoperation

Plugs

_Leak_e (internal)

L
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_i'able 3c. Category' i da_ for compressed gas system.

System/Component/Failure Mode Failure Data (Category 1 Sources) a ......

NUCLARR1 SRS- Aggregated
REACTORS Results b

Rupture (internal)

Leakage (external)

Rupture(external)

Solenoid-Olx_ted
Fails to open/close
Spuriousoperation

Plugs
,,

Leakage (internal)

Rupture (internal)

Leakage (external)

Rupture(external)

Safety/Relief

Failstoopen
Fails to reclose

Leakage (internal)
i i

Rupture (internal)

Leakage (external)

: Rupture (external) ....
i: "

Vacuum-Breaker

. Fails to open
i Fails to reclose

' Leakage(internal)

Ruptme (internal)

Leakage (external)
,

Rupture (external)

Valve (Control)

i Motor-Operated
Fails open ....
Fails closed

5O
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Table 3c. Catego_ 1 data for compressed gas system.

System/Component/Failure Mode Failure Data (Category 1 Sources) a

NUCLARR1 ] SRS- [Aggregated
REACTORS Results b

ii

Fails to respond

Plugs

IP.akage (external)

Rupture (external)

Air-_d
Fails open
Fails closed

I Failsto_,.d
Plugs

Iz.akage (external)

Rupture (external)

Solenoid-Operated
Fails o1._.
Fails closed

Fails to respond

Plugs

Leakage (external)

Rupture(external)

Compressor 10/i.4E+3d 2/3.3E+2d, 7.5E-3/d(7.1)
Motor-Driven [ 1] 4/4.4E+2d

Fail_tostart [1]
Fails to nm 23/3.0E+5h 6/1.7E+5h, 5.6E-5/h(1.2)

[21 2/8.9E+4h
t2]

Ovmr_
i Fails to ston

Leakao_e (external) ,

Rupture (external)
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Table 3¢. Catego_j 1 data for compressed gas system.

SysterrdC°mp°nent/Failure l_ode Failure Data (Category 1 Sources) a

NUCLARR1 SRS- [ Aggregated

. REACTORS ] Results b
Rul_re (tut_.s)

_I.eakage (shel]) ......

Rupture (shell)

Heater (Electrical) .............
Fails to heat
Orb'heats ........

, i

Leakage (external)

Rupture(external)....... '

Vaporizer
Failure .......

Air Dryer 0/8.6E+4h 5.SE-6/h(10)
Failure [31 [1]

Fd_
Plu_s
Leakage (internal)

_. Rupo._ (internal)
Orifice

Plugs ,,

Table 3¢. Category 1 data for compressed gas system.
J
i

a. Failure data ale listed as: X/Y, where X is the number of failures, and Y is the exposure period (h) or number of den'_,ands. Numbers in brackets refer to notes listed below, arranged by umrce.

b. Aggregated results are mean and error factor (in parentheses). The error factor is the 95th percentiledS0th percentile.

Notes

NUCLARR1 - S. A. Eide et al., Generic Componem Failure Data Base for LightWater and Liquid Sodium Reactor PRAs, Idaho National Engineering Laboratory, EGG-SSRE-8875, Fetmmy
1990.

AI! failure data were obtained from Tables 6 and 7 in the reference. These tables list the aggregations of Category I source data from NUCLARR as it existed in August 1989.
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1. Blower/compressor fail to start data used.

2. Blower/compressor fail to run data used.

3. Air dryer fail to operate data used.

SRS-REACTORS - D. S. Cramer, DA_t_Base Development and Equipment Reliability for Phase 1 of the Probabilistic Risk Analysis• Savannah River Site• DPST-87-642, October 1987.

1. Data are from Tables G.2 and G.3. Air dryer failures are included in the data. Fail to start data used.

2. Data are from Tables G.2 and G3. Air dryer failures are included in the data. Fail to run data used.

A___egated Results

1. Failure rate based on zero failures and may be conservatively high.
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T,b_3_ C_go_yI_ forHV^C/_h_t_ ...........
System_om_t/Failure Mode F_lure Data (Category1 Sources)"

_1 [ SRS- [ AggregatedREACTORS Resultsb
....... L:1 J., .,,,. i II i i I|111ii i

HVAC/Exha_q
Demper(Standbyc,rSafety)

Menual

Failstoopen/dose .......
Plugs

i i. ii. i

't_,_ (intmua) ..........
i i i,, ,,,, ,, ,

Ruptme(intemal)

Le.l_e (ex_) ,..... i , ,,
t_ _.,), ,,

i i i i i i ii i

Failstoopen/close........
Spuriouso_mion

ii , i

' '_a_c (m_,a.1) ....

R_u_(_,_.J) .... I , ,,
I_ (_,.1) ......

: i mi , ,,,

• R_,pm_i_,,.i)
Air_ ' 3'/1.2E+3d 10/3.5E+2d, 9.9E-3/d(6.])

Fails to open/close [1] 17/2.1E+2d.
12/2.5E+3d,
8/5.3E+2d.
2/53E+2d

........... [,zJ
sputiom¢qperazion 5/2.gE+Sh, 8.2E-6/h(4.2)

5/9.2E+Sh, i
0/8.TE+5h,
lO/2.9E+5h,
3/2.9E+Sh,
l/2.9E+Sh
[2]

i i i . i i ii i

Leakage('mtema)
i

Suptme (internal)

!
!
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i i

Table 3d. 'Category1 data for HVAC/exhaust system.

System/Component/FailureMode FailureData(Category 1 Sources)a

_1 SRS- Aggregated
REACTORS Resultsb

Leakage(external)

Rupture(external)

Damper(Control)
Mo__

F_ open
Failsclosed

Fails to respond

Plugs

Leakage(_)

Rupture(e.xtmnai) i

F_u_open
Fails closed

Fmlsto

Plugs

L_age (external)

Rulx_ (external)

Fan/Blower I l/l_SE+3d 1/1.2E+Bd 4.4E-3/d(5.4)
Motor-l_ven [2] [3]

Fails to start
Fails to run 13/5.2E+5h 14/4.2E+5h 2.9E-5/h(2.4)

[3] [4]
o__
Failstostop

Rupm_ (exl_mal)

Die_l-Driven
F_k tostart
Fm'lstonm

o_,_
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Tible 3d. C_ 1 data for aVAC/eahaust system. '............

sr_Com__.ii_ Mod_ F.i_ D._(c.tCgo,y _so_)"

NUCLARR1 [ REACTORS"SRS- 1' Agg_gatedResults b
• iI i i II i

Fails to stop ........

'"Rulmue (extenml) ........

i i,. ii , ill

(ex_,_ .........
Rupuae(extmml)

i i M ,,, i i

Plugs
Heat E.xch_ .... B/6.1E+2d " 1.4E-2/d(10)

Airco_sti_ Ura_ [41
Chilla

Fails to start
F_Is to run ' 4/1.9E+sh 2.4E-SPa(10)

[51 ....
Fan Cooler IJnit 21/2.SE+3d 8'.4E-3/d(7.2)

Fails to sum [6]
' Fails to run " 2/2.3E+5h " ' 8.8E-6/h(2.9)

['q ...............
/_r(E_)

F_i!,_Io hem

' a_=(c_) ............
Fails m heat
o_ ................

i i ii i i ii ,u

Filter
Nonual

,, Phl_
Leakage Cmtemal)

i i| i i i

R_ (internal)
i i i

rhl_$ .....
l,r.hSe (hemal)

, i i i ,iJ

R_ (imm_)
, i
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1

Table 3d. Category 1 data for HVAC/exhanst system.

System/Component/FailureMode FailureData (Category1 Sources)a
NUCLARR1 I SRS- Aggregated

! REACTORS Resultsb

HEPA

leakage(internal)

Rupune (inten_)

Sand
ph_
leakage (internal)

Rupture(internal)

lhgho.se
P_s
Leakage(internal)

Rapture(internal)

Miscellaneous
Mist Eliminator

F_re
Scrubber

F_I_

PT__
F_J

Table 3d. Category 1 data for HVAC/exhanst system.

a. Failuredata arelisted as: X/Y, whereX is thenumberof failures, and Y is the exposureperiod(h) or numberof demands. Numbersin bracketsrefer to notes listed below, ananged by source.

b. Aggregatedresults are mean and en_r factor(in parentheses). The errorfactor is the 95th percentile/50thpercentile.

Notes

- S. A. Eide et al., C_--i¢ Co_;,_onentFailureDataBase for LightW__t_andl.i+_id SodiumReactorPRAs. IdahoNationalEngineering_, EC_-SSRE-8875, February
1990.

All failuredata were obtainedfromTables 6 and 7 in thereference. These tables list the aggregationsof Category1 sourcedata fromNUCLARR as it existed in August 1989.
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1. Damper fail to operate data used. Type of damper not indicated (air-operated assumed).

2. Ventilator fan fail to start data used.

3. Ventilator fa-_ !'ail to run data used.

4. Air conditioning unit fail to start data used.

5. Air conditioning unit fail to run data used.

6. Faa/cool_ unit fail to start data used.

7. Fire/cooler unit fail to run data used.

$RS-REACI'ORS - D. S. Cramer, Da_ Base Develooment ar,d Eou_ment Reliability for Phase 1 of the probabil.lstic Risk Anab/sis, Savannah River Site, DPST-87-642, October 1987 and D.

S. Cramer, Reliahili_ of Damtazrs in rite Reactor Confinement System. Savannah River Site, SRL-PRA-900011, Revision 3, January 25. 1990.

1. Data are from Table 1 (second reference). Fail to open (CC) and fail to close (OO) data used.

! 2. Dam are frol;_ Table I (second reference). Fails to remain open (OC) and fails to remain closed (CO) data used.

3. Data are from Tables VENT.7, VENT.8, tad VENT.9 (first reference). Fails to start data used.

! 4. Data are from Tables VENT.7, VENT.8, and VENT.9 (first reference). Fails to run data used.

i

i
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Table 3e. Category 1 datafor electrical distributionsystem.

System/Component/FailureMode FailureData(Category 1 Sources)a
NUCLARR1 SRS- Aggregated

REACTORS Resultsb

ElectricPower 92/8.7E+3d 26/9.1E+2d, 1.3E-2/d(2.2)
Generator [1] 16/9.SE+2d

Diesel-Driven [1]
Fails to start
Fails torun 29/6.6E+3h 1/5.8E+2h 4.1E-3/h(3.3)

[2] [21
Motor-Driven(ac to dc)

Fail_to start
Failsto run 31/1.5E+6h 2.1E-5/h(lO)

[31
Gas-Turl_ine-Driven 35/9.4E+2d 3.8E-2/d(lO)
Failstostart [4]
Fails torun l/5.7E+3h 2.6E-4/h(10)

[5]
Hydro-Turbine-Driven 12/4.1E+3d 3.1E-3/d(lO)

Failsto start [6]
Failstonm

Battery 7/5.9E+2d, 12/1.8E+3d 8.0E-3/d(1.2),
Failure 8/9.4E+5h [3] 8.4E-6/h(3.7)

[7]
Charger 29/1.6E+6h 1.8E-5/h(1.7)

Rectifier [8]
Failure

Bus ..... 1/1.4E+Th 1.1E-7/h(10)
Metal-Enclosed [9]

Failure
Bare [9]

FRUure
Cable/Joint/
Temfination/Jumper

+ Cable (Copper,100Oft)
F_ure

Joint(Copper)
Fafitne

Termination(Copper)
F_

+

i

6 0i

g
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Table 3e. Category 1 dam for electrical dismbution syst_.

System/Component/Failure Mode Failure Dam (Category 1 Somces) a
"-- NUll [ SRS- [ Aggrega_d

Jumper(Power)

Failm-_ , I01/I.SE+Sd " 4/1,3E+3d " 5.6E.4/d(4.5)C_cuit Breaker
C,eneml [I0] [4]

Fail_ to o_,____dclose
Spurious operation 15/4.1E+7h 3.8E-7/h(10)

[111

Reactor Trip
Fs_ to open ,.,
Sp__ious operation

Relay 5/4.SE+3d 1.2E-3/d(10)
Protective [5]

Fails to o_,dclose
Spurious operation

Control

Fails to open/close
- Spurious operation

Bistable

Fails to open/close
Slx_ious operation

Switch
Push-Button (Manual)

Fails to open/close
Spurious operation ,.

Rotary (Manual)
Fail_ to op_--dclose ....
Spurious operation

Key-Oper__ (Mar__**O

Fail_ to open/close

Sperio_operation
Automatic-Transfer 1/7.SE+ld 2.0E-2/d(10)

_sils m or_,en/close [12]

i

!
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Table 3e. Category 1 data for electrical distribution system.

System/C_mponent/Failure Mode Failure Data (Category 1 Sources) a

NUCLARR1 I SRS- i AggregatedREACTORS Results b

Spurious operation

Limit 0/l.3E+4d, 4.0E-5/d(lO),

Fails to open/close 7/8.2E+6h 9.2E-7/h(10)
[131 [H

Spurious operation

Fuse

Fail to open
Premature opening

Inverter 0/6.3E+ld, 7.9E-3/d(10),
Fa_a_ 23/1.9E+6h 1.2E-5Pa(1.9)

[141 [q
Motor
AC

Fails to start ,,

Fails to run =

DC
F_il_ to stmrt
Fails to run

Synehro
Fro'lure

Transformer 1/1.8E+6h 8.2E-7/h(lO)
Power [15]

_ Failure
Instrumentation/Control 5/6.2E+6 8.9E-7/h(10)

[161_- Fa_e

i Table 3e. Category 1 dam for electrical distribution system.

i
_ a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period (h) or number of demands. Numbers in brackets refer to notes listed below, arranged by source.

! b. Aggregated results are me_ and error factor (in parentheses). The error factor is the 95th percentile/5Oth percentile.
4,
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Notes

NUCLARR1 - S. A. Eide et al., GenericCo_mIxmenl_Fai]ureDataBase for l,,ightWaterandLiquidSodium ReactorPRAs, IdahoNationalEngineeringLaboratory,EC_-SSRE-8875, February
1990.

All faihtredatawere obtainedfromTables 6 and 7 in thereference. These tables list theaggregationsof Category 1 source data fromNUCLARR as it existed in August 1989.

1. Diesel generatorfail to startdata used.

2. Diesel generatorfail to rundataused.

3. Motor-drivengeneratorfai! to rundataused.

4. Gas-turbine-drivengeneratorfail to star data used.

5. Gas-turbine-drivengeneratorfail to rundata used.

6. Hydro-turbine-drivengeneratorfail to startdata used.

7. Batteryfail to operatedata used.

8. Batterychargerfail to operate dataused.

9. Electricalconductor('bus)fail to operatedataused. Type of bus not indicated.

10. Circuitbreakerdata (except for spuriousfailuremode)used.

11. Circuitbreakerspuriousdata used.

12. Automatictransferswitch fail to operatedataused.

i 13. Instrumentation(limit) switch fail to operatedata used.

i 14. Power electronics (inverter) fail to operatedata used.

_ 15. Power transformerfail to operatedataused.

16. Control and instrumentationtransformerfail to operate data used.

f
_, Table 3e, Category 1 data for electrical dislributionsystem.
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SRS-REACTORS - D. S. Cramer, Data Base Development arid _]_pment Reliability for phase 1 of the probabilistic Risk Analysis. Savannah River Site, DPST-87-642, October 1987.

1. Data are from Tables E.10 and VENT.5. Fail to start data used.

2. Data are _om Tables E.10 and VENT.5. Fail to run data used.

3. Data are from Table E.1.

4. Data are from Table E.11.

5. Data are from Table E.13.

Ag_egated Results

1. Failure rate based on zero failures and may be conservatively high.
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Table 3t'." Category 1 datafor instrumentati°nanti controlsystem.

System/Component/FailureMode FailureData (Category1 Sources)a

NUCLARR1 I SRS- Aggregated

I REACTORS Resultsb
,, , ,, ,,....... i .. i , ii, i ii iiii i,,I

Instrumentation and Control
Aim'm/Annunciator

Fails to alarm

Sv_o_ow_i_, ....
Sensorfrransmitter/ 12/5,TE+4d, 2/8.TE+5h. ' 2.8E-4/d(3 _5),
Transducer,,WrocessSwitch 78/7.6E+7h 6/l.2E+6h 1.1E-6/h(3.3)

T_ [I] [1]
Failure

_ [1] 2.8E-4/d(3.5),
Failure , , l.lE-6/h(3.3_,,,

DifferentialPressure
Failure

Flow
Failure

Level
Fmlurei i i ,irai i i . i

Humidity
F_ | i, i ,,, ., ,

1,H

Oxygen Concentration
Failure

, co 2 Conc_tra_on .........
F_m'ei . , i

HydrogenConcentration
F_ure i . . im

Nim)gen Conc_tration
Failure

i i i i

HydrocarbonConcentration
Fal3"l_

HeliumConcmtrafion ....

Spoed ......
F_

Seismic

i F_ ..........
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Table 3L Category 1 data for instnnnentation and control System.

System/Componentjl_ailureMode FailureData(Category 1 Sources)a
NUCZARR1 SRS- Aggregated

REACTORS Resultsb

R_iation
Failure

Indicator
Failure

Amplifier
Faille

Momfier/SignalCondit_ior,er
F_ure

Logic Module
F,,'l-re

Recorder
: Failure

Sampler
Failure

An_,lyzer
Faille

Tnner
Failure

Gas Chromatograph
Fm3ure

Voltage Regulator
Failure

Transmitter 57/2.6E+Th 2.2E-6/h(1.4)
Fa_-e [2]

Transducer
Failure

ProgrammableLogic Controller
Fal_are

i

Table 3f. Category 1 data for instrumentation and control system.

a. Failuredataare listed as: X/Y, whereX is thenumberof failures, and Y is theexposureperiod (h) or numberof demands. Numbers in bracketsreferto notes listed below, arrangedby source.

b. Aggregatedresults are mean anderrorfactor(in parentheses). The errorfactor is the 95th percentile/50thpercentile.
Notes
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- S. A. Eide et aL, _-neric Co_oo_ent Failure Da,A Base for IAv.ht W_t,._ and l_i0uid Sodium Reactor PRAs, Idaho NaC_onalEnsineering Lalx_atory, EC_-SSRE-8875, February
1990.

All failure data were obtain¢_- from Tables 6 and 7 in the reference. These tables list the aggregations of Category l source data from NUCLARR as it existed in August 1989.

1. Transducer (sensor) data used. First data entry is for failure to operate. Second data entry is for spurious operation. Type of sensor not indicated.

2. Transmitter failure to operate data used.

SRS-REACTOR$ - D. S. Cramer, Data Base Developr_teIlt and E0u_t,lrlent Reliabiliw for Phase 1 of the Probabi_li_tic Risk Analysis. Savmmah River Site, DPST-87-642, October 1987.

1. Thermocouple dam from Table E.16 used.
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T ,' ' " | ,' ' "" ' ' ' " "'" '

T,b,,4,. c;,eg_ 2 ,_ f_,_,,= sys,m.
,

System/C0mponent_Failure Mode ' ' Failure Data (Category 2 Sources) a

' NUCLARR2 NPRD-3 OREDA 'WIN-330' TRITIUM LI_I _.ggregated
Results b

Water 9/6.5E+4d 2.5/3.8E+6h, ' 1.4E-4/d(19), .........

Valve (Standby or Safety) [1] 1.5/7..5E+6h 7.1E-7/h(10)
Manual [1]

Fails to open/close .....
Plugs

Leakage (internal) ' " [ ' '

Rupture (internal)

Leakage (external) ' 124/1.3E+lOh 5/3.8E+6h, ........ 1.0E-8/h(9.6)
[2] 3/2.SE+6h

[1] ......
Rupture (extern_) 7/1.3E+10h 0/3.8E+6h, 5.SE-lO/h(10)

[3] 0/2.SE+6h

,, , [1] ........
Check 3/4.7E+4d 3.3/2.2E+7h, l_8E-5/d(lO),

Fails to open [4] 1.4/1.8 E+7h 1.3E-7/h(1 0)
, [2] .............

Fails to close [4] 10 "/2.2E+7h, 5.7E-51d(lO),
4.4/1.8 E+7h 3.9E-7/h(1 O)

[2]
Plugs

i ,,ll

Leakage (internal) 55/1.0E+$h 52.9/2.2E+7h, 9.1E-7/h(2.9)
[5] 21.8/1.SE+Th

[3] ......
Ruptme (internal) [51 [31

Leakage (exCretal) 124/1.3E+10h 52.9/2.2E+7h, 1.5E-8/h(26)
[2] 21.811.8E+7h

[3] ........
Rupture (external) 711.3E+10h 012.2E+7h, 5.8E-10/h(10)

[3] 011.SE+Th

Motor-Operated 287H'5E+4d [4] ..... 3.8E-3/d(1.8)
Fai_to,,,_tcb_ [6] .....• ....
Spurious operation 24/1.4E+Sh " 1.8E-7/h(11)

[71 ,,, ,,,
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Table 4a. Category 2 data for'water system (cont'd). '..................

System/Component/Failure Mode ' Failure l)at_ (Category 2 Sources) a

NUCLARR2 NPI_-3 OREDA WIN-330 TRITIUM 13qG1 Aggregated ....
Results b

.... i J,,

Ph_
| . , .. i. ..

Leakage (internal)

Rupture (in;emal) ..............

.... Leakage (external) 124/l'.3E+10h ........... 9.6E-9/h(10)
[21..........

Rupture (external) 7/1.3E+ 1Oh 5.8E-10/h(1 O)
[3] ..........

Ah'-Opcnmxi 85/2.9E+4d 16/8.gE+2d 3.4E-3/d(3.8)

r_i_momn/,:lo,e [8] .,[1] .
Spurious operation 10/1. IE+Th 9/4.3E+6h 1.2E-6/h(2_O)

,, [9] , [1] .....
Plugs !

Leakage (internal) 8/1.4E+7h 7/4.3E+6h 6"9E-7/h(2-6) ....... i
[10i,, . [i7 ,,,

' Rulxure (internal) [ 10] 3/4.3E+6h" 3.0E-7/h(2.6)
[i]

Leakage (external) 124/I.3E+lOh 5/4.3E+6h 9.gE-9/h(7'6)
I2] ...... [1] .........

Rupture (e.xmmal) 7/1.3E+10h 0/4.3E+6h 5.8E-10/h(10)
I3] [1] .......

g,olcnoid-Operat_d 96/9.0E+3d 0.3/4.6E+4h, i.lE-7.Jd(lO),
Fails to open/close [ 11 ] 2.8/4.8E+Th 7.5E-8/h(lO)

[5]
"Spurious operation 1/8.8E_-4h 0-1/4-6E+4h. 5.6E-8/h(10)

[12] 1.2/4.8E+7h

............ [5] ......
P_gs
Lea..age(internal) ...........
Rupture (in'tmml) ..... t ......

Leakage (external) 124/1.3E+lOh 3.9/4'6E+4h, .... 1.3E-8/h(37)
[2] 41.4/4.SE+7h

[5]
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l".b_4.. Cmgory2d.t.forw.t, _y_t_(,_t'd), ' ..........
System/Component/Failure Failure Data (Category 2 Sources) a'Mode

NUCIARR2 NPRD-3 ORH)A WIN-330 _ _I ..... Aggregated

Results b
, ,,, , , i

Rupture (external) 7/!.3E+10h 0/4.6E+4h, 5.8E- 10/h(10)
[3] 0/4.SE+Th

[sJ , ,
Safety/Relief 130/4.9E+4d 1.2E-2/d(3.3)

Fails to open [13] .....
Fails to reclose

i |ll i Ill II

Leakage(internal) 4/9.7E+5 h, I.IE-6/h(2.5)
7.5/9.2E+6h

,, [6] ......
Rupture (internal)

.... Leakage (external) 4/9.7E+5h, 1.1E-6/h(2.5)
7.5/9.2E+6h

[6]
Rupt_e (external) 0/9.TE+Sh, 4.9E-8/h(lO)

0/9.2E+6h

[6] ....
V_nJ_'n-Breaker
,,, Failstoopen ,

Failstoreclose
i i

Leakage (internal)
,, r

Rupture (internal) I
' Leakage (external)

, ,, i i i i

Rupture (external) I
Valve (Control)

Motor-Operated
..... Fails ,open .......

Failsclosed
i i

• Fal_torespond
i i i

Plugs
i

Le_age(external)
i , i ll|

Rupture(extmud)
i i ,,

7O
!;
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i | illlll

'-r.i_,e'_. o,mgo_i damfm'_,,.,t,_,,.t,_(_m'd). '...................... ....d, ,, l

System/Comment/Failure Mode........... FailureData(Category2 Sources)a

,,, .,. , T , ,, , ,,,,, , , Resultsb
Air-Opermed " '

Fails open .........................
Failsclosed

Fails to respond ..............

PlUgS ..........................

"t_,m_ (extem_) ................
........................

S_-,,oid-_ ............................
Fai_opm' ............
Fails closed

Fails +o_ ....

Plugs ..................

Leakage(ext') ................
• m i m i i i i |

Rupture(extm'ml)
i i Ill I I11 I 11 , II I II II

Pump 84/1.0E+5d 1.4/8.4E+Sh, 2/3.0E+2d, 8.3E-44d(9.1),
Motor-Driven [14] 2.9/2.6E+6h, 3/6.3E+4h, 3.TE-6/h(8.3)

Fails to start 6.0/2.6E+6h lO/2.7E+5h

,.. [_l , [21 ....
Failsm run 242/2.4E+Th ..... 0.S/8.4E+5h, 212.0E+2h, 9.4E-6/h(11)

[15] 1.8/7..6E+6h, 8/6.3E+4h,
3.7/2.6E+6h 17/6.3E+4h

[71 [21 . .
o,,_ ' o.2/S.4'_+;m,. 1.9_+-6/h(__)

0.4/2.6E+6h.
0.7/2.6E+6h

, [71 .......
Fmlsto r,+op

........

7"t
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Table 4a. Category 2 data for watersystem (cont'd).

System/Component/FailureMode FailureData (Category2 Sources)a

NUCLARR2 NPRD-3 OREDA WIN-330 TR1TK_ I.NG1 [ ' Aggregated ......
I Results b

Leakage(extem_) 43/1.6E+9h 3.6/8.4E+Sh, 1/6.3E+4h, 5.9E-8/h(55)
[16] 7.7/2.6E+6h, 24/2.TE+Sh

15.9/2.6E+6h [2]
[7]

Rupture(external) 2/i-6E+9h 0.02/8.4E+Sh, 0i6.3E+4h, 1.7E-9_{10)
[17] 0.05/2.6E+6h, 0/2.7E+5h

0.11/2.6E+6h [2]
[7]

Turbine-Driven 72/7.1 E+3d 1.0E2/d(10)

Fails to start [18] .....
Fails to run 22/2.2E+Sh 1.0E_/h(1.7)

[19]
' Ov_ .........

