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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 methodologies for 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 SRS generic component failure data base had several goals:

* 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-to-date and applicable data sources available.

* Provide a clear documentation trail for each component failure rate estimate, such that
others can review 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.

1
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2. DATA SOURCES

Sources 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:

1. 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' 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.'

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

2. 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 failure 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-3' - 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 ' '° - 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.

* LNG1 " - Failure data from liquid natural gas facility components are 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.

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

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

4
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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 aggregation procedure is as follows':

1. Compute R and R2 from source data:

R = (I fj)/( Tj)

R2 - [E f#fi - 1 )/T,]J/( T.)

where f, = number of failures from source i

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

2. Match moments to obtain underlying normal distribution:

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

S2 = In(R2) - 2 In(R).

3. Determine mean and error factor of lognormal distribution:

Mn = exp(M + S2/2)

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 Tj

replaced by D, (number of demands from source i). If the procedure described above resulted in an

error factor greater than 30, the error factor was chosen to be 30.

5
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Three special cases may arise when aggregating actual failure data, such that the 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-informative prior was

used to determine the mean estimated:

Mn - (2n + 1)/(2T)

Mn = (2n + 1)A(2D + 2)

{for time-related data)

(for demand-related data).

In both cases, an error factor of 1 0 was used. The error factor of 1 0 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 same as

the second special case.

For Category 3, the aggregation routine is the followings':

1 . Determine variance for each source:

S.2 = [IlnEF)/1.64512.

2. Determine natural logarithm of median for each source:

w, = In(MnJi - S.112

where w, = natural logarithm of median.

3. Determine average of source variances:

S .. 2 = (I S,2 /N,

where n. = number of sources.

4. Determine average of natural logarithms of medians:

w.,. = (I w,}/n..

5. Determine variance of natural logarithms of medians:

SW', = 1(w, - w .. )1n,.

6
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6. Determine mean and error factor of lognormal distribution:

W a l(arj/S')t/f10/SJ]l

Mn = exp(w + S2/2)

EF expO1.645 S)

where S = larger of S.,. or S.,.

Some of the Category 3 sources do not list error factors. In such cases, an error factor (3,

5, 10, or 30) was assumed based 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 assumed to be 30. Finally, if a single source listed

several failure rate estimates, then the estimates for that source were aggregated using the

procedure described above. Then the result for that source was combined with the other sources.

Because a goal of this project was to base component failure rate estimates on actual

failure data (contained in Categories 1 and 2) wherever possible, and because the quality of data in

Category 1 sources is expected to be better than that for Category 2, aggregations were performed

only within categories. Results from each category aggregation were not combined to obtain an

overall result.

7
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4. DATA SEARCH

Results of the search for component failure information are summarized in Tables 3 through

5. Tables 3a through 3f present the Category 1 data by component, failure mode, and type of

system. The NUCLARRI column in Tables 3a through 3f actually represents the aggregation of all

of the Category 1 sources in NUCLARR. Tables 4a through 4f present the Category 2 results, and

Tables 5a through Sf, the Category 3 results. Also presented in each table are the aggregated

results (mean failure rate and error factor).

9
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5. RECOMMENDED RESULTS

Recommended component generic failure rates are presented in Tables la through if. The

recommended results were obtained from 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 Of contain more detailed notes concerning the selections of 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

rates.

Also listed in Tables la through lf 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 of component, 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

water 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 and

DeveloDment of Common Nomenclature for Namina and Labeling Schemes for Probabilistic Risk

Assessment.'@ 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.

11
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Table la. Water system recommended cenenc failure fates.

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

Mean | Error Factor'

Water XVM-CC-W 3 .0E4/d 10
Valve (Standby or Safety) or

Manuel XVMi0O-W
Fails to open/close

Plugs XVM-PG-W 5.0E-81h 10

Leakage (internal) XVM-U-W 1.OE-6/h 10

Rupture (internal) XVM-Rl-W 5.OE-8th 30

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

Rupture (eternal) XVM-RE-W 5.OE-1Olh 30

Check CKV-CC-W 5.0E-51d 10
Fails to open _ _ _ _ _ _ __ _ _ _ _ _ _ _

Fails to close CKV-00-W 1.OE-31d 5

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

Leakage (internal) CKV-LI-W l.OE-61h 10

Rupture internal) CKV-RI-W 5.OE-8/h 30

Leakage (external) CKV-LE-W 1.0E-8th 10

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

Motor-Operated MOV-CC-W 3.0E-31d 5
Fails to open/close or

MOV-0O-W

Spurious operation MOV-CO-W 3.OE-7/h 5
or
MOV-OC-W

Plugs MOV-PG-W 5.OE-8th 10

Leakage (internal) MOV-LI-W 1.OE-61h 10

Rupture (internal) MOV-RI-W 5.OE-81h 30

Leakage (external) MOV-LE-W I.OE-8/h 10

Rupture (external) MOV-RE-W 5.OE-10/h 30

Air-Operated AOV.CC-W 1.OE-3/d 30
Fails to open/close or

AOV-OO-W

Spurious operation AOV-CO-W 1.OE-6/h 5
or
AOV-OC-W

Plugs AOV-PG-W 5.OE-8/h 10

Leakage (internal) AOV-U-W 1.OE-6/h 10

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

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 17
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Table la. Water system recommended generic failure rates.

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

Mean J Error Factor

Leakage lexternal) AOV-LE-W 1.OE-81h 10

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

Solenoid-Operated SOV-CC-W 1 .OE-31d 10
Fails to open/close or

SOV-OO-W _

Spurious operation SOV-CO-W 5.OE-71h 10
or
SOV-oC-W

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

Leakage (internal) SOV-LI-W 1.OE-6/h 10

Rupture (internal) SOV-RI-W 5.OE-81h 30

Leakage (external) SOV-LE-W 1.0E-81h 10

Rupture (external) SOV-RE-W 5.0E-1Olh 30

Safety/Relief SRV-CC-W 3.0E-31d 3
Fails to open

Fails to reclose SRV-00-W 3.0E-31d 3

Leakage (internal) SRV-LI-W 1.OE-6/h 10

Rupture (internal) SRV-RI-W 5.0E-81h 30

Leakage (external) SRV-LE-W 1.OE-81h 10

Rupture (external) SRV-RE-W S.0E-101h 30

Vacuum-Breaker VBV-CC-W 1 .OE-21d 10
Fails to open

Fails to reclose VBV-OO-W 1.OE-2/d 10

Leakage (internal) VBV-LI-W l.OE-61h 10

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

Leakage lexternal) VBV-LE-W 1.OE-8/h 10

Rupture (external) VBV-RE-W S.OE-10/h 30

Explosive EXV-CC-W 1 .0E-4/d 10
Fails to open

Leakage (internal) EXV-LI-W 1.OE-61h 10

Rupture (internal) EXV-RI-W 5.OE-8/h 30

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

Rupture (external) EXV-RE-W 5.OE-10/h 30

Valve (Control) CMV-FO-W 3.0E-51h 10
Motor-Operated

Fails open

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environrments. 1 8
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Table Is. Water system recommended generic failure rates.

SystemlComponent/Failure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

Mean Error Factor

Fails closed CMV-FC-W 3.OE-61h 10

Fails to respond CMV-NR-W 3.OE-61h 10

Plugs CMV-PG-W 5.OE-8/h 10

Leakage lexternal) CMV-LE-W 1.OE-8Ih 10

Rupture lextemal) CMV-RE-W S.OE-10/h 30

Air-Operated CAV-FO-W 3.OE-6/h 10
Fails open

Fails closed CAV-FC-W 3.OE-61h 10

Fails to respond CAV-NR-W 3.OE-6/h 10

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

Leakage (external) CAV-LE-W 1.OE-8th 10

Rupture (external) CAV-RE-W 5.OE-1Olh 30

Solenoid-Operated CSV-FO-W 3.OE-6/h 10
Fails open

Fails closed CSV-FC-W 3.OE-61h 10

Fails to respond CSV-FO-W 3.OE-61h 10

Plugs CSV-PG-W S.OE-8th 10

Leakage (external) CSV-LE-W 1.OE-81h 10

Rupture (external) CSV-RE-W IBME-I0lh 30

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

Fails to start

Fails to run MDP-FR-W 3.0E-Sh 10

Overspeed MDP-OS-W 5.0E-61h 10

Fails to stop MDP-NS-W 3.OE-3/d 5

Leakage (external) MDP-LE-W 3.OE-8/h 10

Rupture (external) MDP-RE-W 1 .OE-9/h 30

Turbine-Driven TOP-FS-W 3.0E-21d 3
Fails to start

Fails to run TDP-FR-W 1.OE-4/h 30

Overpeed TDP-OS-W 3.OE-51h 10

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

Leakage (external) TDP-LE-W 3.OE-8/h 10

Rupture lexternal) TDP-RE-W l.OE-9/h 30

t

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 1 9
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Table la. Water system recommended generic failure rates.

System/Component/Failure Mode Identifier Recommended Failure Rate
Distribution (lognormel)

Mean Error Factor

Diesel-Driven DDP-FS-W 1 .OE-21d 5
Fails to start

Fails to run DDP-FR-W 5.0E-31h 5

Overspeed DDP-OS-W 1 .OE-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.OE-91h 30

Piping/Hose/Jumper PIP-LE-W 3.OE-91h-ft 10
Piping

Leakage (external)

Rupture (external) PIP-RE-W 1 .OE-1O/h-ft 30

Plugs PIP-PF-W 1 .OE-10/h-ft 30

Hose HOS-LE-W 1 .OE-9/h-ft 10
Leakage (external)

Rupture lexternal) HOS-RE-W 1 .OE-8/h-ft 10

Plugs HOS-PG-W 1 .OE-8th-ft 10

Jumper JPR-LE-W 1 .OE-6/h 10
Leakage (external)

Rupture lexternal) JPR-RE-W 1.OE-8/h 30

Plugs JPR-PG-W S.OE-8/h 10

Vessel TKU-LE-W 1.OE-81h 10
Tank (Unpressurized)

Leakage (external)

Rupture (external) TKU-RE-W 5.OE-10/h 30

Tank (Pressurized) TKP-LE-W l.OE-8/h 10
Leakage lexternal)

Rupture lexternal) TKP-RE-W S.OE- OI/h 30

Flange/Gasket FLG-LE-W 1.OE-8/h 10
Leakage (external)

Rupture (external) FLG-RE-W 1.OE-10/h 30

Heat Exchanger HTX-FL-W 1.OE-71h 10
Shell/Tube

Fouling (tubes)

Plugs (tubes) HTX-PG-W 3.OE-8/h 10

Leakage (tubes) HTX-LI-W 1.OE-7/h 10

Rupture (tubes) HTX-RI-W 5.OE-9/h 30

Leakage (shell) HTX-LE-W 1.OE-8/h 10

Note: Modification of the recommended mean may be appropriate for
environments. 20

components subjected to harsh
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Table la. Water system recommended generic failure rates.

SystemlComponent/Failure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

Mean j Error Factor

Rupture Ishell) HTX-RE-W 5.OE-10/h 30

Heater (Electrical) HTE-FH-W t.OE-6th 10
Fails to heat

Overheats HTE-OH-W 3.OE-7th 10

Leakage lexternal) HTE-LE-W 1.OE-7th 10

Rupture lexternal) HTE-RE-W S.OE-9th 30

Strainer/Filter FLT-PG-W 3.OE-6th 10
Plugs

Leakage linternal) FLT-LI-W 3.OE-6th 10

Rupture (internal) FLT-RI-W 5.0E-71h 10

Orifice ORF-PG-W 1 .OE-6th 3
Plugs

Miscellaneous TRS-PG-W S.OE-7/h 10
Travelling Screen

Plugs

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

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 21
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Table lb. Chemical process system recommended generic failure rates.

System/Component/Failure Mode Identifier Recommended Failure Rete
Distribution (lognorrnal)

Mean Error Factor

Chemnical Process XViM-CC-C or 3.0E-41d 10
Valve (Standby or Safety) XVM-OO-C

Manuad
Fails to openiclose

Plugs XVM-PG-C E.0E-8/h 10

Leakage (intemel) XVM-LI-C I.OE-6/h 10

Rupture (internal) XVM-Rl-C 5.0E-8/h 30

Leakage (external) XVM-LE-C 5.0E-71h 10

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

Check CKV-CC-C E.OE-S5d 10
Fails to open

Fails to close CKV-OO-C 1.OE-3/d 10

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

Leakage (internal) CKV-LI-C 1.OE-61h 10

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

Leakage (external) CKV-LE-C 5.OE-7/h 10

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

Motor-Operated MOV-CC-C or 3.OE-3/d 10
Fails to open/close MOV-00-C

Spurious operation MOV-CO-C or 3.OE-71h 10
MOV-OC-C

Plugs MOV-PG-C S.OE-8/h 10

Leakage (internal) MOV-LI-C 1.OE-6Jh 10

Rupture linternal) MOV-RI-C 5.0E-8Ih 10

Leakage lextemal) MOV-LE-C 5.OE-71h 10

Rupture (external) MOV-RE-C 3.0E-81h 30

Air-Operated AOV-CC-C or 1.OE-3/d 30
Fails to open/close AOV-00-C

Spurious operation AOV-CO-C or 1.0E-6/h 10
AOV.OC-C

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

Leakage (internal) AOV-Li-C 1.OE-6/h 10

Rupture (internal) AOV-RI-C 5.OE-81h 30

Leakage lexternal) AOV-LE-C 5.OE-7/h 10

Rupture (externai AOV-RE-C 3.0E-81h 30

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 23
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Table lb. Chemical process system recommended generic failure rates.

System/ComponentlFailure Mode Identifier Recommended Failure Rate
Distribution (lognorrnal)

Mean |Error FIctor'

Solenoid-Operated SOV-CC-C or 1 .OE-3/d 10
Feils to open/close SOV-OO-C

Spurious operation SOV-CO-C or 5.0E-7/h 10
SOV-OC-C

Plugs SOV-PG-C S.OE-8th 10

Leakage (internal) SOV-LI-C 1.OE-61h 10

Rupture (internal) SOV-RI-C 5.OE-8th 30

Leakage (external) SOV-LE-C 5.0E-7th 10

Rupture (external) SOV-RE-C 3.OE-81h 30

Safety/Relief SRV-CC-C 3.OE-3/d 10
Fails to open

Fails to reclosa SRV-00-C 3.OE-3/d 10

Leakage linternal) SRV-LI-C 1.0E-6/h 10

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

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

Rupture lexternal) SRV-RE-C 3.0E-8th 30

Vacuum-Breaker VBV-CC-C 1 .OE-2/d 10
Fails to open

Fails to raclose VBV-OO-C l.OE-2/d 10

Leakage (internal) VBV-LI-C 1.OE-6/h 10

Rupture (internal) VBV-RI-C 5.OE-8th 30

Leakage (external) VBV-LE-C 5.OE-7/h 10

Rupture (external) VBV-RE-C 3.0E-81h 30

Explosive EXV-CC-C 1 .OE-41d 10
Fails to open

Leakage (internal) EXV-LI-C .OE-6th 10

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

Leakage (external) EXV-LE-C 5.OE-7/h 10

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

Valve (Control) CMV-FO-C 3.0E-6th 10
Motor-Operated

Fails open

Fails closed CMV-FC-C 3.OE-6/h 10

Fails tc -espond CMV-NR-C 3.0E-61h 10

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

,t

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 24
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Table lb. Chemical process system recommended generic failure rates.

System/ComponentlFailure Mode Identifier Recommended Failure Rate
Distribution (lognormali

Mean e Error Factor

Leakage lexternel) CMV-LE-C 5.0E-71h 10

Rupture lextemal) CMV-RE-C 3.OE-8/h 30

Air-Operated CAV-FO-C 3.0E-61h 10
Fails open

Faels closed CAV-fC-C 3.0E-6/h 10

Fails to respond CAV-NR-C 3.0E-6/h 10

Plugs CAV-PG-C 5.OE-8/h 10

Leakage (external) CAV-LE-C 5.0E-71h 10

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

Solenoid-Operated CSV-FO-C 3.OE-6/h 10
Fails open

Fails closed CSV-FC-C 3.OE-6/h 10

Fails to respond CSV-NR-C 3.0E-6/h 10

Plugs CSV-PG-C 5.0E-81h 10

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

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

Pump MDP-FS-C 1 .OE-2ld 10
Motor-Driven

Fails to start

Fails to run MOP-FR-C 1.0E-41h 10

Overspeed MDP-OS-C 3.OE-5/h 10

Fails to stop MDP-NS-C 1.0E-2/d 10

Leakage (external) MOP-LE-C 1.OE-6/h 10

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

Turbine-Driven TDP-FS-C 3.0E-2/d 10
Fails to start

Fails to run TDP-FR-C 1.0E-41h 30

Overspeed TDP-OS-C 3.OE-51h 10

Fails to stop TOP-NS-C 3.0E-21d 10

Leakage (external) TDP-LE-C 1 .E-6/h 10

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

Diesel-Driven DDP-FS-C 1 .OE-2/d 10
Fails to start

Fails to run DOP-FR-C 5.0E-31h 10

Overspeed DOP-OS-C 1.OE-31h 10

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 25
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Table lb. Chemical process system recommended generic failure rates.

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

Mean | Error Factor

Fails to stop DDP-NS-C 1.0E-2/d 10

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

Rupture (external) DDP-RE-C S.OE-8/h 30

Piping/Hose/Jumper PIP-LE-C 3.OE-91h-ft 10
Piping

Leakage (external)

Rupture 1external) PIP-RE-C 1.OE-10/h-ft 30

Plugs PIP-PG-C 1 .OE-1O/h-ft 30

Hose HOS-LE-C 1 .OE-9/h-ft 10
Leakage (external)

Rupture (external) HOS-RE-C 1.OE-8/h-ft 10

Plugs HOS-PG-C 1 .OE-81h-ft 10

Jumper JPR-LE-C 1 .OE-61h 10
Leakage (external)

Rupture (external) JPR-RE-C 1.OE-8/h 30

Plugs JPR-PG-C 5.OE-8/h 10

Vessel TKU-LE-C 1 .OE-7/h 10
Tank (Unpressurized)

Leakage lexternal)

Rupture lexternal) TKU-RE-C 5.0E-9/h 30

Tank (Pressurized) TKP-LE-C 1.OE-7/h 10
Leakage (external)

Rupture lexternal) TKP-RE-C 5.OE-9/h 30

Flange/Gasket FLG-LE-C 1 .OE-7/h 10
Leakage (external)

Rupture (external) FLG-RE-C I.0E-9/h 10

Heat Exchanger HTX-FL-C 1.OE-6/h 10
Shell/Tube

Fouling Itubes)

Plugs (tubes) HTX-PG-C 3.OE-7)h 10

Leakage (tubes) HTX-LI-C 1.0E-6/h 10

Rupture (tubes) HTX-RI-C 5.OE-81h 30

Leakage (shell) HTX-LE-C 1.OE-7/h 10

Rupture (shell) HTX-RE-C 5.OE-91h 30

Heater (Electrical) HTE-FH-C 1.0E-Slh 10
Fails to heat

Overheats HTE-OH-C 3.0E-61h 10

Note: Modification of
environments.

the recommended mean may be appropriate for components subjected to harsh
26
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Table lb. Chemical process system recommended generic failure rates.

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

Mean Error Factor'

Leakage lexternal) HTE-LE-C 1.0E-61h 10

Rupture lexternall HTE-RE-C 5.OE-8/h 30

Strainer/Filter FLT-PG-C 3.OE-6/h 10
MPuGs

Leakage (internal) FLT-LI-C 3.OE-6/h 10

Rupture finternal) FLT-Ri-C 5.0E-7/h 10

Orifice ORF-PG-C 1.OE-6/h 10
Plugs

Miscellaneous MIX-FA-C 5.0E-6/h 10
Mixer/Blender

Failure

Agitator AGI-FA-C 5.0E-6/h 10
Failure

Centrifuge CTF-FA-C 5.0E-6/h 10
Failure

a. Error factor is the 95th percentile/5Oth percentile.

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 27
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Tahle 1e- Camoressed cas system racommended ceneric failure rates.

SystemtComponent/Failure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

Mean Error Factor

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

Manuel
Fails to openiclose

Plugs XVM-PG-G S.OE-7/h 10

Leakage (internal) XVM-LI-G A.OE-5/h 10

Rupture (internal) XVM-RI-G S.OE-7/h 30

Leakage (external) XVM-LE-G 1.OE-7/h 10

Rupture (external) XVM-RE-G 5.0E-91h 30

Check CKV-CC-G 1.OE-4/d 10
Fails to open

Fails to close CKV-00-G 3.0E-3/d 10

Plugs CKV-PG-G 5.OE-71h 10

Leakage (internal) CKV-LI-G 1.OE-5/h 10

Rupture Ointernal) CKV-RI-G 5.OE-7/h 30

Leakage (external) CKV-LE-G 1.0E-71h 10

Rupture (external) CKV-RE-G 5.OE-91h 30

Motor-Operated MOV-CC-G or 1.OE-21d 10
Fails to open/close MOV-OO-G

Spurious operation MOV-CO-G or 3.OE-71h 10
MOV-OC-G

Plugs MOV-PG-G S.OE-71h 10

Leakage (internal) MOV-LI-G 1.OE-51h 10

Rupture (internal) MOV-R1-G 5.OE-71h 30

Leakage (external MOV-LE-G 1.OE-71h 10

Rupture (external) MOV-RE-G 5.OE-9/h 30

Air-Operated AOV-CC-G or 3.0E-31d 30
Fails to open/close AOV-00-G

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

Plugs AOV-PG-G 5.OE-7/h 10

Leakage (internel) AOV-U-G l.OE-5/h 10

Rupture (internal) AOV-RI-G 5.OE-7/h 30

Leakage (external) AOV-LE-G 1.OE-7/h 10

Rupture (external) AOV-RE-G 5.OE-91h 30

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 29
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Table lc. Compressed gas system recommended generic failure rates.

SystemlComponentlFailure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

Mean | Error Factor,

Solenoid-Operated SOV-CC-G or 3.OE-31d 10
Fails to opentclose SOV-00-G

Spurious operation SOV-CO-G or 5.OE-7fh 10
SOV-OC-G

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

Leakage (internal) SOV-LI-G 1.OE-51h 10

Rupture (internal) SOV-RI-G 5.OE-71h 30

Leakage (external) SOV-LE-G 1.OE-7/h 10

Rupture (external) SOV-RE-G 5.OE-91h 30

Safety/Relief SRV-CC-G 1 .OE-21d 10
Fails to open

Fails to reclose SRV-00-G 1.OE-21d 10

Leakage (internal) SRV-LI-G 1.OE-5th 10

Rupture (internal) SRV-RI-G 5.0E-71h 30

Leakage (external) SRV-LE-G 1.OE-71h 10

Rupture (external) SRV-RE-G 5.0E-91h 30

Vacuum-Breaker VBV-CC-G 3.OE-2/d 10
Fails to open

Fails to reclose VBV-00-G 3.OE-2/d 10

Leakage (internal) VBV-LI-G 1.OE-Sh 10

Rupture (internal) VBV-RI-G S.OE-71h 30

Leakage (external) VBV-LE-G I .OE-7Ih 10

Rupture (external) VBV-RE-G 5.OE-91h 30

Valve (Control) CMV-FO-G 3.0E-61h 10
Motor-Operated

Fails open

Fails closed CMV-FC-G 3.OE-6Sh 10

Fails to respond CMV-NR-G 3.OE-61h 10

Plugs CMV-PG-G 5.OE-71h 10

Leakage lexternal) CMV-LE-G l.OE-7/h 10

Rupture (external) CMV-RE-G 5.OE-91h 30

Air-Operated CAV-FO-G 3.OE-6Sh 10
Fails open

Fails closed CAV-FC-G 3.OE-61h 10

Fails to respond CAV-NR-G 3.OE-6Sh 10

S

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 30
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Table lc. Compressed gas system recommended generic failure rates.

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

Mean Error Factor,

Plugs CAV-PG-G 5.0E-71h 10

Leakage (external) CAV-LE-G 1.OE-71h 10

Rupture (external) CAV-RE-G 5.OE-9/h 30

Solenoid-Operated CSV-FO-G 3.0E-61h 10
Fails open

Fails closed CSV-FC-G 3.OE-6/h 10

Fails to respond CSV-NR-G 3.OE-6/h 10

Plugs CSV-PG-G 5.0E-7/h 10

Leakage (external) CSV-LE-G 1.OE-7/h 10

Rupture (external) CSV-RE-G 5.OE-91h 30

Compressor MDC-FS-G 5.0E-31d 5
Motor-Driven

Fails to start

Fails to run MDC-FR-G .5.0E-51h 3

Overspeed MDC-OS-G 1.OE-5/h 5

Fails to stop MDC-NS-G 5.0E-3/d 5

Leakage (external) MDC-LE-G 3.OE-7/h 10

Rupture (external) MDC-RE-G 1.OE-8/h 30

Piping/Hoce/JumperlTube PIP-LE-G 3.0E-81h-ft 10
Piping

Leakage lextemal)

Rupture (external) PIP-RE-G l.OE-9/h-ft 30

Plugs PIP-PG-G 1.OE-9lh-ft 30

Hose HOS-LE-G 1 .OE-81h-ft 10
Leakage (external)

Rupture lexternal) HOS-RE-G 1.OE-7/h-tt 10

Plugs HOS-PG-G 1 .OE-71h-ft 10

Jumper JPR-LE-G 1.OE-51h 10
Leakage lexternal)

Rupture (external) JPR-RE-G 1.OE-71h 30

Plugs JPR-PG-G 1 .OE-71h 30

Tube TUB-LE-G 3.0E-71h-ft 10
Leakage (external)

Rupture (external) TUB-RE-G 1.OE-81h-ft 30

Plugs TUB-PG-G I.OE-81h-ft 30

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 31
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Table Ic. Compressed gas system recommended aenerie failure rates.

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

Mean Error Factor

Vessel TKP-LE-G 1.OE-71h 10
Tank (Pressurized)

Leakage lexternal)

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

Cylinder (Pressurized) CYL-LE-G 1.OE-7/h 10
Leakage (external)

Rupture (external) CYL-RE-G 5.OE-91h 30

Flange/Gasket FLG-LE-G 1 .OE-71h 10
Leakage (external)

Rupture (external) FLG-RE-G 1.OE-9/h 10

Heat Exchanger HTX-FL-G l.OE-51h 10
Shell/Tube

Fouling (tubes)

Plugs Itubes) HTX-PG-G 3.OE-6/h 10

Leakage (tubes) HTX-LI-G 1.OE-51h 10

Rupture (tubes) HTX-RI-G 5.OE-71h 30

Leakage (shell) HTX-LE-G 1.OE-6/h 10

Rupture (shell) HTX-RE-G 5.OE-8/h 30

Heater (Electrical) HTE-FH-G 1 .OE-61h 10
Fails to heat

Overheats HTE-OH-G 3.OE-7/h 10

Leakage (external) HTE-LE-G 1.OE-6/h 10

Rupture (external) HTE-RE-G 5.OE-8/h 30

Vaporizer VAP-FA-G 1 .OE-4/h 10
Failure

Air Dryer ADR-FA-G 5.OE-6/h 10
Failure

Filter FLT-PG-G 3.OE-6/h 10
Plugs

Leakage (internal) FLT-LI-G 3.OE-61h 10

Rupture (internal) FLT-RI-G 5.OE-7/h 10

Orifice ORF-PG-G 1 .OE-6/h 10
Plugs

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

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 32
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Table Id. HVAC/exhaust system recommended generic failure rates.

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

Mean j Error Factor

HVAC/Exhaust XDM-CC-H or 3.OE-3/d 10
Damper (Standby or Safety) XDM-OO-H

Manual
Fails to open/close _ _

Plugs XDM-PG-H 5.0E-7/h 10

Leakage (internal) XDM-LI-H 1.OE-S/h 10

Rupture (internal) XDM-RI-H 5.OE-71h 30

Leakage lexternal) XDM-LE-H 1.0E-71h 10

Rupture lexternal) XDM-RE-H 5.OE-91h 30

Motor-Operated MOD-CC-H or 3.OE-21d 10
Fails to open/close MOD-OO-H

Spurious operation MOD-CO-H or 3.0E-6/h 10
MOD-OC-H

Piugs MOD-PG-H 5.OE-7/h 10

Leakage linternal) MOD-LI-H 1 .OE-S/h 10

Rupture linternal) MOD-RI-H 5.OE-7/h 10

Leakage (external) MOD-LE-H 1.OE-7/h 10

Rupture (external) MOD-RE-H S.OE-9/h 30

Air-Operated AOD-CC-H or 1.OE-21d 30
Fails to open/close AOD-OO-H

Spurious operation AOD-CO-H or 1.OE-5/h 10
AOD-OC-H

Plugs AOD-PG-H S.OE-71h 10

Leakage (internal) AOD-LI-H 1.OE-51h 10

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

Leakage (external) AOD-LE-H 1.OE-7/h 10

Rupture lexterna!) AOD-RE-H 5.0E-9/h 30

Damper (Control) CMD-FO-H 3.OE-6/h 10
Motor-Operated

Fails open

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

Fails to respond CMD-NR-H 3.0E-61h 10

Plugs CMD-PG-H 5.OE-7Jh 10

Leakage lexternal) CMD-LE-H 1.OE-7/h 10

Rupture lexternal) CMD-RE-H 5.OE-9/h 30

Air-Operated CAD-FO-H 3.OE-61h 10
Fails open

r

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 33



WSRC-TR-93-262

Table Id. HVAC/exhaust system recommended generic failure rates.

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

Mean J Error Factor'

Fails closed CAD-FC-H 3.0E-61h 10

Fails to respond CAD-NR-H 3.OE-6/h 10

| Plugs _ CAD-PG-H 5.OE-71h 10

Leakage (externall CAD-LE-H 1.OE-71h 10

Rupture (external) CAD-RE-H 5.0E-91h 30

FanlBlowef MDF-FS-H 5.OE-3/d 5
Motor-Driven

Fails to stanr_

Fails to run MDF-FR-H 3.0E-5/h 3

Overspeed MDF-OS-H 5.OE-61h 10

Fails to stop MDF-NS-H 5.OE-3/d 10

Leakage (external) MDF-LE-H 3.OE-71h 10

Rupture (external) MDF-RE-H 1.OE-8th 30

Diesel-Driven DDF-FS-H 1 .OE-2/d 10
Fails to start

Fails to run DDF-FR-H 5.0E-3/h 10

Overspeed DDF-OS-H 1 .OE-3/h 10

Fails to stop DDF-NS-H 1.OE-2/d 10

Leakage lexternal) DDF-LE-H 3.0E-71h 10

Rupture (external) DDF-RE-H 1.OE-8/h 10

Ducting DCT-LE-H 3.OE-7Jh-ft 10
Leakage (external)

Rupture Iexternal) DCT-RE-H 1 .OE-81h-ft 30

Plugs DCT-PG-H 1 .OE-8/h-ft 30

Heat Exchanger ACU-FS-H 1.OE-2/d 10
Air Conditioning Unit/
Chiller

Fails to start

Fails to run ACU-FR-H 3.0E-51h 10

Fan Cooler Unit FCU-FS-H 1.OE-2/d 5
Fails to start

Fails to run FCU-FR-H 1.OE-5/h 3

Heater (Electrical) HTE-FH-H 1.OE-6/h 3
Fails to heat

Overheats HTE-OH-H 3.0E-71h 10

Heater (Gas) HTG-FH-H 1.0E-31h 10
Fails to heat

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 34
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Table Id. HVAC/exhaust svstem recommended aeneric failure rates.

