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IEEE Standards documents are developed within the Technical Com-
mittees of the IEEE Societies and the Standards Coordinating Commit-
tees of the IEEE Standards Board. Members of the committees serve
voluntarily and without compensation. They are not necessarily mem-
bers of the Institute. The standards developed within IEEE represent
a consensus of the broad expertise on the subject within the Institute
as well as those activities outside of IEEE which have expressed an in-
terest in participating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an
IEEE Standard does not imply that there are no other ways to pro-
duce, test, measure, purchase, market, or provide other goods and ser-
vices related to the scope of the IEEE Standard. Furthermore, the view-
point expressed at the time a standard is approved and issued is subject
to change brought about through developments in the state of the art
and comments received from users of the standard. Every IEEE Stan-
dard is subjected to review at least once every five years for revision
or reaffirmation. When a document is more than five years old, and has
not been reaffirmed, it is reasonable to conclude that its contents,
although still of some value, do not wholly reflect the present state of
the art. Users are cautioned to check to determine that they have the
latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any
interested party, regardless of membership affiliation with IEEE. Sug-
gestions for changes in documents should be in the form of a proposed
change of text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the mean-
ing of portions of standards as they relate to specific applications. When
the need for interpretations is brought to the attention of IEEE, the
Institute will initiate action to prepare appropriate responses. Since
IEEE Standards represent a consensus of all concermed interests, it is
important to ensure that any interpretation has also received the con-
currence of a balance of interests. For this reason IEEE and the mem-
bers of its technical committees are not able to provide an instant re-
sponse to interpretation requests except in those cases where the matter
has previously received formal consideration.

Comments on standards and requests for interpretations should be ad-
dressed to:

Secretary, IEEE Standards Board
345 East 47th Street

New York, NY 10017

USA

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:36:46 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 500-1984


http://www.avadocuments.com/doc/ieee-500-1984
http://www.avadocuments.com/doc/ieee-500-1984

Foreword

The material in this volume has been excerpted from ANSI/IEEE Std 500-1984 because of specific interest in
reliability data for pumps and drivers, valve actuators, and valves.

Comments are invited to this guide, as are suggestions for additional material. These should be
addressed to:

Secretary

IEEE Standards Board

The Institute of Electrical and Electronics Engineers, Inc.

345 East 47th Street

New York, NY 10017
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The Chairman of ANSI-FIRR at the time this guide was approved was S. W. W, Shor.

Shortly after the publication of ANSI/IEEE Std 500-1977, a series of in-plant visits were arranged.
Team leaders and volunteers were solicited from the industry to physically collect data from mainte-
nance records in-situ. The data are being analyzed on a continuing basis.

The first results of the in-plant reliability data system (IPRDS) effort are given in Appendix D in
their respective chapters as reference [17]. The team members and participants were: L. E. Booth,
S. Balestreri, R. J. Borkowski, E. P. Collins, F. Deininger, J. P. Drago, A. J. Finocchi, J. R. Fragola,
J. B. Fussell, L. O. Hecht, and G. W. Jackson. Also. I. M. Jacobs, B. W. Logan, T. Luisi, F. M. Manning,
C. L. Mason, A. S. McClymont, P. K. Niyogi, D. H. Pike, S. W. W. Shor, S. B. Tulloch, Jr, R. K.
Turnock, and K. E. Weise.

This guide was prepared by a Working Group of Subcommittee 5, Reliability, of the Nuclear Power
Engineering Committee of the IEEE Power Engineering Society.

At the time this guide was approved the members of the working group of SC5-3 were as follows:

L. E. Booth, Chairman
A. J. Finocchi, Project Consultant * H. Rahmani, Technical Assistant

At the time this guide was approved the members of the subcommittee were as follows:

W. C. Gangloff, Chairman

Paul F. Albrecht Paul Haas J. W. Pegram

Andrew Barchas William Hannaman J. R. Penland

L. E. Booth Bruce W. Logan Jim Pittman

F. Chamow Wm. J. Luckas Jr Harry S. Reizenstein
Kay Comer Reginald Miles Faust Rosa

W. K. Crowley Sati P. Mitra Benjamin M. Tashjian
David Finnicum Pradyot K. Niyogi Mark I. Temme

J. R. Fragola Robert L. Olson Ed Wittry

J. F. Fussell Elmer S. Patterson J. J. Wroblewski

The data contained in this guide were collected from the data sheets and contributed by many
experts and consultants. Below is a partial list of these contributors.

H. Anderson M. C. Bryson C. R. Heising
D. Bellinger dJ. R. Fragola H. T. Martz

*Deceased
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At the time this guide was approved the members of the Nuclear Power Engineering Committee

were as follows:

B. M. Rice, Vice Chairman

R. E. Allen, Chairman

G. R. Leidich, Secretary

d. T. Bauer, Vice Chairman and Standards Coordinator

. F. Bates
. M. Bates Jr

Boettger
Brosnan

.T.

. F.

. Bi

. G. Cain

. W. Chandler

. M. Chiappetta
. P. Daigle

. F. Dowling
. J. Ferencsik
. P. Fogarty

. M. Gallagher
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W. C. Gangloff
J. B. Gardner
L. Hanes

1. M. Jacobs
R. F. Karhcek

J McGrath
. E. O'Neal
. W. Pack

. Pai

. Petrizzo
. S. Patterson

. S. Rautio

. V. Redgate
. R. Roby

. F. Sailer

. G. Schwartz

At the time the IEEE Standards Board approved this standard on June 23, 1983 it had the follow-

ing members:

James H. Beall, Chairman

J. J. Archambault
John T. Boettger
J. V. Bonucchi
Rene Castenschiold
Edward J. Cohen
Len S. Corey

Donald C. Fleckenstein

Jay Forster

*Member emeritus

Edward Chelotti, Vice Chairman

Sava I. Sherr, Secretary

Donald H. Heirman
Irvin N. Howell
Joseph L. Koepfinger*
Irving Kolodny
George Konomos
John E. May

Donald T. Michael*

John P. Riganati
Frank L. Rose
Robert W. Seelbach
Jay A. Stewart
Clifford O. Swanson
Robert E. Weiler

W. B. Wilkens
Charles J. Wylie
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Notice

Information disseminated in this document is intended to permit data utilization in the interests of
evaluating and improving safety and reliability in generating station design and operations. Dissemi-
nation of said information does not imply verification or endorsement of the information. Neither the
disseminator nor the originators of data included in Appendix D assume any liability to parties
adopting any product, process, or practice based upon the usage of the information.

The correctness of data listed in the Appendixes of this document is ensured only to the limits that
the producers of each individual chapter, and their sources, can ensure correctness.

A listing, description, or definition of any item in this document is not to be regarded by implica-
tion or otherwise as, in any manner, licensing any person or corporation, or conveying any rights or
permission to manufacture, use, or sell any device or item that may in any way be related thereto.

This document may not be employed in any manner which may cause embarrassment to the pro-
ducers or disseminators of the document, or to manufacturers or users of product categories listed
herein, or which might be construed as endorsement or censure of any item listed herein, and should
only be used within the scope of the intent stated above.
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Failure Rates for Pumps and
Drivers, Valve Actuators, and Valves

1. Introduction

Two of the most common components of
any plant dealing with the transfer of gases, lig-
uids and semiliquids (cement, flour, powdered
coal, etc.) are pumps and valves used in nu-
clear, chemical, food processing, plastics, oil
exploration and refining, temperature control,
and concrete structure industries. Human
safety, structural integrity, and energy control
depend upon the reliability and maintainability
of these critical items.

The data are derived from ANSI/IEEE Std
500-1984 and are displayed in generic form.
They were gathered from a variety of sources
and combined statistically to reduce the biases
that might be introduced by overlapping
sources and those with differing bases. The
table of contents for each chapter has been re-
placed by hierarchical trees to show the man-
ner in which the overall failure rates were
generated from the original data. In general the
failure rates for each subdivision were com-
bined from the lowest bottom level to the top-
most level through a succession of composites,
to the final composite for the category.

1.1 Scope. This guide applies to reliability data
of pumps and driver, valve actuators, and
valves.

1.2 Purpose. This guide is intended to establish
methods of collecting and presenting reliability
data for use in reliability calculations as out-
lined in IEEE Std 352-1975.

The data contained in Appendix D are in-
tended for the use of system reliability en-
gineers or design engineers and are derived
from the tables presented in ANSI/IEEE Std
500-1984. The data are normally used by design
engineers in models developed by the analysts.
The objectives of such models and calculations
are as follows.