F.;_to'Stop .......
m , , ,

Leakage (external) 43/1.6E+gh 2.TE-8/h(10)
" [16] ....

' Rupture(ex_nal) 2/1.6E+9h 1.6E'9/h(10)
, , [171.....

Diesel-Driven lOIl.lE+3d 75/1.1E+3d, 3.4E-2/d(4.0)
Fails to start [20] 2/3.0E+2d

, [31 , , ,
Fails to run 4/2.0E+2h 2.3E-2Pa(10)

, [3j.....
Ov_d

" Fails to stop

Leakage(external) 43/1.6E+9h ' 1/3.8E+5h ....... 2.TE-8/h(10) ........
[161 ,, [31 .....

Rupture(external) 2/1.6E+9h 0/3.8E+5h i.6E-9/h(l 0)
[17] [3]

Piping/Itose/Juml_ ' 456/ 2.3E-9/h-ft(10)
Piping 2.0E+l lh-ft

Leakage(extermd) [21] ..........

72
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Table 4a. Category 2 data for water system (cont'd).' ...........

System/Component/FailureMode Failure Data(Category2 Sources)a

NUCLARR2 NPRD-3 OREDA WIN-330 ' TR/I'IUM 12qG1 Aggregated
Resultsb

i iI i| lil i i iI ii I i i i i |

' Rupture (external) 11 / I 5.8E' 11/h-ft(10)
2.0E+I lh-ft

...... 122] ........
p_g_

Hose 0/ ' ' 1.7E-9/h-ft(10)
Leakage(external) 1.TE+7h-ft,

1.9/
1.4E+9h-ft

, [s] ...........
Rupture(extenml) 0/ 1.0E-8/h-ft(10) ..

1.7E+Th-ft,
14/
1.4E+9h-ft I

plugs ........... is] ..................
Jmnper ..........

Le_,_,e{exter_).....................
Rupture(external)

Vessel .... 8/6.3E+8h 7/4.3E+6h .......... 2.2E-8/h(19)'
Tank(U_urized) [23] [9]
L_,_e(exunTml) , ,,
Rupture (external) l/6.3E+8h [9] 3.0E-9/h(19)

[24J
Tank_) [23] 93/8.2E+6h, 1.0E-6/h(24)

Leakage (extenud) 565/1.2E+Th
,riO] ......

Rupture(external) [24] 3.9/8.2E+6h, 4.5E-'8_(23)
24/1.2E+7h

....... [101 , ,
Range/Gasket 116/6.3E+9h 16/1.2E+Th _2.1E-8/h(11)

_xn, _ex_) [25] [I11 ......
Rupture(extra'hal) l/6.3E+9h [11] 1.8E-10/h(11)

...... [26] ......
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Table 4a. Category2 data for water system (cont'd). ' .......................
i i i i i l Ill Hill

System/Component/Failure Mode FailureData (Category2 Sources)a

NUCL.ARR2 NPRD-3 OREDA WIN-330 TRITIUM [ LNG1 Aggregated

I Resultsb

.....
Shell/Tube

Fouling(tubes)
Plugs(tubes)

Leakage(tubes) 53/3.2E+Sh ' 4/6.6E+4h 1.8E-7/h(17)
[27] , [4] ,,

Rupture (tubes) 2/3.2E+8h 7.8E-9/h(1 O)
[28j

Leakage(shell) 2/3.2E+Sh ' 7.SE-9/h(lO)
[29]

Rupture (shell) 0/3.2E+Sh 1.6E-9/h(10)
130], ,i i i i i, ,, ii , i

Heater(Electrical) 1.2/8.2E+5h 1.8E-6/h(1O)
Failstoheat [12]
Overheats 0.2/8.2E+5h 3.0E-7/h(10)

.... [12] ....
Leakage (external)

Rupture'(extenmI) ........

S_ainer/Filter ....
I- . Plu_s ....

Leakage(internal) 26/1.2E+7h 2.2E-6/h(10)

Rupture(in_-m.D ' I......... [13,1 ....' 7.7/1.2E+Th 6.8E-7/h(lO)
[13] ........

Orifice

Plugs
Miscellaneous

Travelling Screen
Plu_ ,,,

Table 4a. Category 2 datafor watersystem.

a. Failuredataare listed as: X/Y, where X is thenumber of failures, and Y is the exposureperiod (h) or numberof demands. Numbersin bracketsreferto notes listed below, arrangedby source.

b. Aggregated results aremean and errorfactor(in parentheses). The errorfactor is the 95th percentile/5Othpercentile.
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Notes

- S. A. Eide et al., GenericCo,,_-,ent FailureData Base for LightW*_t_andl.iouid SodiumReacu)rPRAs. IdahoNationalEngineering_mry, EC_-SSRE-8875, February
1990. Also, S. A. Eide et al., Comno_-nt Ext,,m*! l_eJk,,ee mul R_uptureFreo_u_cy_Estimates.Idaho NationalEngineeringLalx_atory, EC_-SSRE-9639, November 1991.

All fai]uxedataexcept for the leakage falhwemode were obtainedfromTables 6 and 7 in the fh'streference. These tables list the aggregationsof Categony2 somr.edatafromNUCLARR as it
existed in August 1989. Theexternalleakage datawere obtainedfromthe second reference. These datawere not in NUCLARR at the time the referencewas published,butsince then the data
b,ve been enteredinto NUCLARR.

1. M_ual valve fail to operatedataused.

2. Valve externalleakagedataused (second reference).

3. Valve externalrupturedataused (second reference).

4. Check valve fail to operatedataused. Datainclude both fails to open and fails to close.
r

5. Check valve internalleakage*dataused. Size of internal leakage not indicated.

_ 6. Motor-operatedvalve fail to operr.te,fail to open, end fail to close dataused.

7. Motol-operated valve spuriousoperationdata used.

8. Pneumaticvalve fail to operateand fail to open data used.

9. Pneumaticvalvespuriousoperationdataused.

IO. Pneumaticvalveinternalleakagedataused.Sizeofinternalleakagenotindicated.

11. Solenoid valve fail to operate dataused.

12. Solenoid valve spurious olx_sfion dataused.

13. Relief valve fail to open dataused.

14. Motor-drivenpumpfail to startdataused.

15. Motor-drivenpumpfail to rundataused.

I_ Table 4a. Category2 data for water system.

i 16. Pmnpexternalleakagedataused (secondreference).

! 17. Pump ex_nud mimsredataused (secondrefenmce).

i 18. Stemn-turbine-drivenpump fail to startdataused.

I_ 75
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19. Steam-turbine-driven pump fail to run data used.

20. Diesel-driven pun_ fail to start data used.

21. Piping external leakage data used (second reference).

22. Piping external rulxUre data used (second refenmc_).

23. Tank external leakage data used (second refer,'_.ce).

24. Tank external rupture data used (second reference).

25. Flange external leakage data used (second reference).

26. Flange external rupture data used (second reference).

27. Heat exchanger tube leakage data used (second reference).

28. Heat exchanger tube rupture data used (second reference).

29. Heat exchanger shell leakage data used (second reference).
!

30. Heat exchanger shell rutxure data used (second reference).i

NPRD,3 - M. J. Rmsi, Nonel_mmic Parts Reliability Data. Reliability Analysis Center, Rome Air Development Center, NPRD-3, 1985.

All failure data apply to a ground fLxed(GF) environment, _:nless otherwise indicated. Commercial (C), military (M), and unknown source (7) data were used if available. Failure mode
information was used to determine what % of failures were fail to open/close, spurious operation, etc. Unknown failure mode events were not considered. The NPRD-3 failures include degraded
and incipient failures as well as catastrophic failures. Only catastrophic failures were used for this study. For valves, circuit breakers, relays, and switches, the following mapping of NPRD-3
failure modes into the failure modes of interest was used:

i Fail to open/close/operate - binding, breach (not for valves), contaminated, cracked/fractured, no movement, no operation, seized, stuck open, and stuck closed

Spurious operation - arcing, bin-ned, collapsed, displaced, false response, improper flow, intermittent, opened, overheated, and shorted

Plugs - none identified

_; Leakage (internal) - none identified except for leaking (one-half of events applied to internal leakage for check and relief valves)

Ttble 4a. Category 2 data for water system.
!

-i Leakage(extemal)- leaking
Rupture (external) - breach (valves only).

i For pumps, fans, and diesel generators, the following mapping was useO:
_ 76I
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Fail to start - contmninated,cracked/fractured,no movement, no operation

Fail to run - binding, broken, displaced,false response, impr_er flow, intermittent,overheated, seized, shorted,stuck closed, stuck open

Overspeed(subsetof fail to run)- improperflow (one-half of events used), stuckopen

Fail to stop - none identifg_l

Leakage (external) - leaking

Rupture(external)- breach(not for generator)

Forvessels, piping, hoses, andj_, the following mappingwas used:

Leakage(external) - cracked/fractured,leaking

Rupture(external) - broken, breach.

For filters, the f_llowin8 mappingwas used:

Plug - improperflow (one-half of events used)

Leakage (internal)- improperflow (one-haif of events used)

Rupture(internal)- Ixoken, cracked/fractured,rupun_.

For heaters,the followingnmppingwasused:

Fail m hem:- cracked/fn_nu'ed,no operation,opened

Overheat - shorted.

1. Manually-activatedvalve dataused (p. 153). Failuremode information(p. 297) indicates 25% of failures are fail to open/close, 50% are external leakage, and 0% are external
rupture.

2. Check valve data used (p. 1.50). Failuremode information(p. 296) indicates8.2% of failures me fail to close and2.5% are fail to open.

3. Check valve dataused (p. 150). Faihu'emode information(p. 296) indicates 80.8% of failures are leaking. One-halfof these we_ assigned to intenml leakage/mptu_ and the other
half to external leakage. Size of internalleakage not indicated.

Table 4a. Category2 dam for warn system.

4. Check valve dataused (p. 150). Failuremode information(p. 296) indicates 0% of failuresare externalrupture.

5. Solenoid valve dataused (p. 156). Failuremode information(p. 306) indicates 4.4% of failures are fail to open/close, 1.8% are spuriousoperation,65.8% are exmnal leakage, end
77
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0% are external rupture.

6. Relief valve data used (p. 155). Failure mode information (p. 299) indicates 100% of failures are leaking. One-half of these were assigned to internal leakagedruptme and the other
half to external leakage. Size of internal leakage not indicated.

7. " Centrifugal pump data used (p. 104). Faihn_ mode information (p. 291) indicates 19.4% of failures are fail to start, 11.9% are fail to run, Z4% _ ove_ 51-4% are ex_al
leakage, and 0.34% are external rupture.

8. Hose data used (p. 82). Second entry is for ground mobile (GM) environment. Failure mode information (p. 290) indicates 12% of failures are external leakage and 88% are external
rupture. Each hose was assmned to be 20 ft.

9. Storage tank data used (p. 143). No failure mode information, so 100% assumed to be external leakage/rupture. Size of leakage not indicated.

10. Accumulator data used (p. 26). Both entries are for ground mobile (GM) environment. Failure mode information (p. 289) indicates 83% of failure are external leakage and 3.4% are
external rupture.

11. General gasket data used (p. 71). No failure mode information, to 100% assumed to be external leakage/rup,t'are. Size of leakage not indicated.

12. Electrical heater data used (p. 81). Failure mode information (p. 287) indicates 62% of failures are fail to heat and 7.7% ere overheat.

13. Fluid filter data used (p. 67). Fro'luremode hfformation (13.285) indicates 75% of failures ere internal leakage and 22% are internal rupture.

- Offshore Reliability_ Data Handlxx_k. Offshore Reliability Data (OREDA), Norway, 1984.

All failure information was taken from the critical failure mode category, unless otherwise indicated.

1. Pneumatically-operated deluge valve in fire fighting system data used (p. 97). Improper operation (degraded failure mode) used for spurious operation, internal leakage (degraded
failure mode) used for internal leakage, significant internal leakage used for internal rupture, and external leakage (incipient failure mode) used for external leakage.

2. Electric motor, gear/shaft driven fire water pump (p. 95), single stage electric motor driven (p. 173), and mul_stage electric motor driven (p. 181) data used. Fails to run data based
on operational time. Leakage (incipient failure mode) used for external leakage.

3. Diesel motor, gear/shaft _'riven (p. 91) and hydraulically driven (p. 93) pump data used. Fails to nm data based on operation time. Leakage (incipient failure mode) used for external
leakage.

4. Water/water tube/shell type heat exchanger data used (p. 207). Leakage (degraded failure mode) used for robe leakage.

_ - J. N. Wilkinson et al., ldRho Chemical Processint_ Plant Failure Rate Database. ldahb NJ,2_,ai Engineering Laboratory, WIN-330, October 1991.

All failure information was taken from Appendix C, p. 32.

Table 4a. Category 2 dam for water system.

- L. C. Csdwallader and M. A. Stolpe Gavett, Tritium Waste Treatment System Component Failure Data p,nalv_is from June 18, 1984 to December _1. 1989. Idaho National
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Engineering Laboratory, EGG-FSP-8973,Rev. 1, November 1990; I_ C. Cadwallader,M. A. StolpeGavett, and L. Quintana,TritiumRoom Air MonitorComnonantFailureData Analysis
from January1, 1984 to December31. 1990. Idaho NationalEngineeringLaboratory,EGG-FSP-9450,May 1991; and L. C. Cadwalladerand D. P. Senchez, ,_e¢0_,4_m'VContm'nmentSystem
(_9_n_vonentFailure13_)s/tn_tysis from 1984 to 1991, Idaho National Engineering Laboratory,EGG-FSP-10323, August 1992.

- D. W. JohnsonendJ. R. Welker, pevelonment of an Immoved LNG plant FailureRateData Base, Gas ResearchInstitute, PB82-153503, September1981.

_gezegated Results
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Table' _tb. Category 2 data for chemical pr_ess system. ...................
,, ,, , ,

System/Conv:_ent/Failure Mode FailureData(Category2 Sources)a

,, , Resultsb
F_ t0'r_lose " ...............

,,, , , ,,

Le._age(internal)
Rupture (internal)

Leakage(external)

Rupture(external)

Valve (Control) ............
Motor-Operated

Fails open .........
Failsclosed

Fails to r_po_

Plugs

Rupture(external)
,,,,, , ,,

Air_ 3/5.8E+5h 6.0E-6/h(l 0)
Failsopert, , [2]
Failsclosed 1/5.8E+Sh 2.6E-6/h(10)

..... [2] .......
Fails to respond

Plugs

Leakage(external) 6/5.8 E+Sh '" 1.1E-SPa(1O)
, , [2] ............

Rupture(external)

Solenoid-Opexated ..................
Fails,,open .......
Fagsclosed

Fails m respond

Plugs

Leakage(external)
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Table 4b. Category 2 data for chemical process system.

System/Component/FailureMode FailureData (Category2 Sources)a

NU_2 [ NPRD-3 OREDA WIN-330 [ TRrrRJM [ LaNG1 ! Aggregated_ Resultsb

Rupture(extm_)
Piping/nose/Jmper

Piping
t_.._ka_e_ex_.aX)
Rupture (external)

Plugs

Hose

Leakale_extemal) .
Rupture(external)

Plugs
i,

Jemp_
Le_age(extm_)
Rulm_e (external)

Plugs

Vessel 13/4.6E+6h, 2.6E-6/h(10)
Tank(Unpressurized) 19/8.0E+6h

Leakage(ext_al) [5]
Rupture(external) [5]

Tank(Pressurized) 24/1.TE+6h 13/4.6E+6h, 3.7E-6/h(3.8)
Leakage(external) [4] 19/8.0E+6h [5]

,. [5]
Rupture(external) 2/1.7E+6h [5] 3.SE-7/h(10)

[4] [5J
Range/Gasket

I_akaae_x_=l_l) ,,
Rupu,u'e(ext_nud)

HeatExchanger 13/2.3E+6h 31/1.6E+6h, 7.8E-6/h(l.3)
Shell/rube [5] 15/8.4E+5h [6]

FouUn__mbes) !61
Plugs(tubes) [61

Leakage(tubes) 12/2.3E+6h, [61 7.2E-6/h(1.3)
1/2.2E+4h [61
[5]

Rupture(tubes) [6]
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i i ,, 1 , ,, i, ' ill i i i i Ill I

Table 41). 'Categ0ry 2 'datafor chen_i_ process system.

System/Comlment/Failure Mode FailureData (Category2 Sources)a .........

Leakage(shell) .... [61 ..........
i ii i i i, J, ill

Rupture(shell) [6]

Heater(Electrical) 4/2.'2E+4h, ' 3.SE-5/h( 5.8 )
Fails to heat 1/1.2E+Sh

..... [61 ........
Overheats 1/2.2E+4h 7.0E-6/hil0)

............. [6] ..... [7]
Leakage(external)

ii i i i iii i i i iiili i _111 i i

Rupture(_temal)

" Strainer/Filter 1.2/5.SE+6h 19/6.4E+5h ' 3.1E-6/h(l 1)'
_ [q [Zl ,
Leakage(internal) 2.7/5.SE+6h ' 7.0E-6/h(l 1)

,[I] [8]
' Rui_tme(internal) .... O/5.8E+6h ' ' ' 7.0E-7/h(1i)

....... [q .... [2,s] ....
Orifice

Plu_s ..............
Miscellaneous
Mix_/Blend_
Failure

i , i i

Agitator 4/6.3 E+5h, 6.5 E-6/h(10)
Failme ,4/6.SE+Sh

....... [7] .....
Centrifuge

Failure
,, , , | , ,, , H

Table 4b. Category2 data for chemical process system.

a. Failuredataare listed as: X/Y, whereX is thenumberof failures,endY is the exposureperiod 01)or number of demands. Numbers in bracketsrefer to notes listed below, ammged by som'ce.

b. Aggregated results aremean end en-or factor(in parentheses). The errorfactor is the 95th percentile/50thpercentile.

=
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Notes

- S. A. Fide etal., Gfneric Co_c,c,_r[eiitFailure Data Base for Light WAt_ and Li_ouidSodium Reactor PRAs. Idaho National Engineering Laburatm% EGG-SSRE-8875, Februm3,
1990. Also, S. A. Fide etal., Conmonent Ex_rnal Le-qkA_,eand Ruvture Fr_auency Estimates, Idaho National Engineering Laboratory, EGG-SSRE-9639, November 1991.

All failure data except for the leakage failure mode were obtained fxom Tables 6 and 7 in the fast reference. These tables list the aggregations of Category 2 source data from NUCLARR as it
existed in August 1989. The leakage data were obtained from the second reference. These data were not in NUCLARR at the time the reference was published, but since then the data have been
entered into NUCLARR.

- M. J. Rossi, Nonelectronic Parts Reliability Data, Reliabi_ty Analysis Center• Rome Air Development Center, NPRD-3, 1985.

All failure data apply to a ground fixed (GF) environment, unless otherwise indicated. Commercial (C), military (M), and unknown source (7) data were used if available. Failure mode
information was used to determine whak % of failures were fail w open/close, spurious operation, etc. Unknown f_m_ mode events were not considered. The NPRD-3 failures include degraded

and incipient failures as well as catastroFhic failures. Only catastrophic failures were used for this study. For valves, circuit breakers• relays, and switches, the following mapping of NPRD-3 +
failme modes into the failure modes of interest was used:

Fail to open/close/operate - binding, I_re.ach(not for valves), contaminated, cracked/fractured, no movement, no operation, seized, stuck open, aetd stuck closed

Spurious operation - arcing• burned, collapsed, displaced, false response, improper flow, intermittent, opened, overheated, and shorted

Plugs - none identified

Leakage (internal) - none idenfifkai except for leaking (one-half of events applied to internal leakage for check and relief valves)

Leakage (external) - leaking

Rupture (external) - breach (valves only).

For pumps• fans• and diesel generators• the following mapping was used:

Fail to start - contaminated, cracked/fracttmed, no movement, no operation

Fail to run - binding• broken, displaced, false response, improper flow• intermittent' overheated, seized, shorted, stuck closed, stuck open

Ovetspeed (subset of fail to run) - imlxuper flow (one-half of events used), stuck open

F_I "_stop -none identified

Leakage(external)-

Table 4b. Category 2 data for chemical process system.

Rupture (external) - breach (not for generator)
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For vessels, piping, hoses, and jumpers, the following mapping was used:

Leakage (external) - cracked_acmred, leaking

Rupture (external) - broken, breach.

For filters, the following mapping was used:

Plug - improper flow (one-half of events used)

Leakage (internal) - improper flow (one-half of events used)

Rupture (internal) - broken, cracked/fxac_ured, ruptured.

For heaters, the following mapping was used:

Fail to heat - cracked/fractured, no operation, opened

Overheat- shorted.

1. Gas filter data used (p. 68). Failure mode information (p. 286) indicates 16.7% of failures are plugs• 38.9% are internal leakage, and 0% are internal rupture.

OREDA - Off_hore Reliabiliw Data Handbook. Offshore Reliability Data (OREDA), Norway, 1984.

All failure information was taken from the critical failure mode category, unless otherwise indicated.

I. Hydraulically and pneumatically operated valve (oil fluid) data used (pp. 11I, 117, and 159). Improper operation (degraded failure mode) data used for spurious operation. Internal
]eak_t'e (degraded failure mode) data used for internal leakage, and external leakage (degraded failure mode) used for external leakage.

2. Pneumatically operated control valve data used (p. 167). Significant internal leakage data used for fails open and plugged data used for fails closed. External leakage (degraded failure
mode) data used for external leakage.

3. Single stage centrifugal, single stage reciprocating, and multistage centrifugal pump data used (pp. 175, 177, 179, 183, and 185). Fails to run data based on operational time.
External leakage (incipient failure mode) data used for external leakage.

4. Separator data used (p. 143). Minor leakage (incipient failure mode) data used for external leakage, and major leakage and break data used for external rupture.

5. Oi]/wate_ (p. 193) and glycol/water (p. 203) tube/shell heat exchanger data used. Leakage (degraded failure mode) data used for tube leakage.

6. Oil (p. 215) end glycol (p. 219) heater data used.

7. Hydraulic (oil) system filter data used (p. _). Clo_,_, fil;er,qAne(degraded failure model) data used for plugs.
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Table 4b. Category 2 data for chemical process system.

- J. N. Wilkinson et al., Idaho Chemical Processln_f Plant Failure Rate Database. Idaho National Engineering Laboratory, WIN-330, October 1991.

All failure information was taken from Appendix C, p. 32.

1. Valve (non-acid and acid fluid) data used (other failure mode). All valves assumed to be air-operated. Failure modes (other than leak) not indicated.

2. See Note 1. Leak failure mode data used for external ]eakage/rupture.

3. Pump (non-acid and acid fluid) data used (other failure mode). All pumps assumed to be motor-operated. Failure modes (other than leak) not indicated.

4. See Note 3. Leak failure mode data used for external leakage/rupture.

5. Vessel (non-acid and acid fluid) data used for unpressurized and pressurized tanks. All failure mode data used for external leakage/rupture.

6. Heat exchanger/condenser (non-acid and acid fluid) data used. Failure modes not indicated.

7. Agitator (non-acid and acid fluid) data used. Failure modes not indicated.

TRITIUM - L. C. Cadwallader and M. A. Swipe Gaveu, Tri_nm Waste Tres,|_nent System Comvonent Failure D:,t_,An_a]vsis from J_ 18. 1984 to December 31. 1989. Idaho National
Engineering Laboratory, EC_-FSP-8973, Rev. I, November 199(Y, L. C. Cadwallader, M. A. Swipe Gavett, and L. Quintana, Triti,=- I_____,_nAir Monitor Conmonent Faihu_ Data Analysis
from January I. 1984 to December 31. 1990. Idaho National Engineering Laboratory, EGG-FSP-9450, May 1991; and L. C. CadwaIlader and D. P. Sanchez, Seconch_ Contaimnem System
Corn_oonentFailure Data Analysis f3_nn 1984 to 1991. Idaho Nation_! Engineering Laboratory. EGG-FSP-10323, August 1992.

LNG1 - D. W. Johnson md J. R. Welker, Develovment of an Imz_roved LNG Plant Failure Rate Data Base, Gas Research Institute, PB82-153503, September 1981.

Ae_refated Results__ _

1. All failure data were combined to obutin an overall failure rate. The OREDA data were used to estimate the fraction for each failure mode. Data indicate 4 fails to open/close. 16

internal leakages, and zero spurious operations, plugs, and internal ruptures. Zero failure cases were handled using a Bayesian update of a noninformafive prior with zero events in
20 "demands".

2. Failure rate based on zero failures and may be conservatively high.

3. Similar to Note 1. Ruptures are zero events in 11 "demands".

4. One-half of WIN-330 failures were assigned to fails to start. Fails to run result was increased by the same amount that the fails to start estimate was increased.

5. Leskage/ruptme combined result was calculated. Then OREDA data were used to partition into external leakage and external rupture.

6. Combined fouling and tube leakage result was calculated. Then OREDA data were used to partition into fouling and tube leakage.

7. One-fifth of fails to heat result used, based on OREDA data.
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8. Plugs result multiplied by 2.7/1.2 to obtain internal leakage result, and by 1/[2(1.2) + 2] to obtain ruptme result, based on NPRD-3 data.
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Table 44:. Category 2 data for _'ompressed' gas system.