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

Mean |T Error Factor

Overheats HTG-OH-H 3.OE-41h 10

Filter FLT-PG-H 3.OE-61h 10
Nornal

Plugs

Leakage (internal) FLT-LI-H 3.0E-61h 10

Rupture linternal) FLT-RI-H 5.0E-7/h 10

Low-Efficiency FLL-PG-H 3.0E-61h 10
Plugs _ _ _ _ _ _ __ _ _ _ _ _ _ _

Leakage (internal) FLL-LI-H 3 .OE-6th 10

Rupture linternal) FLL-RI-H 5.0E-7/h 10

HEPA HPA-PG-H 3.0E-61h 10
Plugs ._ ,

Leakage (internal) HPA-LI-H 3.OE-6th 10

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

Sand FLS-PG-H 3.OE-61h 10
Plugs _ _ _ _ _ _ _

Leakage (internal) FLS-LI-H 3.0E-61h 10

Rupture (internal) FLS-RI-H 5.OE-7/h 10

Baghouse BAG-PG-H 3.OE-5Sh 10
Plugs

Leakage (internal) BAG-LI-H 3.OE-Slh 10

Rupture (internal) BAG-RI-H 5.OE-6/h 10

Miscellaneous MTE-FA-H 1.OE-41h 10
Mist Eliminator

Failure

Scrubber SBR-FA-H 1.OE-6/h 10
Failure

Precipitator PCP-FA-H 5.OE-S/h 10
Failure

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

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 35
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Table 1.. Flattrical distrihutian evstem, reconmmended neneric failure rates.

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

Mean Error Factor

Electric Power DDG-FS-E I .OE-2/d 3
Generator

Diesel-Driven
Fails to start

Fails to run DDG-FR-E 5.OE-31h 3

Motor-Driven (lc to dc) MDG-FS-E 1.OE-51h 10
Fails to start

Fails to run MDG-FR-E 3.OE-5/h 10

Gas-Turbine-Driven GTG-FS-E 3.OE-2/d 10
Fails to start

Fails to run GTG-FR-E 3.0E-41h 10

Hydro-Turbine-Driven HDG-FS-E 3.OE-31d 10
Fails to start

Fails to run HDG-FR-E 3.OE-4/h 10

Battery BAT-FA-E 1.OE-5/h 3
Failure

Charger RCT-FA-E 1 .OE-5/h 3
Rectifier

Failure

Bus BUM-FA-E 1 .OE-7/h 5
Metal-Enclosed

Failure

Bare BUE-FA-E 1 .OE-6/h 10
Failure

Cable/Joint/ CBL-FA-E 3.OE-61h 3
Termination/Jumper

Cable (Copper l OOOft)
Failure

Joint (Copper) JNT-FA-E 3.0E-6/h 30
Failure I

Termination (Copper) TMN-FA-E 3.0E-71h 10
Failure

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

Circuit Breaker CBR-CC-E or 5.0E-4/d 5
General CBR-00-E or

Fails to open/close CBR-NR-E

Spurious operation CBR-CO-E or 3.OE-7/h 10
CBR-OC-E or
CBR-SO-E

Reactor Trip RTB-CC-E 5.OE-31d 5
Fails to open

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 37
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Table 1e. Electrical distribution system recommended genetic failure rates.

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

Mean | IEor Factor'

Spurious operation RTB-CO-E 3.0E-61h 10

Relay RLP-CC-E or 1.OE-3/d 10
Protective RLP-O0-E or

Fails to open/close RLP-NR-E

Spurious operation RLP-CO-E or 1.0E-7/h 10
RLP-OC-E or
RLP-S0-E

Control RLC-CC-E or 1.OE-4/d 10
Fails to open/close RLC-00-E or

RLC-NR-E

Spurious operation RLC-CO-E or 3.0E-7/h 30
RLC-OC-E or
RLC-SO-E

Bistable BIS-CC-E or 1.OE-5/d 10
Fails to open/close BIS-00-E or

BIS-NR-E

Spurious operation BIS-CO-E or 3.0E-71h 10
BIS-OC-E or
BIS-SO-E

Switch XSP-CC-E or 1.0E-61h 10
Push-Button (Manual) XSP-00-E or

Fails to open/close XSP-NR-E

Spurious operation XSP-CO-E or 1.0E-61h 10
XSP-OC-E or
XSP-SO-E

Rotary (Manual) XSR-CC-E or 5.0E-8/h 10
Fails to open/close XSR-00-E or

XSR-NR-E

Spurious operation XSR-CO-E or S.OE-7/h 10
XSR-OC-E or
XSR-SO-E

Key-Operated (Manual) XSK-CC-E or 3.OE-7/h 10
Fails to open/close XSK-00-E or

XSK-NR-E

Spurious operation XSK-CO-E or 1.OE-6th 10
XSK-OC-E or
XSK-SO-E

Automatic-Transfer ATS-CC-E or 1 .OE-61h 10
Fails to open/close ATS-0O-E or

ATS-NR-E

Spurious operation ATS-CO-E or 1.OE-6/h 10
ATS-OC-E or
ATS-SO-E

Limit LMS-CC-E or 1.0E-6th 10
Fails to open/close LMS-00-E or

LMS-NR-E

f

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 38
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Table le. Electrical distribution system recommended generic failure rates.

SystemlComponentlFailure Mode Identifier Recommended Failure RoteI } Distribution (lognormal)

Mean j Error Factor'

Spurious operation LMS-CO-E or 1 .OE-6/h 5
LMS-OC-E or
LMS-SO-E

Fuse FUS-CC-E 1.OE-7/h 10
Fail to open

Premature opening FUS-SO-E 1 .OE-8th 10

Inverter INV-FA-E 1.OE-5th 3
Failure

Motor MRA-FS-E 3.OE-41d 3
AC

Fails to start

Fails to run MRA-FR-E 5.OE-61h 3

DC MRD-FS-E 3.OE-4/d 3
Fails to start

Fails to run MRD-FR-E 1.OE-5Sh 3

Synchro SYN-FA-E 1 .OE-5/h 10
Failure

Transformer TFP-FA-E 1 .OE-6/h 10
Power

Failure

Instrumentation/Control TFI-FA-E 1 .OE-6th 10
Failure

a. Error factor is the 95th percentile/5Oth percentile.

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 39
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Table If. Instrumentation and control system recommended generic failure rates.

SystemlComponent/Failure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

Mean Error Factor

Instrumentation and Control ALR-NR-I 3.OE-51h 10
AlarmlAnnunciator

Fails to alarm

Spurious operation ALR-SO-I 5.0E.61h 10

SensorJTransmitter/ TST-FA-I 1 .OE-61h 3
Transducer/Process Switch

Temperature
Failure

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

Differential Pressure DPS-FA-I 3.OE-61h 10
Failure

Flow FST-FA-I 3.OE-6/h 3
Failure

Level LST-FA-I 5.0E-71h 3
Failure

Humidity UST-FA-I 1.OE-51h 10
Failure

pH HST-FA-I 5.OE-7/h 5
Failure

Oxygen Concentration OXC-FA-l 1 .OE-5/h 10
Failure

C0, Concentration COC-FA-l .OE-41h 10
Failure

Hydrogen Concentration HYC-FA-I 1 .OE-Sh 3
Failure

Nitrogen Concentration NIC-FA-I 1 .OE-51h 3
Failure

Hydrocarbon Concentration HCC-FA- 1 .OE-51h 3
Failure

Helium Concentration HEC-FA-I .OE-51h 3
Failure

Speed SST-FA-l 1 .OE-61h 10
Failure

Seismic SET-FA-I 1 .OE-6h 5
Failure

Radiation RST-FA-I S.OE-6/h 5
Failure _

Indicator IND-FA-I 1.OE-5/h 10
Failure

Amplifier AMP-FA-I S.OE-t6h 10
Failure

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 41
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Table 1f. Instrumentation and control system recommended generic failure rates.

SystemlComponent/Failure Mode Identifier Recommended Failure Rate
Distribution (lognormal)

________________ Mean | Error Factor

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

Logic Module LOG-FA-I 3.OE-61h 5
Failure

Recorder REC-FA-I 3.OE-5/h 30
Failure

Sampler SAM-FA-I 1 .OE-5/h 10
Failure

Analyzer ANA-FA-I 5.OE-6/h 10
Failure

Timer TMR-FA-1 5.OE-6/h 10
Failure

Gas Chromatograph GCR-FA-1 5.0E-51h 10
Failure

Voltage Regulator VRG-FA-1 3.OE-6/h 10
Failure

Transmitter TRM-FA-I 3.0E-61h 10
Failure

Transducer TRD-FA-I 1 .OE-6/h 10
Failure

Programmable Logic Controller PLC-FA-I 3.OE-5/h 10
Failure

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

Note: Modification of the recommended mean may be appropriate for components subjected to harsh
environments. 42
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Table 2. Data sources used in generic data base development.

Category 1

Big Rock Point PRA12

Oconee-3 PRA'3

Zon PRA"'
Indian Point PRA"5
Reliability data from Swedish nuclear power plants"
Millstone 1 PRAI'
Connecticut Yankee PRA 1'
B&W nuclear power plant Iname withheld)a
European nuclear power plant (name withheld) PRA'
GE nuclear power plant (name withheld)
Westinghouse nuclear power plant (name withheld)
7 other nuclear power plant (names withheld) PRAs"
Savannah River Site reactors3

'*'6

Category 2

Licensee event report (LER) survey of pumps at nuclear power plants"
LER survey of valves2 0

LER survey of inverters2 '
LER survey of selected instrumentation and control components22

In-plant Reliability Data Base (IPRD) survey of pumps23

IPRD survey of valves2 '
IPRD survey of diesel generators, batteries, chargers, and inverters2 '
Nuclear Safety Analysis Center (NSAC) survey of diesel generators2 '
Pipe break survey"
LER survey of pipes, valves, pumps, etc.2 '
Nonelectronic Parts Reliability Data (military)6

OREDA data for offshore oil drilling components'
Chemical processing plant2

Tritium handling facility" '9 'O
Liquid natural gas plant components"

Category 3

WASH-1400 2 '
Center for Chemical Process Safety30

IEEE Std 500-1984 3
Natural gas facility components32

Gasification-combined-cycle power generation components 3

Coal-fired power generation components3 '
Generic data base for nuclear reactor components36

a. See Reference 1 for more details on these studies.
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Table 3a. Category 1 data for water svstem.

System/Component/Failure Mode Failure Date (Category 1 Sources)'

NUCLARR1 SRS- Aggregated
11 REASCTORS | Results'

Water 38/8.8E + 4d. 017.1 E + 3d. 3.5E-4/dIl8).
Valve (Stendby or Safety) 712.1 E + 8h 0/1.3E + 4d. 3.3E-8/h(88)

Manuel 1 0/8.4E + 2d.
Fails to open/close 0/5.8E + 2d

III _ _ _ _ _ _ _ _ _ _ _ _

Plugs 0/4.f6E + 5h 1.1 E-6/h1O)
0/7.6E+3h, III
01 .5E + 3h

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 121

Leakage internal) 0/8.8E + lh 5.7E-3/hlIb )
131 111

Rupture (internal) 131

Leakage (external) |

Rupture (external)

Check 1/2.5E + 4d 1/3.3E + 3d. 6.OE-5/dllO)
Fails to open 121 013.6E + 2d, 121

0/4.7E + 2d.
0/2.2E + 2d.
0/2.7E + 3d.
141 I

Fails to close 18/1.2E+4d 141 9.8E-4/d(4.6)
131 121

Plugs . -

Leakage (internal) 36/1.2E + 7h 0/4.1E+7h 6.BE-7/h(63)
141 151

Rupture (internal) 141 151

Leakage (external) _

Rupture (external)
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Table 3a. Category I data for water system.

System/Component/Failure Mode Failure Date ICategory 1 Sourcesl

NUCLARRI E RS- Aggregated
I REACTORS | Results'

Motor-Operated 390/1 .2E + 5d, 29/9.2E + 3d, 3.3E-3/d(6.3\,
Fails to open/close 1 S/3.I E + 6h 1 O/7.5E + 2d. 4.8E-6/h(9.6)

151 29/5.3E +3d,
4/1 .8E + 3d
161

Spurious operation 1/2.1 E + 7h 2/1 .3E + 7h, 2.3E-7/hl7 .2)
161 0/2.5E + 6h.

7/4.4E + 6h,
0/1.9E + 6h
171 _ _ _ _ _ _ _ _ _

Plugs I/1.8E+7h. 5.6E-8/h(10)
0/2.5E + 6h,
0/4.4E + 6h,
0/1.9E + 6h
181

Leakage linternall 1/1 .8E + 6h 8.3E-7/hl 10)
191

Rupture linternal) 191

Leakage (externall

Rupture lexternal)

Air-Operated 11 0/9.4E + 4d, 4/2.9E + 3d, 1 .2E-3/d(2 1i,
Fails to open/close 2/4.8E + 6h 0/8.8E + 2d, 5.2E-7/h(10)

171 1/6.OE + 2d
1101

Spurious operation 13/6.2E + 6h 0/4.OE + 6h, 1.2E-6/hl5.4)
181 0/5.0E + 5h,

0/1.5E + 3h
111

Plugs 0/4.OE + 6h, 1.1 E-7/h( 101
0/5.0E + Sh, III
0/2.6E+ lh
1121
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Table 3a. Category 1 date for water system.

SystemlComponent/Failure Mode Failure Data (Category I Soureesl} NUCLARRiI SRS- Aggregated
_ REACTORS Results'

Leakage (internal) 8/5.3E + 6h 1.6E-B/h(tOI
191

Rupture (internal) 191

Leakage (external)

Rupture (external)

Solenoid-Opereted 213.5E + 3d. 2/2.3E + 3d 7.RE-4/d(1O0)
Fails to open/close 1612.3E+7h 1131 7.IE-7/hIlO1

1101

Spurious operation 0/8.1E+Sh 011.SE + 3h 6.IE-7hIlOI)
1111__ __ _ __ _ __ _ __ _ _ l1141 III

Plugs 0/1.5E +3h 3.3E-4/h(1O)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _1151 111

Leekage linternal)

Rupture finternal)

Leakage (external)

Rupture (external)

Safety/Relief 1 5/5.4E + 3d. 2.7E-31dl3 .31.
Falls to open 015.9E+6h 8.5E-8/h0I0)

1121 III
Fails to reclose 4712.OE+4d 2.3E-3/d(I.71

1131

Leakage (internal)

Rupture (internal)

Leakage (external)

Rupture (external)
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Table 3a. Category 1 data for water system.

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

NUCLARRI SRS* Aggregated
REACTORS Resultsb

Vacuum-Breaker 0/4.5E + 1d. 1.1E-2/dl10)O
Fails to open O/1.1E+3h 4.4E-4/hl1O)

1141 111

Fails to reclose

Leakage (internal)

Rupture (internal)

Leakage lexternall

Rupture lexternal)

Explosive 0/2.7E + id 1.SE-2/d(10)
Fails to open 1161 111

Leakage (internal)

Rupture (internal)

Leakage (external)
Rupture (external)

Valve (Control)
Motor-Operated

Fails open

Fails closed

Fails to respond

Plugs

Leakage lexternal)

Rupture lexternal)

Air-Operated
Fails open

Fails closed
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Table 3a. Category I date for water system.

System/Component/Failure Mode Failure Date (Category I Sources)

NUCLARRI SRS- Aggregated
REACTORS Results'

Fails to respond

Plugs
Leakage lexternal)

Rupture (external)

Solenoid-Operated
Falls open

Feils dosed

Falls to respond

Plugs

Leakage (external)

Rupture (external)

Pump 13714.9E + 4d 25/2.1 E + 3d. 3.7E-3/d(4.7)
Motor-Driven 1151 3/2.6E + 2d,

Fails to start 4213.7E + 3d.
6/2.4E + 3d
1171

Fails to run 216/7.5E + 6h 2311.7E + ih, 2.2E-5/h 17)
1161 0/4.1 E + 2h.

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

Overspeed

Falls to stop 5/2.6E + 2d. 3.8E-3/d(4.4)
5/2.4E + 3d
1191

Leakage (external)

Rupture (externall
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Table 3e. Category 1 data for water svstem.

System/Component/Failure Mode Failure Data ICategory 1 Sources)l

NUCLARRI 1 SRS- Aggregated
REACTORS Results,

Turbine-Driven 4512.OE + 3d, 2.2E-2/d3.8),
Fails to start 3/6.4E+4h 5.5E-5/h(10)

1171

Fails to run 19/1 .4E + 5h 1.4E-4/h(22)
________________________________ 1181 _ _

Overspeed

Fails to stop

Leakage (external)

Rupture lexternal) .

Diesel-Driven 15/1 .9E + 3d 7.9E-3/d(S.8)
Fails to start 1191

Fails to run 3/6.5E + 2h 4.6E-3/hl7.4J
1201

Overspeed __

Fails to atop
Leakage lexternal) _

Rupture lexternal)

Piping/Hose/Jumper
Piping

Leakage lexternall

Rupture lexternal)

Plugs

Hose
Leakage (external) _

Rupture lexternal)

Plugs .

50



ISRC-TR-93*262

Table 3e. Category 1 date for water system.

System/ComponentlFailure Mode Failure Data ICategory 1 Sources)'

NUCLARRI SRS- Aggregated
REACTORS Resultsb

Jumper
Leakage _external)
Rupture (external)

Plugs

Vessel 0/6.9E + Sh 7.3E-7/h(10)
Tank (Unpressurized) 1211 111

Leakage( external)

Rupture (externall 1211

Tank IPressurized)
Leakage lexternall

Rupture lexternal)

Flenge/Gesket
Leakage (external)

Rupture (external)

Heet Exchanger
Shell/Tube

Fouling (tubes)

Plugs Itubes) 011 .9E+6h 2.6E-7/h(I0)
1221 III

Leakage (tubes) 013.8E + 5h 1 .3E-6/h(10)
1231 111

Rupture (tubes? 1231

Leakage (shell) 01 .6E + 6h 3.1 E-7/hl 10)
1241 111

Rupture (shell) 1241

Heater (Electrical)
Fails to heat

Overheats
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Table 3e. Category 1 dat. for water system.

SVstem/Component/Failure Mode Failure Data (Category 1 Sources)

NUCLARRI SRS- Aggregated
REACTORS Resultsb

Leakage (externall

Rupture (externall

Strainer/Filter 2/6.OE + Sh 0/2.SE + 4h 4.0E-6/h(10
Plugs 1251 1201

Leakage (internall

Rupture linternall

Orifice
Plugs

Miscellaneous 0/9.6E + Sh 5.2E-7/h(10O
Travelling Screen 1211 111

Plugs

a. Failure data are listed as: X/Y, where X is the number of failures, and Y is the exposure period 1h) or number of demands. Numbers in brackets refer to notes listed below,
arranged by source.

b. Aggregated results are mean and error factor fin parenthesesl. The error factor is the 95th percentile/50th percentile.

Notes

NUCLARR I - S. A. Eide et al., Generic Component 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 end 7 in the reference. These tables list the aggregations of Category 1 source data from NUCLARR as it existed in August 1989.

1. Manual valve fall to operate data used.

2. Check valve fail to open date used.

3. Check valve fail to close date used.
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Table 3m. Category 1 date for water system.

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

S. Motor-operated valve fail to operate deta used.

S. Motor-operated valve spurious operation data used.

7. Pneumatic valve fail to operate and fail to open data used.

8. Pneumatic valve spurious operation date used.

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

10. Solenoid-opereted valve fall to operate date used.

11. Solenoid-operated valve spurious operation date used.

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

13. Relief valve fail to close date used.

14. Vacuum-breaker valve fall to operate data used.

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

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

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

18. Turbine-driven pump fail to run data used.

19. Diesel-driven pump fail to start date used.

20. Diesel-driven pump fail to run date used.

21. Tank Eunpressurized) external leakage data used. Size of leakage not indicated.

22. Heat exchanger tube plugged date used.

23. Heat exchanger internal leakage date used. Size of leakage not indicated.
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Table 3a. Category 1 data for water system.

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

25. Strainer plugged data used.

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 EUI, Savannah River Site, WSRC-RP-90- 1258, Rev. 0, 1991, and D. S. Cramer, Data 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 Table 27 (first reference, above) for gate and plug valves. Fail to open (CC) and fail to close (00) data used.

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

3. Data are from Table 27 Ifirst reference) for gate and plug valves. Fails to remain closed (CD) data used. Size of internal leakage not Indicated.

4. Date are from Table 1 Isecond reference). Failures are not broken down Into fails to open and tails to close in this reference.

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

6. Data are from Table 27 (first reference) for gate and plug motor-operated valves. Data used only in cases where mechanical and electrical driver entries indicated the
same number of demands. Data include mechanical and electrical driver failures. Fail to open ICC) and fail to close (O0) data used.

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

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

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

10. Data are from Table 27 Ifirst reference) for butterfly and diaphragm air-operated valves. Data used only in cases where mechanical and air-driven entries indicated the
same number of demands. Data include mechanical and air driver failures. Fail to open ICCi and fail to close DO0) data used.

11. See Note 10 above. Date include only air driver failures. Fails to remain closed ICOl and fails to remain open IOC) 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 Ifirst reference) for solenoid-operated valves. Fail to open (CC) and fail to close (00) data used.

14. See Note 13 above. Data include only solenoid driver failures. Fails to remain closed (CO) and fails to remain open (OC) data used.
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Table 3U. Category 1 data for water esytem.

15. See Note 13 above. Data include only mechanical failures. Fails to remain open (OCI 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 date used.

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

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

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

21. Data are from Table W.1 I(third reference) for travelling screen. Plugged failure data used.

A farepated Results

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

2. SRS-REACTOR data are not broken down into failure modes. NUCLARRI data indicate that most failures ere fail to close. Therefore, the SRS-REACTOR failure was
assumed to be fails to close.
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Table 3b. Category 1 data for chemical process system.

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

NUCLARRI I SRS- I Aggregated
REACTORS Results'

Chemical Process
Valve IStandby or Safety)

Manual
Fails to open/close I

Plugs

Leakage (internal)

Rupture (nternal)

Leakage (external)

Rupture (external)

Check
Fails to open

Fels to close

Plugs

Leakage (internal)

Rupture (internal)

Leakage (external)

Rupture (external)

Motor-Operated
Fails to open/close

Spurious operation

Plugs

Leakage (internal)

Rupture (internal)

Leakage (externall

Rupture lexternal)
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Table 3b. Category I data for chemical process system.

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

NUCLARR1 SRS- Aggregated
REACTORS Results'

Air-Operated
Fails to open/close

Spurious operation ___

Plugs

Leakage linternall)

Rupture linternal)

Leakage (external)

Rupture (external) _

Solenoid-Operated
Fails to open/close

Spurious operation

Plugs

Leakage linternal)

Rupture (internal)

Leakage (external)

Rupture (external)

Safety/Relief
Fails to open

Fails to reclose

Leakage linternal)

Rupture (internal)

Leakage (external .

Rupture lexternal)

Vacuum-Breaker
Fails to open
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Table 3b. Category 1 data far chemleal process system.

SystemlComponent/Failure Mode Failure Date lCategory 1 Sources1

NUCLARRI SRS- Aggregated
REACTORS Resuitte

Fags to reclose

Leakage (internal)

Rupture _Internal)
Leakage (external)

Rupture lexternal) _

Explosive
Fails to open

Leakage (internal)

Rupture flnternal _

Leakage (external) _

Rupture (external)

Vdlve (Control)
Motor-Operated

Faels open

Falls closed

Falls to respond

Plugs

Leakage lexternall

Rupture (external)

Air-Operated
Fails open I

Fails closed

Fails to respond

Plugs
Leakage (external)
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Table 3b. Category 1 data for chemical process system.

System/Component/Failure Mode Failure Data (Category 1 Sourcesl} NUCLARRI | SRS | Aggregated
___ __ __ __ __ ___ __ __ __ __ I __REACTORS Resultsb

Rupture (external)

Solenoid-Operated
Fails open

Fails closed

Fails to respond

Plugs

Leakage lexternal)

Rupture (external) _

Pump
Motor-Driven

Fails to start

Fails to run

Ovetspeed

Fails to stop

Leakage (externall

Rupture (externall

Turbine-Driven
Fails to start

Fails to run

Overspeed _ _

Fails to stop

Leakage lexternal)

Rupture (external)

Diesel-Driven
Fails to start
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Table 3b. Category 1 data for chemical process system.

Svstem/Component/Failure Mode Failure Data (Category 1 Sources)'

NUCLARRI SRS- Aggregated
REACTORS Requite

Fails to run

Overspeed

Fails to stop

Leakage (external)

Rupture (external

Piping/Hose/Jumper
Piping

Leakage (external)

Rupture lexternal)

Plugs

Hose
Leakage lexternal)

Rupture (externall

Plugs

Jurnper
Leakage lexternal)

Rupture (external)

Plugs

Vessel
Tank (Unpressurized)

Leakage (external) _ _ _ _ _ _ _ _ _

Rupture (external)

Tank (Pressurized)
Leakage (external)

Rupture (external)
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Table 3b. Category I date for chemical process system.

SVstem/Component/Failure Mode Failure Data (Category 1 Sources)l

NUCLARRi | SRS 1 Aggregated
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .1 _ _ _ _ _ _ _ _ _ _I _ R E ASC T O R S jR esu lts '

Flange/Gasket
Leakage (external)

Rupture (external)

Heat Exchanger
Shall/Tube

Fouling Itubes)

Plugs Itubes)

Leakage (tubes)

Rupture Itubes) ____ _ ___

Leakage (shell)

Rupture Ishell)

Heater (Electrical)
Fails to heat

Overheats

Leakage (external)
Rupture (external)

Strainer/Filter
Plugs

Leakage (internal)

Rupture (internal)

Orifice
Plugs

Miscellaneous
Mixer/Blender

Failure

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

System/Component/Failure Mode Failure Oato (Category I Sourcesl

NUCLARR1I | SRS- | Aggregated
REACTORS Results'

CentrifugeJ NCARiS-
Failure __ |

a. Failure date are fisted 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 fin perenthesesl. The error factor Is the 95th percentile/5Oth percentile.
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Table 3c. Catecory I date for compressed ass system.

System/ComponentIFallurs Mode Failure Data (Category 1 Sourcesl1

NUCLARRt I SRS- | Aggregated
REACTORS [ Resultsb

Compressed Ges
Valve IStandby or Safety)

Manudl
Fans to openlclose

Plugs

Leakage _internel)

Rupture (internal)

Leakage (external)

Rupture lextetnal

Check
Fals to open

Falls to close

Plugs _

Leakage (Internal)

Rupture finternal)

Leakage (external)

Rupture (external)

Motor-Operated
Fails to open/elose

Spurious operation

Plugs

Leakage (internall

Rupture (internall

Leekage (external)

Rupture (external)
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Table 3c. Category 1 data for compreesed aes system.

Systom/Component/Fallure Mods Failure Dats ICategory 1 Sourcesl

NUCLARRI | SRS* Aggregated
REACTORS Results'

Air-Operated
Fails to open/close

Spurious operation

Plugs

Leakage _internal)
Rupture (internal)

Leakage (external)

Rupture (external)

Solenoid-Operated
Fails to open/close

Spurious operation

Plugs _ _ _ _ _ _ _ _ _

Leakage internal)

Rupture (internal)

Leakage lexternal)

Rupture (external)

Safsty/Relief
Fails to open _-

Fails to reclose

Leakage (internal)

Rupture (internal) _ __ _

Leakage (external)

Rupture (externall _ _ ___

Vacuum-Breaker
Fails to open
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Table 3.. Category I dota for compressed gas system.

Systoml/Cornponent/Fellufe Mode Feilure Data (Category 1 Sources)'

NUCLARR1 I SRS- I Aggregated

REACTORS Resutte

Felts to reclose

Leakage finternal)

Rupture _ntemet)
Leakage _extemal)
Rupture (external)

Valve (Controll
Motor-Operated

Fens open

Fegs closed

Felts to respond

Plugs

Leakage (external)

Rupture (external)

Air-Opersted
Fells open

Felts closed

Fels to respond

Plugs
Leakage fewtornell _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Rupture (external
Sofenoid-Operated

Felts open

Fails closed

Fells to respond

P lugs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 3c. Category I data for compressed gas system.

System/Component/Foilute Mode Failure Data ICategory 1 Sources)

NUCLARRI SRS- Aggregated
REACTORS Results

Leakage (external)

Rupture (external) _

Compressor 10/1 .4E + 3d 2/3.3E + 2d, 7.SE-3/d(7.11
Motor-Driven 11l 4/4.4E + 2d

Fails to start (II

Falls to fun 2313.OE + Sh 6/1.7E + Sh S.6E-5/h(I.21
121 2/8.9E + 4h

Overspeed

Fells to stop

Leakage lexternal)

Rupture (external)

Piping/Hose/Jumper/Tube
Piping

Leakage lexternal) .-

Rupture (external) .

Plugs

Hose
Leakage (external)
Rupture lexternal)

Plugs

Jumper
Leakage (external)

Rupture lexternall

Plu gs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Tube
Leakage (external)
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Table 3c. Category 1 date for compressed geo system.

SyetemlComponentlFaliure Mode Failure Date, (Category I Sources)

NUCLARRI SRS- Aggregated
REACTORS Resultsa

Rupture _external)
Plugs

Vessel
Tank (Pressurized)

Leakage (external)

Rupture (extemel_

Cylinder (Pressurized)
Leakage (external)

Rupture (external)

Flange/Gasket
Leakage (external)

Rupture (external)

Heat Exchanger
Shellftube

Fouling (tubes)1

Plugs (tubes) _

Leakage (tubes)
Rupture (tubes)

Leakage (sheal')
Rupture (shell)

Heater (Electrical)
Fells to heet

Overheats

Leakage lexternal)

Rupture (external)
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Table 3c. Category 1 data for compressed gas system.

System/ComponontlFailurt Mode Failure Date (Category 1 Sourcesl'

NUCLARR1 J SRS. Aggregated
REACTORS Resultsb

Vaporizer
Failure

Air Dryer 0/8.6E + 4h 5.8E-61h(101
Failure 131 111

Filter
Plugs

Leakage (internell

Rupture (internal)

Orifice
Plugs

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

NUCLARRI - S. A. Elde at al.. Generic Component 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 end 7 In the reference. These tables list the aggregations of Category 1 source data from NUCLARR as It existed in August 1989.

1. Blower/compressor fail to start data used.
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Table 3e. Category 1 data for compressed gas system-

2. Blower/compressor fel to run data used.

3. Air dryer feai to operate date used.

SRS-REACTORS - D. S. Cramer. Date Base DeveloPment and Equipment Reliability for Phase I 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. Date are from Tables G.2 and G.3. Air dryer faiures are included In the data. Fail to run data used.

Aggregated Results

1. Failure rate based on zero failures end may be conservatively high.
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Table 3d. Category 1 data for HVAC/exheust system.

SystemlComponent/Fuflure Mode Failure Data (Category 1 Sources)

NUCLARR 1 SRS- Aggregated
REACTORS Results'

HVACIExhoust
Darmper (Standby or Safety)

Manuel
Falls to open/llose

Plugs . I

Leokege_ nternal)

Rupture nnternal)

Leakage (external)

Rupture (external)

Motor-Operated
Fael to openlclose

Spurious operation

Plugs _ _ _ _

Leakage Internel)

Rupture (internet)

Leakage (external_

Rupture (external)

Ahr-Opereted 311.2E + 3d 11013.5E + 2d. 9.9E-3/d(l. 11
Falls to openlelose 111 1712.1 E+ 2d,

1212.5E +3d.
915.3E + 2d.
2/5.3E + 2d

Spurious operation 512.9E + 5h. 8.2E-f/hl4.2)
5/9.2E + Sh.
0/8.7E + 5h
1 012.9E + Sh
312.9E + Sh.
112.9E + Sh
121
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Table 3d. Cataoorv I data for HVAClexhaust system.