(1) Determination of system adequacy (fail-
ure or success probability is only one measure
of system adequacy; the designer should bal-
ance reliability with other system considera-
tions).

(2) Evaluation of system design alternatives.

(3) Evaluation of, or contribution to, the de-
velopment of system test intervals, mainte-

13

nance programs or operating procedures, or
both.

(4) To contribute to probabilistic risk assess-
ment studies.

1.3 Definitions

item or equipment hazard rate. The instantane-
ous failure rate of an item or equipment or its
conditional probability of failure versus time.

environmental application factor. A multiplica-
tive constant used to modify a failure rate to
incorporate the effects of other normal and ab-
normal environments.

NOTE: When available, these factors are includ-
ed in Appendix D in the appropriate chapter
prefaces.

failure. The termination of the ability of an
item or equipment to perform its required func-
tion.

NOTE: Failures may be unannounced and not
detected until the next test or demand (unan-
nounced failure), or they may be announced
and detected by any number of methods at the
instant of occurrence (announced failure).

failure mechanism. The physical, chemical, or
other process which results in failure.

NOTE: The circumstance that induces or acti-
vates the process is termed the root cause of
the failure.

failure mode. The effect by which a failure is
observed to occur,

failure mode types. (1) Catastrophic. A failure
which is both sudden and complete.

NOTE: This failure causes cessation of one or
more fundamental functions. This refers to
system related failure modes. See Appendix A.

(2) Degraded. A failure which is gradual, par-

tial, or both.
NOTE: Such a failure does not cease all func-
tion but compromises a function. The function
may be compromised by any combination of
reduced, increased, Or erratic outputs. In time,
such a failure may develop into catastrophic
failure.

(3) Incipient. An imperfection in the state or
condition of an item or equipment so that a
degraded or catastrophic failure can be expec-
ted to result if corrective action is not taken.
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outage times. (1) Out of Service. The average
time required to get the failure, analyze it, obtain
spare parts, repair and return the item or equip-
ment to service, including planned delays.

(2) Restoration. The average time required to
get to the failure, analyze it, obtain spare parts,
repair, and return the item or equipment to
service, excluding planned delays.

(3) Repair. The average time required to ana-
lyze the failure, repair, and return the item or
equipment to service. This excludes planned
delays and waiting for spares or tools.

failure rate. The expected number of failures
of a given type, per item, in a given time inter-
val (for example, valve failures per million
valve hours).

NOTE: For cyclic items or equipment insert “in
a given number of operating cycles.”

operating conditions. The loading or demand
cyclic operation, or both, of an item between
zero and 100% of its related capability(ies).

operating time. The period of time that an active
item or equipment is functioning effectively.

component. The largest entity of hardware for
which data are most generally collected and
expected to be available (for example, pump
with motor, valve with operator, amplifier, pres-
sure transmitter). It is generally an off-the-shelf
item procured by the system designer as a
basic building block for his system. It should
be distinguished from seals, materials, nuts,
bolts, and other piece parts from which the
component is made.

system. A collection of components arranged
to provide a desired function (for example,
containment spray system, residual heat re-
moval system, high pressure coolant injection
system).

fault. Any undesired state of a component or
system. A fault does not necessarily require
failure (for example, a pump may not start
when required because its feeder breaker was
inadvertently left open—a “command fault”).

failure. A subset of a fault and represents an
irreversible state of a component such that it
must be repaired in order for it to provide its
design function. A component failure is gener-
ally defined in terms of the system in which it
resides. For example, any leak might be consid-
ered a failure in a system where fission prod-
ucts are to be contained, and yet leaks may be

RELIABILITY DATA FOR PUMPS AND DRIVERS,

considered as normal or even required states of
other systems (for example, pump packing
gland leakage). Failures are sometimes classi-
fied as either primary or secondary.

(1) A primary failure is the so-called “ran-
dom failure” found in the literature. It results
from no external cause.

(2) A secondary failure results when the
component is subject to conditions which ex-
ceed its design envelope (for example, exces-
sive voltage, pressure, shock, vibration, temper-
ature).

common cause failure. Two or more redun-
dant component failures due to a single cause.
The common cause events that cause multiple
failures are usually secondary events or events
which exceed the design envelope of the com-
ponent.

demand failure rate. The probability (per de-
mand) of failure that a component will fail to
operate upon demand when required to start,
change state, or function.

operating failure rate. The probability (per
hour) of failure for those operating compo-
nents required to operate or function for a pe-
riod of time.

standby failure rate. The probability (per
hour) of failure for those components which
are normally dormant or in a standby state un-
til tested or required to operate to perform
their function.

1.4 General. The areas considered in the prep-
aration of the tables of this guide are listed be-
low:

1.4.1 Common Time or Cycle Base. To en-
sure uniform interpretation, the failure data of all
items and equipment have been reduced to a
common time or cycle base. Because failures are
relatively few, they are estimated for each item
or equipment in failures per million hours of op-
eration or in failures per million operating cycles.
In each case, upper and lower subjective bonds
(expressed as a range) have been established for
estimated data, and a 90% confidence interval has
been established for statistical data.

1.4.2 Source and Scope of the Failure
Data. The sources from which the data were
compiled are listed in Appendix C. Failure and
outage data obtained from published sources
are acknowledged and referenced.

1.4.3 Plant Environment. Consideration of
actual plant environments in various plant areas

14
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VALVE ACTUATORS, AND VALVES

and various operating conditions is routinely re-
quired in the course of an analysis. In these in-
stances, the appropriate environmental factors,
when available, should be applied to the listed
failure rates. Specific consideration should be
given to an item or equipment which is required
to be operable during and after an accident.

1.4.4 Constant Hazard Rate. In all cases, the
individual item or equipment hazard rate is
assumed constant. Any significant deviations
from a constant hazard rate are noted.

1.5 Failure Mode. This guide concentrates on
failure modes of items of equipment as de-
scribed in Appendix A. These failure modes are
recorded next to each item or equipment de-
scription n the data sheets of the tables.

1.6 Limitations of Data. The user should be
aware of certan limitations of the data con-
tained in the tables of this guide. Foremost is
that the failure rate reported here is not always

ANSI/IEEE
Std 500-1984
P&V

2. Data Processing

2.1 Data Processing for Pumps, Valve Actua-
tors and Valves. In most cases, the minimum
and maximum values given in the tables repre-
sent the geometric means of individual values
obtained from various sources. As such they
should be interpreted as ranges and not as spe-
cific confidence bounds. However, in some spe-
cific cases (discussed in 2.3), low and high
values are the 90% confidence interval around
the best estimate.

In the analysis and pooling of the failure-rate
estimates, care should be taken to ensure that
the analytical techniques are no more sophisti-
cated than the pool of estimates to which they
are applied.

Therefore it was decided that the simple pro-
cedure of unweighted geometric averaging was
preferred for the first edition. This was based
on the subjective observation that the distribu-
tion of estimates was better represented by
failure-rate exponent averages than by mantissa

developed from an actual count of failures in averages.

one or more plants. It has sometimes been de- Given

veloped from a wide range of applications Amin.i = individual estimate of minimum fail-

which include fossil-fueled power generating ure rate

stations and industrial process plants but xmax.i = individual estimate of maximum fail-

which are applicable as data sources for re- ure rate

liability analysis. Xp, i = individual best estimate of failure
The data for Ref. 1 resulted partially from the rate

analysis of estimates made by over 200 experts.
These estimates were collected by an extensive
multistep Delphi survey. Therefore, in some
cases, the data developed represent either re-
corded data or the best collective judgment of
a group of specialists.

No claim is made the IEEE standard docu-
ment for pumps and drivers, valve actuators,
and valves represents a random sample of
plants. Therefore, both the recommended
(REC) values (the geometric means or “best es-
timates™) and the interval reported may be ex-
pected to differ from those experienced in-
service for some of the failure data reported.

The published failure data values given in the
guide are for items used under the conditions
discussed in individual references and sources.
They are intended to apply only to such use.
The user should take appropriate precautions
while applying these data under different con-
ditions.

The reliability of an item tends to increase as
the applied stresses (such as electrical, mechani-
cal, and environmental) decrease, and vice versa,
The user is cautioned to consider the effect of
operating conditions in the plant prior to the
use of the data contained herein.
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n = the number of individual estimates
The geometric averages are obtained using the
following equations:

n

A . 1 a

Amin = anti-log;o ,:; Z 10g1 0 A min, i
i=1

or

a 1 3
A max = anti-log; o [;

n 1/n
or I Xmax. i
i=1

% = antilogyo |+

or I
[.e 1
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where
mins> Amax, and Xb = accepted combined esti-

mates of the minimum, maximum, and most
likely (best estimate) failure rates, respectively.