System/Component/Failure Mode Failure Data (Category 2 Sources) a

i "

Compressed Gas 0/8.3 E+5h 3/1.6E+3d 2.2E-3/d(10),
Valve (Standby or Safety) [1] [1] 6.0E-7/h(10)

Manual

Fails to open/close
Plugs

Leakage (internal)

Rupture (internal) '
i

Leakage (external) 0/8.3 E+5 h 0/3.9E+6h 1.1E-Tha(10)
[1] [11

Rupture (external)" [ 1] [1 ]

Check 4.1/1.6E+6h 1/3.1E+6h 1.1E-6/hC2.7)

Fails to open [2] [11
Fails m close 8.9/1.6E+6h 2.4E-6/h(2.7)

• _ [2] [1]
Plugs

Leakage (internal) 13/1.6E+6h 8.4E -6/h(10)
Pl

Rupture (internal) [3] 1/3.1E+6h 4.8E-7/h(lO)
[1]

Leakage (external) 13/1.6E+6h 8.4E-6/h(10)
[31

Rupture (external) 0/1.6E+6h 3.1E-7/h(10)
[4] [2]

Motor-Ot_ated 10/2.0E+4d 5.3E-4/d(10)

Fails to open/close , [2]
Spurious operation

Plugs

Leakage (internal)

Rupture (internal)

Leakage (external) 0/3.3E+6h .... 1.5E-7/h(l0)
[2]

Rupture(extmud)

9O
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Table_. Catego,y2dat_fo,_o,np,ess_gassystem.
SystenffComponentJFailm'¢ Mode Failure Data (Category 2 So_ces) a

NUCIARR2 NPRD-3 i OREDA WIN-330 TRITIUM LNG1 [ Aggregated

, _ [ , , [ Resul tsb
Air_ated 0.6/1.8E+7h 1316.0E+6h, 3.0E-3/d(1.2),

Fails to open/close [5] 1314.2E+6h, 1.3E-6]h(6.5)
9/6.7E+5h,
2/5.1E+5h,
12/2.7E+3d,
1516.2E+3d

[2]
spt_rious operation ' 0.3/l.8E+7h 27/2.3E+6h, .... 1.9E-6/h(8.1)

[5] 15/2.2E+6h

, [2] i

Plugs 1/2.3E+6h 6.5E-7/h(IO)

[21 ,,,
Leakage (internal) ..... 9/6.0E+6h, " 2.SE-6/h(2.5)

8/4.2E-4-6h,
14/2.3E-_6h

,, [2] ....
Rupture(internal) 016.OE+6h, 4.1E-7/h(4.8)

0/4.2E+6h,
4/2.3E+6h,
2/2.2E+6h

[2]
Leakage (external) 9.2/I .8E+Th 10/4.2E+6h, 1.6E-6/h(5.5)

[5] 19/2.3E+6h
[2] , ,

Rupture (exte_) 0/1.8 E+7h 0/4.2E+6h, 2.0E-8/h(I0)
[5] 012.3E+6h [2]

Solenoid-Operated " 0.8/l.9E+6h [2J , ' 6.8E-7/h(10)
FaiLsto op-_/close [6]
Spurious operation 0.3/1.9 E+6h 4.2E -7/h(10)

....... [6] ,,,
Plugs

i ill . i

Leakage (internal)
I I I I Ill I

Rupture (internal)

'" Leakage(external) ' ' l_2.511.9E+6h ....... 8,gE_'())h(10)
, [61

gl



WSRC-TR-93-262

' | i i f i , T ii |

Table 4c. Category 2 data' for comlxessed gas"system.

System/Comlxment/Failure Mode Failure Data (Category 2 Sources) a
, ,, ,,

NUCI.ARR2 [ NPRD-3 OREDA WIN-330 TRITIUM LNG1 Aggr,-_gated

[ Res altsb

'Rupture (external) .... 0/1.gE+6h 2.6E-7/h(10)
[6] [2]

Safety/ReSef

Fails to operL
Fails to reclose

Leakage (internal) 3.5/4.3 E+6h 9.3E-7/h(10)
[7] , ,

Rupture (internal) [7]
,,

Leakage (external) 3.5/4.3 E+6h 9.3E-7/h(10)
[7]

Rupture (external) 0/4.3 E+6h 1.2E- 7/h( 1O)
[8] [21

Vacta_-Breaket

Fails to open
Fails to reck_

Leakage (internal)
i , i

Rutxure (internal)

Leakage (extemtl)

Rupture (external) ....

Valve (Control)
Motor-Operated

Fails open , ,,
Fails closed

Fails to respond
i

Plugs

" Leakage(extmuL1)

Rupture (external)

Air_ 112.3 E+6h, 0/4.3 E+5h, 3.0E-6/h(6.1 )
Fails open 5/1.2E+6h 29/6.9E+5h [3]

[3] [3]
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Table 4c. Catego_'2 dam for compressed gas sysiem. ............

System/Component/Failure Mode Failure Data (Category 2 Sources) a .........

NUCLARR2 NPRD-3 [ OREDA WIN-330 TR1TIUM 1.2q'G1 ' Aggregated

. ] , Resultsb." ,, , ,,, ,,1 , i , i i 2..... ,i ,, ,,, , ,, , ,, , i,ml

F_,iisclosed [3] 3.0E-6/h(6.1 )

. [3]
Fails to re_ ....... 3/2.3E+6h, [3] 3.0E-6/h(6.1) ......

3/1.2E+6h [3]

..... [31
Plugs

Leakage (external) .... 3/2.3E+6h, .......... 4.9E-6/h(3.7)
14/1.2E+6h

, _ t31 , ,,iiiii i

Rupture (external) 0/2.3 E+6h, 1.4E-7/h(l 0)
0/l.2E+6h [21

.... t3l
So]e,Kqd-Ol_'ated 211.6E+6d .... 1.6E-6/d(lO)

v_o_ ....... [41 14]
Failsclosed [4] [41

Fails to respond ' ' ' [41 ' [41

Plugs ' ' '
i, i,, ,, i , |

Leakage (external)
ill

Rupture (external)

L, _pressor .... 5.2/3.2E+6h ...... 216.4E+4d 116/2.3E+6h 3.9[_-51d(10),
/Slotot-Driven [9] [5] [ 1] 8.2E-6/h(3.6)

Fails to start

Fails to run ' 8.6/3.2E+6h 80/3.1E+4h, ' ' l/4.5E+4h [1] ........ 1.3E-5/h(3.6), '
I9] ] 29/2.0E+4h [5] 4.1E-3/h(2.0)

,. , [4] ........ [5], ,.
Overspeed 1.7/3.2E+6h [1 ] 2.6E-6/h(5)

[9J [5]
Fails to stop [1]

Leakage (external) 0/3.2E+6h ....... 7.2E -7/h( 1O)
I9] I5]........ ii i il i i i i i ilil i iii i i

Rupture (external) [9]

Pipin'g_ose/Ju_r/rube .....
Piping

Leakage(external) ......
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'Table 4¢. Category 2 data for compress_l gas system. ..........................

System/Component/Failure M_le Failure Data (Category 2 Sources) a
,|,

NL__2 ! NPPLD-3 ORED_A W_-330 _ I I_G1 _Ag gTeg a,e_Resu|ts b

Ru_e (exu_rn_) ............
Plugs

Hose

Leakage {_extemal)
Rupture (external)

Plugs
i

Jumper
Leakage (external}
Rupture (external)

,,,, i , ,, ,,

Plugs
i

Tube

, Legate_emm_ , ,,
Rupture (exu_mI)

Plugs

Vessel 0.3/2.8 E+6h 014.8 E+dh. 2.3 E-7/h(10)
Tank (Pressmized) [ 10] 019.5 E+4h, [ 6]

Leakage (external) 0/4.8E+4h
, [6]

Rupture (external) O.1/2.8E+6i_ [6] 7.SE-S/h(10)

.[10] [61
Cylinder(Pressurized)

Leakage (external)
Rupture (external)

, ,i

Flange/Gasket
Leakage_extmud)
Rupture(extmud)

i i

Heat Exchanger
Shell/Tube

Fouli._9ubes)
Plugs (robes)

Leakage (tubes) 25/4.6E+5h, 4.4E-5/h(1.8)
1/1.3E+5h

[51
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Table 4c. Category2 dataforcompresse.dgassystem. ....

System/Component/Failure Mode .... Failure Data (Category 2 Sources) a

I_IUCI.ARR2 [ NPRD-3 OREDA WIN-330 "IRITRJM [ LNG1 AggregatedResults b
, , , i i, . ,,, ii , i |, ,., '

'" Rupture (tubes) 0/4.6E+5h, 8.5E-7/h(lO)
13/1.3E+5h [2]

.............. [51 ..
Leakage(s roll)

Rupt_ (shcU) ......
i i i ill

Heater(Electriced) 0/4.8E+4h 1.0E-5/h(I0)
Fails to heat [7] [2]
Overheats

' Leakage (external) ......
i i i ii

Rutxm'e (external)

"V_ ..... 2611.9E+5h 1.4E-4/h(lO)

. [21
Air Dry_ " I/I .2E.5h 0/4.SE+4h 8.9E-6/h(iO)

Failure ...... [6] [81 , -
Filter 61/4.2E+6h 0/1.9E+5h 1.4E-5/h(1.3)

Plugs [11 [91 , [4] ....
Leakage (in _emal) [1] [9] [4]

[ ii i mill Igl

Rupture (imemal) [1] [91 [4]

Orifice 0/2.4E+5h 2.1E-6/h(10)

plugs . ,, [lOl [21

Table 44:. Category 2 data for compressed gas system.

a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period (h) or number of demands. Numbers in brackets refer to notes listed below, arranged by source.

b. Aggregated results are mean and error factor (in parentheses). The error factor is the 95th percentile/50th percentile.

Notes

]_0_C..LAK]_ - S. A. Eide et al., Generic Component Failure Data Base for Light Water an_ Liquid Sodium Reactor PRAs. Idaho National Engineering Laboratory, EC_-SSRE-8875, February
1990. Also, S. A. Eide et al., Comvonent External Leakaee and Ruvture Freouency Estimate_, Idaho National Engineering Laboratory, EGG-SSRE-9639, November 1991.

All failure data except for the leakage failure mode were obtained from Tables 6 and 7 in the first reference. These tables list the aggregations of Category 2 somce data from NUCLARR as it
existed in August 1989. The leakage data were obtained from the second reference. These data were not in NUCLARR at the time the reference was published, but since then the data h_ .c been
entered into NUCLARR.
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NPRD-3 -M. J. Rossi, lqqnel.ectronic Parts Reliability Data, Reliability Analysis Center, Rome Air Development Center, IqPRD-3, 1985.

All failure data apply to a ground fixed (GF) environment, unless otherwise indicated. Commercial (C), military (M), and unknown source (?) data were used if available. Failure mode
information was used to determine what % of failures were fail to open/close, spurious operation, etc. Unknown failure mode events were not considered. The NPRD-3 failures include degraded

and incipient failures as well a._catastrophic failures. Only catasurophic failures were used for this study. For valves, circuit breakers, relays, and switches, the following mapping of NPRD-3
failure modes into the failure modes of interest was used:

Failtoopen/close/operate-binding,breach(notforvalves),contaminated,cracked/fractured,no movement,no operation,,seized,stuckopen.and stuckclosed

Spurious operation - arcing, burned, collapsed, displaced, false response, improper flow, intermittent, opened, overheated, and shorted

Plugs - none identified

Leakage (internal) - none identified except for leaking (one-half of events applied to intemal leakage for check and relief valves)

Leakage (external) - leaking

Rupture (external) - breach (valves only).

For pumps, fans, and diesel generators, the following mapping was used:

Fail to start - contaminated, cracked_actured, no movement, no operation

Failtorun -binding,broken,displaced,falseresponse,improperflow,intermittent,overheated,seized,shorted,stuckclosed,stuckopen

Overspeed(subsetoffailtorun)-improperflow(one-halfofeventsused),stuckopen

Failtostop-none identified

Leakage(external)-leaking

Table 44:.Category2 dataforcompressedgassystem.

Rupture(external)-breach(notforgenerator)

For vesseLs,piping,hoses,andj_, thefollowingmapping was used:

Leakage(external)-crackedHracmred"leaking

Rupture (external) - broken, breach.

For filters, the following mapping was used:

Plug - improper flow (one-half of events used)

Leakage (internal) - improper flow (one-half of events used)
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Rupun_ (internal)-broken,cracked/fracun'ed,ruptured.

Forheater_,thefollowingmappingwas used:

Fail to heat - cracked/fr_tm_d, no operation, opened

Overheat - shorted.

1. Manual valve data used (p. 159). Failure mode information (p. 302 for bellows valve) indicates 18_5% of failures are fails to open/close, 68% are external leakage, and IA% are
external rupture. The actual data indicated no failures.

2. Check valve data used (p. 158). Faikn'e mode information (p. 303) indicates 9.2% of failures are fails to open and 20% are fails to close.

3. Check valve data used (p. 158). Failure mode information (p. 303) indicates 57.8% of failures are leaking. One-half of these were assigned to internal leakage/rupture and the other
half -_xternal leakage. Internal leakage size not indicated.

4. Chc_.-, valve data used (p. 158). Failure mode information (p. 303) indicates 0% of failures are external rupture.

5. Pneumatic valve data used (p. 160). Failure mode information (p. 306) indicates 4.4% of failures are fails m open/close, 1.8% are spurious _afion, 66% are external leakage, and
O_ ._r_external rupture.

6. Sok:noid valve dam used (p. 161). See Note 5 fer fm'h_e mode inform=k_

7. Relief valve almaused (p. 161). Fm3m'emode information (p. 299 for hydraulic relief valve) indic.axes 100% of fm']m_ are leakage. One-half of these were assignmi to internal
leak _t:_ure m_l the other half to external leakage.

8. Relief valve data used (p. 161). Failure mode information (p. 299 for hydraulic relief valve) indicates 0% of failures are external rupture.

9. Com_essor data used (p. 45). Dam are for gl_umd motTile (GM) env_ent. F,_;!_,;_-_ information (p. 324 for centrifugal fan/blower) indicates 27.3% of failm'es are fails to
start, 45_%%are fails m run, 9.1% ale ov_ and 0% are external leakage or r

10. Accumulator data used (p. 26). Failure mode information (p. 288 for pneumatic and hydraulic accumulator) indicates 32.2% of failures are external leakage and 10_5% are external
rupture.

Table 4¢. Category 2 data for compressed gas system.

- Offshore Reliabili _tyData Handbook. _ Reliability Dam (OREDA), Norway, 1984.

All failure information was taken from the critical failure mode categc_, unless otherwise indicau_l.

1. Check valve (hydrocar_n gas) data used (p. 163). Plugged data used for fails to open. Significant internal leakage data used for internal rupture.

2. Hydraulically operated (hydrocartxm gas) data used (pqp.113, 115, 119, 121, 155, and 157). Internal leakage (degraded failure mode) data used for internal leakage- External leakage
(degraded failure mode) data used for external leakage. Improper operation (degraded failure mode) data used for spurious operation.

3. Hydraulically operated and pneumatically operated (hydrocarbon gas) control valve data used (pp. 165 and 169). Internal leakage (degraded failure mode) data used for fails open.
Failed to operate data used for fails to respond. External leakage (degraded failure mode) data used for external leakage.
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4. Centrifugal and reciprocating (>1500 psig) compressor data used (pp. 229 and 231). No gas flow data used for fails to run.

5. Gas/water (p. 197), gas/frmn (p. 201), and air/water (p. 209) tube/shell heat exchanger data used. Leakage (degraded failure mode) data used for tube failure.

6. Electric heater (non hydrocarbon service) data used (p. 219).

WIN-330 - J. N. Wilkinson et al., Idaho Chemical Pr0cessine Plant Failure Rate Database. Idaho National Engineering Laboratory, W_I-330, October 1991.

All failure information was taken from Appendix C, p. 32.

1. Filter (offgas) data used. Failure modes not indicated.

TRITIUM - L. C. Cadwallader and M. A. Stolpe Gaveu, Triti_tm Waste Treal_ent Sv_;tem Component Failure D-,, _nalvsis from June 18. 1984 to Dec_ber 31.1989. Idaho National
Engineering Laboratory, EGG-FSP-8973, Rev. 1, November 1990; L. C. Cadwallader, M. A. Stolpe Gavett, and L. Quintana, Tritium Room Air Monitor Component l-ailure Data Analysis
from January 1. 1984 to December 31. 1990. Idaho National Engineering Laboratory, EGG-FSP-9:50, May 1991; and L. C. Cadwallader and D. P. Sanchez, Secondary Containment System

Com_r_ro_t Failure D*,_ Analysis from 1984 m 199L Idaho National Engineering l.,aboramry, EGG-FSP-10323, August 1992.

1. Manual valve data used (Table A-I. tim refmlmce). Failure modes not indicated.

2. Minor.operated valve dam used ('Table A-L fiz_ reference). Failure modes (except for leak) not indicated.

3. Pressure conlx_l valve data used (Table A-I, first reference and p. 23, third refex_r.e). Fax-luremodes (other than leak) not indicated.

4. Solenoid control v_lve data used (p. 27, third reference). Failure modes (other than leak) not indicated.

5. Compressor data used (Table A-1, third reference).

6. Tritium waste gas tank data used (Table A-I, first reference).

7. Electrical heater data used (Table A-I, first reference). Failure modes (except for leak) not indicated.

8. Moisture collector data used (Table A-l, first reference). Failure modes not indicated.

Table 4c. Category 2 data for compressed gas system.

9. Filter data used (Table A-l, first reference). Failure modes not indicated.

10. Orifice data used (Table A-l, first reference).

LIqG1- D. W. Johnson and J. R. Welker, Develomnent of an Immoved LNG Plant Failure Rate Data Base. Gas Research Institute, PB82-153503, September 1981.

1. Compressor system data used (p. 9). Failure modes not indicated.

2. Vaporizer data used (p. 9).
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AEereHted Results

1_ The NPRD-3 data indicate a ratio of 8.9 to 4.1 for fails to close versus fails to open. Therefore, the aggregated result for fails to open was multiplied by 8.9/4.1 to obtain the fails to
close estimate.

2. Failure rate based on zero failures and may be conservatively high.

3. Fails open, fails closed, and fails to respond data combined. Assumed that fails closed is as likely as fails open. Therefore, each failure mode assigned one-third of the total failure
rate.

4. Failure modes not indicated.

5. All failure modes combined. OREDA data treated separately. NPRD-3 data used to partition among failure modes.

6. Both failure modes oornbined. NPRD-3 data used to partition between failure modes.
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Table 4d. Category 2 data for'HVAC/exhaust System. .........................
i i |1

System/Component/Failure Mode Failure Data (Category 2 Sources) a ........

_.,_o "IRIIRJM] LNG1 [ Aggregatedsesultsb
avAC_, .............. '

Damper (Standby or Safety)
Manual

Fails to open/close ......
Plugs

Leakage (internal) '

Rupture (internal)

Leakage (external)

Rupture (external) ....

Motor-Op_m:d
,Fails_,opm/ck,se , ,,

'_ E_emsI)....

Rupture Cmlemal)

Leakage(extm_ . '
Rupture(extmal) .....

Atr_
r_ to.o_ck,_ ..............
Spuriousope_on

Plugs

Leakage (internal)

Rulxure(m_-mal)

Leakage (external)

Rupture (external)

Damper (Control)
Motor-Operated

Fails open .......
Fails closed

Fails to respond

Plugs
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i i ill i l lu i ,i ' i

Table 4d. Calcgory 2 data for HVAC/exhaust system.
i

System/Component/Failure Mode Failure Data (Category 2 Sources) a

NU_ NPRD-3 i oREDA I WIN-330 TRITIUM LNG1 Aggregated

I I Results b
IIi I j II I I iII i I IIIII I I

' L_.g_ (_xt,_)
Ruptme (external)

Ak'Operatcd 48/6.1E+6h 8.0E-6/h(10)

Fails closed [ 1] [Z]

Failstorespond ' 5/6.1E+6h 9.0E-7/h(lo)
[1] ......

Plugs :

Leakage (exter_) 2/6.1E+6h 4.1E-7/h(10) ......
[q ,

' Rulm_ (external) 1/6.1E-_6h " 2.SE-7/M10)
[q ......

Fam/Blowa" Z2/6.7E+5h, 24/3.5E-6h 33E-6/h(2.9):1

Momr-Dri_ en 4.6/6.1E-_6k, [2]
Failsto stmn 11.2/2.3E+6h

Pl
Fails to run ..... 3.6/6.7E+5b, 33/3.5E+6h 5.0E-6/h(2.8)

7.7/6.1E+6h, [2]
18.6/2.3E+6h /
Ill ......

Ovetspeed 0.7/6.7E+Sh, 6.5E-7/h(1.9) '
1.5/6.1E+6h,
3.7/2.3E+6h

[q ,
Fails to stop Z2/3.SE+6h 3.6E-6/h(lO)

[21 ....
Leakage (external) 016.7E+Sh, 5.SE-8/h(lO)

0/6.1E+6h, [ 1,2]
0/2.3E+6h

, [q ,,
Rupture (external) [1] [ 1,2]

, i

Diesel-Driven
Fai!x to start

iiL i iiI iiii iii

Fails to run
,,, i i i

o__
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Table 4d. Category 2 data for HVAC/exhaust system.

System/Component/Failure Mode Failure Data (Category 2 Sources) a i

__ i [ l i Ag_egatedResultsb
i

F_ils to stop

Leakage(external)
Rupture (external)

Ducting
Le__ka_e(exte,_al_
Rupture (external)

PJugs

HeatExchanger
AirConditioningUnit/
Chmer

FRH_m sia_t
Fm'k w nm

FanCooler Unit
Fm'l_to sim_
Fails to rm 0/1.4E +5h 3.6E-6/h(lO)

[3] [2]

Heater (Electrical) 1.2/4.2E+4h, 8.4E-7/h(2.6)
Failstoheat 8.0/1.1E+7h

[2}
Overhe_ 0.2/4.2E+4h, 1.6E-7/h( 1O)

1.0/1.1E+Th

[2]
Heater (Gas) 72/8.8 E+4 h 8.2E-4/11(10)

F_il_ tohe_ [4] i.'7E-5/h(1 O)
Overheats l/8.8E+4h

[4]
Filter 0/5.8E+6h 5/5.0E+5h 34/6.1E+6h 1.4E-6/h(5)

Normal [31 [51 [11 [31
l___ogs 1.8E-6/h(5)
Leakage (internal) 5.2/5.8E+6h 1/5.0E+5h [1]

[3] [5] [3]

Rulxure (internal) 1.5/5.8E+6h 1/5.0E+Sh [1] 7.0E-7/h(5)
[3] [5] [3]

Low-E_ciency
Plugs
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Ta_!e 4(I. C__tegory 2 a_ta for HVAClexhm_st system.

System/Component/Failure Mode Failure Data (Category 2 Sources) a

NUCLARR2 NPRD-3 _ WIN-330 +IRI-rIUM _ Ag_egatedResultsb

LeJkage (internal)

Rupture (internal)

HEPA

Plugs
l _,_k,ge (internal)

Rupture (internal)

Sand

Plup
l_e_kage (internal)

R__n__we (in_)

I.,_ ,,,e _m,aa))

Misccl::--)u_
Mist Ehmmatot_

3.2E-7/h(10)
_rubtx'r 1/4.7E+6h

Failure _

Pr_or

Table 4(I. Category 2 data for HVAC/exhaust system.

a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period (h) or number of demands. Numbers in brackets refer to notes listed below, arranged by source.

b. Aggregated results are mean and en'or factor (in parentheses). The error factor is the 95th percentile/50th percentile.
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Notes

NUCLARR2 - S. A. Eide et al.. Generic Component Failure Data Base for Light Water and Liquid Sodium Reactor PRAs. Idaho National Engineering Laboratory, EC_-SSRE-8875, February
1990. Also, S. A. Eide et al., Co[n_tmnentExternal Leakage and Rupture Frequency Estimates. Idaho National Engineering Laboratory, EGG-SSRE-9639, November 1991.

All failure data except for the leakage failure mode were obtained from Tables 6 and 7 in the fh'st reference. These tables list the aggregations of Category 2 source data from NUCLARR as it
existed in August 1989. The leakage data were obtained from the second reference. These data were not in NUCLARR at the time the reference was published, but since then the data have been
entered into NUCLARR.

- M. J. Rossi, Nonelectronic Parts Reliability Data. Reliability Analysis Center, Rome Air Development Center, NPRD-3, 1985.

All failure data apply to a ground fixed (GF) environment, unless otherwise indicated. Commercial (C), military (M), and unknown source (7) data were used if available. Failure mode
information was used to determine what % of failures were fail to open/close, spurious operation, etc. Unknown failure mode events were not considered. The NPRD-3 failures include degraded
and incipient failures as well a._catastrophic failures. Only catastrophic failures were used for this study. For valves, circuit breakers, relays, and switches, the following mapping of NPRD-3
failure modes into the failure modes of interest was used:

Fail to open/close/ol_rate - binding, breach (not for valves), contaminated, cracked/fractured, no movement, no operation, seized, stuck open, and stuck closed

Spurious operation - arcing. _ collapsed, displaced, false response, imtxoper flow. intermittent, opened, overheated, and shorted

Plugs - none identif3ed

Leakage (imemal) - none identified except for leaking (one-half of events applied w internal leakage for check and relief valves)

Leakage(exmml) - leaking

Rupture (external) - breach (valves only).

For pumps, fans, and diesel generawrs, the following malving was used:

Fail to start - contaminated, cracked/fractured, no movement, no operation

Fail to run - binding, broken, displaced, false response, improper flow, intermittent, overheated, seized, shorted, stuck closed, stuck open

Overspeed (subset of fail to run) - improper flow (one-half of events used), stuck open

Fail to stop - none identified

Leakage (external) - leaking

Table 4d. Category 2 data for HVAC/exhaust system.

Rupture (external) - breach (not for generator)

For vessels, piping, hoses, and jumpers, the following mapping was used:

Leakage (external) - cracked/fractnred, leaking
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Rupture (extenud) - "_'oken, breach.

For filters, the following mapping was used:

Plug - _Ineper flow (one-half of events used)

Leakage (internal) - improper flow (one-half of events used)

Rupture (internal) - broken, cracked/fracnm_ ruptured.

For heaters, the following mapping was used:

Fail to heat - cracked/frsct_e_ no operation, opened

Overheat - shorted.

1. General fan data used (p. 65). Failur,: mode information (p. 324 for centrifugal fan) indicates 27.3% of failures are fails w surt, 45.5% are fails to run, 9.1_ are overspeed, and 0%
areexternalleakageorrulxure.

2. Duct heater (p. 79) and _ space heater (p. 81) data ttsed- respectively- Failure mode information (p. 287 for resistive elecuical heater_ mdicaxes 61"5% °f failures _e f_ m
hea_ and 7.7_ are o_e_maB.

3. Air fi]z_ dau mezl (p. 67_ Failure mode _ _P- 285 f°r general filu_) mdicat_ _ °f f_ are piug_ 75_ are imm_ 1_ _ 2i_ _ _ _

- Off_e Rel_-bi_ Dam Hendbook. _ Reliability Data (OREDA), Norway, 1984.

All failure infotma6or,, was taken from the critical failure mode category., unless o_ise indicated.