SVstem/Component/Fallure Mode Failure Data lCategory 1 Sources)'

NUCLARR1 | SRS | Aggregated
REACTORS Results"

Plugs

Leakage linternal)

Rupture linternal

Leakage lexternall

Rupture (externali

Damper (Control)
Motor-Operated

Feils open

Fails closed

Fails to respond

Plugs

Leakage (external)

Rupture lexternall

Air-Operated
Fails open

Feils closed

Fails to respond _

Plugs

Leakage lexternal)

Rupture lexternal)

Fen/Blower 1111 .5E + 3d 1/l .2E + 3d 4.4E-31d(5.4)
Motor-DrIven 121 131

Fails to start

Fails to run 13/S.2E + Sh 14/4.2E + 5h 2.9E-5/h(2.41
131 141
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Table 3d. Cateoorv I dots for HVACIexheust system.

System/Cornponent/Failure Mode Failure Deta ICategorv I Sources)

NUCLARR1 SRS- Agregasted
I_____________________________ j I REACTORS Resultse

Overspeed

Fells to stop

Leakage (external)

Rupture (external

Diesel-Driven
Falls to start

Falls to tun

Overspeed

Falls to stop

Leakage lexternal)

Rupture (externall

Ducting
Leakage (external)

Rupture (external)

Plugs
Heet Exchanger 9/8.11E +2d 1.4E-2/dt110)

Air Conditioning Unit/ 141
Chiller

Fails to start

Fails to run 411.9E+5h 2.4E-5/hI101
151

Fen Cooler Unit 2112.5E + 3d 8.4E-3/dl7.2)
Fails to start Ifl

Fells to run 212.3E + 5h 9.SE6-/h(2.9)
171 _

Heater (Electrical)
Falls to heat
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Table 3d. Category 1 data for HVAC/exhuaut system.

System/Component/Failur. Mode Failure Data ICategory I Sources)'

NUCLARRI SRS- Aggregated
REACTORS Resultsb

Overheats

Heater Gas)
Fails to heat

Overheats

Filter
Normal

Plugs

Leakage (internall

Rupture Internal)

Low-Efficiency
Plugs

Leakage (internal)

Rupture (internal)

HEPA
Plugs__ _ _ _ _ _ _

Leakage (internal)

Rupture (internal)

Send
Plugs

Leakage (internal)

Rupture (internal)
Beghouse

Plugs

Leakage (internal)
Rupture (Internal)
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Table 3d. Category I date for HVAC/exhaust system.

System/Component/Failure Mode Failure Data lCategory 1 Sources)'

NUCLARRI SRS. Aggregated
_____________________ ___ IREACTORS Resuhtsb

Miscefllneous
Mist. Eliminator

Failure

Scrubber
Failure

Precipitator
Failure

a. Failure date are NIted as: XIY. 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. Aagregated results are mean end error factor (in parentheses). The error factor Is the 95th percentile/SOth percentile.

Notes

NUJCLARR1 - S. A. Elde et al., Generic Comeonent Failure Date Bese for Light Water and Licuid Sodium Reactor PRAs. Idaho National Engineering Laboratory. EGG-SSRE-8875.
February 1990.

An failure data were obtained from Tables 6 and 7 In the reference. These tables rist the aggregations of Category I source data from NUCLARR as It existed in August 1989.

1. Damper faIl to operate data used. Type of damper not indicated fair-operated assumed).

2. Ventilator fen fall to start data used.

3. Ventiletor fen fail to run dete used.
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Table 3d. Category i date for HVAC/exhaust system.

4. Air conditioning unit fail to start data used.

S. Air conditioning unit fail to run data used.

6. Fan/cooler unit fail to start data used.

7. Fan/cooler unit fail to run date used.

SRS-REACTORS . D. S. Cramer, Data Base Development and EquiDment Reliability for Phase 1 of the Probabilistic Risk Analysis, Savannah River Site. DPST-87-642, October
1987 and D. S. Cramer, Reliability of Dempers In the Reactor Confinement System, Savannah River Site, SRL-PRA-90001 1, Revision 3, January 25, 1990.

1. Date are from Table I (second referencel. Fail to open (CCI and fail to close (00l data used.

2. Data are from Table I Isecond reference). Fails to remain open lOCI and fails to remain closed ICOI data used.

3. Data are from Tables VENT.7. VENT.8, and 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.
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Table 3e. Category 1 date for electrical distribution system.

System/Component/Fallure Mode Failure Date (Category 1 Sourcesl)

NUCLARRI SRS- I Aggregated
REACTORS Requiteb

Electric Power 9218.7E + 3d 28/9.1E + 2d 1.3E-2/dt2.21
Generator I 1689.SE + 2d

Diesel-Driven I
Falls to start

Fails to run 2918.6E+3h 115.8E+2h 4.1E-3/ht3.31
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 121 121

Motor-Driven lao to dcl
Fells to stert

Fens to run 31/1.SE+fh 2.1E-Sh(101
131

Gas-Turbine-Driven 3519.4E + 2d 3.9E-21dlI0)
Falls to start 141

Fails to run 1fi.7E+31h 2.6E-4/h(101
151 _ _

Hydra-Turbine-Driven 1214.1 E + 3d 3.1 E-31d1 10)
Fells to start 181

Fails to run

Battery 7f5.9E + 2d. 1211 .BE + 3d B.OE-3/d1I.2).
Failure 819.4E + Sh (31 8.4E-8/hl3.71

171

Charger 2911.eE + Oh 1 .8E-5/ht1.71
Rectifier lei

Failure

Bus 111 .4E + 7h 11E-7h10)
Metal-Enclosed 191

Failure

Bare 191
Failure
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Table 3e. Category 1 data for electrical distribution system.

System/Component/Failure Mode Failure Data ICategory 1 Sources)

NUCLARRI SRAS | Aggregated
REACTORS I Results'

Cable/Jointl
Termination/Jumper

Cable (Copper, lOOOltl
Failure

Joint ICopperl
Failure

Termination ICopperl
Failure

Jumper WPowerd
Failure

Circuit roeaker 10111 .8E +Sd 4/1 .3E + 3d 5.6E-4/d(4.51
General 1101 141

Fails to open/close

Spurious operation 1514.1 E + 7h 3.8E-7/h101)

Reactor Trip
Fails to open

Spurious operation

Relay 514.5E + 3d 1 .2E-3/d(lO)
Protective ISI

Fails to openiclose

Spurious operation

Control
Fails to openlclose

Spurious operation

Bistable
Fails to open/close

Spurious operation
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Table 39. Category I data for electrical distribution system.

System/Corriponent/Failure Mods Failure Data (Category 1 Sourcaslr

NUCLARRI SRS- Aggregated
REACTORS Results"

Switch
Push-Button (Manuel)

Falls to open/close

Spurious operation

Rotary IMenual)
Falls to opentclose

Spurious operation

Key-Operated IMonual)

Falls to open/close

Spurious operation

Automatic-Transfer t/7.5E + Id 2.0E-21dt1O)
Falls to open/close 1121

Spurious operation

ULmit 01 .3E + 4d. 4.0E-51dl1O)
Fails to open/close 718.2E+6h 9.2E-7/hII0)

1131 111

Spurious operation

Fuse
Fell to open

Premature opening

Inverter 016.3E+ Id. 7.9E-3/dllOJ
Failure 2311.9E + 6h t.2E-5/hlI.91

1141 111

Motor
AC

Falls to start

Falls to run
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Table 3. Category 1 date for electrical distribution system.

Syttem/ComponentlFailure Mode Failure Date (Category I Sourcesl'

NUCLARRI SAS J Aggregated
REACTORS Results'

DC
Fails to start

Fails to run

Synchro
Failure

Transformer 1/1 .SE + 6h 8.2E-7/h!101
Power 1151

Failure

Instrumentation/Control 5/6.2E + 6 8.9E-71hf0lI
Failure 1161 -

a. Failure dateare listed as: XNY. where X is the number of failures, and Y is the exposure period (hi or number of demands. Numbers in brackets refer to notes listed below,
arranged by source.

b. Aggregated results are mean and error factor fin perentheses). The error factor is the 95th percentile/SOth percentile.

Notes

NUCLARRI S. A. Eide at a1., Genetic Comoonent Failure Data Base for Light Water and Liguid Sodium Reactor PRAs, Idaho National Engineering Laboratory, EGG-SSRE-8875,
February 1990.

All failure date were obtained from Tables 6 and 7 In the reference. These tables list the aggregations of Category 1 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. Motor-driven generator fail to run date used.

4. Gas-turbine-driven generator fail to start date used.

S. Gas-turbine-driven generator fail to run date used.
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Table 3e. Category 1 date for electrical distribution system.

t. Hydro-turbine-driven generator fail to start data used.

7. Battery feil to operate dote used.

B. Battery charger fail to operate data used.

9. Electrical conductor (busl fail to operate data used. Type of bus not Indicated.

10. Circuit breaker date (except for spurious failure model used.

11. Circuit breaker spurious data used.

12. Automatlo transfer switch fail to operate data used.

13. Instrumentation (ilmit) switch fall to operate data used.

14. Power electronics (Inverter) fall to operate date used.

15. Power transformer fail to operate data used.

16. Control and instrumentation transformer fail to operate data used.

SRS-REACTORS . 0. S. Cramer, Date Base Development and Egugiment Reliability for Phase 1 of the Probabilistic Risk Analsis. Savannah River Site. DPST-87-642. October
1987.

1. Date are from Tables E.10 and VENT.5. Fail to start date used.

2. Date are from Tables E.10 and VENT.5. Feil to run data used.

3. Date are from Table E.1.

4. Data are from Table E.1 1.

S. Date are from Table E.13.

Agareaeted Results

1. Failure rate based on zero failures and may be conservatively high.
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Table 3f. Category I data for instrumentation and control system.

SystemlComponentiFa'lure Mode Failure Data (Category I Sources)

NUCLARRI SRS- I Aggregated
REACTORS Resultsa

Instrumentation and Control
Alerm/Annuncletor

Fails to alarm

Spurious operation _

Sensor/Trenrmitter/ 1 2f5.7E + 4d, 2/8.7E + 5h. 2.8E-4/dl3.5).
Trensducer/Process Switch 7£17.eE + 7h 61 .2E + Oh 1.1 E-61113.31

Temperature 111 11l
Failure

Pressure 1i 2.£E-4/d(3.51.
Failure 1.1 E-61hW3.3)

Differential Pressure
Fallure__ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

Flow
Failure

Level
Failure

Hurifity
Failure

pH
Failure

Oxygen Concentration
Failure

COt Concentration
Failure I

Hydrogen Concentration
Failure I

Nitrogen Concentration
Failure _

Hydrocarbon Concentration
Failure .. I
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Table 3f. Category 1 dats for Instrumentation and control system,

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

NUCLARRI SRS- Aggregated
______________ REACTORS Results'

Helium Concentration
Failure

Speed
Failure

Seismic
Fallue.

Radiation
Failure

Indicator
Failure

Amplifier
Failure

Modifier/Signal Conditioner
Failure

Logic Module
Failure

Recorder
Failure

Sampler
Failure

Analyzer
Failure

Timer
Failure

Gas Chromatograph
Failure

Voltage Regulator
Failure

Transmitter 7/2 .6E+7h 2.2E-6/hil.4)
Failure 121
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Table 31. Category 1 date for Instrumentation and control system.

Syste/mComponent/Faflure Mode Failure Date (Category I Sources)'

NUCLARRI1 SRS- Aggregated
REACTORS Results'

Transducer
Failure

Programmable Logic Controller
Failure

a. Failure date 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 somre.

b. Aggregated results are mean and error factor Oin parentheses). The error factor Is the 95th percentilefaOth percentile.

Notes

NUCLARRI - S. A. Elde et al. Generic Comnponent Failure Data Bass for Ucht Water and ULuid Sodium Reactor PRAs. Idaho National Engineering Laboratory. EGG-SSRE-8875.
February 1990.

Al failure date were obtained from Tables 6 and 7 In the reference. These tables list the aggregations of Category 1 source date from NUCLARR as It existed in August 1989.

1. Transducer Isensor) dota used. First data entry Is for failure to operate. Second date entry is for spurious operation. Type of sensor not Indicated.

2. Trensmitter failure to operate date used.

SRS-REACTORS - D. S. Cerner. Date Base Develoement and Eiuloment Reliability for Phase I of the Probabilistic Risk Analysis. Savannah River Site. DPST-87-642. October
1987.

1. Thermocouple date from Table E. 16 used.
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Table 4.. Categaorv 2 data for water system.

System/Component/Fallure Mode Failure Data (Category 2 Sources)

NUCLARR2 | NPRD-3 j OREDA | WIN-330 TRITIUM LNG? Aggregated
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 1 _ _ _ _ _ _ _ _ _ _ _ _ _ 1 _ _ _ _ _ _ _ _ _ _ _ _ _ 1R e s u lts

Water 916.5E + 4d 2.513.8E + Oh. 1 .4E-4/dll9),
Valve IStandby or Seletyl 111 1.512.SE+6h 7.1E-71h(1O)

Manud 111
Fails to opentclose

Plugs__ _ _ _ _ _ ___ _ _ _ _ _

Leekage (internal)

Rupture nntemal)

Leokage lexternal) 124/1 .3E + I Oh 5/3.8E + 6h, 1 .OE-8/hI9.6)
121 312.5E + 6h

Rupture lexternal) 711.3E + lOh Ot3.8E + 6h. 5.SE-IOh(1O1
131 0/2.5E + Oh

Check 314.7E + 4d 3.312.2E + 7h. 1 .BE-S5dl10).
Fadls to open 141 1.411 .8E + 7h 1 .3E-71hl1O)

Fails to close 141 10.712.2E+7h. 5.7E-5/dt10),
4.411.8E +7h 3.9E-7ih(1O1

Plugs_ _ _ __ _ _ _ _ _ _ _ _

Leakage (nternal) 55/1 .OE + Oh 52.912.2E + 7h, 9.1 E-7/h(2.9)
(2S11.811.8E+7h

Rupture (Internal) 151 131

Leakage (external) 12411.3E 1 lOh 52.912.2E + 7h, I.SE-81(261
121 21.811.8E+7h

Rupture (external) 7/1 .3E + lOh 012.2E + 7h. 5.8E-10/h(1O)
131 0/1.8E +7h

_ _ _ _ _ _ _ _ _ _ _ _ _ _ 14 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4g. Category 2 data for water system.

System/Component/Failure Mods Failure Data (Category 2 Sources)

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM LNGI Aggregated

- ________________________ _ _ _ . I1 _____________ I ____________ I____________ ____________ I ___________ Results'

Motor-Operated 287/7.5E + 4d 3.8E-3/dll.81
Fails to open/close 161 _

Spurious operation 24/1 .4E + 8h 1.8E-7/h(I 11

Plugs _

Leakage _internal)
Rupture linternal)

Leakage (external) 124/1.3E+ 1Oh 9.6E-9/h10)
121 _ _ _ _ _ _

Rupture (external) 7/1 .3E + 10h 5.BE-10/h(IO)
131

Air-Operated 85/2.9E + 4d 1 6/8.9E + 2d 3.4E*3/d(3.8)
Fails to open/close 181 III _

Spurious operation 10/1.1 E + 7h 9/4.3E + 6h 1 .2E-6/h(2.01
191 ___

Plugs

Leakage (internal) 8/1 .4E + 7h 7/4.3E + 6h 6.9E-7/h(2.61
1101 III _ _

Rupture (internal) 1101 314.3E + 6h 3.OE-7/hl2.6)

Leakage (external) 124/1 .3E + lOh S/4.3E + 6h 9.9E-9/h(7.6)
121 IIlI__ _ _ __ _ _

Rupture (external) 7/1 .3E + 1 Oh 0/4.3E + 6h 5.8E-10/hl 10)
131 111 _

Solenoid-Operated 96/9.OE + 3d 0.3/4.6E + 4h, 1.1 E-2/d(l0).
Fails to open/close 1111 2.814.8E + 7h 7.SE-81h1IO)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 15 1 _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _
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Table 4a. Category 2 data for water system.

System/Cornponent/Fdlure Mode Falure Data (Category 2 Sourcesl

NUCLARR2 | NPRD-3 OREDA | WIN-330 | TRITIUM | LNG1 | Aggregated
=_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Requite

Spurious operation 1 /8.8E + 4h 0.1/4.6E +4h. _5.SE-8h(101
1121 1.2/4.BE +7h

Plugs

Leakage_ nternal)

Rupture (internal)
Leekege (external) 12411.3E+ lOh 3.9/4.6E+4h. 1.3E-alh(37)

121 41.414.8E + 7h
151

Rupture (external) 7/1 .3E + 1 Oh 014.8!4 + 4h. 5.BE-1 ONhIO)
131 014.8E+7h

Sefety/Rellef 113014.9! + 4d 1 .2E-2/d(3.31
Falls to open 1131

Fails to reclose

Leakage (internall 4/9.7E + 5h, 1.1 E-6Ih(2.51
7.5/9.2E + Oh

Rupture (Internal)

Leakage lexternel) 4/9.7E + Sh. 1.1 E-6/hI2.51
7.519.2E + .h

Rupture (external) 019.7E + Sh. 4.9E-BhIMlO
019.2E + 8h

Vocuurn-areeker
Falls to open

Falle to reclose = ==

Leakage (Internall _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4O. Categor 2 date for water sVstem.

[ vsotem/ComnponntFailure Mods Failure Date (Category 2 Sourcesl

NUCLARR2 NPRO-3 OREDA WIN 330 TRITIUM LNGI Aggregated

- - - - _ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ResultO'

Rupture lintrtnal) _

Leakage (external)

Rupture (external)

Volvo IControl)
Motor-Oporated

Fails open

Falls closed

Fails to respond

Plugs

Leakage (external)

Rupture (external) _

Air-Opestatd
Foles open

Fails closed ___

Fuill to respond ___

Plugs ._.-

Leakage (external)

Rupture lexternal)

Solenoid-Operated
Fulls open

Fails closed _

Fails to respond _

Plugs _

Leakage (external __ _

Rupture (external 1 _
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Table 49. Category 2 data fot water cystem.

SystemnComponent/Fadlure Mode Failure Data (Category 2 Sources)

NUCLARR2 NPRO-3 | OREDA WiN-330 J TRITIUM LNG1 Aggregated
. _ .Results

Pump 84/11.0E + Sd 1 .4/8.4E + 5h, 213.0E + 2d. 8.3E-4td(9.11.
Motor-Driven 1141 2.9/2.6E! + Oh. 3/6.3E + 4h, 3.7E-6Ih(B.3)

Fells to start 8.012.6E + 6h 1012.7E + 5h
171 121

Fals to un 24212.4E + 7h 0.8t8.4E + 5h. 2/2.OE + 2h. 9.4E-6ShIi 1)
1151 1.8/2.GE + Oh. 8/8.3E + 4h,

3.712.6E + fh 17/6.3E + 4h
171 121

Overspeed 0.218.4E + 5h, 1 .9E-SIh(1 11
0.412.6E + Oh.
0.7/2.6E + 6h
171

Fails to stop

Leakage (external) 4311.BE + Oh 3.6t8.4E+ Sh. 11/.3E +4h. 5.9E-8/h155)
1161 7.7/2.RE + 8 h. 24/2.7E + 5h

15.912.OE+Oh 121
_ _ _ _ _ _ _ _ _ _ _ _ _ _ 17 1 _ _ _ _ _ _

Rupture lexternal 2/1.6E +9h 0.02t8.4E +5h. 016.3E + 4h, 1 .7E-91hI10l
1171 0.052.6E + Oh. 012.7E + Sh

0.11 /2.6E + 6h 121
_ _ _ _ _ _ _ _ _ _ _ _ _ _ 171

Turne-Driven 72/7.1E+3d 1 .0lE-2/dl10)
Fails to start 1181
Fails to n 22t2.2E+Sh _ _ 1.Of-4/hil.7)

1191 _ _ _ _ _ _ _ _ _ _ _ _ _

Overspeed

Fells to stop __ .

Leakage (external) 43/1 .6E +9h 2.7E-8/hl10)
1181

Rupture (external) 211.fE + Oh 1 .612-9Ih(110
1171
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Table 4a. Category 2 date for watet system.

SystemlComponent/Failure Mods Failure bata (Category 2 Sourceas)'

NUCLARR2 | NPRD-3 | OREDA | WIN-330 TRITIUM LNG1 | Aggregated

Dhesel-bilven 10/1.1 E + 3d 7511.1 E + 3d. 3.4E-2/d(4.0)
Fails to start 1201 2/3.1OE + 2d

Fails to run 412.OE + 2h 2.3E-2/h1O0)
131 _ _

Overspeed

Fails to stop _

Leakage (external) 43I1.6E+9h 1/3.8E+Sh 2.7E.81bI0)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 11 6 1 13 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Rupture lexternal) 2/1 .6E + 9h 0/3.8E + S_ 1 .6E-9/htlOI
1171 131 _ _ _ _ _ _

PipinglHoselJumper 4561 2.3E.9Ih-ftI101
Piping 2.0E + 11 h-ft

Leakage lexternal) 1211

Rupture lexternalf 11/ 5.8E1 l/h-t 1)
2.OE+ I 1hft
1221 _.

Hose 0/ 1 .7E-9/h-ftlI0)
Leakage (external) 1 .7E + 7h-ft.

1.9,
1.4E+9h-ft

Rupture (external) 1I 1 .OE-8/h-ft10)
1 .7E + 7h-ft,
141
1 .4E + 9h-ft

Plugs _ _ _

Jumper
Leakage lexternal)
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Table 4e. Category 2 date for water esstem.

SYetem/Component/1slture Mode Failure Date (Category 2 Sourcesl)f NUCLARR2 1 NPRD-3 | OREDA | WIN-330 | TRITIUM | LNO | Aggregated
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I I _ _ _ _ _ _ _ _ _ _ _ N P_ _ _ _ _ __D -_ _ _ _ _ _ _ _ _ _ _ _ __ED_ _ _ _ _ _ R esults*

Rupture (external)

Plugs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Vessel 8/6.3E + 8h 7/4.3E + eh 2.2E-8/hIl 9)
Tank (Unpressurdied) 1231 191

Leakage (externall

Rupture lexternall 1/6.3E + Oh 191 3.0E-9/hl1 9)
1241

Tank WPresturlzed) 1231 93/8.2E + h. I .0E-Oh241
Leakage (external) 56511.2E+7h

1101

Rupture (external) 1241 3.9/8.2E + 6h. 4.5E-8/h(23)
24/1.2E + 7h
1101

Flange/Gasket 116/8.3E +9h 16/1 .2E + 7h 2.1 E-8/hl 1)
Leakage (external) 1251 1111_

Rupture (external) 1 I8.3E + 9h 1111 1 .8E-10/h(l 1)
1281

Heat Exchanger
ShellITube

Fouling (tubes)
Plugs (tubes) _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _ _ _ _

Leakag Itubes) 53/3.2E +8h 4/6.6E + 4h 1 .BE-7/h(171
1271 141

Rupture (tubes)l 2/3.2E SR 7.OE-9/hN10)

Leakage (shell) 2/3.2! + 8h 7.8E-9/h( 10)
1291

Rupture (shell) 0/3.2E + Rh 1 .6E-9/h10)
1301
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Table 4a. Category 2 data for water system.

System/Componant/Failure Mode Failure Date (Categorv 2 Sources)'

NUCLARR2 | NPRD-3 OREDA WIN-330 TRITiUM LNG1 Aggregated
_ ^ ~~~~~~~~~~~~~~~~~~~~~Results'

Heater (Electrical) 1.218.2E + Sh 1 .SE-61h10)

Fails to hoat 1121

Overheats 0.218.2E+ Sh 3.0E-7/hIl 0)

Leakage (external)

Rupture (external)_

Sitainer/Fiitor

Leakage linternal) 2611 2E + 7h 2.2E-6Nh1 0)

Rupture (internal) 7.7/1 .2E + 7h 6.8E-71h(1OI
1131 _ _ _ _ _ _ _ _ _ _ _ _ _

Oifice
P lu gs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _

Miscellaneous
Travelling Scren

P lu g .s_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

a. Failure date are listed as: XIY. where X Is the number of failures, end Y is the exposure period (hi 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/SOth percentile.

Notes

NUCLARR2 - S. A. Elde at i.. Generic Component Failure Data Base for Liaht Water and Liquid Sodium Reactor PRAs. Idaho National Engineering Laboratory, EGG-SSRE8875.

Febwuary 1990. Also, S. A. Eide atal.. Comnonent External Leakeae end Ruoture freauency Estimates, Idaho National Engineering Laboratory. EGG-SSRE-9639,F 1Q91.

All failure date 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 sout. 'Sate from

NUCLARR as It existed In August 1989. The external leakage date 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 boen entered into NUCLARR.
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Table 4.. Category 2 date for water system.

1. Manual valve fall to operate date used.

2. Valve external leakage data used (second reference).

3. Valve external rupture data used (second reference).

4. Check valve fIal to operate dote used. Data include both fails to open and fails to close.

5. Check valve Internal leakage dots used. Size of internal leakage not Indicated.

6. Motor-opereted valve fel to operate, fall to open. end feil to close dats used.

7. Motor-operated valve spurious operation data used.

S. Pneumatic valve fell to operate end fail to open data used.

9. Pneumatic valve spurious operation data used.

10. Pneumatic valve Internal leekage data used. Size of Internal leakage not Indicated.

11. Solenoid valve fell to operaet date used.

12. Solenoid valve spurious operation date used.

13. Reiiel valve fadl to open data used.

14. Motor-driven pump fenl to start date used.

15. Motor-driven pump feil to run date used.

16. Pump external leakage date used (second reference).

17. Pump external rupture data used Isecond reference).

15. Steam-turbine-driven pump fall to start date used.

19. Steam-turbine-driven pump fail to run date used.

20. Diesel-driven pump fell to start data used.
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Tsbla 4a. Category 2 data for water system.

21. Piping external leakage data used (second referencel.

22. Piping external rupture data used Isecond reference).

23. Tank external leakage date used Isecond reference).

24. Tank external rupture date used Isecond reference).

25. Flange external leakage data used Isecond reference).

26. Flange axternal rupture data used Isecond reference).

27. Heat exchanger tube leakage data used (second reference).

28. Heat exchanger tube rupture data used (second reference).

29. Heat exchanger shell leakage date used Isecond reference).

30. Heat exchanger shell rupture data used (second reference).

NPRD-3 - M. J. Roai. Nonelectronic Parts Reliability Data. Reliability Analysis Center. Rome Air Development Center. NPRD-3. 1985.

AN failure data apply to a ground fixed (GF) environment, unless otherwise Indicated. Commercial (CI, military (M). and unknown source (7) date 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 end 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:

Fail to open/close/operate - binding, breach (not for valves), contaminated. crackedifractured. no movement, no operation, seized, stuck open, and stuck closed

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 internal leakage for check and relief valves)
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Table 4e. Category 2 data for water system.

Leakage lexternal) - leaking

Rupture (externel) breech (valves only).

For pumps, fans, end diesel generators, the following mapping was used:

Fail to start- contaminated, crackedlfrectured, 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 tone-half of events used), stuck open

Fell to stop - none identified

Leakage (external) - leaking

Rupture (external) - breech (not for generator)

For vessels, piping, hoses, and pumpers, the following mapping was used:

Leakage lexternal) - cracked/frectured. leaking

Rupture (external) - broken, breach.

For filters, the following mapping was used:

Plug - Improper flow lone-half of events used)

Leakage (internal) - improper flow (one-half of events used)

Rupture (Internel) - broken, crockedlfractured, ruptured.

For heaters, the following mapping was used:

Fell to heat - crocked/fractured, no operation, opened

99



Table 4a. Category 2 datea for water system.

Overheat, shorted.

1. Manually-activated valve data used Ip. 153). Failure mode Information Ip. 297) indicates 25% of failures ere fail to open/close. 50% ate external leakage. and 0%
are external rupture.

2. Check valve data used Ip. 150). Failure mode information (p. 2961 indicates 8.2% of failures are fail to close and 2.5% are feil to open.

3. Check valve data used (p. 150). Failure mods Information (p. 2961 Indicates 80.8% of failures are leaking. One-halt of these were assigned to Internal leakage/rupture
*nd the other hall to external leakage. Size of Internal leakage not Indicated.

4. Check valve data used (p. 150). Failure mode information (p. 2961 indicates 0% of failures are external rupture.

5. Solenoid valve data used (p. 156). Failure mode Information (p. 306) indicates 4.4% of failures are fail to open/close. 1.8% are spurious operation. 65.8% are external
leakage. and 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 leakage/rupture
and the other half to external leakage. Size of Internal leakage not Indicated.

7. Centrifugal pump data used (p. 1041. Failure mode InformatIon (p. 291) Indicates 19.4% of failures are fail to start. 11.9% re fail to run, 2.4% are overspeed. 51 .4%
are external leakage. end 0.34% are external rupture.

B. Hose date used Ip. 82). Second entry Is for ground mobile (GMI environment. Failure mode Information (p. 290) Indicates 12% of failures are external leakage and
88% are external rupture. Each hose was assumed to be 20 ft.

9. Storage tank date used (p. 143). No failure mode Information, so 100% assumed to be external leakage/rupture. Size of leakage not Indicated.

10. Accumulator data used Ip. 26). Both entries are for ground mobile IGMI environment. Failure mode Information (p. 2891 Indicates 83% of failure are external leakage
and 3.4% are external rupture.

11. General gasket date used (p. 711. No failure mode Information, to 100% assumed to be external leakage/rupture. Size of leakage not Indicated.

12. Electrical heater date used (p. 81. Failure mode Information (p. 287) indicates 62% of failures are fail to heat and 7.7% are overheat.

13. Fluid filter data used (p. 67). Failure mode information (p. 285) Indicates 75S of failures are Internal leakage and 22% are Internal rupture.
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Table 4e. Category 2 date for water system.

OREDA - Oflshore-Reltabiliete Handbook. Offshore Reliability Data IOREDA). Norway, 1984.

An failure Information wes taken from the critical failure mode category. unless otherwise indicated.

I . Pneumatically-opereted 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 inielpient failure mode) used for externalleakage.

2. Electric motor, gear/shaft driven fire water pump (p. 95). single stege electric motor driven (p. 173), end multistage electric motor driven (p. 181 data used. Fails torun date based on operational time. Leakage (incipient failure mode) used for external leakage.

3. Diesel motor. gear/shaft driven (p. 91) and hydraulically driven (p. 931 pump date used. Fails to run data based on operation time. Leakage fineipient failure mode)used for external leakage.

4. Water/water tube/shell type heat exchanger date used (p. 207). Leakage (degraded failure mode) used for tube leakage.

WIN-330 - J. N. Wilkinson at el.. Idaho Chemicd Processina Plant Failure Rate Database Idaho National Engineering Laboratory. WN-330. October 1991.

Al failure Information was taken from Appendix C. p. 32.
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Table 4b. Category 2 data for chemical process system.

SVstem/Component/Faflure Mods Failure Data (Category 2 Sources)'

NUCLARR2 | NPRD-3 | OREDA WIN-330 | TRITIUM | LNC1 Agregated

Chemical Process
Valve fStandby or Safety)

Manuel
Fals to openeldose

Plugs__ _ _ _ _ _ __ _ _ _ _ _

Leakge (nternal)
Rupture llnternal)

Leakage (external)

Rupture (external)

Check
Fels to open

Falls to close

Plugs

Leakage (Internal)
Rupture fInternal)

Leakage lexternel)

Rupture (external) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Motor-Opersead
Falls to openlclo se _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Spurious operation _______ ______

Leakage linternal) _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

.R upture (internal) _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (external) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

R upture (external)__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4b. Category 2 date for chernical process syste_.

SVstern/Componhtl/Failuto Mode Failure Data (Category 2 Sources)'

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM | NG1 Aggregated
_ _ ~~~~~~~~~~~~~~~~~~Resulto

Air-Opetatad 2/1 .5E+ 2d, 364/4.8E +8 1.7E-2/dl101.
Fails to open/close 2/5.OE + 5h h, 2.0E-71h(5)

111 131/2.SE+7 1 7
h

Spurious operation 1/3.9E+6h III 2.2E-8/hi0)

Plugs 11 2.2E-8/h(IW?