This heuristic technique has been useful in
Delphi pollings, such as this one, where a con-
sensus is sought on several properties of a dis-
tribution for a random variable. Since Delphi
procedures deal, in part, with opinion (not ex-
clusively recorded information) they are not
purely statistical procedures.

Where recorded data was available it was com-
bined with the Delphi results by the same
hevristic technique.

2.2 Data Processing for IEEE Pump and
Valve Failure Rate Document. The 1984 edi-
tion of IEEE Std 500 has separate entries for
each data source including ANSI/IEEE Std
500-1977 which is designated in Appendix C as
reference [1] for data source. The separation of
the data entries allows the user to combine
data by any method deemed appropriate.

When combining the data, two factors should
be kept in mind;

(1) Since data sources such as Licensee Event
Reports (LER) data summaries, Nuclear plant
reliability data system (NPRDS), and Inplant
reliability data system (IPRDS) often report on
the same nuclear plants then not all the data
points are statistically independent

(2) ANSI/IEEE Std 500-1977 contains infor-
mation obtained by way of Delphi process and
published data sources, thus it cannot be treat-
ed properly without consideration of bias due
to expert opinion [1].!

For the purposes of this edition, a weighted
geometric means was chosen as the maximum
likelihood (ML) estimator.

The maximum likelihood (ML) estimator is
determined by the following modification of
the geometric mean as described in [1].

9=ﬂ9iwi

i=1

where
0 = the ML of failure rates or outage times
i = data source number,1,2,3...
W, = a dispersion dependent weighting factor
for each data source
and

IThe numbers in brackets refer to the refer-
ences in Section 4.

RELIABILITY DATA FOR PUMPS AND DRIVERS,
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0;?

M=
0.2
i=1
where
0,2 = reciprocal of the variance of the log of

each data source
If the available measure of dispersion are ranges
only, a suitable function of the ranges can be
substituted for g%

The weighting factor W, is important because
it reduces the influence of data sources with
large ranges and vice versa it increases the im-
pact of data with narrower ranges. Data sources
with wide ranges of course indicate insufficient
data or data from an immature data base. Like-
wise, for Delphi data, experts with less confi-
dence in their estimates tended to give wider
ranges. Wider range Delphi information thus
carries less weight than it would in a simple un-
weighted geometric mean approach.

There are cases where no measure of disper-
sion is available. In these cases, the maximum
likelihood estimator ¢ was determined by tak-
ing the unweighted geometric mean for all data
points not having measures of dispersion and
combining that result with the others by the
following relation,

-4
K
where
W; = weighting factor with dispersion
] = number of data points with dispersion
k = number of data points without disper-
sion
k
iy
W, = weighting factor without dispersion
By 4 = 6,76, W
= weighted geometric mean for combined
observations with and without measures
of dispersion

2.3 Statistical Data from a Single Population.
In some cases, data were available which were
amenable to statistical treatment. If the data
came from a single population with a failure
rate A (exponential density), it was treated asa
x? distribution (see [2]). It has also been shown
in [3] that the x2 distribution can be used to
construct confidence bands. In particular, IEEE
Std 352-1974 gives the confidence interval on A
data as
x%/2;2n
2T*

x21 —a/2;2n+2

<A< 2T
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where
n = number of failures observed
a =1 — confidence level desired
The recommended value of A is
A =n/T*

T* = accumulated item or equipment test or
operating hours over a fixed calendar
time.

The associated upper and lower confidence

bonds on A are given by:

ANSI/IEEE
Std 500-1984
P&V

component name, failure date, failure and re-
pair text, as well as the code assignments from
the analyst were entered into the computer. A
computer program then matched the individual
failure and repair record with the population
record on the basis of the component identifi-
cation number. A population record/failure and
repair record set was thus generated for each
population record, containing the failure and
repair history of each component. The total

x*af2;2n number of failures for a particular component

A = “—2—77*—“ and of interest was used as the numerator for the
221 —af2; 2n+2 failure rate; estimate. Infor'mation was gathgred

Ny = — = to determine the denominator of the failure
2T* rate estimate: the total number of service hours

where for a time-dependent failure rate or the total
A and A, = 19‘”91’ and upper bonds, respec- number of demands for a demand failure prob-
tively. ability. For each component analysts assigned

The value of x2 can readily be obtained from
standard tabulations [4] and [5] for the cases
where the problem degrees of freedom v are less
than 30, and by the following approximation
for v>30:

x’=%[(2v—l)"’+Z]2 (6]

where
Z = value of the standard normal variable at
the desired confidence interval and where
the number of degrees of freedom is given
for the upper and lower bonds by:
vy =2n
v, =2n +2.

The procedure used for establishing the data
base and calculating the component failure rate
is as follows: From the plant equipment lists,
piping and instrument diagrams, and process
flow diagrams, a population card was formu-
lated for each component containing informa-
tion such as the component identification
number, system, and type, type of operator,
process fluid, and size. System codes were as-
signed from descriptive information derived
from plant equipment lists and piping & instru-
ment drawings (P&ID’s).

The failure rate estimate is calculated after
determining the appropriate numerator (num-
ber of failures) and denominator (component
hours or demands) from the data base. To de-
termine the numerator of the failure rate esti-
mate, the analysts reviewed all the corrective
maintenance records collected froin the plant
visit for related failures. These records were
separated, reviewed again, and classified. Ana-
lyzing the failure and repair text, the analysts
assigned the following codes: failure cause(s),
failure severity, and failure mode. The data re-
ported on the maintenance record such as

17

the service hours (calendar hours in the sys-
tem) and an estimated number of demands (12
actuations per year) to each component.

3. Data Format

The format for the presentation of the data is
shown in Fig 1. The following paragraphs de-
scribe the sections of the format. A detailed
description of the data sheets and hierarchical
development is found in each chapter of Ap-
pendix D.

3.1 Chapter. The chapter identifies the broad-
est hierarchical breakdown (for example
pumps, valves, actuators and valves.)

3.2 Section. The section is the second level of
the hierarchy. The bases for the divisions vary
from chapter to chapter but are usually based
on functional or physical differences.

3.3 Subsection. The subsection is the third hie-
rarchical level, In those instances where data are
collected to only this level, the subsection is
located in the item or equipment description.

3.4 Item or Equipment Description. The item
or equipment description may represent the
third or fourth hierarchical level. In those in-
stances where the subsection is left blank, the
description represents the third level. In all
other times it represents the fourth level.

3.5 Failure Mode. This column contains a brief
description of the manner in which the failure
occurred (where such information was avail-
able). A further discussion of failure modes is
presented in each chapter preface and in Ap-
pendix A.
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3.6 Failure Rate. The failure-rate columns pre-
sent various values of the failure-rate range. The
low and high values establish the range, and rep-
resent, respectively, the best and worst data
points. The recommended values (REC) should
be used to determine the best estimates and the
high and low values can be used as range esti-
mates.

Two types of rates are presented: failure per
106 hours and failures per 106 cycles. The cyclic
failure rate is used in specific instances to de-
scribe demand probabilities as noted in each
chapter.

3.7 Outage Times. Outage times are divided
into three separately entered categories; out of
service, restoration (designated as restore), or
repair. All time entries are in hours. The low
and high columns represent the highest and
lowest observed data points. the outage times
are designated *, § or t respectively in each
chapter data sheet of Appendix.

3.8 Reference. The reference (REF) column
identifies the origin of the data given in the
data source reference section of Appendix D.

RELIABILITY DATA FOR PUMPS AND DRIVERS,
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Fig1l
Typical Data Report Sheet
CHAPTER: SECTION: SUBSECTION:
ITEM OR EQUIPMENT
OESCRIPTION
FAILURE MODE FAILURE RATE
(*) OUT OF SERVICE
(1) REPAIR TIME OR (§) RESTORE
(HOURS)
FAILURES/10® HOURS FAILURES/108 CYCLES
Low REC HIGH REF Low REC HIGH REF Low REC HIGH REF
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Appendixes

(These Appendixes are not a part of IEEE Std 500-1984, IEEE Guide to the Collection and Presenta-
tion of Electrical, Electronic, Sensing Component, and Mechanical Equipment Reliability Data for

Nuclear-Power Generating Stations.)