1. Damper data used (,p. 279). Failed to reach function data used for fails closed and fails open. Function ceased while framing data used for fails to respond. Leakage (degraded failure
mode) data used for external leakage- Rupumat data used for external rupture.

2. Fan data used (p. 27"7). Failed to Olma_ upon command and failed to function when signaled data used for fails to start. Failed while naming data used for fails to rim. Functioned
wi',hout signal data considered similar to fails to stop.

3. Cooler (n_n hydrocartmn service) data used (p. 221).

4. Gas/diesel _red boiler data used (p. 283).

Table 4d. Category 2 data for HVAC/exhaust system.

5. F'dter data used (p. 281). Clogged data used for plugs. Internal leakage (degraded failure mode) data used for internal leakage. Ruputred data used for internal rupture.

6. Scrubber (removal of oil/condensate from hydrocarbon gas) data used (p. 147). Plugged or clogged data used for failure.

WIN-330 - J. N. Wilkinson et al., Id_a_hoChemical ProcessinE Plant Failu,-e Rate Database, Idaho National Engineering Laboratory, WIN-330, October 1991.
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All failure information was taken from Appendix C, p. 32.

1. Fdter (other) data used. Failure modes not ind/cated.

- L. C. Cedwallad_ and M. A. Stolpe Gave_ Tritium Waste Treatment System Component Failure D,,A__Analysis from June 18. 1984 to December 31. 1989. Idaho National
Engineering Laboratory, EC_-FSP-8973, Rev. 1, November 1990; L. C. Cadwallader, M. A. Stolpe Gavett, and L. Quintana, Tritium Room Air Monitor Component t:ailure Data Analysis
from January 1, 1984 to December 31. 1990, Idaho National Engineering Laboratory, EGG-FSP-9450, May 1991; and L. C. Cadwallader and D. P. Sanchez, Sec_dary Containment System
Component Failure Data Al_aIYSi,_from 1984 to 1991. Idaho National Engineering Laboratory, EGG-FSP-10323, August 1992.

LNG1- D. W. Johnson and J. R. Welker, Develm3ment of an Improved LNG plant Failure Rate Da_., Base, Gas Research Institute, PB82-153503, September 1981.

Ag m'egated Resul_

1. Failure modes not_

2. Fm_rera_basedon z_o fm_uuesmdumybecon_rvauve_.hi_-

_ fmIme rmR " -_" N_RD-3 mmmdOREDA _,,-_ :_e= m:_ among fm3n_ :zmcks.
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Table 4e. 'Category 2 data for eleclrical distribution system. ............

System/Component/Failure Mode Failure Data (Category 2 Sources) a i

_............... Re_ltsb , ,
Electrical Distribution 83/2.2E-_d 149/5.9E+Sh .... 18/5.0E+5h, 3.9E-3/d(3.0),

[1] [ 1] 6/7.6E+2d 4.1E-5/h(3.0)
Die_)-Ori_n [11 Ill
Failsto _::.,'t

Fails to run 140/1.4E+4d [1] 82/2.2E+5h. 9.TE-3/d(3.1).
[2] 1/1.3 E+4h 1.9E-4/h(1.2)

[1,] ..... [q
Motor-Drivcn (ac to dc) 4/3.2E+5h 1.4E-5/h(lO)

Fails to start [2] ........IlL

Failstorun 2/3.2E+Sh 7.8E-6/h(10)

[2]
Gas-T_-Driven 5.0/4.0E+6h, 6/1.8E+Sh. 1.1E-2/d(3.0).

Fails to start 35.5/5.4E+5h 5I/3.4E+3d. 9.9E-6/h(8.4)

[3] 6/7.6E+ld,
11/2.6E+3d

[2] ......
Failsto run 7.614'0E+6h. 4312.TE+Sh. 2.4E-S/h(8.7)

53.4/5.4E+5h 7/1.3E+4h,
[3] 514.4E+4h

..... [2] ,
Hydro-Turbine-Driven

to start
i| i , . i ,

Fails torun
i . i| H ..

Battery - 611.5E+6h 6,511.1E+Th 4/5.9E+6h . 6.9E-TPa(lO)
t:_,,_ _ [3] [4] [3] ......

Charger 12/2.2E+6h 1.'2.7E+6h. 4.6E-6/h(2.5)
Rectifier [4] 35/5.6E+6h

F,a_ ...... [4] , , ,
Bus

Me_l-Encloscd
F_Ire

, , ill

Bare
Fafl_n_

i , i |, i

Cable/Joint/
Termination/Jumper

- Cable(Copper,lOOOfO
FM)ure

ii = i

Joint(Copper)
Fmlure
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Table 4e. Category 2 dam for electrical dis_bufion system.'

Syste.m_Component/Fa/lure Mode Failure Dam (Category 2 Sources) a

Failure

Jumper (Power)
Famine

Circuit Breaker 25/6.3E+4d 3.3/7.5E+5h, 5/2.TE+Th, 4.0E-4/d(1.4),
General [5] 40.1/8.9E+Th 9/1.8E+6h 4.SE-7/h(4.8)

F_,ils to o_--dclose [5] [5]
Spurious operation 0.8/7.5E+5h, 2/1.2E+6h, 1.9E-7/h(4.8)

9.4/8.9E+Th 6/2.7E+Th,
[5] 4/1.8E+6h

[5]
Reactor Trip

Fails to open
Spuriousoperation

Relay 8.9/1.9E+Sh, 4.2E-8/h(10)
Protective 7.9/1.8E+8h

Fails to open/close [6]
Spurious operation 33.6/1.9E+8h, 1.7E-7/h(10)

29.8/1.8E+8h

[6] , ,,,
Control

Fails to op_dclose "
Spurious

Bistable

Fails to o_u--dclose
Spur_-soperation

Switch 1588/7.8E+8h, 1.9E-6/h(lO)
Push-Buucea (Manual) 0.6/5.6E+7h

Fails to op_--dclose [7]
1486/7.SE+8h, 1.SE-6/h(10)

Spurious operation 5.6/5.6E+7h

[7]
Rotary (Manual) 0.08/1.1E+5h, 6.0E-8/h(1 O)

Fails to _en/close 3.9/7.5E+7h
[8]

Spurious operation 0.7/1.1E+5h, 5.0E-7/h(10)
36.6/7.5E+7h
[8]

108

• t



• • t •

WSRC-TR-93-262

m , i,i • roll , , , i

Table 4e. Category2data forelec_caldistributionsystem.

System/ComponenUFailure Mode Failure Data (Category 2 Sources) a

, . , Results b
I/_-__n,_> oisn.6E+6h ' ' ' 3.9_--7_Oo)' '

Failstoopen/close [9]
• "Spuriousoperation " 4.2/2.6E+6h ' ' 1.8'E-6/h('10i ......

[9] , ,
Automatic-Transfer

Failstoopen/close......
Spuriousoperation

i i i i, i

Limit

Fai)s to _clo_ ..............
Sp_uiomoperation

m i i | m i .

Fuse 61.5/5.4E+ah 1.2E-7/h(l O)

Failtoopen .... []O] ....
_manue opening 8.2/5.4E+8h 1.6E-8/h(10)

, [101 .......
in = 90)3.9E+4h 6/1.2E+6h 1.SE-5/h(6.9)

Fa_re [6] [61i i HI I,

Motor 21318.3 E+6h, 1.5E-5/h(3.4)
" C 4.5/6.5E+6h

F=_to_ 1111.......
_Fails to run 87.118.3E+6h, 6.0E-6/h(3.3)

1.8/6.5E+6h

......... [11]
DC 40.5/1.1E+6h, 2.1E-5/h(3.0)

Fails to start 511.1E+6h
[12]

Fails to rm .... 16.6/1.1E+6h, , 8.5E-6/h(2.8)
2.1/1.1E+6h

[12] ................
Synch_o 4.9/3.8E+5h ' 1.4E-5/h(10)

F,aure [13]
.....Transformer ...... 3.0/7.SE+6h, 0/6.9E+5h, ' 3.SE-7/h(lO) .......

Power 0/7.6E+5h 0/8.4E+5h

F,aer_ [14] [7]
'"Insmmtcnt_on/Uontrol ....

Fagm_
_,' H, ,i ' HI,

Table 4e. Category 2 data for electrical system.
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a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period (h) or number of demands. Numbers in brackets refer to notes listed below, arranged by source.

b. Aggregated results are mere and error factor (in parentheses). The error factor is the 95th percentile/50th percentile.

Notes

- S. A. Eide et al.. Generic C_omponent Faikwe Da_tnBase for Light Wa_!_ and Liquid Sodium Reactor PRAs, Idaho National Engineering Laboratory, EGG-SSRE-8875, February
1990.

All failure data except for the leakage failure mode were obtained from Tables 6 and 7 in the f'rrst reference. These tables ilst the aggregations of Category 2 source data from NUCLARR as it
existed in August 1989.

1. Diesel generator fail to start data used.

2. Diesel generator fail to run data used.

3. Battery data used.

4. Bm:te_ charg_ data used.

5. power ckcuit la_-.aker fail to operate and fail to start data used.

6. Power electronics (inverter) data used.

NPRD-3 - M. J. Rossi. ]qonelectronic Parts Re|iabilit3, Data, Reliability Analysis Center, Rome Air Development Center, NPRD-3, 1985.

All failure data apply to a ground fixed (GF) enviroxmmnt, unless otherwise indicated. Commercial (C)' military (M), and unknown source (?) data were used if available, Failure mode
information was used to determine what % of failures were fail to o13en/close• spurious operation, etc. Unknown failure mode events were not considered. For valves, cilcuit breakers, relays•
and switches, the following mapping of NPRD-3 failure modes into the failure modes of interest was used:

Fail to open/close/_:°_ - binding, breach (not for valves)• contaminated, cracked/fractured, no movement, no operation, seized, stuck open, and stuck closed

Spurious operation - arcing, collapsed, false response, improper flow, intermittent, opened, overheated, and shorted

Plugs - none identified

Leakage (internal) - none identified except for leaking (check valve only)

Leakage (external) - breach (valves only), leaking

Degradedfmcipient (not catastrophic) - degraded, drift, fatigue, improper timing, noisy, other, out of adjustment, out of specification, unstable.

For pumps, fans. and diescl generators, the following mapping was used:

Fail to start - contaminated, cracked/f_actured, no movement, no operation

Fail to run - binding, broken, displaced, false response• improper flow, intermittent, overheated, seized, shorted, stuck closed, stuck open

qqO

w •



i •

WSRC-TR-93-262

Ov_ (subset of fail to ran) - improp_ flow (one-half of events used), stuck open

Fail to stop - none identifmd

Leakage (external) - breach (not for diesel generator), leaking

Degraded/incipient (not catastrophic) - corroded, drift, noisy, out of adjustment, out of specification, worn out.

1. Diesel generator data used (p. 76). Failure mode information (p. 328) indicates that 100% of failures are fails to start.

2. Dc generator data used (p. 75). Failme mode information (p. 326) indicates that 44.4% of failures axe fails to start and 22.2% axe fails to run.

3. Turbine generator data used (p. 77). Failure mode information (p. 330) indicates that 10.5% of failures are fails to start and 15.8% are fails to run.

4. Rechargeable battery data used (p. 33). Failure mode information (p. 279) indicates that 36.4% of failures are catastrophic.

5. General ckcua breaker data used (p. 43). Failure mode information (p. 283) indicates that 65.7% of failures are fails to open/close argl 15.4% are spurious operation.

6. General relay data used (p. 117). Fm'hn mode information (p. 311) indicates that 16.8% of failmes are fails to open/close and 63.5% are spurious olm'ation.

7. Push buuon switch data used _ 136). General failure mode information used {,p.336). Failure ms3de information indicates that 7.5qc of fmlures are fails to olma/close and 70.4_ are

SlSaiousoperation.

8. Rotary switch data used (IX 13"O. See Note 7 for failure mode information.

9. Key switch data used (p. 135). See Note 7 for failure mode information.

10. Fuse data used (p. 69). Failure mode information (p. 285) indicates that 75% of failures ere fails to open and 10% are premana_ opening.

11. A¢ motor data used (p. 57). Failure mode infommtm for dc motors used (p. 326). Failure mode information indicates that 50% of failures are fails to start and 20.5% are fails to run.

12. Dc motor dam used (p. 58). See Note 11 for failure mode information.

13. General synchro data used (p. 141). Failure mode information (p. 331) indicates that 81.7% of failures are catastrophic.

14. General transformer data used (p. 148). Failure mode information (p. 319) indicates that 60% of failures are catastrophic.

- _Yshore Reliahilitv Data Handbook. Offshore Reliability Data (OREDA), Norway, 1984.

All failure information was taken from the critical fro'lure mode category, unless otherwise indicated.

1. Diesel engine driven genara_ set data used (pp. 247 and 249). Failed while rurmin8 and improper operation data used for fails to run. Operation time used for fails to run.

2. Gas fuel turbine generator data used (pp. 239, 241, 243, and 245). Failed while rmmin8 and improper operation data used for fails to rim. Operational time used for fails toran.

"1"11
4



WSRC-TR-93-262

3. Battery data used (p. 263). Inadequate output and no output during emergency mode of operation data used for failure.

4. Rectifier (p. 259) and battery charger (p. 261) data used.

5. Circuit breaker data ased (pp. 265, 267, and 269).

6. Inverter data used (p. 257). No output and failed to transfer data used for failure.

7. Transformer data used (pp. 253 and 255).

WIN-330 - J. N. Wilkinson et al., Idaho (_bemical Processing Plant Failure Rate Database, Idaho National Engineering Laboratory, WIN-330, October !991.

All failure information was taken from Appendix C, p. 32.

TRITIUM - L. C. Cadwallader and M. A. Stolpe Gavett, Trifurn Waste Treatment System Component Failure Data Analysis from June 18, 1984 to December 31.1989. Idaho National
Engineering Laboraa3ry, EGG-FSP-8973, Rev. 1, November 1990; L. _. Cadwallader, M. A. Stolpe Gavett, and L. Quintana, Tridnm. Room Air Monitor Cernponent t-ailure Data Analysis
from January 1. 1984 to December 31. 1990, Idaho National Engineering Laboratory, EC_-FSP-9450, May 1991; and L. C. Cadwallader and D. P. Sanchez, Secondary Containmc_,t Syl;tem

Com_vonent Failure i_ts Analysis from 1984 to 1991. Idaho National Engineering Laboratory, EGG-FSP-10323, August 1992.

I.,NG1- D. W. Iohnson aud I. R. Welker, Deve._toVm*_t of m Improved L.NG Plant Failure Rate Data Base. Gas Research Institute, PB82-153503, September 1981.

Ag _'¢tated Results

1. Conbined result calculated for per hour data. OREDA data used to partition among failure modes.
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Table 41. Category 2 data for instrumentationand control system.
Mode FailureData (Category2 Sources)a

OREDA WIN-330 TRrrIuM LNGI AggregatedNLL'IARR2 NPRD-3 Resultsb

3.6E-5/h(10)
Inswamentation and Conu'ol 11/3.2E+Sh

Alarm/Annunciator [1]
Failstoalarm 4.7E-6/h(10)

Spuriousoperation 1/'3.2E+5h

rl.9E+6h, 711.5E+6h O/5.2E+5h 8.6E-7/h(7.9)
Sensoffrransmiuerl 1.2/5. IE+6h
TnmsduceffProcessSwitch [1] 8/1.2E+6h [1] [1] 0/8.4E+6h
T_ [2] " [I]
Faihn

Pressure 26.2/4.6E+7 h 4/7.2E+6h, I1.0E+6h 3/5 .TE+5h
Failm'e [2] 8/4.3E+6h, [2] [2]14/5.0E+6h,

O/3.5E+6h,
2/3.5E+6h,
315.5E+6h

Differenfal Ptress_ 2/9.2E+Sh 10)
Fsa'h_

Flow 38.5/1 .fE+Th rl.SE+6h,
Failure [3] O/1.1E+5h, [4]1/2.4E+5h,

0/6.6E+5h,
4/2.TE+6h,
O/4.2E+5h,
21/3.4E+6h,
O/3.4E+5h

Level _ 914.1E+6h 0/9.5E+4h 5.3E-7/h(3.7) I
Failure [4] 4/1.2E+Th, [5] [3]1/4.6E+6h

Hurr6dity _ 1.2E-S/h(lO)

pH
Failure 3/3.TE+5h 9.SE-6/h(IO)
OxygenConcenu'afion

co 2 Conr_traion
Failure

HydrogenConcentration
Failure

113



WSRC-TR-93-262

, • ..

Table 4f. Category 2 data for instrumentationand control system. ....

System/Component/Failure Mode FailureData (Category2 Sources)a

NUCLARR2 NPRD-3 OREDA WIN-330 _ I LNG1 I AggregatedResultsb

Nitrogen Conceatratkm ........
Failure

HydrocarbonConch- 318/2.9E+7h 44/1.7E+7h 7.9E-6/h(2.2)
tration [6] [2]

Failure
HeliumConcentration

Failure |

Speed
Failure

Seismic
Failure

Radiation 11/2.1E+6h, 17/1.9E+5h, 1.2E-5/h(5.7)
Failure 18/1.4E+6h 2/4.6E+5h

[61 [5j
Indicatm 2.6/2.1E+5h 1.5E-5/h(10)

Failure [6]
Am#if_r

Failure

Modifier/SignalConditioner
Failure

LogicModule
Failure

Recorder
Failure

Sampler 27/2.5 E+6h, 1.2E-5/h(10)
Failure 15/1.2E+6h

[7]
Analyzer 1/2.5E+5h 6.0E-6/h(10)

Failure [8]
Timer

Failure

Gas Chromatograph 3/4.8E+4h 7.3E-5/h(lO)
: F_ [61

Voltage Regulator 10/3.3E+6h 3.2E-6/h(lO)
Failure [71

Transmitter
! Failure
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Table 4f. Category 2 data for instrumentation and control system.

"System/Compone_ FailureD_t. (Category 2 Sources) a

Transducer

F_ure -.-------
Programmable LogicConueller

Failu_

Table 41. Category 2 data for instrumentation and control system.

a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period 01) or number of demands. Numbers in brackets refer to notes listed below, arranged by source.

b. Aggregated results are mean and en'or factor (in parentheses). The error factor is the 95th percentile/50th percentile.

Notes

- S. A. E.ide et aL, C,_._-.---_Co,,_or_t Failure D_tl Base for L,i_htWstt_ _ l.'unfid Sodium Reactor PRAs. Idaho National Engineering _, EGG-SSRE-8875, Februm7
1990.

All failure dam except for the leakage failure mode were obtained from Tables 6 and 7 in the first reference. These tables list the aggregations of Category 2 source data from NUCLARR as it
existed in August 1989.

- M. J. Rossi, Nonelectronic Parts Reliabili_ Data. Reliability Analysis Center, Rome Air Development Center, NPRD-3, 1985.

All failure data apply to a ground fixed (GF) environment, unless otherwise indicated. Commercial (C), military (M), and unknown source (7) data were used if available. Failure mode
information was used to determine what % of failures were fail to open/close, spurious operation, etc. Unknown failure mode events were not considered. For valves, circuit breakers, relays,
and switches, the following mapping of NPRD-3 failure modes into the failure modes of interest was used:

Fail to open/close/operste - binding, breach (not for valves), contaminated, cracked/fractured, no movement, no operation, seized, stuck open, and stuck closed

Spurious operation - at_ng, collapsed, false response, improper flow, intermittent, opened, overheated, and shorted

Plugs - none identified

Leakage (internal) - none identified except for leaking (check valve only)

Leakage (external) - breach (valves only), leaking

Degradedrmcipient (not catastrophic) - degraded, drift, fatigue., improper timing, noisy, other, out of adjustment, out of specification, unstable.
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For pumps• fans, and diesel generators, the following mapping was used:

Fail to start - contaminated, cracked/fractured, no movement, no operation

Fail to run - binding, broke_, displaced, false response, improper flow• intermittent, overheated, seized, shorted, stuck closed, stuck open

Overspeed (subset of fail to run) - improper flow (one-half of events used), stuck open

Fail to stop - none identified

Leakage (external) - breach (not for diesel generator), leaking

Table 4L Category 2 data for instrumentation and control system.

Degraded/incipient (not catastrophic) - corroded, drift, noisy• out of adjustment, out of specification, worn out.

1. Temperature switch data used (p. 139). General switch failure mode information used (p. 336). Failure mode information indicates 58.3% of failures are catastrophic.

2. Pressure switch dam used (p. 136). See Note 1 for failure mode infcsmation.

3. Flow switch data used (p. 133). See Note 1 for failure mode information.

4. Level switch dam used (p. 135). See Note I for fro'hue mode infm-mation.

5. Hmnidity switch data used (p. 134). See Note 1 for failure mode information.

6. Elapsed time indicator data used (p. 86). CRT display failure mode information used (p. 307). Failure mode information indicates 28.6% of failures are catastrophic.

7. Voltage regulator data used (p. 114). No failure mode information available.

8. General transducer data used (p. 146). Failure mode information (p. 338) indicates 13.2% of failures are catastrophic.

- Qffshore Reliability_ Data Handbook. Offshore Reliability Data (OREDA)• Norway, 1984.

All failure information was taken from the critical failure mode category, unless otherwise indicated.

1. Alarm system, data used (p. 133).

2. Sensor/pneumatic switch (p. 61) sensor/electric switch (p. 63), and sensor/transducer (p. 65) data used.

3. Sensor/pneumatic switch (pp. 49 and 51), sensor/electric switch (p. 53), and sensor/transducer (pp. 55, 57, and 59) data used.

4. Sensor/pneumatic switch (pp. 67 and 69), sensor/electric switch (pp. 71 and 73)• and sensor/transducer (pp. 75, 77, 79, and 81) data used.

5. Sensor/pneumatic switch (p. 83), sensor/electric switch (p. 85), and sensor/transducer (p. 87) dam used.

116



@ •

i h

WSRC-TR-93-262

6. Hydrocarbon gas detector d_ta used.

7. Programmable logic controller data used (pp. 290 and 291). Failure data given by components in the conuoner. Assumes 1 CPU/memory with 5% of failures being critical, and 5
input and output cards with 15% of failures being critical.

WIN-330 - J. N. Wilkinson et al., Icl,ho Chemical Pr-_.,cessinfPlant Failure Rate Database. Idaho National Engineering Laboratory, WIN-330, October 1991.

All failure information was taken from Appendix C, p. 32.

Table 4L Category 2 data for instrumentation and control system.

1. Tempcraalre (loop) data used. Fail failure mode data used.

2. pressu__) dataused.Failfailuremode dataused,

3. Differentialir-_tre(loop)dataused,Failfailuremode dataused.

4. Flow (g_s loop) data used- Fail fsilure mo¢_ d_ used.

5. Level('_,.op) d_ used. Fail faihwemode data

6. Radiation (gemall. loop) and radiation (criticality, loop) data used. Fail failure mode data used,

7. SampleT__,vstem (ntm-acid and acid fluid) data used.
I

8. Analysi._ (loop) dam used. Fail failure mode data used.

TRH'IUM - L C. Cztw_r and M. A. Stolpe Gaveu. " • W te - j _ Nafion,fl
Engineering Laboratory, EGG-FSP-89"/3, Rev. 1, November 1990;, L. C. Cadwallader, M. A. Smlpe Gaveu, and L. Quintmm, Tritium R__nomAir Monitor C_omnonmt Fm'h_e Data
from January 1. lP-q4 to December 31. 1990. Idaho National Engineering Laboratory, F.F_-FSP-9450, May 1991; and L. C. Cadwallader and D. P. S_ __Seo>___my Cornairanent System
_mlllgg_ll1._il -.l_t, ,_nab/sis from 1984 to 1991. Idaho Natianal Engineering Lab_amry, EGG-FSP-10323, August 1992.

1. Temperature monitor data used (Table A-1, first reference).

2. Pressure monitor data used (Table A-l, f_rst reference).

3. Level m_,nitor data used (Table A-1, first reference).

4. Oxygen monitor data used (Table A-l, first reference).

5. Radiatic_v monitor data used (Table A-I. first refezeace and p. A-3, second reference).

6. Gas chromatograph data used (Table A-l, first reference).
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LNG1- D. W. Johnson and J. R. Welker, Develovment of an Imoroved LNG Plant Failure Rate Data Base, Gas Research Inslimte, PB82-153503, September 1981.

1. First set of data is for low temperature detector (p. 9). Second set of data is for high temperature detector (p. 9).

2. Gas detector data used (p. 9).
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Table:Sa'_ "Categ_ 3 _tin_tes for"wate_ systen_ ................... ' ..... ' ........ "
ii i i

Sys_ponent/Faflui_e Mode ..... Fafl-m-eDa,..:(Category 3 Som'ces) a

Wal_" .............. ' ............ " '.... ' "610I_-5/d .... " ' ........ ' 6.0E-5/d .....

Valve (Star_:Ibyor Safety) [1]
Manual

,Failstoopen/close.....
Plugs 3.8E-7/h(3) 3.8E-71h(3)

' Leakage (irternal) ......

Rupture ('-.'+.a'nal)

l._.akagc_ _temaI) ..... 2.0E-8/h ..... 2.0E-81h.....
,, [tl .....

....mupt_- +:'-,..:m.n_).... 2.VE-S/'h(iO) ' 2.TE-g/h(lO)

Chec_ ' " i.3E-4/d(3) ' 6.0E-S/d ..... 8.8E-S/d(3.0)

++,:+_to Open , , , [_l ..........
Fails to close

it i J i iii i

Plugs

Le_age (internal)' 5.0E-7/h 5.0E-7/h(lO)

,r [l] ........ i

.....Ruptm"e (internal) 3.8E-7/h(3) 5.0E-8/h 1.9E-7/h(5.4)
, it] ,

L"akage(external)

"' R_ (external) '2.7E-g/h(lO) ....... 2.7E-Blh(10)

Motor-Operated ' 1.3E-3/d(3) 6.0E-3/d' 3.0E-31d(3-5)

Fail_ ..to oper_lclose ,, [ 1] ,, ,
Spurious oper_on

Plugs 3.SE-7/h(3) 3.0E-S/h ........... 1.9E-7/h(8.l)
111 ..... _

Leakage (internal)

Rupture(intro.)

Leakage (external) " 1.0E-7/h 1.0E-7/h(lO)
[11 , ,

' Rupture_cxt_md) " 2.TF--'S/_(10) ' _ 2.rE-S/h(10)
II ii i +
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i

'Table 5a. Category 3 estimates for water system (continued).