Leakage (internalI 1516/6E + Sh, IIl 7.3E-7/hS)
115.OE+Sh

Rupture internal) 016.6E+5h. III 2l2E-S/hi01
0/S.OE + Sh 11,21

Leakage (external) 9/1 .SE + 6h, 17014.8E + 8 4.2E-7/hl3.6)
1 15.OE + 5h, h. 131
113 .9E+6h 461/2.E+7h

Rupture external) 0/.S1 E+6h. 121 1.BE-8/bhlO)
015.OE + 6h. 12.31
0/3.9E +6h

Solenoid-Operated
Fails to open/clos

spurious operation__ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _

P lu g s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal)
Rupture (internal)
Leakage (external) I
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Table 4b. Category 2 date for ehemical process system.

System/Conponsnt/Fvelure Mode Failure Dete (Category 2 Sources)

NUCLARR2 NPRD-3 | OREDA WIN-330 TRITIUM j LNG1 Aggregated
_____-_-_-_-__ _____.________ RosultO

Rupture fewternal)

Sefetylfielef
Fells to open

Fails to reclose

Leaaege ainternal)
Rupture _internal)

Leakage (external)

Rupture (external)

Vacuum-Rreelcer
Fells to open

Fans to rectose

Leelkge (Internel) .

Rupture (intemal __

Leakage lexternell

Rupture (external) __ _ __ __ _ _ -- _l

Valve (Control)
Motor-Operated

Falls open

Fells closed

Fails to respond

Plugs __

Leakage (external) _

Rupture lexterndl)

Air-Operated 315.8E+5h 6.OE-8ih(10)
Feils open 121
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Table 4b. Category 2 dta for chemical process system.

System/Convponent/Failure Mode Failure Date (Category 2 Sourcesl'

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM | LNG1 | Aggregated

Fails closed 115.SE+Sh 2.6E-6/hI10)
121

Fails to respond

Plugs _

Leakage (external) 6/5.8E + Sh 1 .1E-5/hl10)
121

Rupture lexternal)_ __ __ _

Solenoid-Operated
Fils open

Fails closed
Fails to respond

Plugs . I

Leakage lexternal)

Rupture (external)

Pump 3/63E + 4h, 168/4.5E + 6 8. E-3/d(1O),
Motor-Driven 10/1.3E + 3d. h. 8.9E-6/h(4. 11

Fails to start 12/8.2E + 6h, 481 .4E + 6h 141
414.OE + 4h 131
131

Fails to run 316.3E + 4h. 131 5.8E-41h/l2)
9/2.6E + 3h. 141
S/6.5E + 4h.
4/8.7E + 3h
131

Overspead 131

Fails to stop 131

Leakage lexternal 22/1 .9E + 5h. 21/4.5E + 6h. 9.2E-6/hlS.4)
65/8.2E + 6h 23/1.4E + 6h 151
131 141 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4b. Category 2 data for chemical process sVstem.

Systern/Comnponent/Failure Mode Failure Date (CetegorV 2 Sources)

NUCLARR2 | NPRD-3 | OREDA | WIN-330 TRITIUM LNG1 | Aggregated

Rupture lexternal) 0/1.9E + 5h, 141 5.2E-8/h110)
O/R.2E + Oh IS)
131

Turbine-Driven
Falls to start

Fells to run

Overspeed

Fais to stop
Leakage (external)

Rupture (external)

Diesel-Driven
Falls to start

Falls to run

Overspeed

Falls to stop .

Leakage (external)
Rupture lextemral

Piplng/HoselJumper
Piping

Leakage lexteral

Rupture (external)

Plugs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Hose
Leakage (external)

Rupture (external)
lugs I
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Table 4b. Category 2 date for chemical proceoss svtem.

SVetem/Componont/Failurs Mode Failure Deta (CategorV 2 Sourcesl

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM LNG1 | Aggregated

Jumper
Leakage (extern ali

Rupture (externel

Plugs . 11

Vessel 13/4.6E + 6h. 2.6E-S/h(0O)
Tank (Unpressurized) 1 9/8.OE + 6h

Leakage (external) 151

Rupture (external) 151 -_ _

Tank (Pressurized) 24/1 .7E + 6h 1 314.6E + 6h. 3.7E-6/hl3.8)
Leakage (external) 141 1918.OE+6h -61

_ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~151 _ _ _ _ _ _ _ _ _ _ _

Rupture (external 2/1.7E+6h 151 3.8E-7/hbIb
141 151

Flange/Gasket
Leakage (external) _ __

Rupture (external)

Het Exchanger 1312.3E+6h 31/1.6E+6h. 7.8E-6/hIl.3)
Sheil/Tubo 151 15/8.4E + 5h 161

Fouling (tubes) 161

Plugs (tubes) 161
Leakage (tubes) 12/2.3E+6h. 161 7.2E-6/h(1 .31

1/2.2E + 4h 161

Rupture .tubes) 161

Leakage (shall) 161

Rupture Ishell) 161

Heater (Electrical) 4/2.2E+4h. 3.5E-5/h(5.8)
Fails to hoet 1/1.2E+5h

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (6 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

..

.4
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Table 4b. Category 2 data for chemical process system.

System/Component/Fallure Mode Failure Data lCategory 2 Sourceee

NUCLARR2 | NPRD-3 OREDA | WiN-330 TRITIUM | LNG1 | Aggregated

-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - I -__ _ _ _ _ _ _ _ _ _ _ _ _ | |__ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ I R es u lts'

Overheats 112.2E + 4h 7.OE-ffh(1O)
161 171

Leakage (extemral

Rupture (external)

Strainer/Filter 1.215.8E+eh 1916.4E + Sh 3.1 E-N/hI 1)
Plugs ,II 171
Leakage (nternal) 2.715.8E+6h +78O E Ohhf1)

Rupture Internelt O/5.8E + Sh 7.OE-7/h(1 1)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Iii _________________ ________________ 12 .8 1

Orifice
Plugs

Miscellaneous
Mixerlfllender

Failure

Agitator 416.3E + _h. 6.SE-6/h(1O)
Failure 418.BE + 5h

Centrifuge
Failure__ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _

a. Failure data ae listed as: XIY. where X Is the number of failures. and Y Is the exposure period (hi or number of demands.; Numbers In brackets refer to notes fisted below.
arranged by source.

b. Aggregated results are mean and error factor Oin parentheses). The error factor Is the 95th percentilehSOth percentile.
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Table 4b. Category 2 data for chemical prcoess system.

Notes

NUCLARR2 - S. A. Eld et aL. Generic Comoonent Failure Data Base for Liaht Water end Uauid Sodium Reactor PRAs, Idaho National Engineering Laboratory, EGG-SSRE-8875,
February 1990. Also. S. A. Elde et ai., Comronent External Leakage end Ruoture Frequency Estimates, Idaho National Engineering Laboratory, EGG-SSRE-9639, November 1991.

All failure data except for the leakage failure mode were obtlined from Tables 6 and 7 in the first reference. These tables list the aggregations of Category 2 source date from
NUCLARR as It existed In August 1989. The leakage data wore obtained from the second reference. These data were not in NUCLARR at the time the reference was published.
but since then the daot have been entered Into NUCLARR.

NPRD-3 - M. J. Rossl, Nonelectronic Parts Reliability Data. Reliability Analysis Center, Rome Air Development Center. NPRD-3. 1985.

All failure data apply to a ground fixed IGFI environment, unless otherwise Indicated. Commercial (CI. military (MI, and unknown source 17) data were used it available. Failure
mode Information was used to determine what % of failures were fail to open/close, spurious operation. etc. Unknown failure mode events wers not considered. The NPRD-3
failures Include degraded and Incipient failures as well as catastrophic failures. Only catastrophic failures wer, used for this study. For valves, ciouit braokets, relays, and
switches, the following mapping of NPRD-3 failure mode. Into the failure modes of interest was used:

Fail to open/closa/oporate - binding, breach (not for valves), contaminated, cracked/lfractured, no movement, no operation, eized, stuck open, and stuck closed

Spurious operation arcing, burned, collapsed, displaced, false response. Improper flow, Intermittent, opened, overheated, and shorted

Plugs - none Identified

Leakage linternalo - none Identified except for leaking (one-half of events applied to Internal leakage for chock and reliel valves)

Leakage (external) - leaking

Rupture (external) breach Ivalves onry).

Fot pumnps, fans, end diesel generators, the following mapping 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
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Table 4i. Category 2 date for chemical proces system.

Overspend (subset of fail to run) Improper flow lone-half of events used), stuck open

Fail to stop- none bdntiliod

Leakage lexternall - leaking

Rupture bexternal) - breach (not for generator)

For vessels, piping, hoses, and Jumpers, the following mapping was used:

Leakage (external) - cracked/lrectuted, leaking

Rupture (external - broken, breach.

For filters. the following mapping wao used:

Plug - Improper flow lone-half of events used)

Leakage onternala - Improper flow (one-half of events used)

Rupture OInternal) - broken, crackedi/factured, ruptured.

For heaters, the following mapping was used:

Fail to heat- crackedifractured, no operation, opened

Overheat- shorted.

I Gas filter data used (p. 6S). Failure moe Inlormation (p. 2861 Indicates 16.7% of failures are plugs, 3899% are Internal leakage, and 0% are Internal rupture.
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Tabla 4b. Category 2 date for chemical procae system.

OREDA. Offshore Reliability Date Handbook, Olfshore Reliability Data (OREDA), Norway, 1984.

All failure informatIon was taken from the critical failure mode category. unless otherwise Indicated.

1. Hydraulically and pneumatically operated valve (oil fluid) data used (pp. 111 * 117. end 1591. Improper operation (degraded failure model date used for spurious
operation. Internal leakage Idegraded failure model data used for Internal leakage. and external leakage (degraded failure model used for external leakage.

2. Pneumatically operated control valve data used (p. 167). Significant internal leakage date used for fails open and plugged data used for fails closed. External leakage
(degraded failure model 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) date 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 date used for external rupture.

5. Oillwater (p. 1931 and glycol/water (p. 203) tubelshell heat exchanger date used. Leakage Idegraded failure model date used for tuba leakage.

6. Oil (p. 215) and glycol (p. 219) heater data used.

7. Hydraulic (oil) system filter data used (p. 285). Clogged filter/line Idegraded failure model) date used for plugs.

WIN*330 - J. N. Wilkinson at al.. Idaho Chemical Processina Plnt 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 lother failure model. All valves assumed to be air-operated. Failure modes (other than leek) not indicated.

2. See Note 1. Leak failure mode date used for external leakagelrupturea

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. Leok failure mode date used for external leakage/rupture.

S. Vessel (non-acid and acid fluid) data used for unpressurized end pressurized tanks. All failure mode data used for external leakagelrupture.
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Table 4b. Category 2 data for chemical process system.

6. Heat exchengerlcondenser Inon-aeid end acid fluid) date used. Failure modes not Indicated.

7. Agitator Inon-aeid and acid fluid) data used. Failure modes not Indicated.

TRITIUM - L. C. Cadwalleder and M. A. Stolpe Gavett. Tritium Waste Treatment Svstem Component Failure Data Analysis from June 18. 1984 to December 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 Failure
Data Analysis from Jenuary 1. 1984 to December 31. 1990. Idaho National Engineering Laboratory, EGG-FSP-9450. May 1991; and L. C. Cedwallader and D. P. Sanchez.
Secondary Containment System Component Failure Date Analyeis from 1984 to 1991. Idaho National Engineering Laboratory. EGG-FSP-10323, August 1992.

Aggregated Results

1. An failure date were combined to obtain en overall failure rate. The OREDA date were used to estimate the fraction for each failure mode. Date Indicate 4 fails to
openfclose, 16 Internal leakages, end lero spurious operations. plugs, and Internal ruptures. Zero failure cases were handled using a Bayesian update of a noninformative
prior with zero events in 20 demends'.

2. Failure rate based on zero Ifalures 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 falls to etart. Fails to run result was Increased by the same amount that the falst to start estimate was Increased.

5. Lakegielrupture combined result wes calculated. Then OREDA data were used to partition Into external leakage and external rupture.

d. 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 heet result used, based on OREDA date.

8. Plugs result multiplied by 2.711.2 to obtain Internal leakage result. and by 1f1211.2) + 21 to obtain rupture result. based on NPRD-3 date.
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Table 4e. Category 2 date for compressed ass system.

System/Component/Faldure Mode Failure Oato lCategory 2 Sources)

NUCLARR2 J NPRD-3 [ OREDA WIN-330 | TRITIUM J LNGt Aggregated
._________________________________ _______________ ______________ _____________ _____________ _____________ |____________ Resultsu
Compressed Ges 0/8.3E + 5h 311.6E + 3d 2.2E-31d(10).

Valve (Standby or Safety) 111 111 6.0E-7Ih(101
Menuel

Fails to open/close

Plugs
Leakage (internal)

Rupture Ontemal)

Leakage (external) 018.3! + Sh 013.9E + Oh 1.1 E-7/h(101
Iii~~~ ~ ~ ~ ___ _ _ _ _ _ Il

Rupture (external)

Check 4.111.BE+6h 113.IE+Oh 1.1E-6/h(2.71
Falls to open 121 111

Fells to close 8.9/1 .6E + Oh 2.4E-6/h(2.71
121 III

Plugs

Leakage (Internal) 1311.6! + Oh 8.4E-6/hllO)
131

Rupture (Internal) 131 1/3.IE+flh 4.OE-7/h(10)

Leakage (external) 13/1.6E+ Oh 8.4E-6/hI10)
13 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Rupture (external) 011.6!+ Oh 3.IE-7/h(10)
(41 121

Motor-Operated 10/2.0! +4d 5.3E-4/dl101
Fails to open/close 121

Spurious operation

Plugs

Leakage (Internall
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Table 4o. Category 2 data for compressed gas system.

Svotem/Conponent/Failure Mods Failure Data (Category 2 Sources)

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM LNG1 Aggregated
Resuito

Rupture (internal)
Leakage (external) 0/3.3E+6h 1.5E-7/h10)

121

Rupture lexternal)

Air-Operated 0.6/1 .8E +7h t316.0E + 6h, 3.0E-31dl1.2).
Fails to open/close 151 1 3/4.2E + 6h, 1 .3E-6/hlie.5)

9/6.7E + 5h.
215.1 E + 5h.
1 2/2.7E + 3d.
1516.2E + 3d

Spurious operation 0.3/1 .8E + 7h 27/2.3E + 6h, 1 .9E-6/hl8.1)
ISI 15/2.2E + 6h

121

Plugs 112.3E+6h 6.5E-71hl10)
121

Leakage (internal) 916.OE + 6h, 2.5E-6/hl2.5)
814.2E + Oh.
1412.3E +6h

______________ 121 .-

Rupture (internal) 0/6.0E + 6h. 4.1 E-7/h(4.8t
0/4.2E + Oh.
4/2.3E + 6h.
2/2.2E + 6h
121 _

Leakage (external) 9.2/1.8E + 7h 10/4.2E + 6h. 1 .6E-6/hlS.5)
151 1912.3E + 6h

Rupture external) 0/1 .8E + 7h 014.2E + 6h. 2.0E-8/hl10t
151 0/2.3E + 6h 121

121

Solenoid-Operated 0.8/1 .9E + Oh s.GE-7/h(1 0)
Fails to open/close 161
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Table 4c. Category 2 date for compressed ass svstem.

System/Component/Fdalure Mode Failure Data ICategory 2 Sources)'

I NUCLARR2 I NPRD-3 OREDA 1 WIN-330 I TRITIUM LNG 1 Aggregated

Spurious operation 0.3/1 .9E +S h 4.2E-7/h(tO)

Plugs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (Internal)

Rupture (Internal)
Leaks"e (externall 12.511 .9E + 6h X.BE-6fi(l 0)

Rupture (external) 0/1 .9E + Sh 2.SE 7/h(tOI
_ _ _ _ _ _ _ _ _ _ _ _ _ l6 t _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 121

Sat ely/Relief
Fells to open

Fails to reclose

Leekege intemal) 3.5/4.3E + 6h 9.3E-7hilIl 0
171

Rupture (Internal _171

Leakage (external) 3,514.3E + 6h 9.3E-7/hlO)

Rupture (external) 0I4.3E + 6h 1.2E-7ih1101
181 121

VecuuwmBreaker
Feils to open _

Fails to reclose

Leakage (internal)

Rupture (internell

Leakage (external) _

Rupture (external)
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Table 4e. Cateaory 2 date for comarassed aas system.

SVstemlComponent/Failure Mode Failure Data (Category 2 Sourcas)'

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM LNGI Aggregated
Results6

Valvo lContrlal
Motor-Operaled

Fails open _

Fails closed

Fails to respond
P lu g s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

Leakage (externall

Rupture lexternal)

Air-Operatad 112.3E + 6h. 014.3E + Sh 3.OE-6lh(8. 1
Fails open 5/1 .2E + 6h 2916.9E + 5h 131

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 3 1 _ _ _ _ _ _ _ 13 1 _ _ _ _ _ _

Fails closed 131 3.OE-61hl6.1l

Fails to respond 3/2.3E + 6h. 131 3.0E-6/h(6. 1
3/1 .2E + 6h 131

_ _ _ _ _ _ _ _ _ _ _ _ _ 13 1_ _ _ _ _ _ __ _ _ _ _ _ _

Plugs

Leakage lexternal) 3/2.3E + 6h. 4.9E-6/h(3.71
141 .2E + 6h
131__ _ _ _ _ _

Rupture (external 012.3E + 6h. 1 .4E-7/h101
011.2E+6h 121
131

Solenoid-Operated 21 .6E + 6d 1 .6E-6dIl101
Fails open 141 141

Fails closed 141 141

Fails to respond 141 141

Plugs _ _
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Table 4a. Category 2 date for compressed gas system.

SystemrComponent/Failure Mode Failure Data lCatagory 2 Sources)

NUCLARR2 1 NPRD-3 1 OREDA | WIN-330 | TRITIUM 1 LNG1 | Aggregated

Leakage lexternal)

Rupture (externel)

Compressor 5.213.2E + Oh 2/6.4E + 4d 1 1 62.3E + 6 3.9E-51dll0).
Motor-DrIven 191 151 h 8.2E-6hl3.6)

Falls to start II

Falls to run 8.9/3.2E+ Sh 8013. IE + 4h. 114.5E + 4h III 1 .3E-5/h13.6).
191 1 2912.OE + 4 151 4.1 E-3/hl2.0)

h 151
141

Overspeed 1.713.2E + 6h 111 2.SE-6/hl5)
191 151

Fails to stop 111

Leakae fexternal) 013.2E + fh 7.2E-7/h1101
.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .191 151

Rupture (external) 191

PipingfHosslJumnper1Tube
Piping

Leakage (external)
Rupture (external)

Plugs

Hose
Leakage (external) _

Rupture (external)

Plugs _ _

Jumper
Leakage lexternal)

Rupture (external)

Pugs
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Table 4c. Categorv 2 date for compressed aas svstem.

System/Component/Failure Mods Failure Date (Category 2 Sourcesl

NUCLARR2 | NPRD-3 | OREDA | WIN*330 | TRITIUM | LNG1 | Aggregated
-________________ I _ _ _ _ _IR eSUltib

Tube
Leakage_ external) __

Rupture lexternal)

P lu g . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Vessel 0.3/2.8E + 6h 0/4 .8E + 4h 2.3E-71hI10I
Tank IPressurlized) 101 0/9.5E + 4h. 1(S

Leakage lexternal 01/4.8E+4h
161

Rupture (external) 0.1/2.SE+6h 161 7.5E-8/h(10)
1101 161

Cylinder (Pressurized)
Leakage lexternall

Rupture (external)

Flange/Gaskot
Leakage lextetnall,

Rupture (external)

Heot Exchanger
Shel/Tube

Fouling (tubes)

Plugs (tube.)

Leakage (tubes) 2514.6E + 5h, 4.4E-5/hil .8)
1/.3E+5h

151Rupture (tubel) 0/4.6E * 5h. 8.5E 7/h(1O
0/1 .3E*5 h 121

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5' . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

L eak ag e (ah ell)_ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

R u"ptu r (s ell _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4c. Category 2 dote for Compressed aes system.

System/Cornponent/Feilure Mode Failure Dsta (Category 2 Sources)'

WCLARR2 | NPRD-3 | OREDA | WIN-330 TRITIUM LNGI Aggregated
NPRD3 OREDA I____________ ___________ I ~~~Resuits'

Heater fElectriel) 01471E + 4h 1 .oE-21 l10)
Fails to heat 173 121

Overheats

Leaokae (external)

Rupture (externall

Vaporiher 2861 .9E + 5h 1 .4E-41h1I0)
Failure (21

Air Dryer 111.2E+5h 0/4.BE + 4h 8.OE-61lr1tOI
Failure 161 f18

Fdlter 61 14.2E + 6h 011 .9E + Sh I .4E-5/hl .3i
"ter11 191 I41

Plugs _ _ _ _ _ _ l 9 _ _ _ _ _ 4

Leakage (internal) 111 191 141

Rupture llnternal) 11 191 141

0/2.4E + Sh 2.1E-6Nh(10I
O Piui s I10112

Plugs

a. Failure date wre nsted as: X/Y. where X is the number of failures. end 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 Ved error factor On parenthesesi. The error factor is the 95th percentiie/SOth percentile.

Notes

i UCLARR2- S. A. Eide at at., Generic Comoonent Failure Date Pase for LIhht Water and Liluld Sodium Reactor PRAs, Idaho National Engineering Laboratory, EGG-SSRE-8875,
February 1990. Also. S. A. Elde at al.. Component External Leakage and Rupture Freouency Estimates. Idaho National Engineering Laboratory, EGG-SSRE-9639. November 1991.

Al failure date except for the leakage failure mode were obtained from Tables 6 end 7 In the first reference. These tables list the aggregations of Category 2 source data from
NUCLARR as It existed In August 1939. The leakage date were obtained from the second reference. These date were not in NUCLARR at the time the reference was published.

but since then the date have been entered Into NUCLARR.
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Table 4c. Category 2 date for sompremsed gas system.

fPAQlQ 3 M. J. Rossl. Nonelectronio Parts Reliability Dat". Reliability Analysis Center. Rome Air Development Center, NPRD-3. 1985.

All failure data apply to a ground fixed iGFi environment, unless otherwise indicated. Commercial IC). military IMI, and unknown source I?) data were used lf availabl. 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 os well as catastrophic failures. Ongy catastrophic failures were used fot 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/closeloperate - binding, breach Inot for valves), contaminated, cracked/fractured, no movement, no operation, seized, stuck open, and stuck closed

Spurious operation - arcing. burned, coilapsed, 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)

Leakage (external) - leaking

Rupture (external) - breach (valves only).

For pumps, tons, and diesel generators, the following mapping was used:

Fail to start - contaminated, cracked/fractured no movement, no operation

Fail to run - binding, broken, displaced, false response. improper flow, inttrmittent, overheated, seized, shorted, stuck closed, stuck open

Overspeed (subset of fail to run) - improper flow lone-hall of events used), stuck open

Fail to stop none Identified

Leakage (external) - leaking

Rupture lexternal) - breoach Inot for generator)
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Table 4e. Category 2 date for compreesed gas system.

For venels, piping. hoses. end urmpers, the following mapping was used:

Leakage (external) - cracked/fractured, leaking

Rupture (external) - broken, breach.

For filters. the following mapping was used:

Plug - improper flow lone-half of events used)

Leakage (Internal) - Improper flow lone-half of events used)

Rupture (internal) - broken. cracked/fractured, ruptured.

For heaters, the following mapping was used:

Fall to heat - creeked/frectured, no operation, opened

Overheat - shorted.

1. Manual valve date used (p. 159). Failure mode Information Ip. 302 for bellows valve) indicates I 8.5% of failures are fails to open/close. 68% are external leakage.
and 1.4% are external rupture. The actual date Indicated no failures.

2. Check valve date used (p. 1 58). Failure mode Information (p. 303) indicates 9.2% of failures are fails to open and 20% are fails to close.

3. Check valve date used (p. 1 53). Failure mode Information Ip. 303) Indicates 57.9% of failures are leaking. One-half of these were assigned to Internal leakagelrupture
end the other half to external leakage. Internal leakage size not indicated.

4. Check valve data used (p. 158). Failure mode Inlormetion (p. 303) indicates 0% of failures are external rupture.

5. Pneumatic valve data used Ip. 1 60). Failure mode Information ip. 306) indicates 4.4% of failures are fails to openfclose, 1.8% are spurious operation. 66% ere external
leakage, end 0% are external rupture.

6. Solenoid valve date used (p. 161). See Note 5 for failurea modo Information.
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Table 4a. Category 2 data for compressed gas system.

7. Relief valve data used (p. 1611. Failure mode Information (p. 299 for hydraulic relief vaivel Indicates 100% of failures ar leakage. One-half of these were assigned
to Internal leakage/rupture and the other half to external leakage.

S. Relief valve data used (p. 161). Failute mode Information (p. 299 for hydraulic relief valve) Indicates 0% of failures are external rupture.

9. Compressor data used (p. 451. Data are for ground mobile IGMI environment. Failure mod. information (p. 324 for centrifugal fan/blowerl indicates 27.3% of failures
are feils to start. 45.5% are failb to run. 9.1% are overspeed. and 0% are external leakage or rupture.

10. Accumulator data used (p. 26). Failure mode Information Ip. 288 for pneumatic and hydraulic accurnulator) indicates 32.2% of failures are external leakage and 10.5%
ara external rupture.

OREDA. Offshore Reliability Data Handbook Ollshore Reliability Data (OREDAI. Norway, 1984.

All failure information was taken from the criticai failure mode category, unless otherwise Indicated.

1. Check valve (hydroearbon gas) date used (p. 1631. Plugged data used for fails to open. Significant Internal leakage date used for Internal rupture.

2. Hydraulically operated Ihydrocarbon gas) data used (pp. 113. 115. 119. 121, 155. and 157). Internal leakage (degraded failure mode) date used for Internal leakage.
External leakage (degraded failure model data used for external leakage. Improper operation Idegraded failure mode) data used for spurious operation.

3. HydraulicallV operated and pneumatically operated (hydrocarbon gas) control valve data used Ipp. 165 and 169). Internal leakage (degraded failure mode) date used
for fails open. Failed to operate data used for fails to respond. External leakage Idegraded failure mode) date used for external leakage.

4. Centrifugal and reciprocating I> 1500 psig) compressor data used (pp. 229 and 2311. No gas flow data used for fails to run.

S. Gas/water Ip. 197). gas/freon (p. 201). and air/water (p. 209) tube/shell heat exchanger data used. Leakage Idegraded failure mode) data used for tube failure.

6. Electric heater (non hydrocarbon service) date used Ip. 2191.
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Table 4e. Category 2 date for compressed gas system.

WiN-330 - J. N. Wilkinson at al., a Chemial ocessing entFailure Rate Database Idaho National Engineering Laboratory. WIN-330. October 1991.

All failure information was taken from Appendix C, p. 32.

I . Filter (offges) data used. Failure modes not Indicated.

TRITIUM - L. C. Cadwallader and M. A. Stolpe Gevatt. TritiuM Waste Treatment System Component Failure Date Analysis from June 18. 1994 to December 31. 1989. Idaho
National Engineering Laboratory. EGG-FSP-8973, Rev. 1, November 1990; L. C. Cadwallader. M. A. Stolpe Gavett. and L. Quintane. Tritium Room Alr Monitor Component Fallure
Data Analvsis from Januarv 1. 1984 to December 31. 1990, Idaho National Engineering Laboratory, EGG-FSP-9450, May 1991: and L. C. Cedwellader and D. P. Sanchez.
Secondary Containrnent Sntern Coroonent Failure Data Analyis from 1984 to 1991. idaho National Engineering Laboratory. EGG-FSP-10323. August 1992.

1. Manuel valve data used (Table A-t, first reference). Failure modes not Indicated.

2. Motor-operated valve date used (Table A-i. first reference). Failure modes (except for leakl not Indicated.

3. Pressure control valve date used (Table A-1i first reference and p. 23. third reference). Failure modes (other then leak) not Indicated.

4. Solenoid control valve date used /p. 27. third reference). Failure modes (other then leek) not Indicated.

5. Compressor data used (Table A-t, third reference).

6. Tritium waste gas tank data used iTable A-i. first referencel.

7. Electrical heater data used ITable A-i, first reference). Failure modes (except for leak) not Indicated.

8. Moisture collector date used ITable A-1i first reference). Failure modes not Indicated.

9. Filter date used (Table A-i. first reference). Failure modes not indicated.

10. Orifice date used (Table A-1. first reference).
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Table 4c. Category 2 data for compressed gas system.

LNGI1 -D. W. Johnson and J. A. Welker. Development of an Improved LNG Plant Failure Rate Data Base, Gas Research Institute, PB82.153503. September 1981.

1. Compressor system data used (p. 91. Failure modes not Indicated.

2. Vaporizer date used (p. 9).

Ar renated Results

1. The NPRD-3 dta indicate a ratio of 8.9 to 4.1 for fails to close versus fails to open. Therefore, the aggregated tesult for fails to open was multiplied by 8.914.1 to

obtain the fails to close estimate.

2. Failure rate bated on zero failures and may be conservatively high.

3. FailS open, fails closed, and faIls to respond date 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 combined. NPRD-3 date used to partition between failure modes.
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Table 4d. Catenory 2 data for HVAC/exheust system.

SystemlComponent/Fallure Mode Failure Data (Category 2 Sources)

NUCLARR2 INPRD-3 OREDA ] WIN-330 *TRITIUM LNG Aggregated

HVAC/Exhoust
Damper fStandby or Sefety)

Manual
Fails to opentclose

Plugs _ 11

Leakage (Internal)

Rupture (Internal)

Leakae (external)

Rupture (external_

Motor-Operated
Falls to openlelose

Spurious operation

Plugs *

Leakage 0internal)

Rupture finternal)

Leakage (external)

Rupture (external)

Air-Opereted
Falls to opentclose

Spurious operation

P lu g s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal) _ _

Rupture rinternad)

Leaage (external)
Rupture (external)
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Table 4d. Category 2 data for HVAC/exhaust system.

System/Componentl/failure Mode Failure Data (Category 2 Sources)s

NUCLARR2 | NPRD-3 | OREDA | WIN-330 T TRITIUM | LNGI | Aggregated

Damper IControl)
Motor-Operetod

Failb open

Fails closed

Fails to respond

P lu g s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (external) _

Rupture _external)
Air-Operated 4816.1E+6h B.OE-6/h(IO)

Fadb open 111 111 i

Fais closed _ 111 Ilt

Fails to respond 5/6.1 E + 6h 9.0E-71h010)

Plugs _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _

Leakage lexternall 2/6.1 E + Oh 4.1 E-71hl10)

Rupture (external) 1/6.1 E + 6h 2.5E-7/hl 10)

Fan/Blowet 2.2/6.7E + 5h. 2413.5E + 6h 3.3E-61hl2.91
Motor-Driven 4.616.1E+61h. 121

Fails to start 11 .2/2.3E + 6h
III _

Fails to run 3.6/6.7E + Sh. 3313.5E + 6h 5.0E-6/h12.81
7.7/6.1 E + 6h, 121
1 8.612.3E + 6h

Overspeed 0.7/6.7E + Sh, 6.5E-7/hl .9)
1.5/6.I E + 6h.
3.712.3E + 6h
III I .
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table 4d. Category 2 date for HVAC/exheust system.

S'stem/ComponentjFeflure Mods Failure Date (Category 2 Sources)'

NUCLARR2 NPRD-3 i OREDA | WIN-330 1 TRmUM 1 LNG 1 1 Aggregated
_ _ _ _ _ -_ Results'

Fells to stop 12/3.5 +6h 3.6E-6/h110)
121

Leekage lexternal) 016.7E + 5h, 5.5E-81h1lO)
0/6.IE+4 h. 11.21
0/2.3E + Oh

Rupture (external) 111 11.21

Diesel-Driven
Fenls to start

Fals to run

Overspeed

Falls to stop

Leakage (externa__

Rupture (external)
Ducting

Leakage (externeal

Rupture (external)

Plug's _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Heat Exchanger
Air Conditioning Unit/
Chiller

Faols to start

Fails to run

Fen Cooler Unit
Fails to start

Falls to run 0/1 .4E + Sh 3.6E-6/h(tOj
131 121
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Table 4d. Csteaorv 2 data for HVAC/exhaust svstem.