Appendix A

A Discussion of the Term Failure Mode

Al. Introduction

Failure terms are usually assumed to be so
well understood that they do not necessarily
require definitions. They are seldom questioned
in everyday usage. Even in formal test plans and
procedures failure usually can never be so well
defined as to avoid debates on some of the
anamolous events which can occur in the test-
ing or performance evaluation of materials,
components, items, equipment, personnel, or
complex systems, or a combination of these.
Therefore, to establish a definition for failure
mode, an examination of the concepts of fail-
ure as they relate to the testing and operation
of systems, equipment, personnel, parts, and
materials must be undertaken.

A2. Failure Concepts

Failures of hardware may be defined perhaps
most commonly in abstract functional terms
such as: the loss of ability (or inability) to per-
form a required function (or functions). Fail-
ures of an operator may he defined on such
terms as: (1) noncompliance with established
procedures; (2) improper actions (or improper
inaction); or (3) operator error, or a combina-
tion of these. Failures of equipment or materials
may be defined technically in terms of defina-
tive specification parameters which were not
met during established tests or inspections. Fail-
ures of complex systems may be defined in
terms of system functions which are disabled or
degraded by the failure. These failures may also
be defined in terms of the degradation or loss
of specific functions by the subsystem in which
the failure occurred. In tracing a system failure
to the lowest level of assembly or part involved
in the failure event there will often be a chain
of interrelated events (or failures) — each of
which had an effect upon another element (or
elements) in the chain.

19

A3. Failure Types

A3.1 Statistical Types. Some types of failures
are classified on the basis of the statistical
distributions representing their frequency of
occurrence. These include the exponentially —
distributed random failures, having a constant
hazard rate; and, the Gaussian or Weibull —
distributed wear out failures, having an increas-
ing hazard rate. The only statistical type of fail-
ures used in Appendix D is the constant hazard
rate.

A3.2 Failure Tracing Types. In tracing system
failures, often a primary, independent, or root-
cause failure (which initiated a series of events
leading to the failure of the system) and one or
more secondary, dependent, or contributing
failures. These are failures which were caused
directly or indirectly by the root-cause failure.

When discussing failure tracing it is helpful to
characterize failure causes as root causes, con-
tributing causes and immediate causes. Briefly,
a root cause can be characterized as the basic or
fundamental cause of a failure, Root cause
should not be confused with failure mechanism
(see A4). These are generally a myriad of con-
tributing causes that lead to the failure. Con-
tributing causes follow root causes and lead up
to an immediate cause. The immediate cause is
the cause that immediately preceeds the failure
mode (see Fig Al).

A4. Failure Mechanism

The failure mechanism defines the physics of
the failure. This involves the description and
sequence of those mechanical, electrical, or
chemical processes or a combination of these,
which occurred during the period in which the
failed item changed from an operational item to
a failed item. For example, electrical or me-
chanical overloads which involve a level of
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stress which exceeds the rated electrical or
mechanical strength of an item will cause
physical damage resulting in loss of functional
capability. The failure mechanism is the process
which occurred to change the physical or func-
tional characteristic, or both, of the materials in
the failed item (for example, relay coil wire
burned open by electrical overload).

A5. Failure Modes

When failures occur in a system element they
often occur in a variety of ways. For example, a
relay can fail in the closed position (for exam-
ple, when contacts are welded shut) or the open
position (for example, when contacts fail to
close on demand because of such problems as
an open coil). A failure mode is defined as: the
effect by which a failure is observed to occur
and is usually characterized by description of
the manner in which a failure occurs. It is a
description of the failure itself. A failure mode
provides a descriptive characterization of the
failure event in generic terms — not in terms of
the failure mechanism: which occurred, and not
in terms of the failure effect (see below). In the
case of a relay which fails to close on command,
the failure mode is fails to open or fails to close.

An important thing to recognize in defining a
failure mode is that each failure mode must be
defined and considered at a particular indenture
level (that is, a failure mode at the part level
usually has an effect upon a higher-level of in-
denture which, in turn, may be involved in
another, different failure mode) (as shown in
Fig A1). This is the so called system-related fail-
ure mode approach as described in Appendix A
of ANSI/IEEE Std 500-1977.

A6. Failure Effects
The effects of a failure within a system may be
propagated to higher and lower levels of assem-
bly — or the system design may prevent such
propagation. The propagation and interrelation-
ships of failure modes and failure effects have
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been well illustrated in such documents as the
PRA Procedures Guide vol 1 (NUREG/CR-
2300). Failure mode and effect analysis is a
formal approach to the analysis of failure
modes and their propagated effects involves the
loss or degradation of functions and also the
effects of failures on system safety (that is,
hazards to personnel, or property, or the envi-
ronment, or a combination of these). In a typ-
ical system, failure of a part affects the function
of the assembly of which it is a part. This effect
also initiates a failure mode at the assembly
level. The effect of this assembly failure mode,
in turn becomes a failure mode at the next
higher level (for example, the subsystem).
Therefore, as failure modes and effects occur at
successively higher levels of indenture each fail-
ure effect may give rise to a new failure mode.
In the operational and maintenance man-
machine interfaces, the common failure syn-
droms (that is, failure indications) are usually
identified by some established terminology (for
example, Loss Of Cooling Accident, LOCA).

A7. Development of Failure Modes

The purpose of the tables is to present fail-
ure and repair information, therefore it should
not be interpreted as a failure reporting, failure
investigation, or cause tracing tool; that can
only be accomplished by carefully researching
the referenced data sources.

The failure modes shown in the tables are a
brief description of the manner in which the
failures occurred as reported in the data
sources. So as to make the reported descrip-
tions consistent from one data source to an-
other, failure modes were reworded on a
common basis. For instance, functioned with-
out a signal and false trip were replaced by
spurious response. In the case of pumps, failed
to run once started and failed to continue to
run were replaced by failed to run since failed
to start was already a part of the failure mode
description. In general the failure modes are
similar if not identical to those shown in Figs
A2 and A3.
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Failure Severity
Catastrophic Degraded Incipient
1. Failure to operate (run) 1. Low output Discovered through:
2, No output 2. High output 1. Local inspection (over-
5 3. Erratic output heating, leaks, con-
b= 4. Locked in one mode of tamination, noise,
z operation se(;rere vxbli(atxolz,)
& odor, cracks, etc
° 5. Outpu.ti_'al:love or below 2. Testing: (output above
g specltsle require- or below specified
s % men limits while in stand-
S| § by mode of opera-
=518 tion)
© | O
§ 3. Monitoring (trend
S g towards failure)
5 ‘E" A spurious: 1. Premature or delayed Discovered through:
‘E;_ % | 1. Start/Stop actuation (an actua- | |, Testing: Failure or
5 < | 2. Insertion tion that occurs out diminished ability to
g 3 3. Withd | of timing sequence) transmit or retain
5 zg : ! r?wa 2. Won't stay open or energy during the
£ B 4. Actuation closed stand-by mode of
8 & | 5. Response operation
o g £ | 6. Opening 2. Local inspection
g | 2|8 | 7. Closing
g a < | Failure to: Improper Response:
Ec_) | §|1. start 1. Partially open, close,
S| Ef2. stop etc
Of= 3. Insert 2. Oscillation (failure to
g 4. Withdraw assume a fixed posi-
g tion)
2| 5. Actuate
% 6. Respond to command
ol| 7. Open
Z | 8. Close
Fig A2
Failure Mode Matrix

Active Item or Equipment
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Failure Severity

Catastrophic

Degraded

Incipient

1.0

1.1

1.1.1

1.1.2

1.2

1.3

2.0

2.1

2.2

2.3

3.0

3.1

CLange in item or equipment condition

3.1.1

3.1.2

3.1.3

3.2

321

3.2.2

Failure to retain or transmit
energy

Breach of pressure or
static fluid boundary

Major leaks

External leaks

Internal leaks

Explosions

Implosions

Loss of energy trans-
port or exchange
capability

Blocked orstopped
flow

Loss of heat transfer
capability (scale
buildup)

Major heat loss (loss
of insulation)

Loss of structural in-
tegrity

Failure to support or
brace

Fracture (of all mem-
bers)

Physical distortion
(permanent set)

Distortion under load
(without perm. set)

Failure to fasten or join

Removable fastener
failure

Failure of permanent
joint

3.2.2.1 Weld failure
3.2.2.2 Imbed failure

Diminished ability to retain
or transmit energy

1.0 Degradation of pres-
sure or static fluid
boundary

1.1 Minor leaks

1.1.1 External leaks

1.1.2 Internal leaks

2.0 Interference with
energy transport
or exchange capa-
bility

2.1 Restricted flow

2.2 Reduced heat trans-
fer capability

2.3 Minor heat loss

3.0 Structural integrity
compromised

3.1 Reduced support
capability

3.1.1 Fracture of part of
the structural
members

3.1.2 Minor physical dis-
tortion

3.2 Partial failure to

fasten or join

(1) Testing: Failure of
diminished ability
to transmit or retain
energy during the
energized mode of
operation