System/Component/Faiime Mode ' Failm'e Data (Category 3 Sources) a

WASH- 1400 CCPS IEEE LNG2 EPRIi I EPRI2 Aggregated

I Results b
"R i I ][ Ill] I

Air-Ot_ated ...... 3'.8E-4/d(3) 2.0E-3/d 9.SE4/d(3.9)
Fails to open/close [1]
Spurious operation

i ii, i ii,,,

Plugs 3.8E-7/h(3) 3.8E-7/h(3)
i , ,,,, , ,,

Leakage (internal)

Rupture dnternal) ..........

Leakage (external) 1.0E-7/h 1.0E-7/h(lO)

,, Ill .......
Rupture _external) 2.TE-8/h(lO) 2.TE-8/h(10)

i

Solenoid-Ol_,,r ated 1.3E-3/d(3) 13E-31d(3)
FaiLsto oil-n/close ,
Spurious operation

Plugs ' 3.SE-7/h(3) 3.8E-7/h(3)
[q, i,

Leakage (internal)

Rupture (ivtemal)

Leakage (c _ternal)
ii,, i

Rupture (c_temal) 2.7E-8/h(10) 2,TE-8/h(lO)
, I, i

Safety/Relief 1.3E-s/d(3) 4.0E-3/d l.SE-3/d(30)
Fails to Ol_'n , , [1.21 ,,, [11 ,
Fails to reclose

Leakage (.,n_emal) 1.3E-5/h(3) 1.3E-5/h(3)
i ,,,

Rupture (internal) 3.0E-6/h 3.0E-6/h(10)
....... [,21

Leakage (external)
is i

Rupture (external)
i H

V_naa-Breaker 3.SE-5/d(3) 3.SE-5/d(3)
FaiLs to open
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Table 58. Calory 3 es_ for Watersysl_m (continued). ...............

'System/Component/FaU-me Mode .... FailureData (Category 3 _)a ......

WASH- 1400 CCPS I _ I.NG2 EPRI I EPR12 Aggregated
Results b

: '_:ails to re(lose

' __age (internal)

Rupture (internal)
" , i, , , , ,, ,, , .,

L_age(extm_)
Rupture (_) .........

Valve (Control)
Motor-Operated

Failsopen .....
Fails ck_

ii i i i i ii i

Failsto_
ill lli ii

_(_ .............
ii il ii ,, i i i ,i ,,

mmll i ,, i,,

Failsopen .
Fails closed

1:_ torespond ....
' PhlgS ' .......

leakage(_=ml) ...................
R._._C_x_)

.......Soi_oid-Op=,*d........
,. Failsopen ............

Fails closed

F._7_ '_oreslmnd ...... I .........
i i lilt
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, ,i .. , ,,,| |..:. -.,-_ ....

Table Sa. Category 3 estimates for water system (continued).

System/Corntmnent/Failure Mode Failure Data (Category 3 Sources) a
M_

Tank (l_e_utii_) ' 1.'7E-6/h ' 1.3E-7/h(30)
_.ge(_.,,_,.l_ . Ill.. [31
Rupture (external)

Flange/Gasket
Leakage (e_tcrrml)
Rupture (external)

Heat Exchanger 6.3E-6/h 1.4E-5/h 9.4E-6/h(10)
Shell/Tube [1.6] [ 1] [4]

Fouling (tubes)
Plugs (tubes) [6] 111 [41

i i

Leakage (tubes) [61 [11 141

Rupture(mbesi
Leakage (shell)

Xupt._(_31j
Heat_ _]ectri_aD

Fml_ to hem
r i

Overheats

Leakage (external)

Rutxure (external)

Strainer/Filter 2.8E-6/h(3) 2.SE-6/h(3.O)

Plu_s ,,, [6,7] ,, [4].
Leakage (internal) [6,7] [41

Rupture(internal) " [6,7] [4]

Orifice 8.0E-7/h(3) 8.0E-7/h(3)
Plugs

Miscellaneous

Travelling Screen
Plugs

Table 5a, Category 3 estimates for water system.

at. Failure rate estimates are listed as: mean frequency (error factor), where the error factor is the 95th percentile/5Oth percentile. Numbers in brackets refer to notes listed below, arranged by
source.

b. Aggregated results are mean and error factor (in parentheses).
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Notes

WASH-1400 - Re_:_ Safety S__,_: An As_.-n-,ent of Aeci_deq_t Risks in U. S. Commercial Nuclear Power Plants, U. S. Nuclear Regulatory Commission, WASH-1400 (NUREG 75/014),
October1975.

All failure rates were obusi_nedfrom Tables I114-1 and 4-2, unless otherwise indicated. The median values listed in WASH-1400 were converted to mean values using the error factor indicated
and assuming_ !ognormaldistribution.

1. Equivalent estimate per hour (from air-operated valve information) used.
2. First estirnatc • for piping with diameters less than 3 in., and second estimate is for greater than 3 in. Leakage estimate is 20 times higher than ruptm'e (p. 1TI-77). Each section

was assumed to be 20 ft.

CCPS- GUid_e!inesfo_P_0ce__OuimnentReLiabili_DataWith Dam Tables,CenterforChemicalProcessSafety,AmericanInstituteofChemicalEngineers,1989.

I. Error factor estimates were olxained from the square root of the upper bound times the lower bound.

IF._-
Imtimte of Electrical and Electronic Engineers, Inc., IEEE Std 500-1984, 1983.

Recmmmmded ¢sthnates were insmprmed m be medims. Recommended m_fimates were convened to means using the ex_rorfactor (upper buond/ma_sa) mo assuming • lognomml dism'bmion.
unless od_r_,_e indicated. If the _ factor was Imrgerthan 30, it was reduced to 30.

1. No upper or lower bounds given. Recommended value interprexed as a mean because of the sources used m esxima_ the value.
2. _afe_ valve dam used (p.1040).
3. ( - _-'::_.;_alpump dataused (p. 893).
4. _1,cOme-driven pump data used (p. 917).
5. Diesel-driven pump data used (p. 918).
6. Mechanic_l restriction filter data used (p. 1401).
7. Failurer-,.: _ _ not indicated.

Table 5a. Category 3 estimates for water system.

- H. Lammerse and M. Bosman. "Data of Gas Compressors and Insmnnentation - Hard to Collect, Easy to Analyse," Re|i_abilitv Emdneerinz 13 (1985), pp. 65-78.

All estimates were taken fxqmnthe observed data on p. 78.

EPRH - R. P. Dawkins and J. A. Dezdiger, Co_,_-'_t Faihile _,-_dR_sir Data: Gasification_ombin_-Cycle Power Generation Units, Electric Power Pesemch Institute, Topical Repmt AP-
2205, R_h Project 239-2, February 1982.

1. Failure modes not indicaled.
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EPRI2 - J. A. Derdiger et al., Com__ent Failure and Repair Dam for Coal-Fired Power Units. Electric Power Research Institute, Topical Report AP-2071, Research Project 239-2, October
1981.

1. Failure modes not indicated.

A_2regated Results

1. Aggregation routine resulted in tat _or factor >30, so an error factor of 30 was assumed.
2. For _ }l_tlr c_ti:!':ttes without failure mode indicated, one-half was assigned to fails to start and one-half to fails to run.
3. IEEE estimate_ _ndicate pressurized tank value is one-tenth of unpressurized value.
4. Failure modes not indicated.
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, i , , , , | ,,

System/Component/Failure Mode FailureEstimates(Category3 Sources)a

WASH-1400 CCPS lEEE LNG2 EPRI1 EPRI2 Aggregated
Resultsb

Chemical Process ' 2.9E-4/d(8.7) ..... 2.9E-4/d(8.7)
Valve(Standby orSafety)

Manual

,, Fails to Open/close
Hugs

i i i i i

Leakage(internal)

Ruli_':¢e(internal) ........

Leakage(extern_) .............

...... Rupture.(ex_al) ....

Check ' l.$E-4/d(3.2) ' 1.5E-4/d(3.2)
Failsto _

' F_filsm _iose 2.2E-31d(4.9) " I 2.2E-31d(4.9)
, i .... i i i i |,

, i i i H i

Rqxure (inlernal)

.... Leakage(e=ternal) ......
i_' i ,i i ii ii i i

Rupture(e_mrnal)

Momr_ 5.6E-3/d(611) 5.6E-3/d(6.1) ....
Fails m oWrdclose
Spuriousoperation 1.4E-6/h(4.0) .... 1.4E-6/h(4.0) '

| i |

Plugs

Leakage(iw..m,d)
Rupture(internal)

,, ,, , i i i i i i i

Leakage(external)

...... k_ <_,_t_) ...........
' 'Ab__ 2.2S-3/d(4.7) 2.4E-5th 2.2E-3/d(4.7)

Fails to o_.-_'close [1] [1]
Spuriousoperation 3.6E-6/h(6.7) [1] 3.61_-6/h(6.7)

, , [1]
Plugs

..... I.,eskage(int_'nal) ...........
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Table 5b. Category 3'estimat_ for chemical process system. ' ..........

System/Component/Failure Mode Failure Estimates (Category 3 Sources) a

V_tASH-1400 CCPS IEEE LNG2 .... EPPdl [ EPRt2 I Aggregated

I I Results b

Rupture (intt real) .....

Leakage (external) ....

Rupture (external)

Solenoid-Operat_ 2.SE-3/d(5.5) 2.8E-3/d(5.5)
Fails to o_Vclose
Spurious operation 4.1E-7/h(3.0) 4.1E-7/h(3.0)

i

Plugs

Leakage (internal)
,w ,,,, i

Rupture (internal)
,, m

Leakage (external)

l_u_e (external)
i

Safety/Relief 4.2E-3/d(30), 7.SE-4/d(18)

Fails to open 2.1E-4/d(lO)
Fails to reclose 5.0E-3/d(10), 5.1E-3/d(12)

5.2E-3/d{13)
Leakage (internal)

Rupture (internal)
i i

Leakage (extenud)

Rupture (external)

Vacanan-Breaker

Fail_ to open
Fails to reclose

Leakage(internal)
Rupture (internal)

Leakage(external)
i

R_ (external)
i

Valve (Control)
Motor-Operated

Fails _u
Fails ¢!o_ed

Fails to,.,c_pond
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Tab'le 5b. Category 3 estimates for chemical process System.

-System/Component/Failure Mode Failure Estimates (Category 3 Sources) a

WASH-1400 ] CCPS IEEE I.NG2 [ EPRI1 [ EPRI2 [ AggregatedResults b

Leakage (external)

Rupture (external)

Diesel-Driven
Fa_ to start
Fails to run

Overspeed

Fails to stop

Leakage (external)

Rupture (external)

Piping/Hose/Jumper
Piping

Leakage _extQ_._l)
Ruixure (e_emal) 5.1E- 12/h-ft 5.1E-12/h-ft(15)

(15)
[1]

Plugs

Hose

Rupture (external) 2.9E-8/h-ft 2.9E-8/h-ft(15)
(15)

[11
Plugs

Jumper
Leakage(external)
Rupture (external)

Plugs

Vessel 9.9E-7/h(4.9), 1.2E-6/h(9.3)

Tank (Unpressurized) 1.2E-6/h(15)
LeJkase (ex_-nal)
Rupture (external)

Tank (Pressm'ized) 1.1E-8/h(17) 1.1E-8/h(17)

LPJakawge_extca-Ttal)
Rupture (external)
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Table'Sb. Ca'egory 3 estimates for_che_nical process system. ' ................

System/Component/Failure Mode .... Failure Estimates iCategory 3 Sources) a .....

, , , Results b
• , ,,.,h..lange/Go_kc) i ........................ -, .........

Rupture (external)

Heat Excl_anger ....
Shell/Tube

Fouling (tubes_
Plugs (tube.s)

Leakage (tubes) 2.6E-5/h(7.5) 2.6E-5/h(7.5)

R_,_ <_i ......
• Leadmge(shell) .....

Rupture (shell)' "

X_= '_) .....
Fails to heat
ov_

' Leak_e(external) ...........
R_ (_t_,i) .......

i i

Strainer/Filter 5.6E-6/h(5.0) 5.6E-6rn(5.0)

Plu_ [1,21 ,,, [2] , ,
Leakage (internal) [21 [2]

Rupture (intmml) [21 [21
,i i i i i ii i i i tl ill

Orifice
. Plugs i i el

" Miscellaneous
Mixer/Blender

Fdlure
, i i i i

Agitator 5.TE-5/h 1.0E-5/h, 2.SE-5/h(10)
Failure 1 .gE-5/h,

3.0E-6/h,
7.0E-6/h,
3.SE-5/h i

Centrifuge
Failure
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Table 5b. Category 3 estimates for chemical process system.

a. Failure rate estimates are listed as: mean frequency (error factor), where the error factor is the 95th percenfile/50th percentile. Numbers in brackets refer to notes listed below, arranged by
source.

b. Aggregated results are mean and error factor (in parentheses).

Notes

WASH-1400 - Reactor Safety Study; An Assessment of Accident Risks in U, S, Commercial Nuclear Power Plants. U. S. Nuclear Regulatory Commission, WASH-1400 (NUREG 75/014),
October 1975.

All failure rates were obtained from Tables HI 4-1 and 4-2, unless otherwise indicated. The median values listed in WASH-1400 were converted to mean values using the error factor indicated

and assuming a lognormal distribution.

CCP$ - Guidelitle_ for Process E_-;nm_ent Refiabiliw Data With Data Tables. Center for Chemical Process Safety, American Institute of Caemical Engineers, 1989.

factor estimates were obtained from the squm'e root of the upper bound times the lower bound.

1. Each section was assumed to be 20 ft.

-IEEE Guide to the Collection and _esentJ__on of ElectricaL Elect_orfic. Sensing Component. and Mechanical Equivment Reliability Data for Nuc!__r-Power Generating Stations.
Institute of Electrical and Electronic Engineers, Inc., IEEE Sui 500-1984, 1983.

Recommended estimates were interpreted to be medians. Recommended estimates were converted to means using the error factor (upper bourat/median) and assmning a lognormal distribution,
mdess otherwise indicated. If the error factor was larger than 50, it was reduced to 50.

1. Strainer/f'dter for chemical fluid estimate used (p. 1,107).

2. Failure modes not indicated.

LNG2 - H. Lammerse and M. Bosman, "Data of Gas Compressors and Instrumentation - Hard to Collect, Easy to Analyse," ]_eliabilit'v Engineering 13 (1985), pp. 65-78.

All estimates were taken from the observed data on p. 78.

1. Failure modes not indicated.
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- R. P. Dawkins snd J. A. Detdi__ger,Co__;,_or_z Faihue and R_air D__)_ G_i _fie___fion-Comb_n_ed-Cycle PQwer _zion Units. Electric Power Resesrch Inszimm, Topical Report AP-
2205, Research Project 239-2, February 1982.

I. Faihuemodes notindicated.

Table b'b. Category 3 estimates for chemical process system.

- J. A. Derdiger et al., Co..-_ t Failure and Remit Dam for Coal-Fired Power Units. Electric Power Research Institute,, Topical Report AP-2071. Research Project 239-2, Oczolz_
1981.

,_gregated Results

1. LNG2 data not used (no information on how to partition among failure modes).

2. Failme modes not indicated.

3. Per hour estimate without failure modes imtk,ated was divided evenly between fails to start and fails to run.
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i , fl, _ ' ' i

Table 5c. Category 3 estimates for compressed gas system.
i iii ii i

System/Component/FailureMode FailureEstimates(Category 3 Sources)a
WASH-1400 CCPS IEEE LNG2 EPRI1 [ EPRI2 [ Aggregated

I I Results b

Com_essed Gas
Valve (Standbyor Safety)

Manual

.... Fails to operJclose , ....
Plugs

.... ,

Leakage (internal)

"Rupture(in,._al) " '
ii

Leakage(external)

Rupture(external)

Check

Failsto open
Fails to close

i

RuptureOntemal)
Leakage (exlemal)

i

Rupture(external)
, i

Motor-Olx'rm_
Fails toopen/close
Spurious

Plugs
i, i,|,l

Leakage(internal)

Rupture(inU.'nal)
i i

Leakage(external)

Rupture(exU_mal)

Fails toopen/close
Spuriousoperstion

Plugs
i

Leakage(inu=ud)
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"Table"$c. Category 3 estimates 'forcompressed"gas ' system. '......... " ..... ' ' _
ii i

System/ComponcnffFailure Mode ' FailureEstimates (Categ_ 3 Sources)a

.... ........ Resultsb
Rupture(im(-mal) '

l.ea_e (_xt_rn.l) .......
R_BL,_(ex'_-rnal) ......

Solenoi'd .'._:_,-r:lted ......

Fails to,,eperdclose ..........
Spuriousoperation

i i, i i i i ,i i , i i

Plugs

Lcak._"_:e'(internal) ......

R_ i_-_) ' ' '
, ii i i i

Leakage (e_nal)
i , i i ! i

Rupture(exm_tl)

sa__f .....
Fails to Open ..........
Faik_t,:_lose

'Leak_:e(m_l) ......
' R_t_c(m_m_) ............ ,

t_a_ __) ........
Rupture.text'S) ....

V_-Br-._ker ...........

, Fails to open .............
Fails to reelose

_k_e (m_) ...................
,i, . ,. . i .l H

Rupture(internal)
i i . i

Leakage(external)

R_ (external) ..........
ill i i i i i

Valve (Control)
Motor-OIx_ated

Fails open ...........
Failsclosed
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Table 5c. Category 3 estimates for compressed gas system. ......................
i i ii

System/Componextt/FailureMode Failure F_*.hnates(Category3 Sources)a

WASH-1400 CCPS IEEE LNG2 ] EPRI1 EPRI2 [ Aggregw_l.... Resultsb
F._lstorespond ..............................
Plugs

i

Leakage(external)

Rupture(exmrnal) ........
i

Air_
Failsopen
Failsclosed

Fails'_orespond .........
i, ,.,,,.,

Plugs

Leakage(external)

Rupe_e (extemal)

Solenokl-Operat_ ' "
Failsopen ................
Failsclosed

Fails to respond
i i ill i

Plugs

Leakage (external)

Rupture(external)

Compressor ' 6.TE-4/h(30), 3.SE-5/h 1.6E-4/h(30)
Motor-Driven 4.7E-5/h [1] [1,2]

Fails to s_ ,,, [1] ,, ,
F_ls to run 2.5E-B/h(19) [11 [11 [2]

, i |

Ov_rspeed
i i

Fails to stop

L_e (_al) ' ' '
R_p_ (exx_) .....

Piping/Hose/Jumper/Tube .........

L_a_e,(_xter_ ,
Rupture (external)
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"Table 5c' Cate_ 3 estimates'forcom_ess_ gassysteml'_ " '............... ' "

System/C0mponent/FailureMode ' FailureEstimat_ (Category3 Souses)a ......

' I , ' I I II ,,,,,, ,, ,. , ,.',' F, ' ,=,, ,, " '" I

Plugs
Hose

. Z_._e (_,n_d_ . i ....
R_tu_ {extend)

i

Plugs

_m-np_" .........
. l._a_e(_d) .............

Ruptu_(extend)
Plugs

Tube

Le_k_e_ex,_,a) .............
Rupuue(_)

,m,, Hi i ii ill

mugs
Vessel

Tank
L_e {_,_ ............
Rupture(exsemal)

..........................
l._aXa_e(_l) ..........................

r'_mse/G_k_......................
t.eak___} .....
Rupture(external)

HeatExchanger................
- Shell/Tube

F-ou_r_(m_) .........
laugs(robes)
Leakage(tubes)

, , , • n ,, i i

' Ru_ (ml_s)
, H | i i i

......
.... ,,,
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Table 5c. Category 3 estimates for compressed gas system.

System/Component/Failure Mode Failure Estimates (Category 3 Sources) a

i n i

Heater (Electrical)
Fail._to heat
Overheats

Leakage (external)

Rupture (external)

Vaporizer
Failure

Air Dryer 2.6E-7/h 2.6E-7/h(lO)
Failure [2] [3]

Filter 3.4E-6/h(3.4) 3.4E-6Pa(3.4)

Plu_ [1] [2]
Leakage (internal) [ 1] 12]

Rupe_e(intema) {1] [21
(Mfr.e

Table 5c. Category 3 estimates for compressed gas system.

a. Failure rate estimates are listed as: mean fi-equency (error factor), where the error factor is the 95th percenti]e/5Oth percentile. Numbers in bTackets refer m notes listed below, arranged by.
SOurce.

b. Aggregated results are mean and en'or factor (in t_ren_eses).

Notes

WASH-1400 -ReactorSafew 5t:_dv:An AssessmentofAccidentRisksinU, S,CommercialNuclearPower Plants,U. S.NuclearRegulatoryCommission,WASH-1400 (NUREG 75/014),
October1975.

AllfailurerateswereobtainedfromTables1114-Iand4-2,unlessotherwiseindicated.The medianvalueslistedinWASH-1400 wereconvertedtomean valuesusingtheerrorfactorindicated

and assuminga lognormaldistribution.
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- Guidelines for _ _m_t Reliability Dam With Data Tables. Centerfor Chemical Process Safety, AmericanInstituteof Chemical Engineers, 1989.

Errorfactorestimates were obtainedf_nn the squarerootof theupperbound times the lower bound.

Instituteof Electrical and Electronic Engineers,Inc., IEEE Std 500-1984, 1983.

Recon_nendedest_nates were in_ to be medians. Recommendedestimateswere converted to means using the errorfactor (upperbound/median)and assuminga lognormaldistribution,
unless otherwise indicated. If the re'mrfactorwas larger than50, it was reducedto 50.

1. Failuremodes not indicated.

2. Air dryer estimateobtained frominformationon p. 1422 (no failures in 1.9E+6h).

- H. LammerseandM. Bomnan,"Dataof Gas Confessors and Instnnnenlation- Hardto Collect. Easy to Analyse," RcLiabiliwEnsdneerinz13 (1985), pp. 65-78.

An estimates were takenf_nn the _ed dataon p. 78.

- IL P. Dawk:immadJ.A. Derdigex,'.c.-...---_-:.: F_i:_c s,-,,d_ R___. !_,_ GKif,_,,_,,n-Com_-_vcle PowerG,,mm'ationUnits.Ek,cu'k PowerResem'chhmimm.Topical.Repm'xAP-
2205,ltesem'chProject239-2.Felmm719S2.

1. Faihsremodesno( indicmed.

EPRI2 - I. A. Derdigeret aL,Co,-_--a- Fm'inreand R_e_JrD_m for Co_-Fmed Power Units. Elecu'icPower ResearchInstinae, Topical ReportAP-2071, ResearchProject239-2,
1981.

Table Se. Category 3 estimates for compressed gas system.

t_t m_zated Results

1. CCPS estimate doubled (assumes equal fai)urerate estimates for fails to startandfails to run)before combining with other estimates.

2. Failuremodes not indicated.

3_ F_ rate estimatebased on zero failures and may be conservativelyhigh"

139



WSRC-TR-93-262

Table' 5d. 'Catego_ 3 "_timates for HVAC/exhaust system. .........................

System/Component/Failure Mode Failure Estimates (Category 3 Sources) a ....

WASH-1400 CCPS IFFE LNG2 EPRI1 EPRI2 Aggregated
Results b

, , ,, ,,, ,,,, |

HVAC/Exhaust
Damper (Standby or Safety)

Manual

Fails to open/close ......
Plugs

| ii i

Leakage (internal)

Rupture (internal) ' ' '

Leakage (external)

.... Rupture (external) ......
i m i ii i i i

Motor-Operated
Fails to open/clo_
Spurious operation

i i i i

Plugs
i i a

Leakage (internal)

Rulxure (internal)
i i ,, i

Leakage (external)
i

Rupture (external)
i

Air-Ot_ated 1.2E-6/h 1.2E-6Pa(IO)
Fails to op_:,rffclose, [1,2] [I]
Spuriousopcration [I] [1]

,, i

Plugs
i ii

Leakage(internal)

Rupture'(intemal) ......

Leakage(external) ....
Rupture (external)

i

Damper (Control)
Motor-Operatcd

Failsopen ,
Failsclosed "

;i i

Failstorespond
i L

Plugs
i i i i

Leakage (external)

I 14o
!
il
!

• i
z •
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• ,, ...

"l_ !. Category 3 estimates for HVAC/exhaust system.

Sys)_ _Component/Failure Mod-'-"-"_ Failure Estimates (Category 3 Sources) a

WASH-1400 CCPS _ L,NG2 EPRI1 EPRI2 AggregaL,y3
Results b

ature (external)

_-o_

•ts closed

F,_ilsm r_--l.,o_l

;;gS

-akag¢ (external)

Rupture (external)

F_-r2,1ow_ 2.1E-4/d(9.0) 2.5E-6/h 1.1E.4/h g.OE-6/h, 2.1E-4/d(9.0).
Motor-Driven [1,21 [1] 5.0E-7/h, 5.0E-6/h(12)1.3E-5/h [21

Fails to start

Fails to run 9.1E-6/h(3.8) [11 [11 [11 5.0E-6/h(12)

Overspeed ....
Fails to stop

• _

Leakage (external)

Rupture (external) --.-

Diesel-Driven
FaiLs to start
Fails to run

Fails to stop

Leakage (external)

Rupture (external)
_al_m_mau_am

Ducting

Rupture (external) _

Plugs
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Table $d. Category ._ estimates for HVAC/exhaust s3,stem. ' ..............

System/Component/FailureMode FailureEstimates(Category3 Sources)a

i | , , n i

HeatExchanger 1.0E-5/h(9.7) 1.0E-SPa(9.7)
Air ConditioningUnit/ [1,3] [1]
Chiller

Fails to start
ii i , i i

Fails torun [11 " [I]

......... Fan CoolerUnit
F_ls to start

r i

Failsto run
i

Failsto heat
i

Overheats
i ii

Heater(Gas)
Failsto heat

i i i i ii i

Ovezheats

Filte_
Normal

Plugs , ,
Leakage(internal)

i

Rupture(internal)

Low-Efficiency
Plugs i

Leakage(internal)

"' Rupture(internal) ....
i , i ,

HEPA

Plu_s
l.,ezk_e (internal)

ii i

Rupture(internal)

Sand

Plu_
Leakage(internal)

"Rupture(internal) ' ' '

Baghouse 8.6E-4/h 8.6E.4/h(10)
,Plugs ....
Leakage(internal)

142
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Table 5d. Category 3 estimates for HVAC/exhaust system.