SYstemlComponent/Falluts Mode Failure Date (Category 2 Sources)'

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM LNGI Aggregated
l l l ~~~~~~~~~~~~~~~~~~~~~~Results'

Heater Electrical3 1.2/4.2E + 4h, 8.4E7/hl 2.61
Fails to heat 8.0/1.1 E + 7h

Overheats 0.214.2E + 4h I .6E-71hjI0|
1.O/1.1E+7h

_ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1 _ _ _ _ _ _

Heater (Goal 72/8.8E + 4h 8.2E-41h1I01
Fails to heat 141

Overheats 1/8.8E+4h I 7E-51h1lol
141

Filter 015.8E + 6h 515.OE + Sh 34/6.1 E + 6h 1 .4E-6/h(S)
Normal 131 151 131

Plugs _ _ _ _ _ _ _

Leakage linternal 5.215.8E+6h 1 /S.OE + 5h I 1 .8E-61h51
131 151 131

Rupture lInternall 1.515.SE + 6h 1/5.0E + Sh II 7.OE-7/hl51
131 151 131

Low-Efficiency
Plugs
Leakege (internal __

Rupture linternall

HEPA
Plugs

Leakage (internal)
Rupture (internal)

Send
Plugs

Leakage (Internal)
Rupture (internal)
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Table 4d. Category 2 date for HVAC/exhaust system.

System/ComPonentlpailure Mode Failure Data ICategorV 2 Sourceos

NUCLARR2 NPRD-3 . OREDA 1 WIN-330 | TRITIUM | LNG1 | Aggregated

_ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..

Daghouse
Plugs

Leakage intemal)

Rupture Onternall

Miscellaneous
Mist Eliminetor

Failure

Scrubber 114.1E + Oh 3.2E-71ht10)
Failure 161

Precipitator
Failure

a. Failure data ere listed as: X/Y, where X is the number of failures, and Y is the exposure period MhI or number of demands. Numbers In brackets refer to notes listed below,
arranged by source.

b. Aggregated results ere mean and error factor On parentheses). The error factor is the 95th percentile/50th percentile.

Notes

NUCLARR2 S. A. Eie et l.. Generic Comoonent Failure Data Rese for Liht Water and Llquid Sodium Reactor PRAs. Idaho National Enineaering Laboratory. EGG-SSRE-8875,
February 1990. Also, S. A. Elde at al.. Component External Leakeae and Rupture Frequency Estimetee. Idaho National Engineering Laboratory. EGG-SSRE-9639. November 1991.

An failure data except for the leakage feilure mode were obtained from Tables 6 and 7 in the first reference. These tables list the aggregations of Category 2 source date from-
NUCLARR as It existed In August 1989. The leekaee data were obtained from the second reference. These date were not In NUCLARR at the time the reference was published.
but since then the date have been entered Into NUCLARR.

NPRD-3 - M. J. Rossi, Nonelectronic Parts Reliability Date. Reliability Analysis Center. Rome Air Development Center. NPRD-3. 1985.

Al failure data apply to a ground fixed (GF) environment, unless otherwise Indicated. Commercial (CI. military IM), and unknown source 1?) data were used If available. Failure
mode Information was used to determine what % of failures were fall to open/close, spurious operation. ete. Unknown failure mode events were not considered. The NPRD-3
failures Include degraded and Incipient failures as well es catastrophic failures. Only catastrophic failures were used for this study. For valves. circuit breakers, relays, end
switches, the following mapping of NPRD-3 failure modes Into the failure modes of Interest was used:
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Table 4d. Ceisgoty 2 date for i4VAC/exhaust sVstem.

Fail to opon/close/operoto- binding, breach Inot for valves), contaminated. cracked/fractured, no movement, no operation, seized, stuck open, and stuck closed

Spurious operation- arcing, burned, collapsed, displaced, false response, improper flow, Intermittent, opened, overheated, and shorted

Plugs - none Identified

Leakage linternal), none Identified except for leaking (one-hall of events applied to Internal leakage for check and relief valves)

Leakage (external) - leaking

Rupture (external) - breach Ivalves ony).

Fot pumps, fans, and diesel generators, the following mapping was used:

Fail to start- contaminated, cracked/lfrctured, no movement, no operation

Fail to run - binding, broken, displaced, false response, Improper flow, intermittent, overheated, seized, shorted, stuck closed, stuck open

Overspood (subset of fell to run) - improper flow (one-half of events used), stuck open

Fadl to stop- none identified

Leakage (external) - looking

Rupture (external) - breach Inot for generator)

For vessels, piping, hoses, and jumpers, the following mapping was used:

Leakage lexternall - cracked/fractured, leaking

Rupture (external) - broken, breach.

For filters, the following mapping was used:

Plug- improper flow lone-half of events used)

Leakage Unternal) - Improper flow lone-half of events used)

Rupture (Internal) - broken, ctocked/froctured. ruptured.
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Table 4d. Category 2 dots for HVAC/exheust system.

For heaters, the following mopping wes used:

Fail to heot- cracked/lfractured. no operation. opened

Overheat - shorted.

1. General fan date used lp. 651. Failure mode information (p. 324 for centrifugal fen) Indicates 27.3% of failures ore falls to start. 45.5% ere tadls to run. 9.1% are
overspeed. snd 0% ere external leekege or rupture.

2. Duct heater (p. 791 end electrie spaceheeter(p. 81 detaused respectively. FailuremodeInformotion (p. 287 forresistiveelectrical hester)Indicates 61.5% of fllures
ore fails to heat and 7.7% are overheats.

3. Air filter dots used Ip. 67). Failure mode Informetion Ip. 285 for general filter) indicates 0% of failures era plugs. 75% are Internal leakage, end 21.9% are Internal
rupture.

OREDA . Olfshore Relibility Dete Handbook. Offshore Reliability Date (OREDA)I Norway. 1984.

Al failure Information was taken from the critical fIalure mode category, unless otherwise Indicated.

1. Damper dote used Ip. 279). Foiled to reach function data used for fais closed end fails open. Function ceased while running data used for foils to respond. Leakage
(degraded failure model dots used for external leakage. Ruptured dote used for external rupture.

2. Fen date used (p. 2771. Feiled to operate upon comrmend and failed to function when signaled date used for falls to start. Foiled while running date used for fails to
run. Functioned without signal dote considered similar to fails to stop.

3. Cooler (non hydrocarbon service) data used Ip. 221).

4. Gasldiesel fired boiler dete used (p. 2831.

5. Filter dte used Ip. 281). Clogged deta used for plugs. Interna leakage (degreded failure mode) data used lor Interna leakage. Ruptured deta used for Internal rupture.

6. Scrubber (removal of oillcondensete from hydrocarbon gas) date used (p. 147). Plugged or clogged date used for failure.
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Table 4d. Category 2 data for HVAC/exhaust system.

WIN.330 J. N. Wilkinson at al.. Idaho Chemical Processina Plant Failure Rate Database. Idaho National Engineering Laboratory. WIN-330. October 1991

All failure Inlormatlon was taken from Appendix C. p. 32.

1. Filter (other) data used. Failure modes not indicated.

TRITIUM- L. C. Cadwallader and M. A. Stolpe Gavett. Tritium Waste Treatment System Comoonant Failure Data Analysis from June 18 1984 to December 31. 1989, Idaho
National Engineering Laboratory. EGG-FSP-8973, Rev. 1, November 1990; L. C. Cadwallader, M. A. Stolpe Gavett, snd L. Qulntana, Tritium Room Air Monitor Comoonent Failure
Data Analysis from January 1. 1984 to December 31. 1990. Idaho National Engineering Laboratory, EGG-FSP-9450. May 1991: and L. C. Cedwallader and D. P. Sanchez.
Secondary Containment System Component Failure Data Analysis from 1984 to 1991. idaho National Engineering Laboratory. EGG-FSP-10323. August 1992.

LNG1 - D. W. Johnson and J. R. Walker. Development of an Improved LNG Plant Failure Rate Data Base. Gas Research Institute. PB82-153503, September 1981

Aoaroaated Resulta

1. Failure modes not Indicated.

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

3. Combined failure rate determined. NPRD-3 and OREDA data used to partition among failure modes.
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Table 4.. Category 2 data for electrical distribution system.

System/Component/Fellure Mode Failure Date (Category 2 Sources)'

NUCLARR2 NPRD-3 OREDA WIN-330 TRITIUM LNGIt Aggregated

Electrical DistributIon 8312.2E + 4d 149/5.9! + 5h 1 8fi.0E + 5h. 3.9E-3/dt3.0t.
Generator ItI 111 en.6E+ 2d 4.1E-51hl3.0)

Diesel-DrIven 111 111
Falls to stan

Fans to run 140/1.4E+4d III 8212.2E+Sh, 9.7E-3/d13.11.
121 111.3E+4h I.9E-41h(1.21

Motor-Driven teo to del 4/3.2E + Sh 1.4E-S/hIlO)
Fedl to start 121

Fels to run 2/3.2E +5h 7.8E-6/h(10)
121

Ges-Turbine-Driven 5.014.0E + Oh, 6/1 .8! + Sh, 1.1E-2/dl3.01,
Fails to stear 35.5/5.4E+5h 51/3.4E+3d, 9.9E-6/htS.41

131 6/7.6E + Id.
11/2.6E+3d
121

Falls to run 7.6/4.0E + Oh. 43/2.7E + Sh. 2.4E-5/h18.71
53.4f5.4E + 5h 7/1.3E + 4h,
131 5/4.4E + 4h

121

Hydro-Turbne-Driven
Falls to start
Fails to run

Battery 6/1.5E + 6h 8.5/1. 1 E +7h 415.9E + 6h 6.9E-71h(10)
Failure 131 141 131

Charger 12/2.2E + 6h 1/2.7E + 6h 4.6E-61b12.5)
Rectifier 141 35/5.6E + Sb

Faflure 141

Bus
Metal-Enclosed

Failure
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Table 4.. Category 2 data for electrical distribution system.

Syatern/CornponentiFailure Mode Failure Data (Category 2 Sourcesl

NUCLARR2 1 NPRD-3 | OREDA WIN-330 TRITIUM LNGII Aggregated
l l ~~~~~~~~~~~~~~~~~~~~~~~Results'

Bare
Failure

Cebbe/Joint/
Termination/Jurnper

Cable (Copper. 10001t
Failure

Joint lCopper)
Failure

Ternination ICopper)

Failure _ _

Jurnper WPowerd
Failure

Circuit Breoker 25/6.3E + 4d 3.37.SE + 5h. 5/2.7E + 7h. 4.OE-4/d(1.41.
General ISl 40.1/8.9E+7h 9/1.8E + 6h 4.8E-71/(4.81