(2) Local inspection
(leaks, vibration,
odor, cracks, etc)

E (3) Monitoring: Monitor-
‘é ing trend towards
@ failure, during the
) energized mode of
s operation

[}

ap

IS

<

P

&)

(1) Testing: Failure or
diminished ability to
transmit or retain
energy during the
stand-by mode of
operation

(2) Local inspection

3
S
Gt
5]
@
1]
<)
«
<
&)

Passive [tem or Equipment

Fig A3
Failure Mode Matrix
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Appendix B
The Delphi Procedure

This guide utilized a Delphi procedure (see
[1],> to secure from over 200 experts located
throughout the county, initial failure-rate and
failure-mode estimates on components used in
the power industry. Since nuclear plants are
historically reliable (the total of equipment fail-
ures is well under 300 a year) it was impossible
to secure estimates of failure rate by relying
exclusively on plant operating failure data.
However, even though operating data were not
spcifically available, information existed
throughout the industry in various forms. It
was known that published data sources existed
external to the industry which might be to
some degree applicable. During the course of
the Delphi procedure the working group exam-
ined published data sources not only in the
power apparatus and instruments industries
but also in aerospace and other industries.

Thus the data from which Appendix D was
synthesized were found in the following forms:

(1) Statistical operating data from nuclear
facilities.

(2) Statistical operating data from fossil-fired
generating stations and other large industry data
(such as the chemical industry).

(3) Statistical failure data from transmission
grids and industrial plants with judgment used
to estimate the population from which the fail-
ures were observed so that a failure rate could
be calculated.

(4) Failure and population estimated data
made by individuals familiar with the operating
and failure histories of specific generic types of
devices.

(5) Data extracted from published sources for
other industries which were judged to have some
level of applicability to nuclear-power generating
station components.

It should be noted that individual experts were
instructed to generate estimated data only when
statistical sources of data remained unavailable
to them3

2The numbers in brackets in Appendix B re-
fer to the references in B4.

30n the average, 80% of the data included in
the document resulted from statistical data fall-
ing into one of the first three categories given
above.
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B1. Use of the Delphi in the
Development of Ref [1]

Individuals familiar with the failure modes
and failure rates in the power industry are usu-
ally specialists on a certain range of equipment
that represents but a small segment of the
components in any power plant. In addition,
the number of experts available to participate
in estimating failure rates for some of the spe-
cialized equipment might be small. However,
much of this knowledge resides in the years of
experience on the part of these specialists.
Therefore:

(1) Over a hundred individuals were needed
for coverage of the scope of components in a
nuclear power plant.

(2) Only a small number of individuals have
direct knowledge of any one subset of com-
ponents. These small groups of individuals are
not unique: for example, there may be overlap-
ping memberships.

(3) Much expert judgmental data had to be
integrated.

The unique nature of the problem dictated
that a specific Delphi approach be taken from
established principles of the Delphi method
outlined in B3. The objectives of this approach
as applied to the document were to:

(1) Develop a logical structure for considera-
tion of all the componeats in a nuclear-power
generating station and for their modes of fail-
ure. (See B2.1.)

(2) Solicit reliability data, or estimates, or
both, for components on the first Delphi round
while allowing respondents to further develop
possible modes of failure on the formsindicated
in B2.2.

(3) Solicit on the second round, estimates of
newly defined failure modes and reliability data
for any additional components.

(4) Solicit, on the third round, re-examination
of any areas where there appears to be signifi-
cant polarization of disagreement among those
responding to a particular question, Solicit eval-
uation of the magnitudes and range of relevant
published data.

(5) Solicit, on the fourth round, any final
changes in component reliability data, or esti-
mates, or both, that the respondents desire.

(6) Retain at all times the anonymity of re-
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spondents so that responses are not misrepre-
sented as reflecting an organization in which
the particular respondent may be employed.

(7) Structure the procedure and questions so
that only those specializing in a particular set of
components will respond to that set.

Over 150 professionals provided input as
chapter administrators, experts, and consultants.
These primary respondents were encouraged to
utilize colleagues and associates as they deemed
necessary or desirable to broaden the scope of
the response.

To further refine the results of the responses,
it was recognized that the performance of a
Delphi group increases as its collective expertise
increases. This fact includes within it the subtle
problem of discovering an independent measure
of expertise. Several approaches to the solution
of this problem have been proposed. See [1].
Of the approaches investigated only those of
ordinal self-ranking were considered to be of
any practical value. This method was employed
by the Delphi experts on an individual basis us-
ing a scale of 1 to 5. Experience dictated that
when estimates occur in the tails of distribu-
tions, the estimators responsible usually rated
their expertise lower than those within the
mean of the group, and even this result did not
occur very often. Also, by the very nature of
the experts selection process, most of the parti-
cipants were judged a priori by their peers to be
in the 4 or 5 category. In actuality, the experts
ranked themselves for the most part as either a
4 or a 5. Thus, the expert weighting of the data
did not essentially change the results which
would have been obtained from an unweighted
group.

B2. Delphi Questionnaires

B2.1 Pre-Questionnaire Period. The pre-ques-
tionnaire period exhibited activity at all levels
of the organization. The project administration
developed a general questionnaire form and the
instructions for its use. A schedule was estab-
lished for completing the Delphi, and the Delphi
technique, and the use of the forms was ex-
plained to the chapter administrators. The pro-
ject administration also assisted and guided the
chapter administrators in the preparatory work
leading to the Delphi.
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B2.2 First Round Questionnaire. Chapter ad-
ministrators issued their modified questionnaire
forms (Fig B1) to the Delphi experts, and they
explained the use of the form. The Delphi ex-
perts were free to use any data sources in answer-
ing the questionnaires. Those most commonly
used sources were recorded data from the ex-
pert’s company or personal files, personal ex-
perience, and published data. The experts also
added any comments and suggestions that they
considered were pertinent. The questionnaires
were then returned to the chapter administra-
tors. The chapter administrators collected the
completed questionnaires, evaluated the sug-
gestions and comments, and sent the forms to
the project administration. The comments pro-
vided valuable supplementary information about
the various equipment types. These comments
were evaluated and edited by the chapter ad-
ministrators and are given in the chapter
prefaces. The completed forms and suggestions
for improvements were sent to the project
administration, which, in turn, had experts
from the data processing chapter evaluate,
compile, and display the data.

B2.3 Second, Third, and Fourth Round Ques-
tionnaires. The second generation Delphi ques-
tionnaire (Fig B2) was developed by the project
administration and was based upon the develop-
ment plan and comments from the first ques.
tionnaire. The chapter administrators again
modified the general questionnaire form to
make them unique to their chapters and sent
the forms and the compiled data to their ex-
perts. Experts were given the opportunity to
either reaffirm or change their previous esti-
mates, based upon the compiled results from
the first questionnaire. The process from this
point was identical to that in the first question-
naire. The pattern repeated itself through the
fourth questionnaire with the specific excep-
tions discussed in B2.1.

B2.4 Post-Questionnaire Period. Only the pro-
ject administration and data processing chapter
personnel were active during the post-question-
naire period. They analyzed and compiled the
questionnaires from all the rounds, correlated
the data, and tested them against existing data
sources. When completed, the data were placed
into the failure rate tables of Appendix D.
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(1) Estimated Failure Min Best Est
Rate Under Opera-
ting Applications  Min Best Est

wwny
282
83
Max (fail/106 hrs) (2) Estimated Failure Max_ (fail/106 hrs) o E
Rate Under All )
Max (fail/106 cycles) Applications Max (fail/106 cycles) -

(3) Type of Experience
(4) Rate Your Expertise (Overall)

(5) Estimate Based on Recorded Data? If so, indicate:

1 = Low
5 = High
6 = Recorded Data

Source of Data

Number of Operating Hours

Number of Failures

(7)
(6) Mode
Failure Modes Percentage

. (8) (9)
Environmental Factors Rate Your
High High High Expertise
Temperature Radiation Humidity (Failure Modes)

92

Rate Your Expertise
(Environmental Factors)
(10)

(11) Questions/Comments:

IEEE Project 500 — Initial Delphi Failure Rate Estimate Format

Fig Bl
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(1) Estimated Failure Min Best Est Max (fail/106 h)
Rate Under Opera-
ting Applications  Min Best Est Max (fail/108 cycles)
(3) Type of Experience
(4) Rate Your Expertise (Overall)
1 = Low
5 = High
6 = Recorded Data
(6) (7

Failure Modes

Mode Percentage

L2

(9) Rate your Expertise
Failure Modes

Environmental Factors

Fig B2
IEEE Project 500 — Modified Delphi Failure-Rate Estimate Format

(2) Estimated Failure Max
Rate Under All
Applications

(fail/106 h)

(fail/106 cycles)

(5) Basis for Estimate
Source of Data (If Applicable)

Cumulative Number of Operating Hours (On both
failed and unfailed components — parts x number
of hours)

SHATVA ANV ‘SHOLVNLOV JATVA

Number of Failures

Population

(8) Environmental Factors
A factor less than 1 decreases the rate
A factor equal to 1 does not change the rate
A factor greater than 1 increases the rate

High Temperature

High Radiation

High Humidity

Other (Identify)

(10) Questions/Comments:
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B3. The Delphi Method

The Delphi method (see [1]), represents the
concept of establishing a feedback system for
the written communication of data and infor-
mation among a group of professionals. It char-
acteristically involves:

(1) A group of specialists or experts on the
topic of concern and an administrative team
needed to carry out the exercise.