System/Conlponent/FailureMode FailureEstimates (Category3 Sourc.es)a "

WASH-1400 [ CCPS ! IEEE ! LNG2 [ EPRI1 [ EPRI2 [ Aggregated........... Resultsbi

Rupee(intem_a)
Miscellaneous ' 1.1E-4/h 1.1E-4/h(l O)

Mist Eliminator
Failure

S_b_r .... 5.7E-SPa 6.9E-4/h 2.0E-4/h(10) .....
Fa_ure [21 [2]

Precipitator 4.6E-5/h 4.6E-5/h(10)
Failure ....... ....

Table Sd. Category 3 estimates for HVAC/exhaust system.

a. Failurerate estimates are listed as: mean frequency(error factor),where the errorfactor is the 95th percentile/50thpercentile. Numbers in bracketsreferto notes listed below, arrangedby
SOuI_e.

b. Aggregated results are meanand errorfactor(in parentheses).

Notes

WASH-1400 - ]_eactorSafety Study: An Assessmentof AccidentRisks in U. S. CommercialNuclearPower Plants.U. S. NuclearRegulatoryCommission, WASH-1400 (NUREG 75/014),
October 1975.

All failurerateswere obtainedfromTables III4-I and4-2, unless otherwise indicated. The median values listed in WASH-1400 were convertedto mean values using the errorfactor indicated
and assuming a lognormal distribution.

CCPS - _;_ideline_for Process En_u'mmentReliabilityDam With DataTables, Centerfor Chemical Process Safety, AmericanInstituteof Chemical Engineers, 1989.

Errorfactorestimateswere obtainedfx_omthe squaremot of the upperboundtimes the lower bound.

- _IEEEGnid¢ to the Collection md Pr_t_A_on of _i_i_i_E!_trical.Electronic. Sensint Comvonent. and MechanicalEqu_ent Reliability Data for Nuclear,PowerGenerafimaStations.
Instituteof Electrical and Electmni©Engineers,Inc., IEEE Std 500-1984, 1983.

Recommendedestimates were in_ to be medians. Recommended estimateswere convertedto meansusing the errorfactor(upperbound/medim) and assuming a lognonnal distribution,
unless otherwise indicated. If theerrorfacun was larger than50, it was reducedto 50.

1. Failuremodes not indicated.

143



' WSRC-TR-93-262

2. No upper or lower bounds given. Recommended value interpreted as a mean because of the sources used to estimate the value.

3. Chiller dam used (p. 1388).

- H. Lammerse and M. Bosman, "Data of Gas Compressors and Instrumentation - Hard to Collect, Easy to Analyse," Reliabifity Enfineering 13 (1985), pp. 65-78.

All estimates were taken from the observed data on p. 78.

- R. P. Dawkins and J. A. Derdiger, (_,_,_rtent Failm-e and Repair Dn)A" Gasification-Combined-Cycle Power Generation Units, Electric Power Research Institute, Topical Report AP-
2205, Research Project 239-2, February 1982.

1. Failure modes not indicated.

2. Estimate for ammonia or particulate scrubber.

Table Sd. Category 3 estimates for HVAC/exhaust system.

EPRI2 - i. A. Derdiger et al., (_o_ Failure and Repair D_m for Coal-Fired Power Units. Electric Power Research Institute, Topical Report AP-2071, Research Project 239-2, October
1981.

1. Failure modes not indicated.

2. Estimate for SO2 scrubber.

Aggregated Results

1. Failure modes not indicated.

2. CCPS value doubled beiore combining with other estimates (assumes equal failure rates for fails to start and fails to run).
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_Table 5e. Category 3 estimates for electrical distribution system.

System/Component/Failure Mode Failure Estimates (Category 3 Sources) a
WASH- 1400 CCPS IEEE LNG2 EPRI1 EPRI2 Aggregated

Results b

Reactor Trip

Fails to open
Spurious operation

Relay 1.3E-4/d(3) 1.9E-6/h(1.1) 4.2E-6/d(2.6) 7.1E-5/d(16),
Protective 1.9E-6/h(1.1)

Fails to open/close
Spurious operation 1.3E-7/h(3) 6.0E-8/h(15) 2.6E-TPa(30) 1.SE-7/h(13)

[1]
Control 7.2E-6/d(1.4) 7.2E-6/d(l.4)

Fails to open/close
Spurious 3.4E-7/h(30) 3.4E-7/h(30)

[1]
Bistable

Fails to open/close
Spurious operation

Switch 1.3E-5/d(3) 1.8E-6/h(15) 1.3E-3/d(3),
Push-Button (Manual) 1.8E-6/h(15)

Fails to open/close
Spurious operation 8.0E- 8/h(10) 9.6 E- 7/h ( 13 ) 2.6 E-7/h (12)

Rotary (Manual) 3.1E-7/h(2) 3.1E-7/h(2)
Fails to open/close
Spurious operation 1.9E-7/h(2) 1.9E-7/h(2)

Key.Opiated (Manual) 2.3 E-6/h 2.3E-6Pa( 1O)
Fails to open/close [2] [1]
Spurious operation [2] [I]

Automatic-Transfer

Fails to open/close
Spurious operation

Limit 3.8E-4/d(3) 7.5E-6/h(1.6) 3.8E-4/d(3),

Fails to open/close [2] 6.0E-6/h(1.6)[21
1.7E-6/h(5.1)

Spurious'operation 6.3E-7/h(9.4) [21 [2]

Fuse 1.3E-5/d(3) 4.0E-6/h(10) 1.3E-5/d(3),
3.5E-6/h( 1O)

Fail to open [21 [2]
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'Table5e. Category3 estimates for electricaldistribution system.

System/Component/l ailure' Mode Failure Estimates (Category 3 Sources) a

WASH-i400 CCPS I IEFF LNG2 EPRI1 [ EPR12 Aggregated .....

I I Results b

,r_ 1.3E-6n-:3 _',.,, [2] ' " " ..... 1.1E-6/h(6.1)-
[21

Premature op!-,dnl] ..
Inverter 2.9E-5/h(11) 2.3E-5/h(13) 2.6E-5/h(12)

Failure

Motor 3.8E-4/d(3) 1.5E-5/h(30) 2.5E_5/h(30) 3.8E-4/d(3).
AC [1] [1,2} [1] 1.8E-5/h(17)

Fails to start [31

Fails to run 1.3E-5/h(3) [1] 3.3E-5/h(30) 2.4E-5/h(17)
, [11 [1] [3]

DC 3.SE-4/d(3) 2.3E-5/h(2.5) 1.3E-4/h(30) 3.8E-4/d(3),
Fails to start [1] [1] [1] 1.8E-5/h(8.4)

, [31
Fails to ruv 1.3E-5]h(3) [I] [I] 2AE-5]h(8._i)

[11 ........ [31ii

Synchro
Failure

Transformer 1.3E-6/h(3) 2.'5E-6/h(8.6) ' 7.TE-7/h(5.6) " 1.4E-6/h(5.6)
Power

Failure

Instrumentatior 'Control 3.8 E-7/h(2.8) 3.SE-7/h(2.8)
Failure

Table Se. Category 3 estimates for electrical distribution system.

a. Failure rate estimates are listed as: mean frequency (error factor), where the error factor is the 95th percentile/50th percentile. Numbers in brackets refer to notes listed below, arranged by
source.

b. Aggregated results are mean end error factor (in parentheses).

Notes

WASH-1400- _Rea_torSafety Study: An Assessment of Accident Risks in U, $, Commercial bluc!ea_ Power Plant, U. S. Nuclear Regulatory Commission, WASH-1400 (NUREG 75KI14)o
October 1975.

All failure rates were obtained from Tables Ill 4-1 and 4.2, unless otherwise indicated. The median values listed in WASH-1400 were converted to mean values using the error factor indicated

and assuming a lognormal distribution.
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1. Type of motor not indicated.

- Guidelines for Proee__ssEquivment Reliabiliw Data With Data Tables, Center for Chemical Process Safety, American Institute of Chemical Engineers, 1989.

Error factor estimates were obtained from the square root of the upper bound times the lower bound.

1. Failure modes not indicated.

2. Error factor reduced to 30.

- IEEE Guide to the Collection arm ]_-esentation of Electrical, Elec_urdc, Sensing Component, and Mechanical Equipment Reliability Data_for Nuclear-Power Generatim_ Stations,
Institute of Electri,=al and Elecuonic Engineers. Inc., IEEE Std 500-1984, 1983.

Recommended estimates were interpreted to be medians. Recommended estimates were converted to means using the error factor (upper bound/median) and assuming a lognormal distribution,
unless othe_cise i,dicated. If the error factor was larger than 50. it was reduced m 50.

1. Error factor reduced to 30.

2. Failure modes not indicated.

LNG2 - H. Lammorse and M. Bosman, "Data of Gas Compressors and Instrumentation - Hard to Collect, Easy to Analyse," Reliability Engineering 13 (1985), pp. 65-78.

All estimates we, c ,,|ken from the observed data on p. 78.

EPRI1 - R. P. Dawk;ns and J. A. Derdiger, Component Failure and Repair D_t," Gasification-Combined-Cycle Power Generation Units..,Electric Power Research Institute, Topical Report AP-
2205, Research l'roiect 239-2, February 1982.

Table Se. Category 3 estimates for electrical distribution system.

_ EPRI2 - J. A. Derdiger et al., Com!xr/lent Failure and Repair Data for Coal-Fired Power Units. Electric Power Research Institute, Topical Report AP-2071, Research Project 239-2, October
1981.

Agm,egated Results

1. Failure modes not indicated.

2. Relay and switch results indicate approximately one-fifth of failures are spurious operation. This information was used to partition the IF.El:-estimate.

3. Category 2 data indicate 1 of 8.5 failures is premature opening. This information was used to partition the IEEE estimate.
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'able 5f. Category 3 estimates for instrumentation and control system.

System/Component/Failure Mode Failure Estimates (Category 3 Sources) a
WASH-1400 CCPS ----" IEEE "_G2 EPRI_ _ AggregatedResults b

_ _ .5E-6/h(15)
Instrumentation and Control 7.7E-7/h(10) 5.8E-6/h(22)

Alarm/Annuncialc, r [ 1]
Fails to alarn_ _._._. _ _ 8.7E-7/h(15)
Spurious op_ afion [1] 3.4E-6/h(23)

Sensor/Transmitter/ 2.7E-6/h(10) 9.7E-----'5/h(15) 1.6E-6/h(8.3) 8.0E-6/h 8.1E-6/h(14)
Switch [1] 2 ]T_rmducedl_ocess

Temperature
Failure 6.8E-6_(17)

Press_e 2.7E-6/h(10) 9.1E-5/h(30) 2.0E-6/h(16) 2.5E-5/h
Failure [2,3] _ _ 1.2E-Mh(16)

Differmtial Pressure 6.6E-5/h(16),
2.2E-Mh(15)

Failure _ 3.2E-5/h(15)
1.1E-4/h(15), 9.0E-6/h(15) 1.1E-5/h

Flow 1.2E-4Pa(l5),
Failure 9.6E-5/h(15)

[2] _ 6.4E-6/h(7.7)
Level 2.5E-6/h(l 5), 2.1E-6/h(2.6)
Failure 1.4E -Mh(l6),

9.9E-5/h(14),
1.9E-4/h(15)

4.2E-6/h(3.9)

Humidity 4.2E-6/h(3.9)
Failure _ 5.8E-7/h(5.0)

pH 5.SE-7/h(5.0)
Faiha'e

Oxygen Concentration

Failure 9.8E-5/h _10)
CO 2 Concentration

F_.-;lure

Hydrogen Concentration ._
Failure

Nitrogm Concentration
Failure _

Hydroemtxm Coneea-
tra_on

Failure
Helium Concentration

Failure
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Table 5L Category 3 estimates for instrumentation and control system.

Systern/Compon*..nt/Failure Mode Failure Estimates (Category 3 Sources) a

WASH-1400 CCPS _ LNG2 EPRI1 i EPR_ [ AggregatedResults b

Speed 1.7E-6/h (8.1) 1.7 E-6/h(8.1 )
Failure

Seismic 1.6E-6/h(4) 1.6E-6/h(4)
Failure

Radiation 6.3E-6/h(4.7) 6.3E-6Ra(4.7)
Failure

Indicator 2.5E-4/h(15) 3.9E-5/h(30) 1.1E-4/h(22)

Failure [2]
Amplifier

Failure

Modifier/Signal Conditioner 3.3E-7/h(2.1) 3.3E-7/h(2.1 )
Failure

Logic Module 1.9E-5/h(15) 1.4E-6Pa(2.6) 3.7 E-6/h(7.7)
Failure [3j

Recorder 2.5E-5/h(15) 5.TE-5Ra(30) 3,S,r: _:h(22)

Failure [2]
Sampler

Failure

Analyzer 1.3E-3/h(26) 1.3E-3?n(26)
Failure

Tuner
Failure

GasCta_omatograph
Fa/hne

Voltage Regulator
Failure

Transmitter 1.0E-5/h(30) 1.0E-5/h(30)
Failure [2]

Transducer 6.3E-5/h(15) 6.3E-5/h(15)
Fa_hrre

Programmable Logic Conuuller
Fa;_

Table Sf. Category 3 estimates for insmnnentation and control system.

a. Failure rate estimates are listed as: mean frequency (error factor), where the error factor is the 95th percentile/5Oth percentile. Numbers in brackets refer to notes listed below, arranged by
source.

150

• • t •



! j

' WSRC-TR-93-262

b. Aggregated result_ are mean and error factor (in parentheses).

WASH-1400 -Reactor Salt)+ _,u_, An A__t of A_r__'__,$':n__t Ri_ in U. S, Comrn_ercial Nuclear Power Plants, U. S. Nuclear Regulatory Commission, WASH-1400 (IqUREG 75/014),
October 1975.

All failure rates were obtained trom Tables Ill 4-1 and 4-2, unless otherwise indicated. The median values listed in WASH-1400 were converted to mean values using the error factor indicaeed
aridassuminga lo_mal dis_bufion.

1. Type of instnnnent not indicated.

CCPS- G_lldeljnes for Pruce._ Eq-o'mm_entRellsbtqiw Data Wilh Data Tables. Center for Chemical Process Safety, American Institute of Chemical Fatginee_ 1989.

En_r factor estimal_ were obtained from the square root of the upper bound times the lower bound.

1. Failure modes not indicated.

2. Transmitter estimate used.

3. Error fat:mrreduced to 30.

IEEE- IEFE Guide to the C_il:=ftlon and P/,esentation of Elec_;c_l+ Electronic. Sensing Co,_onent. and Mechanical Eeu'mment Reliabili_ DAt_ for Nuclear-Power Generating Stations.
Institute of Elecuical and Electronic Engineers, Inc., IEEE Std 500-1984, 1983.

Reoommended estimates were interpreted to be medians. Recommended estimates were converted to means using the error factor (upper bound/median) and assmning a lognormal distribution,
unless _ indicated. If the error factor was larger than 50, it was reduced to 50.

1. Water ch_nis_ inst.,ummtation estimate used.

2. Faxor factm reduc_ to30.

3. Totalizer estimate used.

LlqG2 - H. Iaumnerse and M. Bmman, "Data of Gas C_ and Insmmumtation - Hard to Collect, Easy to Analyse," Reliabiliw Eneineerine 13 (1985), pp. 65-78.

All mtimm_ were taken from the observed data on p. 78.

Table Sf. Category 3 estimates for immnnentation and control system.

EPRI1 - R. P. Dawkins and J. A. Derdiger, COa,pOr_mt Failure and Remit l_ts- Gasifw__fion-Combin-,_--Cycle Power Generation Units. Electric Power Resemch Institute, Topical Report AP-
2205, Research Project 239-2, February 1982.
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_P.KI2- J- A. Derdigeret al., _om_nent Failureand RepairData for Coal-FiredPower Units. Elecu'icPower ResearchInstitute,Topical ReportAP-2071, ResearchProject239-2, O_
1981.
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Table 6a. S_az7 of re"_lts f:_'water system. ................... _' ................ '

System/Component/Failure Mc_e' ' Aggregated and Reconnnende_cl Failure Ratesa '

Water " 3.SE-4/d(18), 1.4E-4/d(19). 6.0E-5/d(l 0) 3.0E-4/d(10)
Valve (Standby or Safety) 3.3E-8/h(30) 7.1E-7/h(10)

Manual

Fan_toopen/close .......
Plugs i.lE-6/b-(10) 3.8E-7/h(3) 5.0E-S/h(10)

[11 ........... [1]....
Leakage (interne]) 5.TE-3/h(lO) 1.0E-6/h(1 O)

p] ........ [2]
; Repm_(inte,n_) 5.0E.en_(30)

Leakage (external) 1.0E-8/h(9.6) 2.0E-8)h(10) [2] ......... 1.0E-S/h(Z0)
........ [3] ,,

Rupture (external) 5.8E-10/h(10) 2.TE-S/h(t0) 5.0e-tO/h(30)
,P] ,,

Check 6.0E_51d('10) 1.SE-S/d(10), s.sE-5/d(3.0) 5.OE-5/d(10)

F,,,itqto open l..3E-7/h(lO_) ........
Fails to close 9.8E-4/d(4.6) 5.?E-5/d(10), 1.0E-3/d(5)

Plugs ......... _ 3"9E'7/h(!O_) .... 5.0E-8/h(lO)

......Leakage ('ml_zl) 6.SE-7/h(30) 9.1E-7/h(2.9 ) 5.0E-7/h(5.4 ) [l.0E-6/h(lo)l]
..... [2] .....

Rupture(internal) 1.9E-7/h(5.4)' 5.0E'S/h(30)
_,, • [2] ,,,

" Leakage(ex_) ....... l.SE_8rn(26)' ' ' 1.0E-8/h(10)
P]

Rupttere(_ernal) 5.8E-10_(10) 2.7E-8/h(10) ' 5.0E-10/h(30)
,, , [3] ,, ,

Momr_ 3_3E-3/d(6.3), 3.8E-31d(l.8) 3.0E-31d(3.5) 3.0F.,-31d(5)
F_g._._.._o_zdclose 4.8E-6/h_9.6) .....
Spuz_,._: iJ,_rafion 2.3 E-7/h(7.2 ) 1 .BE-7/h(11) 3.0E-7/h(5 ) i

Plufp ....... 5.6E-8/h(lO) .... l'.9E-7/h(8.1) 5.01_-8/h(10) ' 'I11

Leakage ('internal) 8:3E-7/h(,0) ....... _:OE-6/h(,O)
[2] ,

Rupun_ iintzxnal) ..... 5.0E-8/h(30)
[2]
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Table 6a. Stmunary of results for watersystem.

System/Component/FailureMode AggregatedandRecommendedFailureRatesa

Category 1 Category 2 Category 3 Recommendedb

Leakage(external) 9.6E-9/h(10) 1.0E-7/h( 1O) 1.0E-8/h(10)
[3]

Rupture (external) 5.8 E-10/h(10) 2.7E-8/h( 1O) 5.0E- 10/h(30)
[3]

Air-O_ated 1.2E-3/d(21), 3.4E-3/d(3.8) 9.8E-4/d(3.9) 1.0E-3/d(30)
Fails to open/close 5.2E-7/h_l 0)
Spuriousoperation 1.2E-6/h(5.4) 1.2E-6/h(2.0) 1.0E-6/h(5)

Plugs 1.1E-7/h(10) 3.8E-7/h(3) 5.0E-8/h(10)
[1] [11

Leakage (internal) 1.6E-6/h(lO) 6.9E-7/h(2.6) 1.0E-6/h(10)
[2]

Rupture (internal) 3.0E-7/h(2.6) 5.0E-8/h(30)
[2]

Leakage (external) 9.9E-9/h(7.6) 1.0E-7/h(10) 1.0E-8/h(10)
[3]

Rupture (external) 5.8E-1O/h(1O) 2. 7E-8/h( 1O) 5.0E- 1O/h(30)
[3]

Solenoid-Operated 7.SE-4/d(10), 1.1E-2/d(10). 1.3E-3/d(3) 1.0E-3/d(10)
Failstoolxat/close 7.1E-7/h(10) 7.5E-g/h_10)
Spuriousoperation 6.1E-7/h(10) 5.6E-8/h(10) 5.0E-7/h(10)

[q
Plugs 3.3E-4/h(10) 3.8E-7/h(3) 5.0E-8/h(10)

[H [q
Leakage(internal) 1.0E-6/h(10)

[2]
Rupture(internal) 5.0E-S/h(30)

[2]
Leakage(external) 1.3E-8/h(30) 1.0E-8/h(10)

[3]
Rupun'e(external) 5.8E-10/h(10) 2.7E-8/h(lO) 5.0E-lO/h(30)

[3]
Safety/Relief 2.TE-3/d(3.3), 1.2E-2/d(3.3) 1.SE-3/d(30) 3.0E-3/d(3)

Fails to open 8.5E-8/h(10)
[1]

Fails to reclose 2.3E-3/d(1.7) 3.0E-3/d(3)
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Table6a. summ_ ofresultsforwatersystem. '.... ' .......

System/Component/FailureMode AggregatedandRecommendedFailureRatesa

i [ I   commdbI 'I

Leakage(internal) 1.1E-6Pa(2.Si 1'.SE-5/h(3) 1.0E-6/h(10)
[21 •

Rupture(internal) 3.0E-6/h(10) 5.0E-8/h(30)
[, , [2],

Leakage'(external) 1.1E-6/h(2.5) 1.0E-8/h(10)
.... [31

Rupture(external) 4.9E-8/h(10) 5.0E- 10/h(30)
[31

Vacuum-B_e_r l.lE-'2/d(10), 3.8E-5/d(3) 1.0E-2/d(10)
Fails to open 4.4E-4/h(10)

, [1] ,,,
Fails to reclose 1.0E-2/d(10)

, , [4]i

Leab_e (internal) 1.0E-6/h(10)
, [2]

Rupha'e'(intemal) .... 5.0E-8/h(30)
[2]

t i . i

Leakage(external) [. 1.0E-8/h(10)
[3]

Rupture(external) 5.0E-10/hi30)
[3]

Explosive 1.SE-2/d(10) 1.0E-4/d(i0)
F_Isto_ [I] ,,, [5,1 ,
Leakage(intern_el) 1.0E-6/h(1 O)

..... [21
Rupture (internal) 5.0E-8/h(30)

[2]
Leakage(external) l.OE-8/h(l0)

[31
Rtq_re (ex_J) 5.0E-10/h(30i

, ,, [3] ....
Valve (Co-tml) 3.0E-6/h(10)

Motor-Operated [6]
F_s open
Failsclosed 3.0E-6/h(10)

...... [6]

i
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Table 6a. 'Summeryof resu-ltsfor watersystem. .......

System/Component/Faille Mode AggregatedandRecommendedFailureRatesa

Category 1 [ Category 2 [ Category 3 [ Recommendedb
Fails tOrespond ' 3.0E-6/h(l 0)

[6] •
Plugs - 5.0E-8/h(10)

[1]
Leakage(external) 1.0E-S/h(1O)

[31
Ruptzre(external) 5.0E-10/hO0)

[3j
Aired ' 3.0E-6/h(10)

F_lsopen ,, [6]
Failsclosed 3.0E-6/h(l0)

[6]
Failsto_ 3.0E-6/h(i0)

[61
Plugs 5.0E-8/h(10)

[q
Leakage(external) 1.0E-8/h(l 0)

[3l

Rupnne (external) 5.0E- lO/h(30)
[3]

Solenoid-Operated 3.0E-6/h(l O)
Failsopen . [6]
Fails closed 3.0E-6/h(10)

[61

Fails to respond 3.0E-6/h(l 0)
[61

Plugs 5.0E-S/h(10)
[ll

Leakage(external) 1.0E-S/h(lO)

,, , [3]
Rupture (external) S.0E-10/h(30)

[3]

Pump 3.7E-3/d(4.7) 8.3E-4/d(9.1), 7.SE-3/d(8.3), 3.0E-3/d(5)
Motor-Driven 3.7E-6/h(8.3) 2.4E-5/h(5.8)
Failsto start
Fails tonm 2.2E-5/h(17) 9.4E- 6/h(11 ) 2.1E-5/h(6.8 ) 3.0E-5/h(10)

Ove_-peed 1.9E-6/h(11) 5.0E-6/h(l 0)
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Table 6a. Summaryof results for water system.
i i i i|la| i

System/Component/Failure 'Mode ' Aggregatedand RecommendedFailureRatesa

Category I [ Category 2 ] Category 3 ] Recommendedb .......
3.8E'-3/d ' " ""_' ' ' ' ' ....... 3.0E3/d(5)Fails to stop (4.4) ....

'Leakage(external) 5.9E-8/h(30) 3.0E-8/h(lO) ....

Rupture(external) ' 1.7E'9/h(10) " [1_0E-9/h(30)'_"
[3]

Turbine-Driven 2.2E-2/d(3.8), 1.0E-2/d(10) 4.0E-3/d(10), 3.0E-2/d(3)
Failstostart 5.5E-5/h_lO) ,,, 3.SE-5/h(_O_ ,
Fails to run 1.4E-4/h(22) 1.0E-4/h( 7.7) 3.8E-5/h(10) 1.0E-4/h(30)

,,

Overspe_ 3.0E-5/h(lO)
[7]

Fails to stop ..... 3.0E-2/d(3) '
[71

. i i ill

Leakage(external) 2.7E-8/h(10) 3.0F.,-8/h(1O)
,, [3]

RuPu_ (external) 1.6E'9/h(lO) 1.OE-9/h(30)
[3]

Diesel'Driven 7.9E-3/d(5.8) 3.4E-2/d(4.0) 9.SE-31d(9.8) 1.0E-2/d(5)
Fails to start
Fails to run 4.6E-3/h(7.4) 2.3E-2/h(10) 5.0E-3/h(5)

" Ove=,speed......... 1.0E-3/h(5)
, {'q ,

Failstostop 1.OE-2/d(5)
.... [71

Leakage(external) 2.7E-S/h(10) 3.0E-S/h(1 O)
.... [3]

Ruptuns(external) 1.6E-9/h(10) 1.0E-9/h(30)
[3]

Pipins/l-lose./Jumper 2.3E-9/h-ft(10) 2.7E-9/h-ft(30) 3.0E-9/h-ft(lO)
ripins [31

Leakage (external)
Rupture(external) 5.8E-11/h-ft(lO) 1.3E'lo/h-ft(30) 1.0E-10/h-ft(30)

[3]

Rugs .... 1.3E:10/h-ft(30) 1.0E-10/h-ft(30)

Hose .... i.7E-9/h-fK10) ' [L_E-9/h-ft(10)el
l.=akage(external)
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Table 6m Summaryof results for watersystem.