Fails to open/close 151 ISl

Spurious operation 0.817.SE + 5h, 2/1 .2E + 6h, 1 .9E.7/h(4.8)
9.418.9E + 7h 6/2.7E + 7h.
151 4/1.8E + 6h

~~~~~~~~~~~~151

Reactor Trip
Fails to open _

Spurious operation__ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _

Relay 8.9/11.9E+8Oh. 4.2E-8/h(10i
Protective 7.9/1 .8E +8h

Fails to open/close 161

Spurious operation 33.6/1.9E+8h. 1.7E-7/h(101
29.8/1.SE 4 Sh

Control
Fails to openiclose__ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4e. Category 2 data for electrical distribution system.

System/lCormponent/Failure Mode Failure Data (Category 2 SoureegsT

NUCLARR2 NPRD-3 OREDA f VIN-330 TRITIUM LNG1 | Aggregated

Spurious

|Bistable
Palls to opentliose

Spurious operation

Switch 15887.SE+8h 1 .9E-6ShIlO)
Push-Button (Manual)

Falls to openlclose 0.6/5.6EE+7h
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 171 .__ _ _ _ _ __ _ _ _ _ _ _I_ _

Spurious operation 148617.BE.h 1.RE-6hh10)

5.6I5.6E +7h
.______________ 171 .

Rotary (Manual) 0.0811.1E+5h. 6.0E-81h(l0l
Fallh to openiclose 3.9/7.SE + 7h

181

Spurious operation 0.7/1.1 E 4 5h. 5.0E-7/h(10)
36.67.5E +7h
181

Key-Operated IManual) 0.5/2.6E + 6h 3.9E-7hIh10)
Fells to openrclose 191 I
Spurious operation 4.2/2.6E + Oh t.RE-6/htl O

_ . ~~ ~ ~ ~~~~~~~~~~~191 ..

Automatl-Transfer
Falls to opentclose
Spurious operation__ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _

Limit
Fails to openlelose

Spurious operation

Fuse 61 .5/5.4E + Oh 1 .2E-7/hl1o0
Fail to open (101
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Table 4e. Catloory 2 data for electrical distribution ysotem.

System/Cornponent/Failure Mode Fealure Data (Category 2 Sourcesl

NUCLAiR2 NPRD-3 OREDA WIN-330 TRITIUM LNG1 Aggregated
I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ II _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _II__I R e s u lts 'I

Premature opening 8j2/S.4E+8h 1 6E-8/hl101
1101 _ _ _ _ _ _ _ _ _ _

Inverter 90/3.9E+4h 6/1.2E + 6h 1 .8E-51hl6.9)
Failure 161 161

Motor 21318.3E+6h, I .SESlh(3.41
AC 4.5/6.5E + 6h

Fails to start It 1 1

Foils to run 87.118.3E + 6h. 0 OE-6/hl3.3)
1.8/0.5E + 6h

DC 40.5/1. E+6h, 2.1E.51hl3.0)
Fails to start 511./E+6h

________________________________ It____________ 1121 - - - -

Fells to run 16.6/1.E+6h. 8.SE-6/hl2.81
2.1/1.1E+6h
1121

Synchro 4.913.8E + Sh 1 .4E-5/hlI 10
Failure 1131 _ __

Transformer 3.0/7.88 + 6h, 016.9E + 5h, 3.5E-71hl10)
Power 0/7.6E + Sh 0/8.4E + Sh

Failure 1141 171

lnstrumentation/Control
Failure

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

b. Aggregated results ra meen and error factor (in parentheses). The error factor Is the 95th percentile/50th percentile.
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Table 4,. Category 2 date for electrical distribution system.

Notes

NUCLARR2 - S. A. Eid at al.. Generic Coyoonent Failure Data Base for LiUht Water and Lhuid 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 first reference. These tables list the aggregations of Category 2 source date from
NUCLARR as it existed In August 1939.

1. Diesel generator fall to start date used.

2. Diesel generator falil to run data used.

3. Battery date used.

4. Battery charger date used.

5. Power circuit breaker fail to operate and fail to start data used.

6. Power eleetronles (nvertar) date used.

NPRD-3 * M. J. Rossi, Nonelectronic Parts Reliability Date. Reliability Analysis Center, Rome Air Development Center, NPRD-3. 1995.

An failure date apply to a ground fixed (GFi environment. unless otherwise indicated. Commercial ICI. military (N. and unknown source (7) date were used if available. Failure
mode Information was used to determine whet % of failures were fail to openlclose. spurious operation, etc. Unknown failure mode events were not considered. For valves,
circuit breakers, rdeay, and switches, the following mapping of NPRD-3 failure modes into the failure modes of interest was used:

Fell to open/fdoseloperete - binding, breach Inot for valves), contaminated. creckedlfrectured. 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 fInternel) - none Identified except for leaking (check valve only)

Leakage (external) - breach (valves only), leaking

Degreded/ineiplent Inot catastrophic) - degraded, drift, fatigue, improper timing, noisy, other, out of adjustment, out of specification, unstable.
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Table 4e. Category 2 data for electrical distribution system.

For pumps, fans, and diesel generators, the following mapping was used:

Fail to start- contaminated, crackedjfractured. no movement, no operation

Fall 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 usedl, stuck open

Fail to stop - none identified

Leakage lexternal) - breech (not for diesel generator), leaking

Degradedfrncipient (not catastrophic) - corroded, drift, noisy. out of adjustment, out of specification, worn out.

1. Diesel generator data used (p. 76). Failure mode Information (p. 3281 Indicates that 100% of failures are f oile to start.

2. Do generator data used (p. 75). Failure mode information (p. 326) Indicates that 44.4% of failures are fails to start and 22.2% are fails to run.

3. Turbine generator data used (p. 77). Failure mode information (p. 330) indicates that 10.5% of failures are feils to start and 15.8% are falils to run.

4. Rechargeable battery data used Ip. 33). Failure mode Information (p. 2791 Indicates that 36.4% of failures are catastrophic,

5. General circuit breaker date used (p. 43). Failure mode information (p. 283) indicates that 65.7% of failures are fails to open/close and 15 4% are spurious operation.

6. General relay data used (p. 117). Failure mode Information (p. 3111 indicates that 1 f.8% of failures ate fails to open/close and 63.5% are spurious operation.

7. Push button switch data used (p. 136). General failure mode Information used (p. 336). Failure mode inlormation indicates that 7.5% of failures are fails to open/dose

and 70.4% are spurious operation.

B. Rotary switch data used (p. 137). 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. 2851 indicates that 75% of failures are fails to open and 10% are premature opening.

11. Ac motor date used (p. 57). Failure mode information 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 data used (p. 58). See Note 11 for failure mode Information.
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Table 4.. Category 2 data for electrical distribution system.

13. Genera aynchro date used Ip. 141). Failure mode Information (p. 331) indicates that 81.7% of failures are catastrophic.

14. General transformer data used (p. 149). Failure mode Information Ip. 319) Indicates that 60% of failures are catastrophic.

OREDA - Offshore RefltlyDote Handboo Offshore Reliability Data (OREDAI. Norway. 1984.

A" failure Information was taken from the critical failure mode category, unless otherwise Indicated.

1. Diesel engine driven generator net data used Ipp. 247 and 249). Failed while running and improper operation data used for falls to run. Operation time used for falls
to run.

2. Gas fuel turbine generator data used Ipp. 239. 241. 243. end 245). Failed while running and Improper operation data used for falls to run. Operational time used for
fails to run.

3. Battery data used (p. 263). Inadequate output and no output during emergency mode of operation date used for failure.

4. Rectifier (p. 259) and battery charger (p. 2611 data used.

5. Circuit breaker date used (pp. 265. 267, and 269).

8. Inverter data used (p. 257). No output and failed to transfer dete used for failure.

7. Transformer data used Ipp. 253 and 255).

WIN-330 - J. N. Wilkinson et at.. Idaho Chemical Processinn Plant Failure Rate Database, Idaho National Engineering Laboratory, WIN-330, October 1991.

An failure Information was taken from Appendix C, p. 32.

Agaregated Results

1. Conbined result calculated for per hour data. OREDA date used to partition among failure modes.
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I Table Alf. Cate.orv 2 data for .nstrumentatlon and control ._stem.

System/Component/Feflure Mods Failure Oato ICategory 2 Sources)

NUCLARR2 NPRO-3 OREDA WIN-330 TRITIUM LN¢ t Agoregated
-__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ ____ ___________ I _ _ ____________ .1 _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ j __ _ _ _ _ _ _ _ _ _ _ [ R esu ltso

Instrumentetlon end Control 11/3.2E+Sh 3.OE-5/h010)
Alarm/Annunclator 111

Fells to alarm

Spurious operation 113.2E + Sh 4.7JE-/h(tO0

Sentor/Trensmntter/ 1.2/5.1 E + Oh 0/1.9E + Oh. 711.5E+ 6h 05.2E + 5h 212.!. + Oh. 8.OE-7/hI7.91
Tronsdueer/Process Switch 1 8/1.2E + Oh 1 111 019.4E +Oh

Temperature 121 111
Failure

Pressure 26.214.SE +7h 47.2E + Oh, 3/11.0! + Oh 3/5.7E+5h 8.3E-7/h(3.1)
Faflure 121 9/4.3E + Oh, 121 121

14/5.0E + Oh.
013.5E + Oh.
213.5E + Oh.
3/5.5E + 6h

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~13 1 _ _ _ _ _ _ _ _ _ _

Differential Pressure 2/9.2E+5h 2.7E-8/h(I0)
Failure 131

Flow 38.5/1 .SE +7h 1/1.5E + Oh. 37.6!E + 5h 2.9!.61h12.0)
Failure 131 011.1E+5h. 141

112.4E + 5h,
010.6E + 5h.
412.7E + Oh.
0/4.2E + 5h.
21/3.4E + Oh.
013.4E + 5h
141 .

Level 2.31.6! + 5h 9/2.SE + 7h. 914.1 E + Oh 019.5E + 4h 5.3E-7/hI3.7)
Failure 141 411.2E + 7h. 151 131

11/4.1! + Oh
151

Humidity 2.312.4E+ 5h 1.2E 5/h1I0)
Failure 151
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Table 4f. Catanarv 2 data for Instrumentation and control svatem.

Sylaem/ComponentVFailure Modo Failure Data (Category 2 Sources)l

NUCLARR2 | NPRD-3 OREDA WIN-330 TRIUM J LNG1 Aggregated

pH
Failure ____

Oxygen Concentration 313 .7E + Sh 9.5E-61hl101
Failure 141

CO, Concentration
Failure

Hydrogen Concentration
Failure

Nitrogen Concentration
Failure

Hydrocarbon Concen- 318/2.9E +7 4411 .7E + 7h 7.9E-6/hl2.2\
tration h 121

Failure 161

Helium Concentration
Failure

Speed
Failure

Seismic
Failure

Radiation 1112.1 E + 6h. 1711 .9E + 5h. 1 .2E5/h(S.71
Failure 1811 .4E + 6h 2/4.6E + Sh

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1611 6 1 _ _ _ _ _ _ _ _ _ _ __16 1_ _ _ _ _ _ _

Indicator 2612.1 E + 5h 1 .5E-5/h1 101
Failure 161

Amplifier
Failure

ModifierlSignal Conditioner
Failure

Logic Mdule
F a ilu re_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 41. Category 2 data for Instrumentation and control system.

System/Component/Faflure Mode Failure Data (Category 2 Sources1

NUCLARR2 NPRD-3 OREDA WIN*330 TRITIUM LNG1 Aggregated

Recorder
Failure

Sampler 27/2.5E + Oh. 1 .2E-5/h(10O
Failure 15/1 .2E + 6h

Analyzer 112.5E + Sh O.OE-S/hl 10)
Failure ___ __ _ _ _131 __

Timer
Failure _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _

Ges Chrometogreph 314.8E +4h 7.3E-Slh(10I
Failure lei

Voltae Regulator 10/3.3E + Oh 3.2E-6/hlI 0)
Failure 171 ___ i

Transmitter
Failure__ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _

Transducer 0.7/1.3E + 6h 9.2E-7/h(101

Failure .171

a. Failure data are isoted as: X/Y. where X Is the number of failures, end Y Is the exposure period Ihl or number of demands. Numbers In brackets refer to notes listed below.
arranged by source.

b. Aggregated results are mean end error factor fin parentheses). The error factor is the 95th percentile/5Oth percentile.

Notes

NUCLARR2 - S. A. Elde et el. Generic Comoonent Feiure Datae Rese for Ught Water and Liquld Sodium Reactor PRAs. Idaho National Engineering Laboratory. EGG-SSRE-8975.
February 1990.

AN failure date except for the leakage failure mode weare obtained from Tables 6 and 7 In the firet reference. These tables list the aggregations of Category 2 eource data from
NUCLARR as It existed In August 1999.
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Table 41. Category 2 data for Instrumentation ond control system.

NPRD-3 - M. J. Rossi, Nonelectronie Parts Reliability Data, Reliability Analysis Center, Rome Air Development Center, NPiD-3, 1986.

All failure data apply to a ground fixed (GF1 environment, unless otherwise indicated. Commercial IC). military iMI. and unknown source (7) data were used It avaIlable. Failure
mode Information was used to determine what % of failures were fail to open/close, spurious operation, etc. Unknown failure mode *vents were not considered. For valves,
circuit breakers, relays, end switches, the following mapping of NPRD-3 failure modes into the failure modes of interest was used:

Fail to open/close/operate binding, breaech Inot 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. end shorted

Plugs - none Identified

Leakage (internal) - none Identified except for leaking (check valve ontly

Leakage external) - breaech (valves only). leaking

Deograded/incipient (not catastrophic) - degraded, drift, fatigue, improper timing, noisy, other, out of adjustment, out of specification, unstable.

For pumps, fans. and diesel generators, the following mapping was used:

FeTl 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

Ovarspsad (subset of fail to run) - improper flow (one-half of events used), stuck open

Fai to stop - none identified

Leakage (external) - breach Inot for diesel generator), leaking

Deograded/incipient Inot catastrophic) - corroded, drift, noisy, out of adjustment, out of specification, worn out.

1 Temperature switch date used (p. 139)1 General switch failure mode Information used (p. 336). Failure mode Information Indicates 58.3% of failures are catastrophic.

2. Pressure switch data used (p. 136). See Note 1 for failure mode Information.

3. Flow switch data used (p. 133). Ste Note 1 for faliuwe mode Information.

4. Level switch data used (p. 135). See Note 1 for failure mode Information.
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Table 4f. Category 2 data for Instrumentation and control system.

5. Humidity switch date used (p. 134). See Note 1 for failure mode information.

6. Elepsed time indicator data used (p. 861. CRT display failure mode information used (p. 307). Failure mode Information indicetes 28.8% of failures are catestrophic.

7. Voltage regulator date used Ip. 114). No failure mode information evailable.

8. General transducer date used Ip. 148). Failure mode information Ip. 338) indicates 13.2% of failures ere catastrophic.

OREDA - Offshore Reliability Deta 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. 61i sensor/electric switch (p. 63). end sensor/trensducer (p. 65) date used.

3. Sensor/pneumatic switch (pp. 49 and 51). sensor/electric switch (p. 53). end sensor/transducer (pp. 55, 57. end 59) data used.

4. Sensor/pneumatic switch (pp. 67 and 69). sensorlelectric switch Ipp. 71 and 73). end sensor/transducer (pp. 75. 77, 79. and R1i date used.

S. Sensor/pneumatic switch (p. 83). sensor/electric switch (p. 85), end sensor/transducer It. 87) data used.

6. Hydrocarbon gas detector data used.

7. Programmable logic controller date used Ipp. 290 end 291). Failure date given by components in the controller. Assumes 1 CPU/memory with 5% of failures being
critical, and 5 Input end output cards with 15% of failures being critical.

WIN-330 - J. N. Wilkinson ot al.. Idaho Chemical Processina Plant Failure Rate Database Idaho National Engineering Laboratory, WIN-330. October 1991.

All failure information was taken from Appendix C. p. 32.

1. Temperature foop) data used. Fall failure mode date used.

2. Pressure (loop) data used. Fail failure mode data used.

3. Differential pressure (loop) date used. Fail failure mode data used.
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Table 4f. Category 2 data for instrumentation and control system.

4. Flow Igas loop) data used. Fail failure moda data used.

5. Level lloop) data used. Fail failure mode data used.

6. Radiation (general, loop) and radiation (criticality, loop) data used. Fail failure mode data used.

7. Sampler system (non-acid and acid fluid) data used.

8. Analysis (loop) data used. Fail failure mode data used.

TRITIUM - L. C. Cadwallader and M. A. Stolpe Gavett. Tritium Waste Treatment System Component Failure Data Analysis from June 18. 1984 to December 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 Compl inont Failure
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,
Secondary Containment System Component Failure Data Analysis from 1984 to 1991, Idaho National Engineering Laboratory, EGG-FSP-10323, August 1992.

1. Temperature monitor data used (Table A-1, first reference).

2. Pressure monitor data used ITable A-1, first reference).

3. Level monitor data used (Table A-1, first reference).

4. Oxygen monitor data used (Table A-1, first reference).

S. Radiation monitor data used ITable A-i. first reference and p. A-3, second reference).

6. Gas chromatograph data used (Table A-i. first reference).

LNG1 - 0. W. Johnson and J. R. Walker, Development of an Improved LNG Plant Failure Rate Data Base, Gas Research Institute, 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 5e. Category 3 estimates for water system.

System/ComponentlFailure Mode Failure Data (Category 3 Sourcesl)

WASH-1400 | CCPS | IEEE LNG2 1 EPRI1 EPR12 Aggregated
l ~~~~~~~~~~~~~~~~~~~~~~~~Results'

Water 6.OE-51d 6.OE-5/d
Valve (Standby or Safety) I11

Manudl
Fails to open/close

Plugs 3.BE-7/h(3) 3.BE-71h(31

Leekege (Internal)

Rupture (nternal)

Leakage (external) 2.0E-8/h 2.0E-8/h

Rupture lexternal) 2.7E-8lh()O 2.7E-81W0)

Check 1 .3E-41d(3) 6.0E-5/d 8.SE-S/dl3.01
Fails to open 111

Falls to close

P lu g s__ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal) 5.OE-7/h 5.OE-7/h(10)

Rupture (internal) 3.BE-7/h(3) 5.0E-8/h 11.9E-7/h(5.41

Leakage lexternel)

Rupture lexternal) 2.7E-h(810 _ 23.7E-8/hl01

Motor-Operated 1.3E-31dl3) 6.OE-3/d 3.OE-3/dl3.51
Fehls to open/close 1

Spurious operation

Plugs 3.8E-7/h(31 3.0E-8/h 1.9E-7ih(B.11

Leakage linternal)

Rupture internal)
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Table 5e. Category 3 estimates for water system.

System/Componentl/Filure Mods Failure Data (Category 3 Sourcesl

WASH-1400 CCPS IEEE LNG2 EPRI1 EPRI2 Aggregated

Results"

Leakage (external) 1 .OE-7/h 1 .OE-7/h(l101

Rupture lexternal) 2.7E-8/h10) 2.7E-8/hl01

Air-Operated 3.8E-4/dl3) 2.0E-31d 9.8E-4/d(3.9)
Fails to open/close . 111

Spuwious operation

Plugs 3.8E-71hW3) 3.SE-7/h(3)

Leakage (internal)

Rupture (internal) _

Leakage (external) 1.OE-7/h 1.OE-7/hl10)

Rupture (external) 2.7E-8/hf10l 01 _ 2.7E-8/h(01

Solenoid-Operated 1 .3E-3/d(3) 1 .3E-3/d(3)
Fails to openiclose

Spurious operation

Plugs 3.8E-71h(3) 3.SE-7/h(3)

Leakage linternal)

Rupture lInternal)

Leakage (externall

Rupture (external) 2.7E-8/h( 101 2.7E-8/hl0(1

Safety/Relief 1 .3E-5/d(3) 4.OE-3/d 1 .5E-3/dl30)
Fails to open 11,21 111

Fails to reclose

Leakage (internal) 1.3E-51h(3) 1.3E-5/h(3)
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Table 6e. Category 3 estimates for water system.

System/Component/Failure Mode Failure Date (Category 3 Sourcees)

WASH-1400 | CCPS | IEEE | LNG2 | EPRII I EPRI2 1 Aggregated
_ _ ~~~~~~~~~~~~~~Requitei

Rupture flnternal) 3.OE-6fh 3.OE-i/hl10)
11,21

Leakage (external)

Rupture (external)

Vacuum-Breaker 3.8E-5/dl31 3.8E-5/d(3)
Fails to open

Fails to reclose

Leekege (internal)

Rupture _internal)
Leakage (external)

Rupture (external) :

Valve (Control)
Motor-Operated

Fails open

Fais closed

Fails to respond

Plugs

Leakage (external)

Rupture (external)

Air-Operated
Fails open__ _ _ _ _ _ _

Fails closed _

Falls to respond

Plugs _ .I

Leakage (external)
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Table Sa. Category 3 estimates lor water system.

S|stem/ComponentjFailure Mode Failure Data (Category 3 Sources)

WASH-1400 J CCPS | IEEE 1 LNG2 EPRI | EPR12 | Aggregated

Rtupture (external)

Solenoid-Operated
Falls open

Fails closed

Fails to respond

P lu gs ' _ _ _ _ _ _ _ .__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (external)

Rupture (external)

Pump 1 .3E-3/dl31 4.3E-2/di6.3) 4.7E-3/d 1 .OE-41h. 5.7E-5/h 7.SE-31dlS.3)1
Motor-Driven 11.31 1.OE-5/h III 2.4E-51hlS.81

Falls to start 111 121

Fails to run 8.OE-S/hI10I 7.1 E-61h 111 111 2.1E-5/hl6.81
11.31 121

Overspeed

Fails to stop ___ __

Leakage (external) _

Rupture lexternal)

Turbine-Dtiven 4.OE-31d 1 .OE-41h 5.7E-5/h 4.0E-3/dl10).
Fails to start 11.41 Il 111 3.8E-S/hl10)

____ ___ ____ ___ ____ __ ___ ___ _121

Fails to run 3.8E-5/h(10O
__________________________________ ______________ _______ _______ _ 121

Ovarspeed .

Fails to stop _

Leakage (external)

Rupture lexternal)
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Table So. Category 3 estimates for water system.

System/Component/Fallure Mode Failure Deta (Category 3 Sources)'

WASH-1400 1 CCPS IEEE j LNG2 EPRIlF EPRI2 Aggregated

Diesel-Driven 1.9E-21d(9.5) 5.OE-3/d 9.8E-3/d(9.8)
Fails to start 11.51

Fails to run

Overspeed Feihtostop__

Falls to stop__ _ _ _ _ _ __ _ _ _ _ _ _

Leakage_ external)

Rupture (external)

Piping/HoselJurnper 8.SE-9/h-ft 2.7E-9/h-ft(301
Piping (30).

Leakage (external) 8.SE-10/h-ft
(30)

l '~~~~~~~~~~~21°

Rupture (external) 4.2E-10/h-ft 1.3E-10/h-ft(30)
(30).
4.2E-1 1/h-It
(30)

Plugs 4.2E-101h-ft 1 .3E-10/h-ftl301
(30).
4.2E-1 1/h-ft
(30)
121°

Hose
Leakage (external)

Rupture lextemal) _

Plugs

Jumper
Leakage (external)
Rupture (external) . _ _

Plugs
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Table Sa. Category 3 estimates for water system.

System/Componont/Failure Mode Failure Data (Category 3 Sourcesl

WASH-1400 J CCPS IEEE LNG2 J EPRI1 | EPRI2 Aggregated
____________ R.,esults

Vessel 1.7E-5/h 1.OE-81h 1 .3E-6/hl30)
Tank (Unpressurized) 111 111

Leakage (externall

Rupture (external)

Tank (Pressurized) 1.7E-6/h 1.3E-7/h(30)
Leakage (external) 11 131

Rupture (external)

Flange/Gasket
Leakage (external)

Rupture (external)

Heat Exchanger 6.3E-6/h 1.4E-51h 9.4E-6/h(1O)
Shell/Tube 11.61 111 141

Feoi i (tubes) .

Plugs Itubes) 161 111 141

Leakage (tubes) 161 . . 141

Rupture (tubes)
Leakage (shell .-

Rupture Ishall)

Heater lElectrical)
Fails to heat

Overheats

Leakage (external)

Rupture (external)

Strainer/Filter 2.8E-6/h(3) 2.8E-6/h(3.0O
Plugs 16.71 : 141

Leakage (internal) 1671 141
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Table S5. Category 3 estimates for water system.

System/Component/Failure Mode Failure Data (Category 3 Sources)*

WASH-1400 | CCPS IEEE LNG2 | EPRI I EPRI2 [ Aggregated

Rupture (internal) 16.71 141

Orifice 8.0E-7/Ml3I 8.0E-7/hl31
Piugs

Miscellaneous
Travelling Screen

Plugs

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.

b. Aggregated results ere mean and error factor (in parentheses).

Notes

WASH-1 400 Reeactor Safety StudvE 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 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.

1. Equivalent estimate per hour (from air-operated valve InformationI used.

2. First estimate Is for piping with diameters less then 3 in., and second estimate Is for greater then 3 In. Leakage estimate is 20 times higher then rupture (p. 111-77). Each section
was assumed to be 20 ft.

CCPS - Guidelines for Process Eouiprnent Reliability 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.

IEEE - IEEE Guide to the Collection and Presentation of Electrical. Electronic. Sensing Component. and Mechanical Equipment Reliability Data for Nuclear-Power Generating Stations. Institute
of Electrical and Electronic 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 boundlmediani and assuming a lognormal
distribution, unless otherwise indicated. If the error factor was larger then 30, It was reduced to 30.
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Table o.. Category 3 estimates for water system.

1. No upper or lower bounds given. Recommended value interpreted as a mean because of the sources used to estimate the value.

2. Salety valve data used 1p. 1040).

3. Centrifugal pump data used (p. 893).

4. Turbine-driven pump date used (p. 917).

S. Diesel-driven pump date used (p. 918).

6. Mechanical restriction filter data used (p. 1401).

7. Failure modes not Indicated.

LNG2 - H. Lammarse end M. Bosman, 'Date of Gas Compressors and Instrumentation - Hard to Collect, Easy to Analyse," Reliability Engineering 13 (1985). pp. 65-78.

All estimates were token from the observed date on p. 78.

EPRIl - R. P. Dawkins and J. A. Derdiger. Component Failure and Repair Data: 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.

EPRI2 - J. A. Derdiger et al., Component Failure and Repair Data for Coal-Fired Power Units. Electric Power Research Institute, Topical Report AP-2071. Research Project 239-2. October
1981.

1. Failure modes not indicated.

Anaregated Results

1. Aggregation routine resulted In en error factor > 30, so an error factor of 30 was assumed.

2. For per hour estimates without failure mode indicated, one-half was assigned to fails to start and one-half to fails to run.

3. IEEE estimates Indicate pressurized tank value is one-tenth of unpressurized value.

4. Failure modes not Indicated.
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Table 5b. Category 3 estimates for chemical process system.

Svstem/Componant/Failure Mode Failure Estimates (Category 3 Sourcesa

WASH-1400 | CCPS | IEEE | LNG2 | EPRI1 | EPRI2 | Aggregated

Chemical Process 2.9E-4/d(S.71 2.9E-4/dIS.7I
Valve (Standby or Safety)

Manuel
Fails to open/close

Plugs

Leakage (internal)
Rupture linternal)

Leekage (external)

Rupture (external)

Check 1 .5E-4/d(3.2) 1 .SE-41dl3.2)
Fails to open .

Fails to close 2.2E-3/d(4.9) 2.2E-3/d(4.9)

Plugs _ _

Leakage (internal)

Rupture finternal)

Leakage lexternal) .

Rupture (external)

Motor-Operated 5.6E-3/d(6.1) 5.6E-3/dIS.1)
Falls to open/close

Spurious operation 1.4E-61hI4.0) = = = _ 1.4E-6/hl4.0)

P lu g s_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal)

Rupture (internal) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (external)
Rupture (external)
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Table 5b. Category 3 estimates for chemical process system.

System/Component/Failure Mods Feilure Estimates lCategory 3 Sources)'

WASH-1400 CCPS | IEEE | LNG2 | EPRI1 EPRI2 | Aggregated
Results'

Air-Operated 2.2E-3/dl4.7) 2.4E-5/h 2.2E-3/dl4.7)
Fails to open/close Ill 111

Spurious operation 3.6E-6/h(6.71 11 3.6E-6/h(6.7)

Plugs.

Leakage (internal)
Rupture (internal)

Leakage (external)

Rupture lexternal

Solenoid-Operated 2.8E-3/d(5.5i 2.8E-3/dl5.5)
Fails to open/close

Spurious operation 4.1 E-7/h3.0) 4.1 E-7/h(3.O)

Plugs

Leakage linternal) ____

Rupture (internal)

Leakage (external)

Rupture _external)
Safety/Relief 4.2E-3/d(30), 7.8E-4/d(1 8)

Fails to open 2.1E-4/dI10)

Fails to reclose 5.0E-3/dIlO), 5.1 E-3/dl1 2)
5.2E-3/dl 131

Leakage (internal) _ .

Rupture (internall
Leakage (external)
Rupture lexternall _
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Table 5b. Category 3 estimates for chemical process system.

System/Component/Failure Mode Failure Estimates ICategory 3 Sourcesl

WASH-1400 CCPS IEEE LNG2 [ EPRI1 EPR12 j Aggregated
_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~R tsults'

Veauum-Breaker
Feils to open

Fails to reclose

Leakage _internal)

Rupture (internal)

Leakage (external)

Rupture (external)

Velve (Control)
Motor-Operated

Fails open

Falls closed

Fall. to respond

Plugs

Leakage lexternall

Rupture (external)

Air-Operated 2.7E-5/h 2.7E-5/hlO)
Falls open III 121

Fails closed III 121

Fails to respond III 121

Plugs

Leakage (external)

Rupture (external)
Solenoid-Operated

Fails open

Fails closed _
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Table *b. Category 3 estimates for chemical process system.

System/Component/Failure Mods Failure Estimates lCategory 3 Sources)'

WASH-1400 CCPS IEEE LNG2 EPRI1 EPRI2 Aggregated

Fails to respond

Plugs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (externall

Rupture lexternall

Pump 1 lE-2/dil ). 3.OE-5/h 1 6E-2/dl8.11.
Motor-Driven 1 .9E21d(5.61 III 1.5E-5/h

Fails to start 131

Fails to run 2.9E-4/h(4.51. III 6.OE-5/h(I 11
1 .OE-4/hl24) 131

Overspeed

Fails to stop

Leakage (external)

Rupture lexternal)

Turbine-Driven 2.6E-2/dl4.31 2.6E-2/dl4.3)
Fails to start

Fails to run 8 .9E5/hl5.) 0 8.9E-5/hIS.0)

Overspeed

Fails to stop

Leakage (external)

Rupture (external)

Diesel-Driven
Fails to start

Fails to run

Overspeed

Fails to stop
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Table 5b. Category 3 estimates for chemical process system.

System/Component/Fallure Mode Failure Estimates ICategory 3 Sources)

WASH-1400 CCPS IEEE LNG2 EPRI1 EPRI2 Aggregated
Resultsh

Leakage lexternal)

Rupture (external)

Piping/Hose/Jumper
Piping

Leakage (external)

Rupture lexternal 5.1 E-12/h-ft 5.1E-12/h-ftl 15)
(15)

Plugs

Hose
Leakage (external)

Rupture (external) 2.9E-81h-ft 2.9E-8/h-ft1 5)
(15)

Plugs -

Jumper
Leakage lexternal)

Rupture lexternal)

Plugs _______ _______________

Vessel 9.9E-71h(4.9), 1 .2E-61h(9.31
Tank lUnpressurized) 1.2E-6/h(15)

Leakage (external)

Rupture (external)

Tank (Pressurized) 1.1E-8/h(17) 1.1E-8/h(17)
Leakage (external)

Rupture lexternal)

Flenge/Gesket
Leakage (external)
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Table 5b. Category 3 estimates for chemical process system.

System/Component/Failure Mode Failure Estimates (Category 3 Sourcesl'

WASH-1400 CCPS | IEEE LNG2 NEPRI EPRI2 Aggregated

Rupture (external) =

Heat Exchanger
Shell/Tube

Fouling (tubes) _

Plugs Itubes)

Leakage (tubes) 2.6E-5/hl7.5) 2.6E-5/h(7.51

Rupture (tubes)

Leakage (shel) -

Rupture _shell)
Heater (Electrical)

Fails to heat

Overheats

Leakage (external) _

Rupture (external) _

Stli, '1 .!n. 5.6E-6/h(5.0) 5.6E-6/h(5.0O
I lugs 11,21 121

Leakage internal) 121 121

Rupture (internal) 121 121

Orifice
Plugs

Miscellaneous
Mixer/Blander

F ailu re _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Agitator 5.7E-5/h 1.OE-5/h, 2.5E-5/h0l0)
Failure I .SE-51h.

3.0E-6Bh.
7.OE-6/h.

______________ _____________ 3.BE -5/h
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Table 5b. Category 3 estimates for chemical process system.

System/ComponenttFailure Mode Failure Estimates (Category 3 Sources)

WASH-1400 CCPS | IEEE f LNG2 | EPRI1 EPRI2 | Aggregated

Centrifuge

a. Failure rete estimates era listed as: mean frequency lerror 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 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.

AN failure rates were obtained from Tables IN 4-1 and 4-2. uniess otherwise indicated. The median values listed in WASH-1 400 were converted to meen values using the error factor
indicated and assuming a lognormal distribution.

CCPS - Guidelines for Process Equipment Reliability 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. Each section was assumed to be 20 ft.

IEEE -IEEE Guide to the Collection and Presentation of Electrical. Electronic. Sensing Comnonent, and Mechanical Equigment Reliability Date for Nuclear-Power Generating Stations, Institute
of Electrical and Electronic 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 otherwise indicated. If the error factor was larger then 50, it was reduced to 50.

1. Strainer/filter for chemical fluid estimate used (p. 1407).

2. Failure modes not Indicated.

LNG2 - H. Lammerse and M. Posmen, Data of Gas Compressors and Instrumentation - Hard to Collect, Easy to Analyse." Reliebilitv Engineering 13 11985), pp. 65-78.

AN estimates were taken from the observed data on p. 78.
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Table 6b. Category 3 estimates for chemical process sVstem.

1. Failure modes not Indicated.

LPRIJ - R. P. Dawkins and J. A. Derdiger, Component Failure and Repair Data: Gasification-Combined-Cvcle Power Generation Units, Electric Power Research Institute. Topical Report
AP-2205, Research Project 239-2. February 1982.

1. Failure modes not indicated.

Aagregated Results

1. LNG2 data not used Ino information on how to partition among failure modesl.

2. Failure modes not Indicated.

3. Per hour estimate without failure modes indicated was divided evenly between fails to start and tails to run.
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Table Se. Category 3 estimates for compressed gas system.

SVstern/Comnponent/Failure Mods Failure Estimates (Category 3 Sources)'

WASH-1400 CCPS | IEEE LNG2 EPRI1 EPR12 Aggregated
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ [ _ _ _ _ _ _ _ _ _ _ _ j R e s u lta b

Compressed Gas
Valve IStandby or Safety)

Manual
Fails to open/close

Plugs -

Leakage (internal)
Rupture (internal)

Leakage (external)
Rupture (external)

Check
Fails to open

Fails to close

P lu g s_ _ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal)

Rupture (internal)

Leakage lexternal) .-

Rupture (external)

Motor-Operated
Fails to open/close

Spurious operation

Plugs _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal)
Rupture (internal)

Leekage Iexternal)

Rupture lexternl) .
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Table 5c. Category 3 estimates for compressed gas system.

SVstem/Component/Fallure Mode Failure Estimates (Category 3 Sources)

WASH-1400 CCPS | IEEE LNG2 EPRI1 EPRI2 Aggregated
Reqults'

Air-Operated
Fails to openiclose

Spurious operation

Plugs 1

Leakage (internal) _ _

Rupture linternal)

Leakage (external)

Rupture (external)
Solenoid-Operated

Fails to open/close

Spurious operation _

Plugs

Leakage (internal)
Rupture linternall

Leakage (external)
Rupture (external)

SaletylRelief
Fails to open I

Fails to reclose

Leakage (internal)
Rupture internal)

Leakage lexternal)

Rupture (external)
Vacuum-Breaker

Fails to open
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Table Sc. Category 3 estimates for compressed gas system.

SystemlComponent/Failure Mode Failure Estimates (Category 3 Sourcesli

WASH-1400 CCPS | IEEE | LNG2 j EPRII | EPRI2 | Aggregated
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ j _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ J _ _ _ _ _ _ _ _ _ j ss u lt '

Fails to reclose

Leakage (internel)

Rupture (internal)

Leakage lexternal)

Rupture (external)
Valve (Control)

Motor-Operated
Fails open

Feals closed __ _

Fails to respond _

Plugs

Leakage lexternal)

Rupture (extemal)
Air-Operated

Fails open _

Fails closed _ |

Fells to respond

Plugs
Leakage (external)

Rupture (external)

Solenoid-Opereted
Fails open

Fails closed

Fails to respond

Plugs
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Table Se. Category 3 estimates for compressed gas system.

Systenm/Component/Fsilurs Mods Failure Estimates (Category 3 Sources)l

WASH- 1400 CCPS IEEE LNG2 EPRI1 EPR12 Aggregated
Requite

Leakage (external)

Rupture lexternall)

Compressor 6.7E-41h(301. 3.8E-5/h 1 .6E-4/hl301
Motor-Driven 4.7E-5/h 111 11.21

Fails to start II

Fails to run 2.SE-3/hl19) III 111 121

Overspeed

Fall. to stop

Leakage _external)

Rupture (external)

PipinglHose/Jumper/Tube
Piping

Leakage (external)

Rupture lexternal)

Plugs

Hose
Leakage (external)

Rupture (external)

Plugs -

Jurnper
Leakage (external)

Rupture (external)

Plugs

Tube
Leakage lexternall _

Rupture (external)
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Table 5e. Category 3 estimates for compressed gas sVstem.

System/Component/Fdilure Mode Failure Estimates ICategory 3 Sources)'

WASH-1400 CCPS | IEEE 1 LNG2 1 II E1PRI2 Agtreated

I~~ _______ __ ______ LG PI _-_______

Plugs

Vessel
Tank (Pressurized)

Leakage lexternal)

Rupture lexternal)

Cylinder (Pressurized)
Leakage lexternal)

Rupture texternal)

Flange/Gasket
Leakage (external)

Rupture (external)

Heat Exchanger
Shell/Tube

Fouling Itubes)

Plugs _tubes)

Leakage (tubes)

Rupture Itubes) ___

Leakage Ishell)

Rupture _shell)

Heater (Electrical)
Fails to heat

Overheats

Leakage (external)

Rupture lexternal)

Vaporizer
Failure
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Table Sc. Category 3 estimates for compressed gas system.

Systern/CompornentiFuulurto Mod Failure Estimates (Category 3 Sourcesl'

WASH-1400 C CCPS | IEEE | LNG2 | EPRII | EPRI2 | Aggregated
_ < ~~~Results'

Air Dryer 2.6E-71h 2.6E-7/hI10I
Failure 121 131

Filter 3.4E-6/h(3.4) 3.4E-61hW3.41
Plugs Il 121

Leakage (internal) 121

Rupture (internal) 111 121

Orifice
Plugs _ _ _ _ _ _ _

a. Failure rate estimates are listed as: mean frequency (error factor), where the error lactor is the 95th percentile/SOth percentile. Numbers in brackets refer to notes listed below, arranged
by source.

b. Aggregated results are mean and error factor (in parenthesesl.

Notes

WASH-1400-Reactor SafetyStudy: An Assessmentof Accident Risksin U.S. Commercial Nuclear PowerPlants, U.S. NuclearRegulatory Cornmission, WASH-1400 INUREG 75/014),
October 1975.

All failure rates were obtained from Tables Ill 4-1 and 4-2, unless otherwise Indicated. The median values listed in WASH-1 400 were converted to mean values using the error factor
indicated and assuming a lognormal distribution.

CCPS - Guidelines for Process Eguipment Reliability 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.

IEEE -IEEE Guide to the Collection and Presentation of Electrical. Electronic. Sensina Comoonent. and Mechanical Eguipment Reliability Data for Nuclear-Power Generatina Stations, Institute
of Electrical and Electronic 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 otherwise indicated. If the error factor was larger then 50, It was seduced to 50.

.,,
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Table Se. Category 3 estimates for compressed ges system.

1. Failure modes not indicated.

2. Air dryer estimate obtained from information on p. 1422 Ino failures in 1 .9E + 6h).

LNG2 - H. Lamnmerse and M. Dosmen. 'bsta of Gas Compressors end Instrumentation - Hard to Collect, Easy to Analyse." Reliability E!Idneerin 13 (19851, pp. 65-78.

All estimates were token from the observed data on p. 78.

EPRI1 - R. P. Dawkins and J. A. Derdiger, Component Failure end Repair Data: 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.

Agareasted Results

1. CCPS estimate doubled (assumes equal failure rate estimates for fails to start and fails to run) before combining with other estimates.

2. Failure modes not indicated.

3. Failure rate estimate based on zero failures and may be conservatively high.
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Table 5d. Category 3 estimates for HVAClexheust system.

SystemlComponent/Feilufe Mode Failure Estimates ICategory 3 Sources)*

WASH- 1400 CCPS IEEE LNG2 EPRII EPRI2 Aggregated
Results"

HVAC/Exhaust
Damper IStandbV or Safety)

Manual
Fails to open/close

Plugs__ _ _ _ _ _ _

Leakage finternall

Rupture (internal)

Leakage (external)

Rupture lexternel)

Motor-Operated
Feils to open/close

Spurious operation

iPiugs

Leakage (internal)

Rupture (internel)

Leakage (external)

Rupture lexternal|)

Air-Operated 1 .2E-6/h 1 .2E-6/hf10)
Falls to open/close 11.21 11 _

Spurious operation 111 111

P lu g s__ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _

Leakage (internal)

Rupture finternal)

Leakage lexternal)

Rupture (externel) _
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Table 6d. Category 3 estimates for HVAC/exheust system.

SVstem/ComponentlFailure Mode Failure Estimates (Category 3 Sourcesl

WASH-1400 CCPS | IEEE | LNG2 EPRI | EPR12 Aggregated
ResultsO

Damper (Control)
Motor-Operated

Fails open

Fails closed

Fails to respond

Plugs

Leakage lexternall

Rupture (externall

Air-Operated
Fails open

Fails closed

Fails to respond

Plugs _

Leakage lexternal)

Rupture (external)

Fan/Blower 2.1 E-4/dl9.0) 2.5E-6/h 1.1 E-4/h 8.0E-6/h. 2.1 E-4/d(9.0).
Motor-Driven 11.21 III 5.0E-7/h. 5.OE-6/h 12)

Fails to start 1.3E-5/h 121

Fails to run 9.1E-6/h(3.8) Ill 111 11 5.0E-61hl121
121

Overspeed _

Fails to stop

Leakage (externall
Rupture lexternal)
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Table 5d. Category 3 estimates for HVAC/exhaust system.

SystemlCornponentlFailure Mode Failure Estimates (Category 3 Sources)'

WASH-1400 | CCPS | IEEE LNG2 1 EPRII EPRI2 | Aggregated
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 _ _ _ _ _ _ _ _ _ _ _ _ _ 1 _ _ _ _ _ _ _ _ _ _ _ _ _ 1 _ _ _ _ _ _ _ _ _ _ _ _ _ 1 1 _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ R e s u ltts

Diesel-Driven
Fails to start

Falls to run

Overspeed

Fails to stop

Leakage lexternal) _

Rupture (external)
Ducting

Leakage lexternal)

Rupture (external) _ _

Plugs

Heat Exchanger I.OE-5/h(9.71 1 .OE-5/hl9.7)
Air Conditioning Unit/ 11.31 111
Chifler

Fails to start

Feils to run 111 111

Fen Cooler Unit
Falls to start ___

Fails to run

Heater (Electrical)
Fells to heat

Overheats

Heater (Gasi
Fells to heat

Overheats
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Table 5d. Category 3 estimates for HVAC/exhaust system.

System/Cornponent/Failure Mode Failure Estimates (Category 3 Sources)'

WASH-1400 | CCPS | IEEE | LNG2 | EPRII | EPRI2 | Aggregated
I l l l l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- Results~

Filter
Normal

Leakage (internal)

Rupture (internal) _

Low-Efliciency
Plugs.

Leakage linternal) _

Rupture (internal)

HEPA
Plugs
Leakage finternall

Rupture (internall

Sand
Plugs

Leakage (internal)

Rupture (internal) . . . ... _ _ _ -

Baghouse 8.6E-4/h 8.6E-4/l 10)

Leakage (internal) _

Rupture (internal) _ _

Miscellaneous 1.1E-4/h l.lE-4/h(101
Mist Eliminator

Failure

Scrubber 5.7E-5/h 6.9E-4/h 2 .0E-44/h(1O)
Failure 121 121
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Table 5d. Category 3 estimates for HVAC/exhaust system.

System/Component/Feilure Mode Failure Estimates (Category 3 Sources).

WASH-1400 CCPS IEEE LNG2 EPRI 1 EPRI2 I Aggregated

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ __ I __ | 4.6E -5/hI |I R esults'

Precipiator I III46-1 .E5/1h10)
Failure _ _ _ II __ I _ _ _ II _ _ __

a. Failure rate estimates are listed as: mean frequency terror 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 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-1 400 (NUREG 75/0141,
October 1975.