(2) The design of a structure that focuses on
the nature of the problem being considered.

(3) A series of questionnaires that utilize the
overall structure in terms of specific issues or
data.

(4) Anonymous response to the questionnaires
on the part of the respondents.

(5) An opportunity for respondents to revise
judgments based upon summaries of the group’s
response prepared by the administrative team.

(6) Anywhere from two to five iterations of
the material through the questionnaire — sum-
mary — revision —new questionnaire process.

The Delphi method is, therefore, a technique
to solicit, synthesize, and correct or improve
individual and group judgment. The concept
was developed in the 1950s by the RAND Cor-
poration. See [2] and [3]. Studies using the
Delphi method have been conducted on groups
from five to five hundred in size. There have
been over five hundred published reports on
Delphi exercises, and it is estimated that pro-
prietary studies using the Delphi method con-
ducted in corporations represent over two
thousand additional studies.

A number of successfui applications have
been documented in a recent book (see [1])
together with criteria and guidelines on the
design and application of Delphi.

Those active in the area currently view Delphi
as a communication process structured around
a particular problem. Studies using the Delphi
method have been implemented by way of
computer terminals as well as by paper and
pencil. A major justification for the technique
lies in the fact that in many situations so-called
classical statistical data do not exist, and for
many information gathering efforts other com-
munication schemes are impossible. Typical
reasons which invalidate other schemes are:
group size, travel costs, time constraints or psy-
chological bias, or both, or organizational
problems.

In the case of Appendix D, the need for
statistical failure rate estimates has long been
realized by the nuclear industry and its govern-
ment regulators. Since the standardized collec-

RELIABILITY DATA FOR PUMPS AND DRIVERS,
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tion and statistical analysis of historical data
has not been centrally organized, any project
which relies upon classical data alone cannot
hope to provide failure rate information broken
down to the level of sophistication presently
required by the industry. However, the industry
has long recognized that, despite its isolation, a
wealth of valuable data is available even today.
These data are locked up in the years of per-
sonal experience of hundreds of experts. The
Delphi provides a procedure that finally allows
this valuable resource to be tapped for the ben-
efit of all parties concerned.

Typical ways to gather this information is to:

(1) Interview every one of these individuals at
least twice to establish consistency among dif-
ferences in responses.

(2) Hold many hundreds of small group meet-
ings with associated travel costs and assume all
the experts are able to give the time involved.

(3) Launch a wide number of small studies
with the organizations employing these special-
ists.

The first two approaches are prohibitively
expensive to conduct and the last is impractical
because the individuals in a particular area are
not unique to any one organization. Most of
the experts involved have severe constraints on
available time. Therefore, the Delphi appeared
to be the only mechanism available for gather-
ing reliable information in an efficient and
timely manner. The resulting emphasis of the
Delphi is that of an exercise where the specific
knowledge of small groups of respondents is
tapped, but within the context of an overall
structure.

As a result of the above conditions and the
value of the specific data being collected, these
particular data do not suffer from some of the
difficulties facing those exercises that deal with
broad concepts and heterogeneous mixtures of
expertise.

B4. References
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Appendix C

Development of the Hierarchical Trees and Limitations of the
Individual Data Sheet Entries

Although every effort has been made to
make the tables uniform and consistent, there
are exceptions that are worth noting. This in-
cludes the general philosophy behind the devel-
opment of the hierarchical trees that is given in
each chapter preface.

The relationship of differences in failure
rates to differences in design configurations
has been apparent in most reliability data bases
in recent years. However, many other factors
influence that difference. Early documents did
attempt to identify factors other than design
differences and incorporate those factors into
the generic hierarchial structure. Subclassifica-
tion of equipment by voltage is one such exam-
ple.

Two new factors influence the hierarchial
structure. First, outage times (particularly re-
pair times) tend to be related to size. Second,
presently available data sources contain a mix-
ture of information as to size, application, and
design configuration. Some data sources only
describe the equipment in terms of size or ap-
plication, or design configuration, but not in
any combination of the three. Thus, so as to
use some data sources a new conversion for
the development of hierarchical structures was
necessary.

C1. Alpha Numeric Indexing
of the Hierarchical Trees

Previous documents used the same numeric
indexing method as is commonly used in report
writing so as to uniquely identify various levels
of the generic hierarchy.

It has become clear that a purely numerical
method of indexing was not practical when
combining various data sources into one com-
posite because there is not uniform way to dis-
tinguish size, application, and design configura-
tion which would not vary from chapter to
chapter. To avoid this potential source of con-
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fusion, an alpha-numeric system was adopted
which designates the size category as (a), the
application category as (b) and the design dif-
ference category as purely numeric. For a hy-
pothetical “chapter 30" hierarchical tree shown
in Fig Cl would provide the framework for the
organization of the data sheets.

C2. Composites

When combining information from several
data sources into a composite it was always pos-
sible to bring forth a composite number for fail-
ure rates as described in 2.2 of the guide. This
was possible because all references provided
failure rate information as a minimum. Since
not all references contain failures per cycle or
outage times, it was not always possible to
propagate failures per cycle or outage times. If
in Fig C1, level 30.X had outage times whereas
30.a and 30.b did not, then forming an estimate
of outage time at the 30-“‘kluge’** level could
not be justified.

C3. Round-Off Error

So as to limit the data entries to three digits
and four decimal places, round-off errors are
given on the data sheets. The sum of the entries
under the failure categories of catastrophic, de-
graded, and incipient often will not add up to
the all modes failure category at the top of the
column. In a similar manner the breakdown of
each category into subcategories may not add
to the value given for that failure category.

4A nondescript item that performs an imagi-
nary function.
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HIGHEST
EQUIPMENT
LEVEL
(COMPOSITE) OUTAGE TIMES OR
FAILURE/CYCLE
S~ CANNOT BE
FAILURE RATE INFORMATION PROPAGATED FURTHER
30.a [ ONLY l l
DIFFERENCES IN 300 30.X
PHYSICAL SIZE -
OR AMOUNTS OF DIFFERENCES IN DIFFERENCES IN
ENERGY TRANS- APPLICATION GENERIC DESIGN
MITTED, OR BOTH (COMPOSITE)
\/— \/
30.1 |
DIFFERENCES IN
PHYSICAL SIZE 30.2
OR AMOUNT OF DIFFERENCES
ENERGY TRANS- IN APPLICATION
MITTED, OR BOTH

\_/‘/—_

30.2.1 l
DIFFERENCES IN

PHYSICAL SIZE OR
ENERGY TRANS-
MITTED, OR BOTH

Fig C1
Hypothetical Hierarchical Tree

C4. Notation The data under the service columns are shown

as “Out of Service (*)”, “Repair Time (1)”, or
“Restore (§)”. The data in the columns under
these headings, are referenced by (*), (1) and

So as to have the decimal point fall in the (8), which are always given in the column under
same position in all columns the following for- the heading LOW, in the fourth decimal place.
mat was adopted: 123.1234, or three digits fol- For example:
lowed by four decimal positions. A number LOW REC HIGH
such as 7156, will be entered as 7.16E3. The 6.25 * 26.4 324.0
notation E3 standing for 10 to the third power. T 12.0
There are no negative exponents. § 18.0
30
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Appendix D

Reliability Data for Pumps, Actuators, and Valves

(The data of this Appendix were developed and reviewed by a Subcom-
mittee of the IEEE Nuclear Power Engineering Committee, but have not
been reviewed by NPEC or the IEEE Standards Board.)