System_omponent/Failure Mode Aggregatedand RecommendedFailureRatesa

Category 1 i Category 2 ] Category 3 ] Recommendedb
RupBne(external) 1.0E-8/h-ft(l 0) 1.0E-8/h-ft(lO)

Plugs 1.0E-8/h-ft(10)
[8]

Jtur4_ l.OE-6/h(10)
Leak_e (external) i , [9]
Rupture-(external) 1.0E-8/h(30)

[9]
Plugs 5.0E-8/h(10)

, [10]
Vessel 7.3E-7/h(10) 2.2E-8/h(19) 1.3E-6/h(30) 1.0E-8/h(10)

Tm.,k(Un_) [11 [31
Le_e (exte,m_d)
Rulmn_ (external) 3.0E-9/h(19) 5.0E- 1O/h(30)

[3]
Tank(Ptesmrized) 1.0E-6/h(24) 1.3E-7/h(30) 1.0E-8/h(l 0)

,Leak_e (external) [3]
Rupture(external) 4.SE-8/h(23) 5.0E- lO/h(30)

[3]
Flange/Gasket 2.1E-8/h(11) 1.0E-8/h(1 O)

Le__a_,e(_mmal) [3]
Rupture(external) I.BE-1O/h(11) 1.OE-1O/h(30)

[3]
Heat Exchmger 9.4E-6/h(1 O) 1.0E-7/h( 1O)
Shell/Tube [11 [111

Fou!_ (tubes)
Plugs (tubes) 2.6E-7/h(10) [1] 3.0E-8/h(10)

[11 [121
Leakage(tubes) 1.3E-6/h(10) 1.8E-7/h(17) [1] 1.0E-7/h(10)

[1] [3]
Ru_ (tubes) 7.8E-9/h(10) 5.0E-9/h(30)

[3]

Leakage(shell) 3.1E-7/h(lO) 7.8E-9/h(10) 1.OE-8/h(10)
[11 [3]

Rupune(shell) 1.6E-9/h(10) 5.0E-10/h(30)
[3]

Heater(Eleccical) 1.SE-6/h(10) 1.0E-6/h(1 O)
P*_s toheat
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X,b_6a.S_mm_of'_ts fo,W,t_,',yst_m'................
ii i i ii

System/Component/Failure Mor_ Aggregatedand RecommendedFailure Ratesa
ii l, i i

Category 1 [ Category 2 Category 3 Recommended b

Overhea_ ..... _' " ' 3.0E-7/h(lO) .... 3.0E-7/h(lO)
I

II ' •

Leakage(external) Z.0E-7/h(Z0)
[13J

Rupture (external) 5.0E-9/h(30)
[131

Strainer/Filter 4.0E-6/h(10) 2.SE-6/h(3.0) 3.0E-6/h(10)
Plugs [1}
Leakage '(internal) 2.2E- 6/h(10) [1 ] 3.0E-6/h( 1O)

Rupmrc (internal) ' 6.SE-7/h(10) ' [1] 5.0E-7/h(10) '
,,, , , | ,

Orifice 8.0E-7/h(3) 1.0E-6/h(3)

Plugs .......
Miscellaneous 5.2E-7/h(10) 5.0E-7/h(l 0)

Travelling Screen [1 ]
Plugs

Table 6a. Summary of results for water system.

a. Aggregated failure razes za'emean and error factor (in parentheses). The error factor is the 95th percenrileJS(kh percentile.

b. For the recommended failure rate, the Category I result was used ff available. If not. then the Category 2 result was used. If no Category I or 2 results were available, the Category 3 result
was used. (Exceptions to this are indicated in the notes.) Mean values were rounded to l, 3, or 5 times the appropnate power of 10. Error factors were rounded to 3, 5, 10, or 30.

Notes

Catet,orv l

1. Failure rate based on zero failures and may be conservatively high.

1. Failure rate based on zero failures and may be conservatively high.

1. Failure modes not indicated.
159
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Kummmuxd_

1. Datafor manual, motor-opezated,and air--ted valves combined.

2. Datafor manual, check, motor_ andair-operatedvalves combined. All failuresassumedto be leakage. Rupturevalue determinedusing the samepm_idonused for external
rupture.

3. Results from EC_-SSRE-9639 (Category2 data)used. These results are believed to be themost comprehensiveand consistent set of data available. Rupturevalues for non-PCS
systemused. Rupturedefinedas > 50 gpm.

4. Assumed to be the same as fails to open.

5. Assumed to be 10 times better than air.operauedvalve.

6. Controlvalve data for chemical process and compressed gas systems indicate approximately3.0E-6/h for fails open, fails shut, and fails to respond.

7. Trendseen for motor-drivenpump applied.

8. WASH-1400 indicatesplugs is similarto externalrupt_e in failurerate.

9. Range/gasket values multiplied by 100.

10. Valve plugs value usot.

Table 6a. Summary of resulxsfor water system.
.ii

11. Data for chemicalprocess system (Table6b) indicate fouling failure rate is similarto tube leakage.
r_

12. Category1 results indicate robeplugging is one-fifth as frequent as robe leakage.

13. Vessel failurerates multipliedby I0.

!
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T,b_ e,. S_m_ o___ _i_ p_ _.

System/Component/FailureMode AggregatedandRecommendedFailureRatesa

'Category1 Category 2 Category 3 ' Reconnnendedb

Chemical l_.ess '" 2.9E-4/d(8.7) 3.0E-4/d(10)
Valve (Standbyor Safety) [1]

Manual

Fails to open/close .......
P_s 5.0E-8/hO0)

[11
Le_agefmlern_) .... 1.0_--6/h00)

[I]

Rupture(internal) ' 5.0E-8/h(30)
, 117

Leakage(external) 5.0E-7/h(10)
[41

Ruptme(external) 3.0E-8/h(30)
[4]

Check ..... 1.5E-4/d(3.2) 5.0E-5/d(lO)

Fails to open . [1]
F_is toclose 2.2E-3/d(4.9) 1.0E-3/d(l 0)

........ i1]
Plugs 5.0E-8/h(lO)

,,, [I] ,,
Leakage(internal) 1.0E-6/h(10)

[11
Rupture{internal)' " - 5.0E-8/h(30)

Leakage(external) 5.0E-7/h(lO)
[4]

Rupture(extemaD 3.0E-8/h(30)
[4]

Motor-Operated 5.6E-3/d(6.1) 3.0E-3/d(10)
Failstoopen/close [IJ

" Spuriousoperation 1.4E-6/h(4.0) 3.0E-7/h(lO)
...... [q

Plugs 5.0E-8/h(10)
.......... [11

Leakage(internal) l.OE-6/h(]O)
, , , [q , ,

Rulm_ (internal) 5.0E-g/h(l 0)
[II

i'
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Table 6b. Summaryof result/ for chemical process system.

System/Component/FailureMode Aggregatedand RecommendedFailureRatest'

Category 1 I Category 2 [ Category 3 ] Recommendedb
I II II1 III IIIFIIIII I

Leakage(external) ' 5.0E-7/h(l 0)
[4]

Rupture(external) 3.0E-8/h(30)
[4]

i

Air_ 1.TE-2/d(10), 2.2E-3/d(4.7) 1.0E-3/d(30)
Faik toopen/close 2.0E-7/h(5) ....[1]
Spuriousoperation 2.2E-8/h(10) 3.6E-6/h(6.7) 1.0E-6Pa(10)

[1]

Plugs 2.2E-g/h(10) 5.0E-S/h(10)
[q

Leakage (internal) 7.3E-7/h(5) 1.OE-6/h(lO)
[1]

Rupture (internal) 2.2E-8/h(10) 5.0E-8/h(30)
p]

Leakage (external) 4.2E-7/h(3.6) 5.0E-7/h(10)
[4]

Rupture(exmmal) 1.BE-SPa(10) 3.0E-8/h(30)
[41

Solenoid-Operated 2.SE-31d(5.5) 1.0E-3/d(10)
Fails to open/close [1]
Spuriousoperation 4.1E-TPa(3.0) 5.0E-TPa(10)

[q
Plugs 5.0E-8/hO0)

, [q
Leakage(internal) 1.0E-6/h(10)

[1]
Rupture (internal) 5.0E-8/(30)

[1]

Leakage(ex,.emal) 5.0E-7/h(10)
[41

Rupture (external) 3.0E-8/h(30)
[4]

Safety/Relief "7.SE-4/d(18) 3.0E-3/d(l 0)
F_I.,to opea [q
Fails to reclose" 5.1E-3/d(12) 3.0E-3/d(10)

[1]

162
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Table 6b. Smnmary of results for chemical process _/stcm. ....

System/Component/Failure Mode Aggregatedand RecommendedFailureRatesai

I : i , iiiiiiiI iml ! i,i i i ii i iiii iii,ii, ii i i

, [q , ,
Rupture (internal) 5.OE-S/h(30)

, , [q
Leakage(extemal) 5.0E-7/h(lO)

[4] •
Rupture(external) 3.0E-8/h(30) ...........

........ I4l ....
Vac_-mn-Srcaker 1.0E-2/d(l'O)

Fails to open ,, [ 1]
FaiLstoreclose' " . l.OE-2Jd(lO)

[I]
Leakage(internal) ' ' l.OE-6/h(10)....

........ [11
Rupua_ (internal) 5,0E-8/h(30)

, , , Ill
Leakage (external) 5.0E-7/h(lO)

[4]
Rupture (external) .... 3"OE-8/h(30)

Explosive ..... [4]_.OE-4/d(lO)
Fails to open , _[1]
Leakage(inmmal) l.OE-6/h(lO)

[1]
Rupture(internal) 5.0E-g/h(lO)

[1]
Leakage (external) 5.0E-7/h(lO)

[4]
Rupture(external) ' ' ' 3.0E-8/h(30)

, [4]
Valve (Control) 3.0E-6/h(lO)

Motor-Operated [1]
Failsopen i

Failsclosed 3.0E-6/h(lO)

......... [1] ,
Fails to respond 3.0E-6/h(lO)

I1]
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Table 6b. Summary of resulB for chemical process system.

Syslem_omponen_q:ailme Mode AggregatedaridReccmun_ded Fm_'ureRatesa

Category I l , Category,2 ,.,, ,.,, Category 3 ] Recommendedb
Plugs 5'.OE-S/hO0)

[1]
Leakage(external)' ,: ' ' 5.0E-7/h(10)

, , , [4]
Rupture (external) 3.0E-8/h(30)

,,, 14]
Air_ " 6.0E-6/h(10) 2.7E-5/h "' 3.0E-6/h(lO)

Failsopen , , [1] [1]
Fails closed 2.6E-6/h(lO) [1] 3.0E-6/h(lO)

[1]
,,, i i i ill

Fails to respond [1] 3.0E-6/h(10)
, [t]

Ph_s 5.OE-S/hO0)
[11....

Leakage(external) 1. l E-5/h(i O) 5.0E-7/h(lO)
[4]

Rupture (external) .... 3.0E-8/h(30)
[4],|

Solenoid-Operated 3.0E-6/h(lO)
F_sopen........ [IJ
Fails closed 3.0E-6/h(l O)

...... [H
Fails to r_ 3.0E-6/h(lO)

Ill
Plugs 5.0E-S/hO0)

...... [q , ,
Leakage(external) 5.0E-7/h(10)

[4]
Rupture (external) 3.0E-8/h(30)

[4]m ill

Pump 8.1E-31d(10), 1.6E-2/d(8.1), l.OE-2/d(10)
Motor-Driven 8.9E-6/h(4.1) l.SE-5/h [2]

Fails m start
ii

Fails torum 5.8E-4/h(12) 6.0E-5/h(l 1) l.OE-4/h(l O)
[2]

Overspmd 3.OE-5/h(lO)
[21
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lrab_"e,.s.,_.y o[,_.,l=f= _i_"_ _y_';,_ ' "
ii i

SystemjComponent,.'Failure Mode Aggregated and Re_nmended Failure Ratesa

Category 1 [ Category 2 I " Category 3 [ Recommended bi i i ii i i ii i ,

F.mls to stop l.OE-2/d(10)
[2] .,

Leakage (external) 9.2E-6/h(5.4 ) 1.0E-6/h(10)
, [4] ,,,

Ruptme (external) 5.2E-8/h(lO) 5.0E-SPa(30)
li] [4]

" Turbine-Driven .... 2.6E-2/d(4.3) 3.0E-2/d(10)
F_t_tostart [1]
Fails to run 8.9E-5/h(5.0) 1.OE-4/h(30)

[1]
3.0E-S/h(!0)

F_ls m stop 3.0E-2/d(lO)
[i]

...... l.OE-6/h(lO)Leakage (exmnm])
, [4]

Rupture(external) 5.0E-8/h(30)
i4]

Diesel-Driven " 1.0E-2Jd(l 0)
F.it, _ start [I]
Fails to run 5.0E-3/h(10)

P]
Ovetstxzd 1.OE-3/h(lO)

[1] .....i i

Fails to stop 1.0E-2/d(10)
[1]

Leakage (exmmal) ' 1.0E-6/h(lO)
, [4]

Ruptme (external) 5.0E-8/h(30)
.... [4]

Piping/Hose/Jumper 3.0E-9/h-ft(lO)
piping [U

Rutm_ (exmrnal) ..... 5.1E-12/h-ft(15) 1.0E-lO/h_ft(30)
,, []]

LOE-_0/h-_O0)
P_ [q
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Table 6lb. Summary of results for chemical process system.

System/Component/Failure Mode Aggregated and Recommended Failure Ratesa

Category 1 ] Category 2 Category 3 [ Recommended b
m

Hose 1.0E-9/h-ft(10)
L_k,Se(external) [1]
Ruptnre(external) 2.9E-8/h-ft(15) 1.0E-8/h-ft(lO)

Ill,
Plugs 1.0E-8/h-fi(lO)[1]

i |

Jumper 1.OE-6/h(lO)
t -_._.se(_zm.;) , [1]

1.0E-8/h(30)

Ruptme(external) [1]
5.0E-S/h(10)

Ph_ [H
Vessel 2.6E-6/h(lO) 1.2E-6/h(9.3) l.OE-7/h(lO)

Tank (Unlxessurized) [3]

I #Jka_e {external) 5.0E-9/h(30)

Rupture (external) [3]

Tank (Pressurized) 3.7E-6/h(3.8) 1.1 E-g/h(17) 1.OE-7Pa(10)
D-_k_e (extemal_ [3]
Rupture(external) 3.SE-7/h(lO) 5.0E-9/h(30)

P]
Flange/Gasket 1.0E-7/h(lO)

L_k*_ (external) [13.]OE.9/h(10)

Rupture(external) [3]

HeatExchanger 7.8E-6/h(l.3) l.OE-6/h(lO)
Shell/Tube _[3]

Fon!ing (robes) 3.0E-7/h(10)

Plugs (tubes) [3]

leakage (tubes) 7.TE-6/h(1.3) 2.6E-5/h(7.5) 1.OE-6/h(10)
[31
5.0E-S/h(30)

Rupture(tubes) [3]
1.0E-7/h(10)

t.eakase(shen) [3]
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T,,bk;'_b. S_ ofresultsfor_l_-mi_process_,_,,,. ' ..........
System/Component/FailureMode Aggregatedand RecommendedFailureRatesa

Category 1 i . Categ0rY2 [ Category 3 .[ Recommendedb
R_ (shell) " 5.0E-9/h(30)

[3] •
neate_(Etec_ca]) 3.5E-5 th(5.8) 1.0E-5/hO O)

Fails to heat [3]
Overheats 7.0E-6/h(10) 3.0E-6/h(l'O)

[31

Leakage(external) 1.0E-6/h(1O)
[3]

Rupt,.,.:-(cxmmal) 5.0E-8/h(30)
, [31 ,

SU'aiaer/Filter " 3.1E-6/h(11) 5.6E-6/h(5.0) 3.0E-6/h(10)
_g., [11 [11
Leakage (internal) 7.0E-6/h(l 1) [1] 3.0E-6/h(i 0)

[1]

Rupture(internal) 7.0E-7/h( 11) [1] 5.0E-7/h(l 0)
,, [11 ,,, [II ,,

(kifice l.OE-6/h(10)
Pm.++s , [I]

Miscellaneous 5.0E-6/h(10)
Mixer/Blender [5]

Fa_ure ....
Agitalor 6.5E-6/h(10) 2.5E-5/h(10) 5.0E-6/h(10)
Failure

Centrifuge ' ' 5.0E-6/h(10)
r-_ ...... [5]......

Table 6b. Summary of results for chemical process system.

,. Aggregct_! fatlu_ ratesare mean enderrorfactor (in perentheses). The eneT factor is the 95th percentile/5Othpercentile.

b. Forthe recomnumdedfailure rate, theCategoryI result was used if available. If not, thenthe Categow 2 resultwas used. If no Category 1 or 2 results were available, the Categot7 3 result
was used. (Exceptionsto this are _ in _ notes.) Meanvalues wc-e ro,.mdedto 1, 3, or 5 times the _priate powerof 10. Errorfat/ors were roundedto 3, 5, 10, 0¢30.
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Notes

Catczorv 2

1. Failure rate based on zero failure and may be conservatively high.

Category 3

1. Failure modes not indicated.

R_m_n_ded

|. Based on comparisons of (limited) chemical process system data for component groups with the much more extensive water system data (Table 6a), the water system results are
appropriate.

2. Based on compm'i_ of (limited) chemical process system data for compone, with the much more ext._.sive water system data (Table 6a), the water system results were
multiplied by 3.

3. Based on comparisom of (limited) chemical process system data for compone+ ++with the much more extensive water system data (Table fur), the water system results were
multiplieo by 10.

4. Based on comparisom of (limited) chemical process system data for component groups with the much more extensive water system data (Table 6a), the water system results were
multiplied by 50.

5. Agitator results were used.
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Table'6c_ Smnmary of _x_'sults for comI_..ssed'gas system.
,,

System/Component/Failure Mode Failure Data (Category 1 Sources) a

Category 1 Category 2 Category 3 Recommend_i b

Compressed Gas 2.2E-3/d(10), 1.0E'-3/d(10)
Valve (Standby or Safety_ 6.0E-7/h (10) [2]

Manual

F_i!s to,,opcn/close ...........
' Plugs 5.0E-7/h(10)

[3] ,, ,
Leakage iinternal) 1.0E-5/h( 1C)

....... [31 ....
' Rupture (internal) ....... 5.0E-7/h(30)

[3]

Leakage (external) 1.1E'7/h(lO) 1.OE-7/h(lO)
.... [3] .....

Rupture (ext_nmi) ' 5.0E-9/h(30)
[3].,

Check ..... I.I E'6/h(2.7) l.OE-4/d(lO)

F_,_toopen .... [2] ......
Fails m close 2.4E'6/h(2.7) 3.0E-3/d(10)

[2]
' Plugs ...... 5.0E-7/hil0)

[3]
l_.akage (internal) 8 '.4E-6/h(10) 1.0E-5/h(10)

[31
" Ruptur='(intm=]) ' 4.8E-?/h(iO) ' 5.0E-7_(30)

[3]
Leakage(external) 8.4E-6/h(10) ' ' 1.0E'7/h(10)

[3J
Rup'---.(external)..... 3.1E-7/h(10) ....... 5.0E-9/h(30)

[l] , [3l
' Motor-OF.-ated " 5..3E-4/d(l0) 1.0E-2/d(lO)

F_nstoop_clo._ [2] ,
Spuriousoperation ...... 3.0E-7/h(lO)

[11
all H I

Plugs 5.0E-7/h(10)
[31

Leakage ('mternal) " 1.OE-5/h(lO)
[31 , ,

Rupture(in_=t_'al) ............. 5.0E-7/h(30)

.... ...... I[3]
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Table 6¢. Smmnary of results for compressed gas system.

System/Component/Failure Mode Failure Data (Category 1 Sources) a

Category 1 [ Category 2 [ Category 3 [ Recommended b
Leakage(external) 1.SE-7/h(10) 1.0E-7/h(10)

, [3]
Rupture (external) 5.0E-9/h(30)

[3]
Air-Operated 3.0E-3/d(1.2) 3.0E-3/d(30)

F_ toopen/close [2]
Spurious operation 1.9E-6/h(8.1) 1.0E-6/h(10)

[q
Plugs 6.5E-7/h(10) 5.0E-7/h(lO)

(3]
Leakage (internal) 2.5E-6/h(2.5) 1.OE-5/h(10)

[3]
Ruptme (internal) 4.1E-7/h(4.8) 5.0E-7/h(30)

[3]
Leakage (external) 1.6E-6/h(5.5) 1.0E-7/h(10)

[3]
Rupture (external) 2.0E-8/h(lO) 5.0E-9/h(30)

[1] [3l
Solenoid-_ted 6.SE-?/h(l 0) 3.0E-3/d(1 O)

Failsm open/close [2l
Spuriousoperation 4.2E-7/h(10) 5.0E-7/h( 1O)

Plugs 5.0E-7/h(10)
[3]

Leakage (internal) 1.0E-5/h(10)
[31

Rupture (internal) 5.0E-7/h(30)
[3J

Lautkage (external) 6.8E-6/h(10) 1.0E-7/h(lO)
[3]

Rupture (external) 2.6E-7/h(10) 5.0E-9/h(30)
[11 [31

Safety/Relief 1.OE-2/d(lO)
F_n_toopen [2]
Fails to reclose 1.OE-2/d(l 0)

[21
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Table 6c. Summary of results for compressed gas 'system. .... _ ...... .......

System/Component/Failure Mode ..... Failure Data (Category 1 Sources) a

"' ,,,, ,, i ill [ Jl [ i i i i i i, Ii ||

-l.,cakag¢ (internal) 9.3E-7/h(10) '1.0E-5/h(10)
[31

Rupture (internal) ....... 5.0E-7/h(30)
[3] : ,

Leakage (external) 9.3E-7/h(10) 1.0E-7/h(l 0)
[3] ,

Ruptme (external) 1.2E-7/h( i 0) 5.0E-9/h(30)

Vacuum-Breaker ...... [I] .... 3.0E-2/d(lO)[3]

Fai_toopen ...... [2]
Fails to reclose 3.0E-2/d(10)

[2]
Leakege (internal) ' ' 1.0E-5/h(lO)

[3]
Rupture (internal) 5.OE-7/h(30)

...... [3]
_e (extema0 1.0_--7/h(I0)

13]
i ii

Rupuat (external) 5.0E-9/h(30)
[3]

Valve (Control) 3.0E-6/h(10)
Motor-Operated [1]

Fails open ....
'" FaiLsclosed ....... 3.0E-6/h('10)

' [i]
Fails to respond 3.0E-6/h(10)

[I]
_gS ' I' 5.0E-7/h(i0) '

[3]
i i ,

Leakage(extemaD 1.0E-7/h(10)
r3]

Rupture (external) 5.0E-9/h(30)
[31 ,,

Air.._ated .... 3:0E-6/h(6.1) ' 3.0E-6/h(lO)
F_,op_-n, , , [:] , ,
Fails closed 3.0E-6/h(6.1) 3.0E-6/h(10)

....... [i],
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Table (,¢. "Summaryof results for compressedgas system.
i i

System/Component/FailureMode Failure Dam (Category 1 Sources)a .

Category 1 Category 2 ] Category 3 ] Recommendedb
i |! i i, i

Fails to respond 3.0E-6/h(6.'l) 3.0E-6/h(1 O)
[1]

Plugs 5.0E-7/h(10)
[3]

Leakage(external) 4.9E-6/h(3.7) 1.0E-7ih(10)
[3]

Rupture (external) 1.4E-7/h(10) 5.0E-9/h(30)
[1] [3]

Solenoid-_ed 1.6E-6/d 3.0E-6/h(10)
Fail_open [2] [1]
Failsclosed [2] 3.0E-6/h(10)

11] ....
Fails to respond [2] 3.OE-6/h(10)

[1] ,
5.0E-7/h(10)plugs
[3]

Leakage (external) 1.0E-7/h(1 O)
[3]
5.0E-9/h(30)Rupture(external)
[3]

Compressor 7.5E-3/d(7.1) 3.9E-5/d(10), 1.6E-4/h(30) 5.0E-3/d(5)
Motor-Driv_ 8.2E-6/h(3.6)

Fm_ to start
Fags to run 5.6E-5/h(1.2) 1.3E-5/h(3.6), 1.6E-4/h(30) 5.0E-5/h(3)

4.1E-3/h(2.0)
Overspeed 2.6E-6/h(5) 1.0E-5/h(5)

, [5]
Fails to stop 5.0E-31d(5)

[6]
Leakage(external) 7.2E-7/h(lO) 3.0E-7/h(lO)

[3] ,,,
1.OE-8/h(30)Ruprare(external)
[3]i

Pi_ose/Jumper/Tube 3.0E-8/h-ft(lO)
piping [31

I _._e (extem__al)
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6c. Summary of results for compressed gas system.