AN failure rates were obtained from Tables 1ff 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 end assuming a lognormal distribution.

CCPS - Guidelines for Process EruLipment Reliability Date 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.

IEEE -IEEE Guide to the Collection and Presentation of Electrical. Electronic. Sensing Component. and Mechanical Equipment Reliability Date for Nuclear-Power Generating Stations Institute
of Electrical and Electronic 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/madienl and assuming a lognormal
distribution, unless otherwise indicated. If the error factor was larger then 50. It was reduced to 50.

1. Failure modes not indiheted.

2. No upper or lower bounds given. Recommended value Interpreted as a mean because of the sources used to estimate the value.

3. Chiller date used (p. 1388).

LNG2 - H. Lemmerse end M. Bosmen. 'Data of Gas Compressors end Instrumentation - Hard to Collect, Easy to Analyse," Reliebility Ennineerina 13 (1985). pp. 65-78.

All estimates were taken from the observed date on p. 78.
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Table 5d. Category 3 estimates for HVAC/exheust system.

EPRII - R. P. Dewkins and J. A. Derdiger. ComPonent Failure and Regair Data: Casilication-Combined-Cvcle Power Generation Units, Electric Power Reseerch Institute, Topical Report
AP-2205. Research Project 239-2. February 1982.

1. Failure modes not Indicated.

2. Estimate for ammonia or particulate scrubber.

EPRI2 -J. A. Derdiger et al.. Component Failure and Repair Data 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 SOg scrubber.

Angregated Results

1. Failure modes not Indicated.

2. CCPS value doubled before combining with other estimates (assumes equal failure rates for fails to start and fails to run).
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Table So. Category 3 estimates for electrical distribution system.

System/Component/Fallure Mode Failure Estimates (Category 3 Sources),

WASH-1400 CCPS IEEE LNG2 EPRI1 EPRI2 Aggregated

Electrical Distribution 3.8E-21dl3) 1.8E-2/dl5.0i 1.8E-2/dI30) 2.0E-31d 3.1E-21d(1 1)
Generator 111

Diesel-Driven
Fails to start

Fails to run B.OE-3/hI10) 2.3E-3/h(6.71 1.7E-4/h19) 4.2E-31hI24)

Motor-Driven lee to del 1 .E-7/hK4.51 1.8E-7/h14.5)
Fails to start

Fails to run 3.3E-7/hf4.3) 3.3E-7thl4.3)

Ges-Turbine-Driven 9.5E-5/hI25) 9.5E-51ht25i
Fails to start

Fails to run 3.4E-4Nh125) _ 3.4E-4/hl25)

Hydro-Turbine-Driven
Fails to start

Fails to run

Battery 3.8E-6/h(3) 2.3E-6/hI4. 1) 1.1 E-5/hl 17) 4.7E-6/hl1.0I
Failure I

Charger 7.6E-6/h1101. 4.8E-f1hl2.1) 4.2E-6/h(3.8)
Rectifier 1.1 E-6/h(2.5i

Failure

Bus 1 .3E-7/h(51 1 .3E-7Nh(5)
Metal-Enclosed

Failure
Baeo 8.7E-71h1 2) 8.7E-7/hl1 21

Failure

Cable/Jointl 3.SE-6WhI3M 4.SE-R/d(7.4) 4.5E-61d(7.4).
Terrmonetion/Jumper 3.8E-6rhI3l

Cable ICopper. 1 000ftl
F ailu re _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

Joint ICopper) 3.2E-6/hI30) 3.2E-8/h130)
Failure III
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Table Go. Category 3 estimates for electrical distribution system.

SVstemiCornponent/Failure Mods Failure Estimates lCategory 3 Sources)'

WASH-1400 | CCPS | IEEE | LNG2 | EPRIl 1 EPRI2 | Aggregated
_~~ ~ ~~~~~~~~~~~~~~~~~ I I 11_lt

Termination lCopper) 2.7E-7/hI 10) 2.6E-71hl301 2.6E-71hl1t8
Failure 111

Jumper IPower)
Failure

Circuit Breaker 1.3E-3/dI3) 1.3E 3/d(30i 1.3E-3/d(l3)
General 111

Fails to open/close

Spurious operation 1.3E-6/hl3) 1.BE-6/h(6.0), 1.7E-7/h(30) 2.8E-6/hl20)
3.8E-6/h(201 111

Reactor Trip
Fails to open

Spurious operation

Relay 1 .3E-4/d(3) 1 .9E-6/hl1.11 4.2E-6/dl2.61 7.1 E-5/dl 6),
Protective 1 .9E-6/hl 1.11

Fails to open/close

Spurious operation 1.3E-7/h3) 6.OE-8/h 1 5) 2.6E-7/h(30) 1 .8E-7/hl 13)

Control 7.2E-6/dl1.4) 7.2E-6/d(1.4)
Fails to open/close

Spurious 3.4E-7/hl301 3.4E-7/h(30)

Bistable
Fails to open/close ________________

Spurious operation

Switch 1 .3E-51dl3) 1 .8E-6/hl15) 1 .3E-3/d(3),
Push-Button (Manual) 1.8E-6/h1 5)

Fails to open/closg

Spurious operation 8.OE-8/hlO) lO 9.6E-7/h(l 3) 2.6E-7/hl 21

Rotary IManual) 3.1 E-7/h(2i 3.1 E-7/hl21
Fails to open/close
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Table 5.. Category 3 estimates for electrical distribution system.

System/Component/Fallure Mode Failure Estimates (Category 3 Sources)'
WASH-1400 | CCPS IEEE LNG2 EPRI1 EPR12 | Aggregated

_ _ __ ~~~~~~~~~~~~~~~~~~~~~~~Results'

Spurious operation 1.9E-7/h2) 1.9E-71hl2)

Key-Operated (Manuel) 2.3E-6/h 2.3E-61h(IO)
Fails to open/close 121 _1_ I

Spurious operation 121 111

Automatic-Transfer
Fells to open/close

Spurious operation __ ___ _

ULmit 3.8E-41dW31 7.5E-6/h(1.61 3.8E-4/dl3),
Fails to open/close 121 6.OE-61h0l.6)

121

Spurious operation 6.3E-7/h(9.41 121 11.7E-6/hl5.11
121

Fuse 1 .3E-51d(3) 4.0E-6/h(1101 1 .3E-5/d(3).
Fall to open 121 3.SE-i/h(101

.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 121
Premature opening 1.3E-6/hl31 121 1l1E-61h(f.1)

.__ _ _ _ _ _ _ _ _ _ _ _ _ _ 11__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1
Inverter 2.9E-5/hIl 1) 2.3E-5/h(131 2.6E-5/hl12)

Failure

Motor 3J.8E-4/d(3) I .5E-51h130) 2.5E-5/h1301 3.8E-41dI31,
AC 111 11.21 Itl 1 .8 E-5/h1I 7)

Fells to start 131

Fails to run 13E-5/h3) 1 1 1 3.3E-5/h(30) 2.4E-5/hII17)

DC 3.BE-4/dl31 2.3E-5/h2.5) 1 .3E-4/h(30) 3.8E-4/d(31.
Fails to start 111 111 1 E-51 E /h8.4)

________________ _______________ ~~~~~~~~~~~~131
Fails to run 1.3E-5/h13) Ill 1 2.4E-5/hl9.41

1 1 1 .__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 133
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Table So. Category 3 estimates for electrical distribution system.

SVstem/Component/Failure Mode Failure Estimates lCategory 3 Sources)

WASH-1400 | CCPS | IEEE | LNG2 1 EPRI1 | EPRI2 | Aggregated

I _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -I _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ I R e su lts'

Synchro
Failure__ _ _ _ _ _ _ _ _

Transformer 1.3E-6/hl3) 2.5E-6/h(8.61 7.7E-7/h(5.6) 1.4E-6/hI5.6)
Power

Failure__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

Instrumentation/Control 3.8E.71hf2.8) 3.8E-71h(2.8)
Failure__ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

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 and error factor fin 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 INUREG 75/0141.
October 1975.

All failure rates were obtained from Tables III 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.

1. Type of motor not Indicated.

CCPS - Guidelines for Process Equipment Reliability 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.
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Table So. Category 3 estimates for electrical distribution system.

IEEE - IEEE Guide to the Collection and Presentation of Electrical. Electronie. Sensing Component. end Mechanical Equipment Reliability Date for Nuclear-Power Generating Stations. Institute
of Electrical and Electronic 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 otherwise indicated. If the error factor was larger than 50, it was reduced to 50.

1. Error factor reduced to 30.

2. Failure modes not indicated.

LNG2 - H. Lammerse and M. Bosman, Data of Gas Compressors and Instrumentation - Herd to Collect, Easy to Anaiyse. Reliability Engineering 13 (1985). pp. 65-78.

All estimates were taken from the observed date on p. 78.

Angregated 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 IEEE estimate.

3. Category 2 data indicate 1 of 8.5 failures Is premature opening. This Information was used to partition the IEEE estimate.

183



WSRC-TR-93-262

184



USRC- TR-93-262

Table 5. Category 3 estimates for instrumentation and control system.

SystemlComponent/Feilure Mode 1 Failure Estimates ICategory 3 Sourcesle

WASH-1400 CCPS J IEEE LNG2 EPRI [ EPRI2 Aggregated

Instrumentation and Control 7.7E-71h(l01 5.SE-6/hl22i 1.5E-61h(151
Alerm/Annunclator 111

Fails to alarm

Spurious operation 111 3.4E-61Mh231 8.7E-7/h(1 5)

Sensor/Transmitterl 2.7E-6/h(1 0 9.7E-5/hl 15) 1 .6E-6h(B.31 8.OE-6/h 8.1 E8/h(14)
Transducer/Process Switch III 121

Temperature
Failure

Pressure 2.7E-61 101 9.1 E-5/h130) 2.OE-6/hI 161 2.5E-5/h 6.BE-6/h 17)
Failure (11 12,31 - _ _

Differential Pressure 6.RE-Sh 1 6. 1 .2E-4/hl161
Failure 2.2E-4/hl 15)

121

Flow 1.1 E-4/hl151, 9.0E-6/hIl 15 1.1 E-5/h 3.2E-5/h( 151
Failure 1 .2E-4/hI 15),

9.6E-5/hI1 5)
121I

Level 2.SE-6/h(IS. 2.1E-6/hl2.6) 6.4E6/h(l7.71
Failure 1 .4E-4/hl1 6).

9.9E-5/h1l 4),
1 .9E-4/hl15)

_ ~~~~~~~~~~~~~~~121
____ ___ ___ ___ ___ ___ ____ _ _ 12 _ _ _ _ _ __ _ _ _ _ _ _ _ _

Humidity 4.2E-6/h(3.9) 4.2E-6/h(3.91
Failure I

pH 5.8E 7/hl5.01 5.SE.7/h(5.0)
Failure 111

Oxygen Concentration
Failure

CO, Concentration 9.8E-51h 9,AE.S5hl101
Failure . _

Hydrogen Concentration
Failure I
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Table Sf. Cateoorv 3 estimates for instrumentation and control system.

System/Component/Failure Mods Failure Estimates ICategory 3 Sources)'

WASH-1400 CCPS | IEEE | LNG2 | EPRII | EP12 Aggregated
-__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ I _ __.__ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _R e selu s'

Nitrogen Concentration
Failure

Hydrocarbon Concen-
tration

Failure

Helium Concentration
Failure

Speed 1 .7E-6/hl8.11 i .7E-6/h(8.1)
Failure

Seisicr 1 .BE-6/h(4) 1 .6E-6/h(41
Failure

Radiation 6.3E-6/h(4.71 6.3E-6/h(4.7)
Failure

Indicator 2.SE-4/hl 51 3.9E-5/hl301 1.1 E-4/h(22)
Failure 121

Amplifier
Failure

Modifier/Signal Conditioner 3.3E-7/h(2.1) 3.3E-71h(2. 11
Failure

Logic Module l.9E-5/hlS) 1.4E-6/h(2.6) 3.7E-6/hl7.71
Failure 131

Recorder 2.5E-5/h( 15) 5.7E-5/h(301 3.8E-5/h(221
Failure 121

Sampler
Failure

Analyzer 1 .3E-31h126) 1 .3E-3/h(261
Failure

Timer
Failure _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table S. Category 3 estimates for instrumentation and control system.

System/Component/Failure Mode Failure Estimates (Category 3 Sourcesl

WASH-1400 | CCPS | IEEE LNG2 | EPRI1 | EPRI2 Aggregated

I _ _ _ _ _ _ _ I _ _ _ _ _ _ _ I_____ _ _ _ _ I _ _ _ _ _ __ .. Re ul s

Gas Chromatograph
Failure

Voltage Regulator
Failure

Transmitter 1.OE-5/h(30) 1.OE-51h(30)
Failure 121

Transducer 6.3E-5/hl15 8.3E-51h(1 5)
Failure

Programmable Logic Controller
Failure

a. Failure rate estimates are listed as: mean frequency terror factor), where the error factor is the 95th percentile/SOth percentile. Numbers in brackets refer to notes listed below, arranged
by source.

b. Aggregated results are mean and error factor (in parenthesesl.

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.

An failure rates were obtained from Tables III 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.

1. Type of instrument not Indicated.

CCPS . Guidelines for Process Eauipment Reliability Date With Date 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. Transmitter estimate used.
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Table 5f. Category 3 estimates for Instrumentation and control system.

3. Error factor reduced to 30.

IEEE- IEEE Guide to the Collection and Presentation of Electrical. Electronic. Sensing Component, and Mechanical Equioment Reliability Data for Nuclear-Power Generating Stations. Institute
of Electrical and Electronic 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 otherwise Indicated. If the error factor was larger than 50, it was reduced to 50.

1. Water chemistry instrumentation estimate used.

2. Error factor reduced to 30.

3. Totalizer estimate used.

LNG2 - H. Lammerse and M. Rosman, 'Data of Gas Compressors and Instrumentation- Hard to Collect, Easy to Analyse," Reliability Enaineering 13 (1985. pp. 65-78.

All estimates were taken from the observed data on p. 78.
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Table 6e. Summary of results for water system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates*

Category 1 Category 2 Category 3 Recommended&

Water 3.5E-4/dl18), 1 .4E-4/d 19). 6.0E-5/dl I0) 3 .OE-4/dl 10)
Valve (Standby or Safety) 3.3E-81h130) 7.1E-7/h10)

Manual
Fails to open/close

Plugs i1.E-6/h110) 3.8E-7/h(3) 5.0E-8/h(l0)
III _ _ _ _ _ _ _ _ _ _ _ _ III

Leakage (internal) 5.7E-31h110) 1.OE-61h( 10
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ M _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1

Rupture finternal| 5.0E-8/h(30)

Leakage lexternall 1 .OE-9/h(9.6) 2.0E-8/hlI0) 1 .OE-8/1h(0)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~13 1

Rupture (external) 5.E- I 0/hil 0 2.7E-8/hl 10) 5.OE-1 O/hl30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~~13 1

Check 6.OE-5/d(101 1 .8E-5/dl10). 8.1.E-5/d3.0) 5.0E-5JdllO)
Fails to open 1.3E-71h10)_

Fails to close 9.8E-41dl4.6) 5.7E-5JdlOI). 1.OE-31d(5)
3.9E-7/h10)1

Plugs 5.0E*B/h(101
111 _

Leakage (internat) C.8E-7/h(30) 9.1E-7/hl2.9l 5.OE-7/h(S.4) 1.OE-6Shl10)
121

Rupture (internal) .9E-7WhN5.41 5.0E-8/h(301
121

Leakage lexternall 1 .5E-8/h(26) 1.OE-8/hl10)
___ __ __ __ __ __ __ __ __ __ __ __ ___ __ __ __ __ __ _ __ __ __ __ __ 131

Rupture (external) 5.8E- 10/hf 101 2.7E-4/hf 101 5.0E-10/hl30)
131

Motor-Operated 3.3E-3/d16.31, 3.8E-3/dIl .8) 3.OE-3/dl3.51 3.OE-3/dIS)
Fails to open/close 4.BE-6/h(9.6)

Spurious operation * 2.3E-71hl7.21 1 .SE-7/h1I 1) 3.OE-7/h(5)
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Table 6a. Summary of results for water system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates'

Category 1 Category 2 Category 3 Recommended'
Plugs 5.6E-81hl0) 1 .9E-71h(8.1) 5.OE-81hI10)

Leakage linternal) 8.3E-7h(1O) 1 .OE-6/h(10)

Rupture linternal) _.OE-8/h(301

Leakage (external) 9.6E-91hl101 1 .OE-7/hl10) 1 .OE-8/h(l10

Rupture lexternal) 5.8E-10/hl1O) 2.7E-8/h010) S.OE-1O0hl30)

Air-Operated 1 .2E-3/dl2 11, 3.4E-3/dl3.8) 9.8E-4/d(3.9) 1 .OE-3/d(30)
Fails to open/close S.2E-7/h00l -

SpurIous operation 1 .2E-6/hIS.4) 1 .2E-6/h(2.01 1 .OE-6/hl5)

Plugs 1.1E-7/h( 10) 3.SE-7/h(31 5.OE-8/hllO)
____ ___ ____ ___ ___ ____ ___ ____ ___ ___ III __ _ _ _ __ _ _ _ _ __ _ _ l

Leakage (internall 1 .6E-61hll0) 6.9E-7/hl2.6) 1 .OE-6/h(101
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1

Rupture (internal) 3.0E-71h(2.6) 5.OE-8/h130)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1

Leakage lexternal) 9.9E-9/h(7.6) I .OE-7/hlt101 1 .OE-81h110)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1

Rupture (externali 5.8E-10/hl101 2.7E-Sh( 10) 5.OE-10/h(30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~~13 1

Solenoid-Operated 7.8E-41d(0). .1 .E-21dlO1) 1 .3E-3/dl31 1 .OE-3/dll1O
Fails to open/closo 7.1E-7/h(I0j 7.5E-8/hl1O)

Spurious operation 6.1 E-7/hI 101 5.6E-8/hl 101 5.OE-7/hl 101

Plugs 33.3E-4/hll0) 3.8E-7/hl31 5.0E-8/hl1O)
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Table So. Summarv of results for water system.

System/Component/Failure Mode Aggregated and Reconmnended Failure Retes

Category 1 Category 2 | Category 3 [ Recomrmended

Leakage (internal) 1 .OE-8/h(101

Rupture (internal) 5.OE-8/h(30)
_____ __ __ __ __ __ __ __ _ _ _121

Leakage (external) 1.3E-8/hl30) I.OE-8/hlOI)

Rupture (external) 5.SE- lONh1101 2.7E-8/hl( OI 5.OE-10th(301

Safety/Relief 2.7E-3/d(3.3). 1.2E-2/dl3.31 1.5E-3/dl30) 3.OE-3/d(3)
Fells to open 8.5E-8/h(10)

Faels to reclose 2.3E-31dl1.71 3.OE-3/dl3)

Leakage (internal) 1.1 E-f/h(2.51 1.5E-5/h(3) 1.OE-8/h10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1

Rupture linternal) 3.OE-S/hI() t.OE-B(30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1

Leakage (external) 1.1E-6/hl2.5) 1.OE-8/hl0)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~~13 1

Rupture (external) 4.9E-8/hl 101 5.OE-101/h30)

Vacuum-Breaker 1.1 E-2/dllO), 3.8E-5/dl3) 1 .OE-2/dOlO)
Fails to open 4.4E-4/h(10)

Falls to reclose 1.OE-2/d(10)

Leakage (Internal) 1 .OE-enI~lOl
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 12 1

Rupture (internal) 5.OE-8/h(30)

Leakage lexternal) 1.OE-8/hllO)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1
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Table 6e. Summary of results for water system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommended'

Rupture (external) 5.OE-10/hl30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1

Explosive 1 8E-2/dI10) 1 .OE-4/d(10)
Feils to open 111 151

Leakage (Internall 1 .OE-61h110)

Rupture linternall 5SOE-81h(301
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~12 1

Leakage lexternal) 1.OE-8/h(10)
._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1

Rupture (externall S.OE-101h(30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~13 1

Valve IControl) 3.0E-6/hl101
Motor-Operated 161

Fails open

Feils closed 3.0E 6Ih01)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~16 1

Falls to respond 3.OE-6/hl10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~16 1

Plugs S.OE-81hl1h0)

Leakage (external) 1 .OE-Bh1lO)
131

Rupture (external) 5.OE- 1 0/h(30)

Air-Operated 3.OE-6/hl10)
Fails open 161

Fails closed 3.0E-6/hl10)

Falls to respond 3.0E-6/hl10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 16 1
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Table 6a. Summary of results for water system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 [ Category 3 Recommended'

Plugs 5.OE-8/hI10)

Leakage (external 1.OE-8/hll0)

Rupture (external) S.OE-101/h130
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~13 1

Solenoid-Operated 3.0E-8/h1l0)
Fails open 161

Fails closed 3.0E-61hfI0)

Failh to respond 3.0E-6/hjI0!

Plugs 5.OE-8hIl10)

Leakage (external) I.OE-8/hllOI)

Rupture (external) S.OE- 10/hl30)

Pump 3.7E-3/d(4.7) 8.3E-4/d(9.1). 7.5E-3/d(8.3). 3.0E-31d(S)
Motor-Driven 3.7E-8/h(B.3) 2.4E-5/h(5.8)

Fails to start

Falls to run 2.2E-S/hIl71 9.4E-61/hl 1 2.1E-5/h(6.8) 3.0E-5/h(10)

Overspead 1.9E-6/hil 1) 5.OE-6/h(IO)

Fails to stop 3.8E-3/d(4.4) 3.OE-3/d(51

Leakage (external) 5.9E-8/h(301 3.OE-B/h(lO)
______________________ _____________________ ~~131

Rupture (external) 1.7E-9/h(IO) 1.OE-9/h(30)

Turbine-Driven 2.2E-21d(3.8. 1 .OE-2/d( 1O) 4.0E-3/dl 10) 3.0E-2/dl3)
Fails to start 5.5E-5/h10) 3.8E-S/h(10)
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Table Ga. Sumniaty of results for water system.

System/Cofnponent/Failure Mode Aggregated and Recommended Flwure Rates'

CategorY I | Category 2 f Category 3 Recommended

Fails to run 1.4E-4/h(22) i.OE-4/h(1.7) 3.8E-5/hI10) I.OE-4/h(30)

Overspeed 3.OE-5/hl 10
171

Failc to stop 3.OE-2/d(3)
171

Leakage lexternall 2.7E-8/hl1O) 3.OE-8/hI 10)
131

Rupture (external) 1 .6E-9/hl 10) 1 .OE-9/h(30)
131

Diesel-Driven 7.9E-3/dl5.8) 3.4E-2/d(4.0) 9.8E-3/d(9.8) 1 .OE-2/dlS)
Fails to start

Fails to run 4.6E-3/hl7.41 2.3E-2/h(10i) 5.OE-3IhN5)

Overspead 1.E-3/hl5}
171

Fails to stop 1.OE-2/dl5)
171

Leakage lexternal) 2.7E-8/h 10) 3.OE-8/h(10)
131

Rupture (external) 1 .6E-9/hl1O) 1 .OE-9/hi30i
. ~~~~~~~~~~~~~~~~~~~~~~~131

Piping/Hose/Jumper 2.3E-9/h-ft 10) 2.7E-9/h-ft(30) 3.OE-9/h-ftl 10)
Piping 131

Leakage (external)
Rupture lexternal) 5.8E- 11 /h-ftl 10) 1 .3E- 1 0/h-ft(30) 1.OE- 1 0/h-ltl30i

Plugs 1 .3E-10/h-ft(30) 1 .O-10/hf(tl30)

Hose 1 .7E-9/h-ft(10) 1 .OE-9/h-ftl 10)
Leakage (external)
Rupture (external) 1 .OE-8/h-ft(10) 1 .OE-8/h-ftt10).

194



WSRC-TR-93-262

Table 6a. Summary of results for water system.

System/Component/Failure Mode 1 Aggregated end Recommended Failure Rates

Category 1 Category 2 Category 3 J Recommendedb

Plugs 1.OE-8/h-ft101)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 181

Jumper i.OE-6/h(10|
Leakage lexternal) 191

Rupture (external) I.OE-S/h(30)
1911

Plugs 5.OE-8/h(IO)
1101 1

__ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 110
Vessel 7.3E-7/h( 10 2.2E-8/hIt 9) 1 .3E-6/h(30) 1 .OE-0/hI 101

Tenk fUnpressurized) III 131
Leakage (external)

Rupture lexternal) 3.OE-9/h(l 9) 5.OE-10/h(30)
131

Tenk (Pressurized) 1 .OE-/hI24) 1 .3E-7/h(301 1 .OE-/h(l10)
Leakage lexternal) 131

Rupture (external) 4.5E-8/hI231 5.OE- 1 0/h(30)
131

Flange/Gasket 2.1 E-8/hl 11 1.OE-8/hl 101
Leakage lexternal) 131

Rupture lexternal) 1.BE-10/h(l 1) 1 .OE-10/h(30)
131

Heat Exchanger 9.4E-61hll0) I .OE-7/h(10)
Shell/Tube 111 till

Fouling (tubes)__ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _

Plugs (tubes) 2.6E-7/h(10) Il3.0E-8/hlOO)
Ill Itubesl 2j6E-7/l_____11__________ 1121

Leakage Itubes) 1.3E-6/h( 10) 1 .8E-7/hl 171 111 I.OE-7/hO1 0)
Rupture ________.8E-9/hl_0__________0131

Rupture (tubes) 7.BE-9/b(10) S.OE-9/h(30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1
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Table Ga. Summary of results for water system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommended'

Leakage Ishell) 3. E-7/hlO0) 7.8E-9/hlO) 1 .OE-8/1h10
111 ~~~~~~~~~~~~~~~~~~~~~~131

Rupture Ishell) 1 .6E-9/hflO) 5.OE- 10h30)
____________________ ~~~~~~131

Heater fElectricall 1 8E-6/h101 1 .OE-6/h(IlO
Fails to heat

Overheats 3.OE-7/h(IO) 3.OE-7/hl101

Leakage (external) .OE-71h(IO0
1131

Rupture (external) 5.OE-9/hl301
1131

Strainer/Filter 4.OE*6/h(IO 2.8E-6/hT3.01 3.OE-6/h(IO)
Plugs I- ll
Leakage linternal) 2.2E-6/hllOI III 3.OE-6/h(IOJ

Rupture linternal) 6 .E-7/h(OO 1II 5.OE-7/hilO)

Orifice 8.OE-7h(3) 1 .OE-61h(3)
Plugs

Miscellaneous 5.2E-71h4101 5.OE-7/h1010
Travelling Screen 111

Plugs

a. Aggregated failure rates are mean and error factor fin parentheses). The error factor is the 95th percentile/SOth percentile.

b. For the recommended failure rate. the Category 1 result was used if available. 11 not, then the Category 2 result was used. If no Category 1 or 2 results were available, the
Category 3 result was used. IExceptions 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

Category 1

1. Failure rate based on zero failures and may be conservatively high.
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Table Se. Summery of results for water system.

Category 2

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

Category 3

1. Failure modes not indicated.

Recommended

1. Data for manual, motor-operated. and air-operated valves combined.

2. Data for manual, check, motor-operated, and air-operated valves combined. All failures assumed to be leakage. Rupture value determined using the same partition
used for external rupture.

3. Results from EGG-SSRE-9639 lCategory 2 datal used. These results are believed to be the most comprehensive end consistent set of date available. Rupture values
for non-PCS system used. Rupture defined as > 50 gpm.

4. Assumed to be the same as fails to open.

S. Assumed to be 10 times better than air-operated valve.

6. Control valve date for chemical process and compressed gas systems indicate approximately 3.OE-6/h for fails open, fails shut, and fails to respond.

7. Trend seen for motor-driven pump applied.

S. WASH-1400 indicates plugs is similar to external rupture in failure rate.

9. Flenge/gasket velues multiplied by 100.

10. Valve plugs value use

11. Data for chemical process system (Table 6bi indicate fouling failure rate is similar to tube leakage.

12. Category I results indicate tube plugging is one-fifth as frequent as tube leakage.

13. Vessel failure rates multiplied by 10.

197



WSRC-TR-93-262

198



USRC-TR*93-262

Table 6b. Summary of results for chemical process system.

System/Component/Fadlure Mode Aggregated and Recommended Failure Rates'

Category 1 Category 2 Category 3 Recommended&

Chenical Process 2.9E-4/dl8.71 3.OE-4/d(lO)
Valve (Standby or Safety) 111

Manuel
Fails to open/close

Plugs 5.0E-8/h(IO)

Leakage (nternal ¶.OE-S/h(10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I ll

Rupture (internal) S.OE-8/h(30)

Leakage (external) 5.OE-7/h(100)
141

Rupture lexternal) 3.OE-8/hl30)
141

Check 1 .5E-4/dl3.2) 5.OE-5/dl 10)
Fails to open III

Fails to close 2.2E-3/d(4.9) 1.OE-3/d(10)

Plugs 5.OE-8/h(10)

Leakage (internal) 1.OE-6/h(10)

Rupture (internal) 5.OE-8/h(30)

Leakage (external) 5 0E-7/h 10)
141

Rupture (extemal) 3.OE-8/h(30)
141

Motor-Operated 5.6E-3/d(6.1) 3.OE-3/d(10)
Fails to open/close 11 IIl
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Table 6b. Summary of results for chemical process svstem.

SVstemlComnponent/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommended`

Spurious operation 1 .4E*6/h14.01 3.OE71h1¶10)

Plugs 5.0E-8/hl10)

Leakage Uinternal) l.OE-6/hl10)

Rupture linternall 5.OE-4hIl011

Leakage (external) S.OE-7/h(1 0)

Rupture lexternal) 3.OE-/h(30)

Air-Operated 1 .7E-2/dl 10), 2.2E-3/dl4.7) I .OE-31dl30)
Fails to open/close 2.OE-7/h(51 III

Spurious operation 2.2E-8/hl10) 3.6E-6/h(6.7i 1jOE-6/hl10)

Plugs 2.2E-8/hl10) 5.OE-81hl10)

Leakage linternal) 7.3E-7/h(51 1.OE-6/hl10)

Rupture Intrnsal) 2.2E-8/hl10; 5.OE-8/h(30)

Leakage lexternall 4.2E-7/hl3.6i 5.OE-71h(10)

Rupture (external) 1 .8E-81h(10) 3.OE-81B(30)

Solenoid-Operated 2.SE-3/dS.5; 1 .OE-31d 10)
Fails to open/close 111

Spurious operation 4.1 E-7/hl3.0 5.OE-7/h(10)
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Table 6b. Summerv of results for chemical Process system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 j Category 3 | Recommendedb

Plugs 5.OE-8/hl 10)

Leakage _interal) 1;OE 6./h(10)

Rupture (internal) S.OE-S/(30)

Leakage (external) 5.OE-7/h(10)

._______ _______ _______ _______ .-__ _ _ _ _ _ _ _ _ __ 14 1
Rupture lexternal) 3.OE-8/hI301

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 14 1

Seaetymelief 7.8E-4/dl1 8) 3.OE-3/dll0)
Falls to open IIl

Fails to reclose 5.IE-31d(l1 21 3.OE-3fdf10)
III

Leakage linternal) 1.OE-lhl(l0)

Rupture linternal) S.OE-S/h(30)

Leakage (external) 5.OE-7/hI(0l
141

Rupture (external) 3.OE-8hI30)

Vacuum-Breaker 1.OE-2/d(IO1
Fails to open III

Fails to reclose I.OE-2/dIOl

Leakage (internal) .OE-6/hI10)

Ruure (internal) 5.OE-81h(30)
____ ___ ___ ____ ___ ___ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 111l
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Table 6b. Summary of results for chemical process svstem.

System/Component/Fedlure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommended6

Leakage lexternall 5.E-71h1101
141

Rupture (external) 3.OE-S/h(30)
141

Explosive 1 .OE-41d(101
Fails to open II

Leakage linternal) 1 .OE-61h10)

Rupture (internal 5.0E-81h(10)

Leakage (external) b 0E-?1h0101
141

Rupture (external) 3.OE-8/hl301
_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~141

Valve (Control) 3.OE-6/h(101
Motor-Operated ItI

Fails open

Fails closed 3.OE-61h(1l

Fails to respond 3.OE-6Bhl10)

Plugs S.OE-81h110)
111

Leakage (external) 5.OE-71h(10)

Rupture lexternall 3.0E-8/h1301
141

Air-Operated 6.0E-61hl101 2.7E-5/h 3.OE-6/h(10)
Fails open III III
Fails closed 2.6E-61h(10i III 3.0E-6/hl10)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I t l
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Table Sb. Summery of results for chemical process system.

System/Component/Fuilure Mode Aggregated end Recommended Fdilure Rates

Category 1 Category 2 Category 3 Recommended&

Fails to respond I11 3.OE-8/hI10)

III~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Plugs 5.OE-8/hl 10)

Leakage (external) 1.1E-S/hl10) 5OE-71h110)

Rupture (external) 3.0E-S8hl30)
141

Solenoid-Operated 3.OE-6/h(1 0)
Fails open III

Fails closed 3.OE 6/h(101

III~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Fnils to respond 3.0E-6/h1l0)

Plugs 5.OE-8/h(10)

Leakage (external) 5.OE-7/h(10)
_ ~~ ~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~141 _

Rupture (external) 3.0E-8/hl30)

Pump 8.1 E-3/df`10). 1 .6E-2/dI8.1). 1 .OE-2/dI 10)
Motor-Driven 8.9E-8/h(4. 11 1.SE-5/h 121

Fails to start

Fails to run S.SE-4/h 12) S.OE-SlhO 1I) 1.OE-4/h(IO)
121

Overspeed 3.0E-5/hIl0)
121

Fails to stop ¶.OE-21d110)
_ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~121

Leakage (xxternalI 9.2E-6/h5.4) 1 - 4OE-e/h10)
________ ________ ____ ___ ________ ______ 141
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Table 6b. Summary of results for chemical process system.

System/ComponantlFailure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 | Category 3 | Recommended'

Rupture (external) 5.2E-8/hl 101 5.OE-81hl30)
________ ________ _______ ________ _______ l_______________ _______41

Turbine-Driven 2.6E-2/d(4.3) 3.OE-2/dlIO)
Fails to start Ill

Fails to tun 8.9E-5/h(5.0) 1.OE-41h(30)
III

Overspeed 3.OE-51hl10)

Fails to stop 3.OE-2/d(101
111

Leakage (externall 1.OE-61h110)

Rupture (externall 5.OE-8/hl301

Diesel-Diiven 1.OE-2/dl101
Fails to start III

Fails to run 5.OE-3/h(IO)

Overspeed 1.OE-31hl101

Fails to stop 1.OE-21dl10)
(111

Leakage (externall 1.OE-6/h101
141

Rupture lexternal) 5.OE-81h30)
141

Piping/Hose/Jumper 3.OE-9/h-ft(1O)
Piping 111

Leakage (external)
Rupture (externall 5.1 E-1 2/h-ti 151 1 .OE- 1 0/h-ft(30)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _1 1 1l
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Table 0b. Summary of results for chemical process system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 | Category 3 | Recommended`

Plugs I .OE-1 0/h-ft(30)

Hose I .OE-9/h-ftIlO)
Leakage (external) Ill

Rupture (external) 2.9E-81h-ftt15) 1jOE-8/hft(10)
_______________________________ Il l

Plugs 1 .OE-8/h-ftl101
l11

Jumper 1 .OE-6/hl10)
Leakage (external) Ill

Rupture lexternal) 1.OE-8/h(30)
Ill

Plugs 5.OE-W/h(IO)
111

Vessel 2.6E-6Sh/iO) 1 .2E-6/h19.3) 1 .OE-7/h( 10)
Tank (Unpressurized) 131

Leakage (external)
Rupture (external) S.OE-9/hl301

131

Tank (Pressurized) 3.7E-6/h(3.8) 1.1 E-8/h( 17) 1 .OE-7/h(I 0)
Leakage (external) 131

Rupture (external) 3.BE-7/h(l 0) 5.OE-9/h(30)
131

Flange/Gasket 1 .OE-7/h(IO)
Leakage (external) 131

Rupture (external) 1.OE-9/h 10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 131

Heat Exchanger 7.SE-6/h(1 .3) 1 .OE-6/hf 0)
Shell/Tube 131

Fouling (tubes)
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Table 6b. Summary of results for chemical process system.

System/ComponentlFailure Mode Aggregated and Recommended Failure Retes

Category I Category 2 | Category 3 | Recommended'

Plugs (tubes) 3.0E-7/h(10)
131

Leakage (tubes) 7.7E-6/h 1.31 2.6E-5/h(7.5) 1 .OE-6/h( 101
131

Rupture (tubes) S.0E-81hl30)
131

Leakage (shell) 1 .OE-7/hl10)
131

Rupture Ishell) 5.OE-9/h(301
131_

Heater (Electrical) 3.5E-5ih(5.81 1.OE-5/hl10)
Fails to hoat _ 131

Overheats 7.0E-6/hl10) 3.0E-6/hll0)
131

Leakage lexternall 1.0E-6/hl0i
131

Rupture (external) 5.OE.8/hl30)
131

Strainer/Filter 3.1 E-6/hl I1 1.6E-6/h(S.0) 3.0E-6/h(1 0)
Plugs III III

Leakage (Internal) 7.OE-6/hl111 IIl 3.OE-6/h/0iO

Rupture linternal) 7.OE-7/h111) III 5.OE-7/h(10)

Orifice 1 .OE-6/hl101
Plugs III

Miscellaneous 5.0E-6/hl1OI
Mixer/Blender 151

Failure
Agitator 6.5E-6/hl101 2.5E-5/hl10) 5.OE-6/1h101

Failure I
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Table 6b. Summary of results for chemical process system.

System/Component/Failure Mode Aggregated end Recommended Failure Rates

Category 1 I Category 2 | Category 3 | Recommendedb

Centrifuge ' | 5.OE-6/h(10)

Failure I I 151

a. Aggregated failure rates are mean and error factor (in parentheses). The error factor is the 95th percentilel50th percentile.

b. For the recommended failure rate, the Category I result was used if evailable. If not, then the Category 2 result was used. If no Category 1 or 2 results were available, the
Category 3 result was used. iExceptions 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

Category 2

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

Category 3

1. Failure modes not indicated.

Recommended

1. Based on comparisons of ilimited) 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 comparisons of (limited) chemical process system data for component groups with the much more extensive water system date (Table eSa, the water system
results were multiplied by 3.

3. 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 were multiplied by 10.

4. Based on comparisons of ilimited) chemical process system data for component groups with the much more extensive water system data ITable 6a), the water system
results were multiplied by 50.

5. Agitator results were used.
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Table 6c. Summery of results tor compressed ges system.

System/Component/Failure Mode Failure Data (Category I Sources)

Category 1 Category 2 | Category 3 | Recommendedb

Compressed Gas 2.2E-3/d(lO). l.OE-3/d(lO)
Volve (Standby or Safety) O.OE-7/h( 10) 121

Manuel
Fails to open/close

Plugs 5.OE-7th(1O)

Leakage (internal) I.OE-5/hIOI
131

Rupture (internal) S.OE-7thl30)
131

Leakage lexternell I .IE-7/hO1t) t.OE-7/h(10)

Rupture (external) S.OE-9/h(30)
l31

Check 1 .1E-B/h(2.7) 1 .OE-4/d(10)
Feils to open 121

Fails to close 2.4E-6/h(2.71 3.OE-3/d(IO)
121

Plugs 5.OE-7/hl10)
131

Leakage (internal) 8.4E-B/h 101) 1.OE-5/hlt0)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1

Rupture linternal) 4.8E-7/h(10) S.OE-7/h(30)

Leakage (externall 8.4E-6/hl 101) 1.OE-7/h10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1

Rupture (external) 3.1E-7/h 10) 5.OE-9tht30)
III 131

Motor-Operated 5.3E-4/dl10) 1 .OE-2fd(101
Falls to open/close . 121
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Table 0c. Summary of results for compressed gas system.

System/Component/Failure Mode Failure Data (Category I Sources\

Category 1 Category 2 | Category 3 | Recommended'

Spurious operation 3.OE-7/h(1 0)

Plugs 5.0E-7/hl 10)
131

Leakage internal) 1.0E-5/hl10)
1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~131

Rupture (internal) S.OE-7/h(30)
I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 3 1

Leakage (external) 1 .5E-7/h(10) l.OE-71h(101
I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ '3 '

Rupture (external) 5.0E-9/hl303
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1

Air-Operated 3.OE-3/d( 1.2 3.OE-3/d(30)
Fails to open/close 121

Spurious operation 1.9E-6/hl8.1) 1.OE-6/hl10)

Plugs 6.5E-7/h(10) 5.OE-7/h(10)
131

Leakage linternall 2.5E-6/hl2.5) 1 .OE-5/hl101
131

Rupture internal) 4.1 E-7/h14.8) 5.OE-7/h(30)

Leakage (external) 1.6E-6/hl5.5) 1.OE-7/hl10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~~13 1

Rupture lexternall 2.OE-81hl10) 5.OE-9/hl30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I ll_ _ _ _ _ _ _ _ _ _ _ _ 13 1

Solenoid-Operated 6.8E-7/h 10) 3.0E-3/dl10)
Fails to open/close 121

Spurious operation 4.2E-7/h0l0) S.OE-7/h(1 0)
____ ___ ____ ___ ____ ___ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 111l
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Table Be. Summnarv of results for compressed ans system.

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

Category 1 Category 2 Category 3 Recommended'

Plugs S.OE-7/h10)

.__ _ _ _ _ _ _ _ _ _ _ _ _ .__ _ _13 1

Leakage (internal) 1.OE-5/h10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~~13 1

Rupture linternald 5.OE-7/hI30)

Leakage (external) e.8E-6/hIO1 1 .OE-7/hlO)

Rupture (external) 2.6E-71h1O) 5.OE-9/hl30)
III ~~~~~~~~~~~~~~131

Safety/Relief 1 .OE-2dllO1)
FeAlls to open 121

Falls to reclosa .OE-2/dllO)

Leakage (internal) 9.3E-7/h(1OI 1.OE-5/h(10)

Rupture (internal) 5.OE-7/hI30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~~131

Leakage (external) 9.3E-7/h(IlO I.OE-7/h(1O)

Rupture (external) 1.2E-7/hl(10 5.OE-9/h(30)

Vacuum-Breaker 3.OE-2/d(101
Fails to open . 121

Fails to raclose 3.OE-2/dl10)
__________________________________ ~~~~~~~~~~~~~~~~~~~~121

Leakage (internal) 1 _.OE-5/hn O

Rupture (internal? 5.OE-7/h(30)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1
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Table 6c. Summary of results for compressed gas system.

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

CategoryVI_ Category 2 Category 3 Recommendedb

Leakage lexternal) 1 .OE-7/h(l101

Rupture (external) S.OE-9/h(30)
__________________________________ ~~~~~~~~~~~~~~~~~~~~131

Valve (Control) 3.0E-6/hl10)
Motor-Operated

Fails open

Fails closed 3.0E-6/h(lO

Fails to respond 3.0E-6/hllO)

111

Leakage (externall 1 .OE-7/hl101

131Rupture (external) 5.OE-91h(30)

Air-Operated 3.OE-61hl6.1) 3.OE-6/hl 0)
Fails open III
Fails closed 3.OE-6/hl6.1) 3jOE-6/hl(0)

Fails to respond 3.0E-6/hl6.1) 3.0E-6/h10)

Plugs 5.OE-71hll01
.131

Leakage (external) 4.9E-6/h(3.7 1 .OE-7/hl10)
131

Rupture (external) 1.4E-7/hl10) 5.OE-91hl301

Solenoid-Operated 1.6E-6/d 3.0E-6/hl101
Fails open 121 111
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Table Sf. Summary of results for compressed gas system.

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

_________________________CategoryICatagory 2 j Category 3 eomedd

Fails closed 121 3.OE-6/h(IOI
111

Fails to respond 121 3.OE-8/h(IOI

Plugs 5.OE-7/hl101
131

Leakage (external) 1 .OE-7/ht10)

Rupture (external) 5.0E-9/h(301
-__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _131

Compressor 7.5E-3/d(7.1) 3.9E-5/d10) 1 .6E-41h1301 5.OE-3/dlS)
Motor-Driven 8.2E-61h13.6)

Fails to start

Fails to run 5.6E-5/h(1.2) 1.3E-5/h3.6). 1.6E-41h(30) 5.OE-5/h(3)
4.1E-3/h(2.0)

Overspeed 2.6E-6/h(5) 1 .OE-5/hl5)
151

Fails to stop 5.OE-3/dI5)
161

Leakage (external) 7.2E-7/hl11O) 3.OE-7/h(10)
______________________ ~~~~~~~~~~~~~131

Rupture (external) l.OE-8/h(301
131

PipingfloselJumper/Tube 3.OE-81h-ft( 101
Piping 131

Leakage (external)

Rupture (external) 1.OE-91h-ftI30)

Plugs 1 .OE-9/h-ft(301
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13 1
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Table Se. Summary of results for compressed gas system.

System/ComnponentJFailure Mode Failure Data (Category 1 Sources)

Category 1 Category 2 Category 3 Recommendedb

Hose 1 .OE-8/h-ft(101
Leakage lexternal) 131

Rupture (external) 1.OE-7/h-ft(10)
131

Plugs 1 .OE-7/h-ft(1O)
131

Jumper 1 .OE-5/h(IO)
Leakage (external) 131

Rupture (external) 1.OE-7Mh(30)

Plugs I .OE-7/hl30)

Tube 3.OE-7/h-ft( 0)
Leakage lexternal) 171

Rupture (external) 1.OE-8/h-ttI30)

Plugs I.OE-Sih-ftl3O)

Vessal 2.3E-7/h(IO) 1 .OE-7/h1OO)
Tank IPressurized) 131

Leakage (external)

Rupture lexternal) 7.5E-8/h( 10) 5.OE-9/h(30)

Cylinder IPressurized) 1 .OE-7/hll0)
Leakage (external) 181

Rupture (external) S.OE-9/h(301

Flevir *i"sket 1.OE-7/h1O0)
Leakage (external) _ 131

Rupture (external) 1.OE-9/hO10)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 3 1
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Table 0c. Summary of results for compressed gas system.

System/Component/Failure Mode Failure Date (Category 1 Sources)

Category 1 Category 2 Category 3 Recommended

Heat Exchanger 1 .OE-5/h(10)
Shell/Tube 141

Fouling (tubes)

Plugs (tubes) 3.0E-6h1IO)

Leakage tubes) 4.4E-5/h0l.8) 1.OE-51h(I0)
141

Rupture (tubesl 8.5E-7/h(IO) 5.OE-71h30)

Leakage Ishell) .OE-fihl110)

Rupture (shell) 5.OE-8/h(30)
141

Heater (Electrical) 1 .OE-5/hl10) 1 .OE-61hl10)
Fails to heat III 111

Overheats 3.OE-7/hNIO)

Leakage (external) 1.OE-6/Mi(O)
. ~~~~~~~~~~~~~~~~131

Rupture (external) 5.0E-8/hI30o
__________________________________ ~~~~~~~~~~~~~~~~~~~~131

Vaporizer 1 .4E-41h(l0) 1 .OE-4/MhIO)
F ailu re__ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

Air Dryer 5.SE-GIhM101 8.9E-6/h(I0) 2.6E-71h 5.OE-6/hiI 0)
Failure III 111

Filter 1 .4E-5/h( .3) 3.4E-Blh(3.4) 3.OE-4h(1I01
Plugs . 121 121 III

Leakage (internal) 121 121 3.OE-S1hI(0)

Rupture (internal) 121 121 5.0E-7/h(10)
.,~ ~ ~ ~ ~ ~~~~~________________ 111_____________
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Table 6c. Summary of results for compressed gas system.

System/ComponentiFailure Mode Failure Date (Category 1 Sources)

Category 1 Category 2 Category 3 Recommended'

Orilice 2AE-6/h1O) 1 .OE-6/h(IO1
Ptugs 1 l1 IIIIII

a. Aggregated failure rates are mean and error factor lin parenthesesl. 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 are indicated in the notes.I Meen values were rounded to 1, 3, or 5 times the appropriate power of 10. Error factors were
rounded to 3. S. 10, or 30.

Notes

Ceteaorv 1

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

Cateaorv 2

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

2. Failure modes not Indicated.

Category 3

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

2. Failure modes not indicated.

Recommended

1 Based on comparIsons of (limitedl compressed gas system data for component groups with the much more extensive water system data ITable 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 multiplied by 3.

3. Based on comparisons of llimited) compressed gas system date for component groups with the much more extensive water system data (Table 68a, the water system
results were multiplied by 10.
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Table Se. Summery of results for compressed gas system.

4. Based on comparisons of (limited) compressed gas system data for component groups with the much more extensive water system data (Table Ba), the water system
results were multiplied by 100.

5. Similar to the water system results (Table Be). overspeed was assumed 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.

S. Tank results used.
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Table Rd. Summery of results for HVAC/exhaust svstem.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category I Category 2 j Category 3 Reconmmended'

HVAC/Exhaust 3.0E-3/dilo)
Damper (Standby or Safety$ 121

Manuel
Fails to open/close

Plugs 5.0E-7/htl0)
121

Leakage (internell 1.OE-5/hI10)
121

Rupture linternal 5.0E-7/h(30)
121

Leakage (external) 1.OE-7/hl10)
121

Rupture (external) 5.0E-9/hl30)
121

Motor-Operated 3.0E-2/dlI0)
Fails to open/close 121

Spurious operation 3.0E-6/h(10)
121

Plugs 5.OE-7/hl 101
121

Leakage linternal) 1.OE-5/h(10)
121

Rupture linternal) 5.OE-71h(1O)
121

Leakage (external) 1.OE-7/h(10)
121

Rupture (externall 5.0E-9/hl301
121

Air-Operated 9.9E-3/dW6.1) 1.2E-6/h 1 .OE-2/dl301
Fails to open/close III 121
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Table 6d. Summary of results for HVAC/exhaust system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommend

Spurious opertion 8.2E-6/h(4.21 .0E-5hl1O)

_______________________ 
~~~~~~~~~~~~~~121RuPlugs 5.OE-7/h(10)