The current data base does not permit distinction between failure rate
estimates in standby and operating modes for all applicable components
and all failure modes. When this distinction is not possible the quoted
failure-rate estimates must be used and interpreted with care.

References

The sources referenced in Appendix D data
pages are as follows:

[1] ANSI/IEEE Std 500-1977, IEEE Guide to
the Collection and Presentation of Electrical,
Electronic, ad Sensing Component Reliability
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[2] Interim EGG-EA-5B16, April 1982, Data
Summaries of Licensee Event Reports of Valves
at US Commercial Nuclear Power Plants.

[3] Corps of Engineers (HND) R/M Data Base,
Ground Stationary Equipment, Rep No 16,
04/12/73.

[4] Nonelectric Parts Reliability Data (NPRD-2)
Summer 1981, Reliability Analysis Center,
Rome Air Development Center, Griffiss Air
Force Base, NY 13441.

[5] Utility “A”

[6]1 Nuclear Unit Productivity Analysis (Special
EPRI Report No 46) Aug 1976 (Nonredundant
Equipment Only).
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[7] Gas Turbine Manufacturer “A”

[8] Architectural Engineering Company “A”

[9] NUREG/CR-1205 Jan 1980, Data Summaries
of Licensee Event Reports of Pumps at US
Commercial Nuclear Power Plants.
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Chapter 1
Valve Operators and Actuators

Preface

D1.1 Introduction. This chapter contains fail-
ure rates, failure modes, and environmental
effects which are the basic ingredients neces-
sary for performing an effective reliability
analysis on valve operators and actuators.

This information on valves collected from
the Delphi questionnaires and IEEE team visits
to nine operating power plants contains data
on a variety of applications including a balance
of nuclear and fossil fuel-plant applications.
The team visits to operating plants included at
least four engineers from IEEE who were
knowledgeable in the field of power applica-
tions. They reviewed and copied maintenance
records for the previous five-year period and
completed lists of the plant installation instru-
ments and operating parts.

D1.2 Hierarchical Tree. Figure D7 is a pic-
torial representation of the hierarchical struc-
ture of Chapter 1 and the procedures in which

32

composites were formed for the various levels
of information regarding valve operators and
actuators, failure rates, and outage times.

If the design calls for a solenoid operated
electric, pneumatic, self operated, hydraulic or
mechanical operated device, and data are not
presently available for so specific a device, the
data for the broader drive class may be used to
approximate this device, provided that the fail-
ure-rate range and the recommended value are
considered.

D13 The reduced data used in this chapter
were taken from the complete failure rate
compendium, ANSI/IEEE Std 500-1984. The
figures and tables have been reproduced from
the same plates and hence carry the designa-
tions of Chapter 7 as in the original volume.

Although Chapter 2, Valves, includes the ac-
tuators in most cases, this chapter on the actu-
ators is introduced for those whose interest
includes the actuator failure rates as separate
entities.
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Fig D7

Hierarchical Tree
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D7.3 Failure Modes. The failure modes have
been developed on the basis of three mode
classes: catastrophic, degraded, and incipient
each of which are further developed into sub-
sidiary classes wherever available data permits.

Failure modes are defined in terms of observ-
able effects on the system resulting from some
changes in operating characteristic or the state
of the device. Thus all failure modes are viewed
from the system level rather than the com-
ponent level.

It must be noted that in Chapter 7 failure
modes differ in some cases between the hourly
rates and the cyclic rates. Therefore, in these
cases, there are two failure modes shown, one
for the hourly rate and one for the cyclic rate.

D7.4 Environmental Effects. Such Environ-
mental effects as high temperature, radiation,
humidity, and vibration do have an effect on
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the failure rates of the valves and valve oper-
ators. It is important to point out, however,
that a valve is usually required to operate after
an incident within a relatively short period of
time. This means that the environmental changes
as a result of an incident have very little chance
to affect valves before they are required to
operate. On the other hand, the day-to-day
environment may have an effect on valve opera-
tion which has been considered in this chapter.
Table D7 gives the environmental factors to
be used in conjunction with the failure rates
listed. These environmental factors are to be
multiplied by the failure rates listed for each
particular device under consideration.

D7.5 Data Collection and Analysis Notes
D7.5.1 Operating Practices. It is important to

conduct periodic preventive maintenance inspec-

tions (for leaks etc). It is also important to

Table D7
Valve Operators and Actuators
Environmental Factor Matrix

Hierarchical High High High " High

Code Temperature Radiation = Humidity Vibration
7.1 1.57 1.57 2.04 —
7.1.1 14 1.1 3.0 —
7.1.2 1.73 2.03 1.07 1.33
7121 1.73 2.03 1.07 1.33
7.1.2.2 1.70 2.03 1.07 —
7.1.2.3
7.12.4 1.50 1.65 1.10 2.0
7.2 1.562 1.34 1.24 -
7.2.1 1.67 1.91 1.13 —
7211 1.63 2.06 1.03 -
7.2.2 1.54 1.45 1.19 -
7221 1.58 1.80 1.18 —
7.2.2.2 1.50 1.10 1.20 -
7.2.3 1.68 1.48 1.18 -
7231 1.565 1.55 1.15 —
7.2.3.2 1.60 140 1.20 -
7.24 145 1.10 1.35 —
7.3 140 1.10 1.35 —_
7.3.1 140 1.10 1.35 —
73.1.1 140 1.10 1.35 —
7.3.1.2 140 1.10 1.35 —
7.3.1.3 1.40 1.10 1.35
7.3.14 1.40 1.10 1.35 -
7.3.15 1.35 1.10 1.35 —
7.3.2 1.35 110 1.45 —
7321 1.35 1.10 1.45 -
37
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periodically replace *“O” rings, packing, and
seals to counter the effects of radiation, aging,
and wear. These maintenance actions should be
governed by an established and accepted main-
tenance plan.

There are many cases of maintenance-induced
failures, so care should be exercised to minimize
such errors.

D17.5.2 Testing. Periodic surveillance testing is
essential to the verification of the reliability of
valves, but caution should be used in defining
these schedules to ensure that excessive testing
does not induce failures. Cases have been re-
ported wherein excessive testing has caused
valve failures.

The following listing of failure mode categor-
ies occur under the component listings in
Chapter 7.

RELIABILITY DATA FOR PUMPS AND DRIVERS,

Valve Operators and Actuators
Failure Modes Breakdown

All Modes (the sum of catastrophic, degraded
and incipient)
Catastrophic
Spurious opening
Spurious closing
Failure to open on demand
Failure to close on demand
Degraded
Premature or delayed actuation (actuation
that occurs out of timing sequence)
Partially opening
Partially closing
Incipient
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6¢

(Composite of 7.1 through 7.5)

CHAPTER: 7 Valve Operators

& Actuators

SECTION:

SUBSECTION:

ITEMOR EQUIPMENT

DESCRIPTION §

<

FAILURE MODE FAILURE RATE =

(*)OUT OF SERVICE >

{1) REPAIR TIME OR (§) RESTORE 9

(HOURS) uc>:

FAILURES/106 HOURS FAILURES/10% CYCLES ## 8

o

@»

LOW REC HIGH REF LOW REC HIGH REF| LOW REC HIGH REF >

2,

o

ALL MODES 0.01 1.73 1999.0 0.10 2.27 63.25 1.0 35.06 7.28E3 §

=

CATASTROPHIC 0.004 0.69 400.0 0.04 0.91 25.30 a
Spurious Opening 0.002 0.34 ]200.0 0.02 0.45 12.65
Spurious Closing 0.002 0.35 1200.0 0.02 0. 46 12.65
DEGRADED 0. 006 1.04 [599.0 0.06 1.36 37.95

Premature or Delayed Actuation 0.006 1.04 |599.0

Partially Opening 0.024 0.54 15.18
Partially Closing 0.036 0.82 22.77

** One Cycle = One Demand
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(Composite of Ref 1, 3, and 7.1.1.X)

CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1 Motors @y
a2z
& Actuators <—w
o
ITEMOR EQUIPMENT S
[
DESCRIPTION 8 &
'~
FAILURE MODE FAILURE RATE
(*) OUT OF SERVICE
(t) REPAIR TIME OR (§) RESTORE
(HOURS)
FAILURES/105 HOURS FAILURES/106 CYCLES %+
Low REC HIGH | REF Low REC HIGH | REF| LOW REC HIGH REF
ALL MODES 0.01 0.63 (500 0.72 4.87 50.0 1.0 *| 41.50 6.49E3
CATASTROPHIC 0.004 0.25 (200.0 0.29 1.95 20.0
Spurious Opening 0.002 0.13 (100.0 0.15 0.98 10.0
8 Spurious Closing 0.002 0.12 (100.0 0.14 0.97 10.0
DEGRADED 0. 006 0.38 |300.0 0.43 2.92 30.0
Partially Opening 0.17 1.17 12.0
Partially Closing 0.26 1.75 18.0