Systen_Component/Failure Mode Failure Data (Category 1 Sources) a

Category 1 Category 2 Category 3 Recommended b

1.0E-9/h-ft(30)

Rupture (external) [3] •
1.0E-9/h-ft(30)

rags t3]
1.0E.8/h-ft(10)

Hose [3]
Leakage (external) 1.0E-7/h-ft(10)

Rupture (external) i3 ]
1.0E-7/h-ft(10)

Plugs [3]
1.0E-5[h(10)

Jumper [31
L_._kase (ext_mal_ 1.OE-7/h(30)

Rupture (external) [3]
1.OE-7/h(30)

hugs t3J
, 3.0E-7/h-ft(10)

l.__ak_e (exk:-mal) 1.OE-8/h-ft(30)

Ruptare (external) [7]
1.0E-8/h-n(30)

mu_ [7]
Vessel 2.3E-7/h(10) 1.0E-7/h(lO)

Tank (Pressurized) [3]
Leakage (extc_c_al)

Rupture (external) 7.5E-8/h(10) 5.0E-9/h(30)[3]
1.0E-7/h(lO)

Cylinder (Pressurized) [8]
LeJkage (ex_mal) ,,, _ 5.0E-9/h(30)

Rupture (external) [8]
1.OE-7/h(10)

Flange/Gasket [3]
l__e (ex_al) 1.0E-9/h(1 O)
Rupture(extmua) i3]

J
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Table 6c. Summary of results for compressed"gas 'system. ' '
ill i i , ,

System/Component/FailureMode FailureData (Categoryl Sources)a

HeatExchanger 1.0E-5/hi I0)
Shell/Tube [4]

Fouling(robes) ,,
Plugs (robes) 3.0E-6/h(lO)

.... [4]
Leakage(tubes) 4.4E-5/h(l.8) I.OE'5/h(lO)

"[4] ,
Rupture(tubes) 8.5E-7/h(10) 5.0E-7/h(30)

,, [1] [4]
Leakage(shell) 1.0E-6/h(1O)

[4]
Rupture(shell) 5.0E-8/h(30)

[4]
Heater(Electrical) 1.0E-5/h(10) 1.0E-6/h( 1O)

Failsto heat [1] [1]
" Overheats 3.0E-7/h(lO)

.... [I] ,. ,
Leakage(external) 1.OE-6/h(lO)

, [3]
Rupture (external) 5.0E-8/h(30)

[3]
Vaporizer 1.4E-4/h(lO) 1.OE-4/h(1O)

Failure
Aiz'D_yer " 5.8E-6/h(lO) 8.9E-6/h(10) 2.6E-7/h ' 5.0E-6/h(lO)

Faau_, [,1 [,] _ ,
Filter 1.4E-5/h(1.3) 3.4E-6/h(3.4) 3.0E-6/h(lO)

Pluas [2] [2] [1]
Leakage(internal)" [2] [2] 3.0E-6/h(lO)

[1]
Rupture (internal) [2] [2] 5.0E-7/h(lO)

[1]
Orifice 2.1E-6/h(lO) 1.0E-6/h(10)

ms, ,, [_1 [_]

Table 6c. Summaryof results for compressed gas system.
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a. Aggregated failure rates are me_'_rtand error factor (in parentheses). The error factor is the 95th percentile/50th percentile.

b. For ate recommended failure rate, the Category 1 result was used if available. If not, then the Category 2 result was used. If no Category 1 or 2 results were available, the Category 3 result
was used. (Exceptions to this are indicated in the notes.) Mean values were rounded to 1.3, or 5 times the appropriate power of 10. Error factors were rounded to 3, 5, 10, or 30.

Notes

(:ate_orv 1

1. Failure rate based on zero failures and may be conservatively high.

1. Failure rate based on zero failures and may be conservatively high.

2. Failure mo'_es not indicatecL

1. Failure rate based on zero failures and may be conservatively high.

2. Failure modes not indicated.

,',ecommended

1. Based on comparisons of (limited) compressed gas system dam for component groups with the much more extensive water system data (Table 6a), the water system results are
appropriate.

2. Based on comparisons of (limited) compressed gas system data for component groups with the much more extensive water system data (Table 6a), the water system results were
:-,mltiplied by 3.

3. Based on comparisons of (limited) compressed gas system data for component groups with the much more extensive water system data (Table 6a), the water system results were

multiplied by 10.

4. Based on comparisons of (limited) compressed gas system data for component groups with the much more extensive water system data (Table 6n), the water system results were
multiplied by 100.

5. Similar to the water system recruits(Table 6a), ov_ was assmned to be one-fifth of fails to run.

6. Similar to the water system results (Table 6a), fails to stop was assumed to be comparable to fails to start.

7. Water system piping results were multiplied by 100.
i

8. Tank results used.
175
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Table _L 'Summary of resul_ for HvAc)exhaust system. ' .............................

System/Component/Failure Mode Aggregatedand RecommendedFailureRatesa

Category 1 Category 2 Category 3 Recommendedb

HVAC/Exhaust 3.0E-3/d(10)
Danger(StandbyorSafety) [2]

Maraud

Failsto open/close
Plugs 5.0E-7/h(10)

{2]
_age (internal) I.OE-5/h(lO)

[2j
Rupture (interned) 5.0E-7/h(30)

[2]
Leakage(external) 1.0E-7/h(10)

[Zl
Rupture (external) 5.0E'9/h(30)

[2]
Motor-Olmrated 3.0E-2/d(10)

_ Failsm open/close [2]
Spin'iota otmration 3.0E-6/h(lO)

[2J
Plugs 5.0E-7/h(10)

[21i

Leakage(internal) 1.0E-5/h(10)
[2]

Rupune (internal) 5.0E-7/h(10)
_2]

_e (ex_mal) i.OE-7/h(lO)
[2]

Rupture(external) 5.0E-9/h(30)
[2]

Air_ 9.9E-3/d(6.1) 1.2E-6/h 1.0E-2/d(30)
Failstoopen/dose [I] [2]
Spuriousoperation 8.2E-6/h(4.2) [1] 1.0E-5/h(10)

[2]
Ptu_ S.0E-_atO0)

[2]
l.zakage(interne1) t.OE-5/h(lO)

[2]
Ruptme (internal) 5.0E-7/h(lO)

t21
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Table 6d. Summ_/of results forHVAC/exhaust system.

System/Component/Failme Mode " AggregatedandRecommendedFailureRatesa

Category 1 ] Category 2 Category 3 l Rec°mmendedb

Leakage(extm_) ' '........ 1.0E-7/h(10)
[2]

Rupture(external) 5.0E-9/h(30)
12]

Damper (Cont_l) 3.0E-6/h(l(})
Motor-Operated [1]

F_ilxopen ....
Failsclc_d 3.0E-6/h(lO)

....... [1]
Fails to respond 3.0E-6/h(10)

...... [1] . ,
Hugs 5.0E-7/h(lO)

..... [2]
Leakage(external) 1.0E-7/h(10)

...... [2]
Rupture (external) 5.0E-9/h(30)

, [2]
Air-Ope_ 8.0E-6/h(10) 3.0E-6/h(10)
Fail.__ .... [2] ..... [1] ,,
Failsclosed [2] 3.0E-6/h(10)

, [q ......
"' Fails to respond ' 9.0E-7/h(lO) 3.0E-6/h(lO)

[1] ......

_ .... S.OE-7/hO0)
., ,[2]

Leakage(ex_) '" 4.1E-7/h(lO).... l.OE-7/h(lO)
[2]

Ruptme (external) ' 2.5E-7/h(10) ' 5.0E-9/h(30)
[2]

Fan/Blower 4.4E-3/d(5.4) 3.3E-6/h(2.9) 2. IE-4/d(9.0), 5.0E-3/d(5)
Momf-Drivm 5.0E-6/h(12)

Fail_ tostart
Fails to'run .... 2.9E-5/h(Z.-,j "' 5.0E-6/h(2.S) 5.0E-6/h(12) 3.0E-5/h(3)

Overspeed.... 6.5E-7/h(1.9) 5.0E-6/h(lO)
f4] ,j

Fails to stop ...... 3.6E-6/h(10) 5.0E-3/d(ib) ....
[5]
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Table 6d. Summary of results for HVAC/exhaust system.
i

System/Component/Failure Mode Aggregated and Recommended Failure Ratesa

Category 1 [ Category 2 [ Category 3 [.... Recommended b

Leakage (external) 5.5E-8/h(10) _' 3.0E-7/h(lO)
tq [2] •

Rupture (external) l.OE-8/h(30)
[2}

Diesel-Driven 1.0E.2/d(l 0)

Fai!_tostart [I]
Fails to run 5.OE-3/h(lO)

, [1j
Ov_ LOE-3/h(10)

[q
Fails tostop 1.0E-2/d(10)

[q
Leakage(extem_) 3.0E-7/hO0)

[2]
Rupture (external) 1.OE-8/h(10)

[2]
Ducting 3.OE-7/h-ft(: 0)

L_k.oe(extem__) [3]
Ruptme (external) 1.OE-8/h-ft(30)

[3]
Plugs 1.0E-8/h-ft(30)

[3]
Heat Exchanger 1.4E-2/d(1 O) 1.OE-5/h(9.7) 1.0E-2/d( 1O)

Air Conditioning Unit/ [ 1]
Chille_

F_I_ to start

Fails to run 2.4E-5/h(1 O) [ 1] 3.0E -5/h(10)

Fen Cooler Unit 8.4E-3/d(7.2) 1.OE-2/d(5)
F_lx to start
Fails to run 8.SE-6/h(2.9) 3.6E-6/h(10) 1.0E-5/h(3)

Heater (Elecukal) 8.4E-7/h(2.6) 1.0E-6/h(3)
Fm'h_to h_t
Overheats 1.6E-7/h(10) 3.0E-7/h(lO)

[6]
Heater (Gas) 8.2E-4/h(10) 1.0E-3/h(10)

Fail_ to beJt

i
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Table 6d. summary of results for HVAC/exhaust system. ,

System/C0mponent/Failure Mode Aggregated and Recommended Failure Rates a

Category 1 [ Category 2 Category 3 Reconunended b

_eq:nzbber 3.2E-7/h(10) 2,0E_/h 1.OE-6/h(10)
Fs_ure [9]

Precipitator 4.6E-5/h 5.0E-5/h(lO)
Fro'lure

Table 6(!. Summary of results for l-IVAC/exhaust system.

a. Aggregated failure rates are me_m and error factor (in parentheses). The enor factor is the 95th percentile/5Oth percentile.
i

_ b. For the recommended failure rate, the C_tegory 1 result was used if available. If not, then the Category 2 result was used. If no Category 1 or 2 results were available, the Category 3 result
was used. (Exc_-ptiom to this ere indkated in the notes.] Mean values were rounded to 1, 3, or 5 times the _ate power of 10. Error factors were rounded to 3, 5, I0, or 30,

Notes

1. Faihwe rate based on zero failures and may be conservatively high.

Cxteeorv3

1. Failure modes not indicat_
!

1. Water system results used as _ate.

2. Based on compmisons of (limited) l-IVAC/exhaust system data for component groups with the much more extensive water system data for coaqmrable component groups (Table 6a).
thewata systemresultsweremultipliedby 10.

3. Water system piping results were multiplied by 100.

4. Similar to the water system results (Table 6a), overslx,_d was assumed to be one-fifth of fails to run.

5. Similar to the water system results (Table 6a), fails to stop was assumed to be comparable to fails to start.

6. Similar to the water system results (Table 6a), overheats was assumed to be one-fifth as likely as fails to heat.
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7. Nornml filter _ula were used.

8. Based on theCategory 3 information,the normalfilter results were multiplied by 10.

9. Based on theCategory 3 information,the Categos7 2 result (limited data)was increased.
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Table 6e. Summary of results for distribution system.

System/Component/Failure Mode .'" Aggregated and Recommended Failure Ratesa

Category 1 Category 2 Category 3 Recommended b

" " _.3E-2/d(2.2)ElectricPower 3.9E-3/d(3.0), 3.1E-2/d(ll) 1.OE-2/d(3)
Generator 4.1E-5/h(3)

Diesel-Driven ]Fait_ to sum -

Fails to run 4.1E-3/h(3.3) 9.7E-3/d(3.1), 4.2E-3/h(24) 5.0E-3/h(3)
1.9E-4PM_l.2)

Motor-Driven(actodc) 1.4E-5/h(lO) 1.8E-7/h(4.5) 1.0E-5/h(lO)
Fails to start
Fail.q to run 2.1E-5/h(10) 7.8E-6/h(10) 3.3E-7/h(4.3) 3.0E-5/h(10)

Gas-Turbine-Driven 3.8E-2/d(10) 1.1E-2/d(3.0), 9.5E-5/h(25) 3.0E-2/d(10)
FaiLsto start 9.9E-6/h_8.4)
Fait._to run 2.6E-4/h(10) 2.4E-5/h(8.7) 3.4E-4/h(25) 3'OE-4/h(lO)

Hydro-Turbine-Driven 3.1E-3/d(10) 3.0E-3/d(10)

Fails to _ma.... 3.0E-4/h(l 0)

Fags to run [1]

Battery 8.0E-31d(1.2), 6.9E-'7/h(10) 4.7E-6/h(7.0) 1.OE-5/h(3)
Fagme 8.4E-6/h(3.7}

Chargez" 1.8E-5/h(l.7) 4.6E-6/h(2.5) 4.2E-6/h(3.8) 1.0E-5/h(3)
Rectifier
FR___c

Bm l.lE-7/h(lO) 1.3E-7/h(5) 1.0E-7/h(5)
Metal-Enclosed

Failure
' 8.7E-7/h(12) l.()E-6/h(10)Bare

Failure

Cable/Joint/ 4.5E-6/d(7.4), 3.0E-6/h(3)
Termination/Jumper 3.SE-6/h(3)

Cable (Copper, 1000ft)
Famine

Joint (Copper) 3.2E-6/h(30) 3.0E-6/h(30)

Termination (Copper) 2.6E-7/h(18 ) ) 3.0E-7/h(10)

Failure 5.0E-6/h(10)

Jumper0'oweO [2]
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Table 6e. Sugary ofresultsforelectricaldistril_tionsystem.

System/Component/Failure Mo¢le Aggregated and Recommended Failure Rates a ...............
| J

Category 1 [ Category 2 Category 3 I Rec°mmendedb

Ckcuit Breaker : 5.6E-4/d(i.5) 4.0E-4/d(1.4), 1.3E-3/d(13) 5.0E-4/d(5) '_''
General 4.8E-7/h(4.8)

Fails to open/close ,,
Spurious operation 3.8E-7/h(10) 1.gE-7/h(4.8) 2.8E-6/h(20) '3.0E-7/h(lO)

Reactor Trip ' ' 5.0E-3/d(5) '
F_i_toopen ......... [3j......
Spurious operation 3.0E-6/h(1 O)

..... [3] ,,
Relay 1.2E-3/d(10) 4.2E-8_(I0) 7.1E-5/d(16), 1.0E-3/d(10)

Protective 1.9E-6/h(1.1)

Fails to open/close ..........
Spurious operation l'.TE-7/h(10) 1.8E-7/h(13) 1.0E-7/h(10)

alia i ,,m i i

Control 7.2E-61d(1.4) 1.OE-4/d(10)

Failstoopen/close , [4] ,
Spurious operation 3.4E-7/h(30) 3.0E-7Pa(30)

lal I i r iii

Bistable 1.0E-5/d(lO)

F_ too_c!_ ......... t3]
Spurious operation 3.0E-7/h(1 O)

..... [3],
Switch 1.9E-6/h(10) 1.3E-3/d(3), 1.OE-6/h(lO)

Push-Button (Manual) 1.8E-6/h(1 5)
Fails to 0pen/close....
Spurious operation 1.8E-6/h(10) 2.6E-'//h(12) 1.OE-6/h(lO)

Rotary (Manual) ..... 6.0E-8/h(10) 3.1E-7/h(2) 5.0E-8/h(10)
Failstoopen/close ,,
Spurious operation 5-0E'7/h(10) " 1.9E-7/h(2) 5.0E-7/h(10)

Key-Operated (Memualj" ' 3.9E-7/h(10) 2.3 E-6/h 3.0E-7/h(10)

Fails to open/close ,, [ 1] .... ' ,,
Spurious operation 1.8E-6/h(lO) [1] 1.0E-6fa(lO)

Automatic-Transfer ' 2.0E-2/dil0) ' 1.OE-6/h(10) '

Fails to oI:_, close [5]
Spurious operation 1.0E-6/h(1 O)

i i, i

Limit 4.0E-5/d(10), 3.SE-41d(3), 1.OE-6/h(10)
FaLls to open/close 9.2E-7/h(lO) 6.0E-6/h(1.6),
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Table 6e. Summary of results for electrical distribution system. ' .......

System/Component/Failure Mode Aggregated and Recommended Failure Ratesa

Category 1 I Category 2 I Category 3 [ Recommended bI IIIII•

Spurious operation 1.7 E-6/h(5.1 ) 1.0E-6/h(5)

' Fuse 1.2E-7/h(10) 1.3E-5/d(3), 1.0E-7/h(10)

Fail to open 3.5E-6/h(10)
Premanne opening 1.6E-S/h(10) 1.1E-6/h(6.1 ) 1.0E-8/h( 1O)

Inverter 7.9E-3/d(10), 1.SE-5/h(6.9) 2.6E-5/h(12) 1.0E-5/h(3)

Failure 1.2E-5/h_l.9)
Motor 1.SE-5/h(3.4) 3.8E-4/d(3), 3.0E-4/d(3)

AC 1.8E-5/h(17) [6]
Fails to start
Fails to run 6.0E-6/'h(3.3) 2.4E-5/h(1.7) 5.0E-6/h(3)

DC 2.1E-5/h(3.0) 3.8E-4/d(3), 3.0E-4/d(3)
Fsils to start 1.8E-S/h_8.4) [6]
Fails to run 8.5 E-6/h(2.8) 2.4E-5/h(8.4) 1.0E-5/h(3)

Synchro 1.4E-5/h(10) 1.0E-5/h(10)
Faihne

Transformer 8.2E-7/h(10) 3.5E-7/h(lO) 1.4E-6/h(5.6) 1.OE-6/h(l O)
Powe_

Fat-ture

Insmnnentation_ontrul 8.9E-7/h(10) 3.SE-7/h(2.8) 1.0E-6/h(lO)
Fax_re

Table 6e. Summary of results for electrical distribution system.

a. Aggregated fat']me rates axe mean and error factor (in parentheses). The error factor is the 95th percentile/50th percentile.

b. For the recommended failure rate, the Category 1 result was used if available. If not, then the Category 2 result was used. If no Category 1 or 2 results were available, the Category 3 result
was used. (Exceptions to this axe indicated in the notes.) Mean values were rounded to 1, 3, or 5 times the appropriate power of 10. Error factors were rounded to 3, 5, 10, or 30.

Notes

Cate2orv 3_ _

i. ramne moues notub._t_
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Recommended

1. Gas turbine results used.

2. Jumper modeled as 2 electrical joints. Therefore, the joint result was multiplied by 2.

3. Estimate taken from Reference 35, Table 4.

4. Based on Category 3 estimate, multiply the protective relay result by 10.

5. Category 1 data include only 1 failure and very few demands. The highest result from the other switches was used.

6. Per demand result is desired. The Category 3 per hour estimate is similar to the Category 2 estimate (from data), so the Category 3 per demand estimate was assumed to be
appropriate.
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_Tabie_6f.Summary'ofresuitsforins_entafionandcontrolsystem. ........... _ - "'

System/Component/Failm'e Mode AggregatedandRecommendedFailureRatesa

'Category 1 Category 2 Category 3 Recommendedb

lnsmmaentation and Control 3.6E-5/h(10) 1.5E-6/h(15) 3.0E-5/h(10)
Alarm/Annunciator

Fails to alarm
Spuriousoperation ' 4.7E-6/h(10) 8.7E-7/h(15) 5.0E-6/h(10)

Sensor/Transmitteff 2.SE-4/d(3.5). 8.6E-7/h(7.9) 8.1E-6/h(14) 1.0E-6/h(3) ....
Transducer/ProcessSwitch 1.1E-6/h(3.3)

Temperature
Failure

Pressm_ 2.8E-4/d(3.5), 8.3E-7/h(3.1) 6.SE-6/h(17) 1.0E-6/h(3)
Failure 1.1E-6/h(_3.3_) ....

DifferentialPressure 217E-6/h(10) 1.2E-4/h(l 6) 3.0E-6/h(10)
Fanure

i i

Flow 2.9E-6/h(2.0) 3.2E-5/h(15) 3.0E-6/h(3)
Fal.aure

" Level ........ 5.3E-7/h(3.7) 6.4E-6/h(7.7) 5.0E-7/h(3) "
Faflum

i ii .i

Humidity 1.2E-5/h(10) 4.2E-6/h(3.9) 1.0E-5/h(10)
Failure

pH 5.8E-7/h(5.0) 5.0E-7/h(5)
Failure

Oxygen Concen_ati_ .9.5E-6/h(10) 1.OE-5/h(lO)
Failure

, ,,,, H

CO2 Concentration 9.SE-5/h(lO) 1.OE-4/h(lO)
Faflum

HydrogenConcentration ' 1.0E-5/h(3)
Farm [1]i , ,i

Nitrogen Conc.en_ration 1.0E-5/hO)
l:_ure []]

Hy_ocatbon Concentration ..... 7.gE-6/h(2.2) ...... l.OE-5/h(3)
Failure

HeliumConcmcation .... 1.0E-5/h(3)............
Fah'hu¢ [_]

i i

Speed 1.7E-6/h(8.1) 1.0E-6/h(lO)
F_

ii a i i

Seismic 1.6E-6/h(4) 1.OE-6/h(5)
Failure

Radiation .... 6.3E-6/h(4.7) 5.0E-6/h(5) .....
Failure __l....

186



6 o

& d.

WSRC-TR-93-262

"fable 6f. Summary of results for nstrumentation and conurol system.

System/Con_ _nent/Failure Mode Aggregated and Recommended Failure Ratesa

Category 1 ] Category 2 ] Category 3 [ Recommended b

Indicator ' 1.SE-5/h(10) 1.1E-4/h(22) 1.0E-5/h(10)

Failure 5.0E-6/h(10)
Amplifier

Failure [2]

Modifier/Signal Conditioner 3.3E-7/h(2.1) 3.0E-7/h(3)
Failure

Logic Module 3.7 E-6/h(7.7) 3.0E-6/h(5 )
Failure

Recorder 3.SE-5/h(22) 3.0E-5/h(30)
Fa_ure

Sampler 1.2E-5/h(10) 1.0E-5/h(10)
Failure

Analyzer 6.0E-6/h(10) 1.3E-3/h(26) 5.0E-6/h(10)

Failure ' 5.0E-6/h(10)
Tuner

Failtae [3]

Gas Chromatograph 7.3E-5/h(10) 5.0E-5/h(10)
Failure

Voltage Regulator 3.2E-6/h(10) 3.0E-6/h(10)
Failure

Transmitter 2.2E-6/h(1.4) 1.OE-5/h(30) 3.0E-6/h(10)
Failure

Transdtr.er 9.2E-7/h(10) 6.3E-5/h(15) 1.0E-6/h(10)

Programmable Logic Controller 3.2E-5/h(10) 3.0E-5/h(10)
Fat3ure

Table 61. Summary of results for instrumentation and control system.

a. Aggregated failure rates are mean and error factor (in parentheses). The error factor is the 95th percentile/50th percentile.

b. For the recommended failure rate, the Category 1 result was used if available. If not, the Category 2 result was used. If no Catego_ 1 or 2 results were available, the Category 3 result was
used. (Exceptions to this are indicated in the notes.) Mean Values were rounded to 1, 3. or 5 times the appropriate power of 10. Error factors were rounded to 3, 5, 10, or 30.
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Notes

Recommended

1. o2_u]t,_,d.

2. Result obtained fromRef_ence 35, Table4.

3. Representativeestimate, based on the other results in the table.
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Table 7. Naming scheme component codes.t.

,,, Component , Code Component

ACU Air conditioning unit/chiller LOG Logic module
ADR Air dryer LST Level sensor/transmitter/
AGI Agitator transducer/switch
ALR Alarm/annunciator MI_ Motor-driven compressor
AMP Amplifier MDF Motor-driven fan
ANA Analyzer MDG Motor-driven generator
AOD Air-operated damper MDP Motor-driven pump
AOV Air-operated valve MIX Mixer/blender
ATS Automatic transfer switch MOD Motor-operated damper
BAG Baghouse filter MOV Motor-operated valve
BAT Battery MRA Motor, ac
BU-B Bus, bare MRD Motor, dc
BUM Bus, metal-enclosed MTE Mist eliminator
CAD Control damper, air-operated NIC Nitrogen concentration sensor/transmitter/
CAV Control valve, air-operated transducer/switch
CBL Cable ORF Or'flee
CBR Circuit breaker OXC Oxygen concentration sensor/transmitter/
CKV Check valve transducer/switch

CMD Control damper, motor-operated PCP Precipitator
CMV Control valve, motor-operated PiP Pipe
COC CO 2 concentration sensor/transmitter/ PLC Programmable logic controller

transducer/switch PST Pressure sensor/transmitter/
CSV Control valve, solenoid-operated transducer/switch
CTF Centrifuge RCT Rectifier
DCT Duct REC Recorder
DDF Diesel-driven fan RLC Relay, control
DDG Diesel-driven generator RLP Relay, protective
DPS Differential pressure sensor/transmitter/ RST Radiation sensor/transmitter/

transducer/switch transducer/switch
DST Density sensor/transmitter/ SAM Sampler

transducer/switch SBR Scrubber
EXV Explosive valve SCR Modifier/signal conditioner
FCU Fan cooler unit SET Seismic sensor/transmitter/
FLG Flange transducer/switch
FLL Filter, low-efficiency SOV Solenoid.operated valve
FLS Filter, sand SRV Safety relief valve
FLT Filter SST Speed sensor/transmitter/
FST Flow sensor/transmitter/ transducer/switch

transducer/switch SYN Synchro
FUS Fuse TFI Transformer, instrumentation and control
GCR Gas chromatograph TFP Transformer. power
GTG Gas-turbine-driven generator TKP Tank. pressurized
HCC Hydrocarbon concentration sensor/ TKU Tank. unpressurized

transmitter/transducer/switch TMN Termination
HDG Hydro-turbine-driven generator TMR Timer

Helium concentration sensor/transmitter/ TRO Transducer
transducer/switch TRM Transmitter

HOS Hose ' TRS Traveling screen
HPA HEPA filter TST Temperature sensor/transmitter/
HST pH sensor/transmitter transducer/switch

transducer/switch TUB T u b•
HTE Heater, electrical UST Humidity sensortransmitter
HTG Heater, gas transducer/switch
HTX Heat exchanger VAP Vaporizer
tlYC Hydrogen concentration sensor/transmitter/ VBV Va_:;_um breaker valve

transducer/switch VRG Voltage regulator
IND Indicator XDM Manual damper

ql

INV Inverter XSK Manual switch, key-operated
JNT Joint XSP Manual switch, push-button
JPR Jumper XSR Manual switch, rotary
LMS Limit switch XVM Manual valve
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Table 8. Naming scheme failure mode codes.
at

Failure Mode

02 Fails to open (closed, fails closed)
03 ,Spurious opening (closed, fails open)
FA Failure (no specific failure mode implied)
FC Fails closed (only for control valves and dampers)
FL Fouling
FH Fails to heat
FO Fails open (only for control valves and dampers)
FR Fails to run
FS Fails to start
LE Leak (external)
LI Leak (internal)
NR No response (upon demand)
NS Fails to stop
OC Spurious closing (open, fails closed)
OH Overheats

03 Fails to close (open, fails open)
(36 Overspeed
PG Plug
RE Rupture (external)
RI Rupture (internal)
SO Spurious operation

Table 9. Naming scheme system codes.

, , Typ_ of System

C Chemical process
E Electrical distribution

G Compressed gas
H HVAC/exhaust
I Instrumentation and control
W Water
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