121Leakage (internall 1 OE-5/hl1O1

Rupture______________ ________________ 
1 210E7 0

Rupture (external) 
5.0E-91ht301

__________________________________ 
~ ~~~~~~~~~~~~~~~~~~~121

Damper (Control) 3.0E-6/h(101
Motor-Operated 11l

Fails open _

Fails closed 3.OE-6/hl10)

Fails to respond 3.OE-6/h(1O)

Plugs 5.OE-71h(101

121

Leakage lexternall 1.OE-7/h(10)

Rupture (external) 50OE-9/hI30)

Air-Operated B.OE-6/hl( 10) 3.OE-6/h10O)

Fails open 121 III

Fails closed 121 3.OE-6/h(10)

Fails to respond 9.0E-7/hl101 3.OE-6/h 10)
_ _ _ _ _ _ _ _ _ _ _ 111__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ l
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Table Od. Summery of results for HVAC/exhaust system.

Svstem/ComponentIFeilure Mode Aggregated and Recommended Failure Rates

Category I Category 2 | Category 3 | Recommended'

Plugs 5.OE-7/hMIO)
. ~~~~~~~~~~~~~~~~121

Leakage lexternal) 4.1 E-7/h(1 0 1.OE-7/(10)

Rupture lexternal) 2.5E.-7/h10) 5.OE-9/hl301

FanBhower 4.4E-3/d(5.41 3.3E-6/h(2.9) 2.1 E-4/d(9.01) 5.OE-3Md51
Motor-Driven 5.OE-61hMI 2)

Falls to start

Feils to run 2.9E-5/hl2.4) S.OE-6/h(2.81 S.OE-6/hO 21 3.OE-5/h(31

Overspeed S.SE-7/hf 1.9) 5.OE-S/hl101
141

Foils to stop 3.SE-SIMhIO) S.OE-31d11 0)
151

Leakage (external) S.SE-8Ihl I0) 3.OE-71hl10l
111 ~~~~~~~~~~~~~~~121

Rupture fexternal) -. OE-M/b(30)

Diesel-Driven 1 .OE-2/dl(01
Fails to start III

Fails to run 5.OE-3/h(IO)

Overspeed 1 .OE-3/h(1)0

Falls to stop 1.OE-21dl1O)

Leakage lexternal) 3.OE-7/h(Il)
121

Rupture (external) 1.OE-8/h(10)
.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _12 1
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Table 6d. Summary of results for HVAC/exhaust system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

Category Category 2 Category 3 Reconmmended'

Ducting 3.OE-7/h-ft(101
Leakage (external) 131

Rupture (external) 1.OE-81hWft301
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~13 1

Plugs I .OE-8/h-ftl30)
_______________________ ~~~~~~~~~~~~~~131

Heat Exchanger 1.4E-2/d(101 1 .OE-S/h(9.71 1.OE-21d0l0)
Air Conditioning Unit/ 111
Chiller

Fals to start

Fails to run 2.4E-5/h1OJ 111 3.0E-61h(10)

Fen Cooler Unit 8.4E-3/d(7.21 1.OE-2/d(5)
Fails to start

Fails to run 8.SE-6/h(2.91 3.6E-6/h(IOl 1.OE-5/h(31

Heater fElectricall 8.4E-7/h(2.61 1.0E-6/h13)
Fails to heat

Overheats 1 .6E-71hl10) 3.OE-7/hl 10)
-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 16 1

Heater WGas) 8.2E-4/h(101 1.OE-31hl10)
Fmli h to heat

Overheats 1 .7E-5/h101) 3.OE-4/h 10)
161

Filter 1 .4E-6/h(l5 3.0E-6/h(10)
Normal 11

P lu g s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Leakage (internal) 1 .SE-6/h(5) 3.0E-61h(101

Rupture (internal) 7.OE-7/h(51 5.0E-7/hl10)

Low-Efficiency 3.OE-6/hl 10)
Plugs 171

222



USRC-TR-93-262

Table 6d. Summary of results for HVAC/exhaust system.

System/Component/Failure Mode Aggregated end Recommended Failure Rates

Category I Category 2 Category 3 Recomrnended'

Leakage intarnal 3.OE-SjhlI0)

Rupture (internal) 5.OE-7/hI10)
171

HEPA 3.OE-6/h(IOI
Plugs 171

Leakage (internal) 3.0E-5/hi1O)
171

Rupture (internal) S.OE-7/hl(1O)
171

Send 3.OE-6/h(10)
Plugs 171

Leakage finternall 3.OE-6/hl10)
171

Rupture (internal) 5.OE-7/h(l01

Beghouse 8.6E-4/h 3.OE-5/h 10)
Plugs 181

Leakage (internal) 3.OE-5/h(IO)

Rupture linternal) 5.OE-6/h(1O)

Miscellaneous 1.1E-4/h 1.OE-4/h(l0)
Mist Eliminator

Failure .

Scrubber 3.2E-7/h 10) 2.OE-4/h I.OE-6/hjlO)
Failure 191

Precipitator 4.6E-5/h 5.OE-5/hSl)O
Failure

223



WSRC-1R-93-262

Table Gd. Summary of results for HVAC/exhaust system.

a. Aggregated failure rates are mean and error factor fin 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. lExceptions 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

Cateaory 2

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

Cateaorv 3

1. Failure modes not indicated.

Recommended

1 Water system results used as appropriate.

2. Based on comparisons of (limited) HVAC/exhaust system data for component groups with the much more extensive water system data for comparable component
groups /Table 6a9) the water system results were multiplied by 10.

3. Water system piping results were multiplied by 100.

4. Similar to the water system results ITable 6a), overspeed was assumed to be one-filth of fails to run.

5. Similar to the water system results ITable 6a), fails to stop was assumed to be comparable to fails to start.

6. Similar to the water system results (Table 6al, overheats was assumed to be one-filth as likely as fails to heat.

7. Normal filter results were used.

8. Based on the Category 3 information, the normal filter results were multiplied by 10.

9. Based on the Category 3 information, the Category 2 result (limited data) was increased.
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Table 6e. Summery of results for electrical distribution system.

Systom/Component/Failure Mode Aggregated and Recommended Failure Rates

Category I [ Category 2 Category 3 Recommended'

Electric Power 1.3E-2/d(2.21 3.9E-3/d(3.01. 3.1 E-2/d1l 1) 1.OE-2/d(3)
Generator 4.1 E-5/hl3)

Diesel-Driven
Fails to start

Fails to run 4.1E-31hl3.31 9.7E-3/dl3.t1. 4.2E-31h124) 5.OE-3/h(3)
1 .9E-4/hl 1.21

Motor-Driven (no to dcl 1.4E-51hIO) 1 .SE-7/hl4.51 1.OE-5/h(1O)
Fails to start

Falls to run 2.1E-5/hM1O 7.BE-6/hlO) 3.3E-71h(4.3) 3.OE-5/h(10)

Gas-Turbine-Driven 3.8E-2/dll 0) 1.1 E-2/dl3.0), 9.5E-5/1h25) 3.OE-21dl10)
Fells to start 9.9E-.6/h(.4_

Fails to run 2.6E-4/h 10) 2.4E-5/h(l.7) 3.4E-41h(25) 3.OE-41h110)

Hydro-Turbine-Driven 3.1 E-3/dl(03 3.OE-3/dl 10)
Falls to start

Fails to run 3.OE-41h(IO)

flattery B.OE-3/d(1.21. 6.9E-71hl10) 4.7E-6/h(7.01 I.OE-5Shl31
Failure 8.4E-6Ihl3.7)

Charger 1 .8E-51hl .7) 4.6E-6/hl2.5) 4.2E-6hl3.8) 1 .OE-5/h13)
Rectifier

Failure

Bus 1.1E-7/hl 10) 1 .3E-7/h(5 1 .OE-7/h(5)
Metal-Enclosed

Failure
Bare 8.7E-7/hIl2) 1.OE4/h(O)

Failure :

CablelJointl 4.5E-6/h(7.4), 3.0E-i/hl3)
Terminetion/Jumper 3.8E-6/h(3)

Cable ICopper, lOOlftl
Failure
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Table 6e. Summary of results for electrical distribution system.

SVstemlComponentJFailure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 | Recommendedb

Joint (Copper) 3.2E-6/hl301 3.OE-61hl30)
Failure

Termination lCopperl 2.6E-7/hl 1 81 3.OE-7/hl1O)
Failure

Jumper IPower) 5.OE-6/hl101
Failure 121

Circuit Breaker 5.6E-4/d(4.5) 4.OE-4/d( 1.41. 1 .3E-3/dl 13) 5.OE-41d(S)
General 4.SE-7/hl4.81

Fails to openiclose

Spurious operation 3.8E-7/h(10l 1.9E-7/hl4.81 2.SE-6/hl201 3.OE-7/hl101

Reactor Trip S.OE-3/dlSI
Fails to open 131

Spurious operation 3.OE-6/hl(01
131

Relay 1.2E-3/dl101 4.2E-8/hI101 7. E-5/d 161. 1.OE-3/dl101
Protective 1 .9E-6/hl 1.11

Fails to openiclose

Spurious operation 1 .7E-7/hl 101 1 .SE-7/hl 131 1 .OE-71hl 101

Control 7.2E-6/d(1.4) 1 .OE-4/dllOI
Fails to open/close 141

Spurious operation 3.4E-7WhI30) 3.OE-7/hl30)

Bistable 1 .OE-5/dllOI
Fails to open/close 131

Spurious operation 3.OE-7/h(10)
. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~131

Swnv 1 .9E-6/hl 1 0 1 .3E-3/dl3). 1 .OE-6/h(I O)
Push Button IManuall 1.8E-6/h(1 5)

Fails to openiclose

Spurious operation 1 .8E-6/hl 101. 2.6E-7/hl 2) 1 .OE-6/h101
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Table 6e. Summary of results for eleetrfial distribution svstem.

System/Component/Feilure Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommended6

Rotary IManual) 6.OE-8/h(1O1 3.1 E-7/hI2) 5.OE-8/hlO )0
Fails to open/close

Spurious operation 5.OE-7/M1IO 1 .9E-7/hf21 5.OE-7/h(1O)

Key-Operated (Menual) 3.9E-7/hl101 2.3 E-6/h 3.OE-7/ht 10)
Fails to open/close 1l1

Spurious operation 1.BE-6/hlO) 1 1 .OE-6/11 101

Automatic-Transfer 2.OE-2/dfl 0) 1 .OE-6/hl10)
Fails to open/close 151

Spurious operation 1.OE-6/hI 1I0
Limit 4.OE-S/di 10. 3.8E-4/dl31. 1 .OE-6/h1110)

Fails to open/close 9.2E-7/h(10) 6.0E-6/hI1.6_

Spurious operation 1.7E-6/h(5.11 1.OE-6/hlSI

Fuse 1 .2E-7/hl 101 1 .3E-Sd(3). 1 .OE-7/h(10)
Fail to open 3.5E-6/h11O

Premature opening 1 .6E-8/h10) 1.1 E-6/hl6.11 1 .OE-8/h(10)

Inverter 7.9E-3/dllO). 1.8E-5/h(6.9) 2.6E-5/hl 12) 1 .OE-5/h(3)
Failure 1 .2E-5/hf1.9)

Motor I .5E-5/hl3.41 3.BE-4/d(3), 3.OE-4/dl31
AC 1.8E-5/h(171 fat

Fails to start

Fails to run 6.OE-6/h(3.31 2.4E-6/hO1.7) S.OE-6/h(3)

DC 2.1 E-5/h(3.01 3.8E-4/dl31. 3.OE-4/d131
Fells to start 1.8E-S/hl8.4) 161

Fails to run 8.5E-6/hW2.8) 2.4E-5/hlB.4) 1.OE-5/h(3)

Synchro 1 .4E-5/h(10) 1 .OE-Sjhf10)
Failure _

Transformer 8.2E-7/h(10) 3.5E-7/hl 10) 1 .4E-6/h(5.61 1 .OE-v/hul 101
Power

Failure
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Table Se. Summary of results for electrical distribution system.

SVstem/ComponentlFsilurf Mode Aggregated and Recommended Failure Rates

Category 1 Category 2 Category 3 Recommendedb

Instrumentaton/Control 8.9E-7/hOlO) 3.BE-7/hl2.8) 1.OE-6/h( 10)

a. Aggregated failure rates are mean and error factor (in parentheses). The error factor Is the 95th percentile/J0th percentile.

b. For the recommended failure rate, the Category 1 result was used if available. If not, then the Category 2 result was used. It 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

Cetenorv 3

1. Failure modes not Indicated.

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 Relerence 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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Table 6f. Summery of results for instrumentation and control system.

System/Component/Failure Mode Aggregated and Recommended Failure Rates

} a Category I Category 2 Category 3 Recommendedb

Instrumentation and Control 3.6E-5/hf10) 1.SE-6/h(15) 3.OE-5/hl10)
AlarmtAnnuncietor

Foils to alarm

Spurious operation 4.7E-6lhl10) 8.7E-7/hl15) 5.0E-6/h(10)

Sensor/Transmitter/ 2.BE-4/dl3 .51. 8.6E-7/hl7.9) 8.1 E-6/h(14) 1 .OE-61h(3)
Trensducer/Process Switch 1.1E-f6/h(3.31

Temperature
Failure

Pressure 2.BE-4/d(3.5), 8.3E-7/h3. 11 6.8E-6/hI17) 1.OE-6/h13)
Failure 1.1 E-6Nh13.3) I

Differential Pressure 2.7E-6/hlo0) 1.2E-4/h 16) 3.OE-/h(l10)
Failure

Flow 2.9E-6/hl2.0) 3.2E-5/hI151 3.0E-6/h13)
Failure

Level 5.3E-71hI3.7) 8.4E-6/h(7.7) 5.OE-7/h(3)
Failure

Humidity 1 .2E-S/hl10) 4.2E-61h(3.9) 1 .OE-S/hl10)
Failure

pH 5.8E-7/hlS.0) 5.0E-7/h(5)
Failure

Oxygen Concentration 9.5E-6/hl 10) 1 .OE-S/h(10)
Failure _

CO, Concentration 9.9E-S/hII0) 1.0E-4/hl101
Failure

Hydrogen Concentration 1 .OE-51h(3)
Failure . It II

Nitrogen Concentration 1.OE-5/h(31
Failure II

Hydrocarbon Concentration 7.9E-61h12.2) 1 .OE-5/hf3l
Failure
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Table 6f. Summary of tesults for instrumentation and control system.

System/ComponentlFailure Mode Aggregated and Recommended Failure Rates

___________________ _Cate_ g egory I Category 2 Category 3 | Recommended'

Helium Concentration 1 .OE-51h(31
Failure _II

Speed 1 .7E-6/h18. 1) 1 .OE-6/h(IOl
Failure

Seismic 1 .6E-6h4) 1 .OE-6/hi51
Failure

Radiation 6.3E-6/hl4.71 5.OE-6/h(5)
Failure

Indicator 1.5E.5/h1IO 1 l.E-4/h(221 1 .OE-51hl1O)
Failure

Amplifier S.OE-6/hlI01
Failure 121

Modifier/Signal Conditioner 3.3E-7/hl2.11 3.OE-7/hl31
Failure

Logic Module 3.7E-6/hl7.7I 3.OE-6/h(l5
Failure

Recorder 3.8E.5/h(221 3.OE-5/hl301
Failure

Sempler 1 .2E-5/h(1lOP .OE-5/h1O0)
Failure

Analyzer 6.OE-6/h(IlO 1.3E-3/h(26B 5.OE-6/h(IO)
Failure

Timer 5.OE-6/h1 10)
Failure 131

Gas Chromatograph 7.3E-Sh0O1) 5.OE-5/h(IOI
Failure

Voltage Regulator 3.2E-6/hl1O) 3.OE-61h1O)
Failure

Transmitter 2.2E-61h .4) 1 .OE-5/h(30) 3.OE-6/hlIlO
Failure
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Table Of. Summary of results for instrumentation and control system.

System/Component/Feilure Mode Aggregated and Recommended Failure Rateso

Category I Category 2 Category 3 Recomrended

Transducer 9.2E-7/h(10) 6.3E-5/hf15t 1 .OE-6/h(10)
Failure

Programmable Logic Controller 3.2E-5/h(10) 3.0E-5Ih110)
Failure

a. Aggregated failure rates are mean and error factor (in parentheses). The error factor is the 95th percentile/5Oth percentile.

b. For the recommended failure rate, the Category 1 result was used It available. If not, 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

Recommended

1. 0, result used.

2. Result obtained from Reference 35, Table 4.

3. Representative estimate, based on the other results in the table.

231



WSRC-TR-93-262

232



USRC-TR-93-262

Table 7. Naming scheme component codes.

Code

AU
ADR
AGI
ALR
AMP
ANA
AMD
AOV
ATS
SAG
EAT
BUB
BUH
CAD
CAV
CBL
CBR
CKV
CHD
CMY
COC

CSV
CTF
OCT
DOF
DDG
DPS

DST

EXV
FCU
FLG
FLL
FLS
FLT
FST

FUS
GCR
GTG
HCC

HOG
NEC

HOS
NPA
HST

HTE
HTG
HTX
NYC

IUD
INV
JUT
JPR
IHS
LOG
LST

Component

Air conditioning unit/chiller
Air dryer
Agitator
Atearmannunciator
Amplifier
Analyzer
Air-operated damper
Air-operated valve
Automatic transfer switch
8aghouse filter
Battery
Bus, bare
Bus, metal-enclosed
Control damper, air-operated
Control valve, air-operated
Cable
Circuit breaker
Check valve
Control damper, motor-operated
Control valve, motor-operated
Co, concentration sensor/transmitter/

transducer/switch
Control valve, solenoid-operated
Centrifuge
Duct
Diesel-driven fan
Diesel -driven generator
Differential pressure sensor/transmitter/

transducer/switch
Density sensor/transmitter/

transducer/switch
Explosive valve
Fan cooler unit
Flange
Filter, low-efficiency
Filter, sand
Filter
Flow sensor/transmitter/

transducer/switch
Fuse
Gas chromatograph
Gas-turbine-driven generator
Hydrocarbon concentration sensor/

transmitter/transducer/switch
Hydro-turbine-driven generator
Helium concentration sensor/transmitter/

transducer/switch
Hose
HEPA filter
pH sensor/transmitter

transducer/switch
Heater, electrical
Neater, gas
Heat exchanger
Nydrogen concentration sensor/transmitter/

transducer/switch
Indicator
Inverter
Joint
Jumper
Limit switch
Logic module
Level sensor/transmitter/

transducer/switch

Code

MDC
MOF
HOG
MOP
MiX
MOD
NOV
MRA
MRD
MTE
NIC

ORF
OXC

PCP
PIP
PLC
PST

RCT
REC
RLC
RLP
RST

SAM
SBR
SCR
SET

SOV
SRV
SST

SYN
TFI
TFP
TKP
TKU
THU
TMR
TRO
TRM
TRS
TST

TUB
UST

VAP
VBY
VRG
XDM
XSK
XSP
XSR
XVM

Component

Motor-driven compressor
Motor-driven fan
Motor-driven generator
Motor-driven pump
Mixer/blender
Motor-operated damper
Motor-operated valve
Motor, ac
Motor, de
Mist eliminator
Nitrogen concentration sensor/transmitter/
transducer/switch

Orifice
Oxygen concentration sensor/transmitter/

transducer/switch
Precipitator
Pipe
Programmable logic controller
Pressure sensor/transmitter/

transducer/switch
Rectifier
Recorder
Relay, control
Relay, protective
Radiation sensor/transmitter/

transducer/switch
Sampler
Scrubber
Modifier/signal conditioner
Seismic sensor/transmitter/

transducer/switch
Solenoid-operated valve
Safety relief valve
Speed sensor/transmitter/

transducer/switch
Synchro
Transformer, instrumentation and control
Transformer, power
Tank, pressurized
Tank, unpressurized
Termination
Timer
Transducer
Transmitter
Traveling screen
Temperature sensor/transmitter/
transducer/switch

Tube
Humidity sensor/transmitter/

transducer/switch
Vaporizer
Vacuum breaker valve
Voltage regulator
Manual damper
Manual switch, key-operated
Manual switch, push-button
Manual switch, rotary
Manual valve
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Table 8. Naming scheme failure mode codes.

Code Failure Mode

CC Fails to open (closed, fails closed)
CO 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 lonly 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
00 Fails to close (open, fails open)
OS Overspeed
PG Plug
RE Rupture (external)
RI Rupture (internal)
SO Spurious operation
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Table 9. Naming scheme system codes.

Code Tvwe of System

C Chemical process
E Electrical distribution
G Compressed gas
H HVAC/exhaust
I Instrumentation and control
W Water
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