** One Cycle = One Demand

‘SYFATIA ANV SdNNd ¥0d VIVA ALIIAvITad
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CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1 Motors
& Actuators

ITEM OR EQUIPMENT

DESCRIPTION ::<>
<
FAILURE MODE FAILURE RATE =
(*) OUT OF SERVICE g
{t) REPAIR TIME OR (§) RESTORE 3
{HOURS) §
FAILURES/106 HOURS FAILURES/105 CYCLES ** 8
=
0
LOW REC HIGH REF LOW REC HIGH REF| LOW REC HIGH REF >
4
o
ALL MODES 0.10 0.62 2.24 1 5.0 10.0 50.0 1 E
<
CATASTROPHIC 0.04 0.25 0.90 2.5 5.0 25.0 g
Spurious Opening 0.02 0.13 0.45
Spurious Closing 0.02 0.12 0.45
Failure to Open on Demand 1. 25 2. 50 12.50
& Failure to Close on Demand 1.25 2.50 12.50
DEGRADED 2.5 5.0 10.00
Premature or Delayed Actuation 0. 06 0. 37 1.34
Partially Opening 1.0 2.0 10.0
Partially Closing 1.5 3.0 15.0
** One Cycle = One Demand
w
S >
o
2&
=
o=
L
€28
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CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1 Motors

& Actuators ;E;E
<8
ITEM OR EQUIPMENT a3
DESCRIPTION Valve Operator Electric Motor (8 Inch Butterfly) fg
©
(o]
FAILURE MODE FAILURE RATE £
(*) OUTOF SERVICE
(t) REPAIR TIME OR (§) RESTORE
(HOURS)
FAILURES/10% HOURS FAILURES/108 CYCLES **
Low REC HIGH REF LOW REC HIGH | REF| LOW REC REF
ALL MODES 0.63 3 t| 2.0 3

** One Cycle = One Demand
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(Composite of 7.1.1.1 through 7.1.1.2)

CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1 Motors
& Actuators

ITEMOR EQUIPMENT

<
DESCRIPTION 7.1.1.X Composit 2
<
FAILURE MODE FAILURE RATE :
{*) OUT OF SERVICE )
(1) REPAIR TIME OR (§) RESTORE g
(HOURS) »
FAILURES/108 HOURS FAILURES/108 CYCLES ** §
@»
LOW REC HIGH REF LOW REC HIGH REF LOW REC HIGH REF 3z>
o
<
ALL MODES 0.01 3.91 [500.0 0.72 3.75 17.10 1.0 *| 41.50 6.49E3 ?.
<
CATASTROPHIC 0.004 1.56 [200.0 0.36 1.88 8.55 513
Spurious Opening 0.002 0.78 [100.0
Spurious Closing 0.002 0.78 ]100.0
Failure to Open on Demand 0.18 0.94 4.28
>
et Failure to Close on Demand 0.18 0.94 4,27
DEGRADED 0.006 2.35 |[300.0 0.56 1.87 8.55
Premature or Delayed Actuation 0.006 2.35 |[300.0
Partially Opening 0.22 0.75 3.42
Partially Closing 0.34 1.12 5.13
** One Cycle = One Demand
w
ot
52
32
Q\
v-o»'-E
Lm
133
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(Composite of Ref 15 and 7.1.1.1.X)

"CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1 Motors ;g:’z
& Actuators <ol
o\
ITEM OR EQUIPMENT EE
DESCRIPTION 7.1.1.1 § &
FAILURE MODE FAILURE RATE
{*) OUT OF SERVICE
(1) REPAIR TIME OR (§) RESTORE
(HOURS)
FAILURES/105 HOURS FAILURES/10° CYCLES *#
Low REC HIGH REF LOW REC HIGH REF| LOW REC HIGH REF
ALL MODES 0.50 28.2 500.0 1.0 41.50 6.49E3

S ** One Cycle = One Demand g

=

>

o]

5

=]

<]

ES

]

o

(=)

=

!

(7]

>

4

w]

=]

=

el

n
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CHAPTER:

7 Valve Operators
& Actuators

SECTION:

7.1

Electric

SUBSECTION:

7.1.1

Motors

ITEM OR EQUIPMENT

<

DESCRIPTION 7.1.1.1 AC l>_>'
<

FAILURE MODE FAILURE RATE :

(*) OUT OF SERVICE 9

(1) REPAIR TIME OR (§) RESTORE j

(HOURS) >

** 'ﬁ

FAILURES/108 HOURS FAILURES/106 CYCLES o

2

LOW REC HIGH REF LOW REC HIGH REF LOW REC HIGH REF ;

e}

<

ALL MODES 1.0 62.0 180.0 15 15.0 *| 41.0 105.0 15 {’_’.
<

=

7]

** One Cycle =

€14
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(Composite of 7.1.1.1.1 through 7.1.1.1.5)

CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1 Motors a2
& Actuators < g!‘"
S~
ITEM OR EQUIPMENT EE
DESCRIPTION 7.1.1.1 AC, 7.1.1.1.X Composite §g
FAILURE MODE FAILURE RATE
(*) OUT OF SERVICE
(t) REPAIR TIME OR (§) RESTORE
(HOURS)
FAILURES/10° HOURS FAILURES/106 CYCLES **
Low REC HIGH | Rer| Low REC HIGH | REF| LOW REC HIGH | REF
ALL MODES 0.50 3.16 |500.0 1.0 *| 96.20 6.49E3

& =

** One Cycle = One Demand E

S

<]

S

]

Qo

=

o]

(=)

=

o

[77]

o

=)

=
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CHAPTER: 7 Valve Operators SECTION: 7.1 Electric SUBSECTION: 7.1.1.1 Motors
& Actuators
ITEM OR EQUIPMENT
DESCRIPTION 7.1.1.1 AC, 7.1.1.1.1 Direct Acting E
<
FAILURE MODE FAILURE RATE =
(*) OUT OF SERVICE »>
(1) REPAIR TIME OR (§) RESTORE S
{HOURS) g:
FAILURES/106 HOURS FAILURES/105 CYCLES %% g
=
w»
LOW REC HIGH REF LOW REC HIGH REF| LOW REC HIGH REF >
z
)
ALL MODES 1.50 14.5 150.0 15 1.0 *|486.0 1.06E3]| 15 §
=
<
[}
»n
** One Cycle = One Demand
[
-3
9]
»>
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o e 1T
e
-3

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:36:46 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 500-1984


http://www.avadocuments.com/doc/ieee-500-1984
http://www.avadocuments.com/doc/ieee-500-1984

CHAPTER: 7 Valve Operators
& Actuators

SECTION:

7.1

Electric

SUBSECTION:

7.1.1 Motors

g
ITEM OR EQUIPMENT ‘2 g c%
DESCRIPTION 7.1.1.1 AC, 7.1.1.1.2 Double Acting 2=
e
FAILURE MODE FAILURE RATE § (]
(*) OUT OF SERVICE
(t) REPAIR TIME OR (§) RESTORE
(HOURS)
FAILURES/108 HOURS FAILURES/108 CYCLES #x
Low REC HIGH REF LOW REC HIGH REF| LOW REC HIGH REF
ALL MODES 1.30 13.0 130.0 15 *1 69.0 15
** One Cycle = One Demand
)
2
=
3
4
-
ES
o
o
=]
o]
c
=
(771
>
Z
=)
=)
<
&
»
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CHAPTER: 7 SECTION:

Valve Operators 7.1

& Actuators

Electric

SUBSECTION:

7.1.1

Motors

ITEM OR EOQUIPMENT

<
DESCRIPTION 7.1.1.1 AC, 7.1.1.1.3 General 2
<
FAILURE MODE FAILURE RATE :
(*) OUT OF SERVICE e
(t) REPAIR TIME OR (§) RESTORE é
(HOURS) B
=
FAILURES/106 HOURS FAILURES/108 CYCLES ## QS
2
Low REC HIGH | REF Low REC HIGH | REF| LOW REC HIGH | REF DZ>
o]
<
ALL MODES 1.0 2.80 5.0 15 1.0 *{392.0 6.49E3| 15 ?
<
<!
wn
** One Cycle = One Demand
w
s>
a2
g3
Th
las -3
sl
<Bm
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