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I PREFACE

Recognition of reliability and mdintainability (R&M) as vital
factors in the development, production, operation, and maintenance
of today's complex systems has placed greater emphasis on the
application of design evaluation techniques to logistics
management. An analysis of a design for reliability and
maintainability can identify critical fuilure modes and causes of
unreliability and provide an effective tool for predicting
equipment behavior and selecting appropriate logistics measures to
assure satisfactory performance. Application of design evaluation
techniques can provide a sound basis for determining spare parts

requirements, required part improvement programs, needed redesignI efforts, reallocation of resources and other logistics measures to
assure that specified reliability and maintainability requirementswill be met.

Many efforts have been applied toward duplicating the data bank
approach or developing a new approach for mechanical equipment.
The statistical analysis of equipment aging characteristics,
regression techniques of equipmaent operating parameters related to
failure rates, and analysis of field failure data have been studied
in attempts to develop a methodology that can be used to evaluate
a new mechanical. design for R&M characteristics.

Many of the attempts to develop R&M prediction methodology have
been at a system or subsystem level. The large number of variables
at these levels and lack of detailed knowledge regarding operating
environment have created a problem in applying the results to the
design being evaluated. Attempts to collect failure rate data or
develop an R&M prediction methodology at the system or subsystem
level produce a wide dispersion of failure rates for apparently
similar components because of the basic characteristics ofj mechanical components.

The Design Evaluation Techniques program was initiated by tie
Carderock Division of the Naval Surface Warfare Center (NSWC) and
is sponsored by the Office of Naval Technology under the Logistics
Exploratory Development Program, P.E. 62233N. The methodology for
predicting R&M characteristics as part of this development effort
does not rely solely on failure rate data. Instead, the design
evaluation procedures consider the material properties, operating
environment and critical failure modes at the component part level
to evaluate a design for R&M. The purpose of this Handbook is to
present the proposed methodology for predicting the reliability of
mechanical equipment and solicit comments as to the potential
utility of a complete handbook of reliability prediction
procedures.

The development of this Handbook by the Logistics R & D Division
(Code 129) of CARDEROCKDIV, NSWC is being coordinated with the
military, industry and academia. Recent sponsors of this effort
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include the U. S. Army Armament Research, Development & Engineering
Center (SMCAR--QAH-P), Picatinny Arsenal and the Robins AFB, WR-
ALC/LVRS. These sponsors have provided valuable technical guidance
in the development of the methodology and the Handbook. In
addition, the Armament R,D & E Center has coordinated this effort
with the RAMCAD (Reliability and Maintainability in Computer Aided
Design) program. Also, the Robins AFB has supplied an MC-2A Air
Compressor Unit for validation testing purposes. The procedures
contained in this Handbook were used to predict the failure modes
of the MC-2A and their frequency of occurrence. Reliability tests
were then performed with a close correlation between predicted and
actual reliability being achieved.

Past sponsors and participants in the program include the
Belvoir Research, Development, & Engineering Center; Wrignt-
Patterson AFB; Naval Sea Systems Command; Naval Air Test Center and
Louisiana Tech University. The contractor for this effort is
Support Systems Technology Corp. in Gaithersburg, Maryland. At the
conclusion of this development effort NAVAIR (AIR-5165), the
Reliability and Maintainability Branch, will assume sponsorship of
the Handbook and be its point of contact.

Previous editions of this Handbook were distributed to
interested engineering personnel in industry and DoD for comments
as to the utility of the methodology in evaluating mechanical
designs for reliability. The comments have been extremely useful
in improving the prediction methodology and contents of the
Handbook. Every effort has been made to validate the equations
presented in this Handbook. However, limited funding has prevented
the extensive testing and application of prediction procedures to
the design/procurement process for full validation of the approach.
Therefore, uaers are cautioned that this Handbook is the result of
a research program and not an official DoD document.

Several companies have chosen to produce software packages
containing the material in this draft Handbook. The commercial use
of preliminary information which is a part of a research project
prior to complete evaluation of the methodology is premature. The
Navy has not been and is not now in any way connected with the
commercial ventures to produce software packages of unproven
technology and do not endorse their use. Interested users of the
technology presented in this Handbook are urged to contact the
Carderock Division of the Naval Surface Warfare Center to obtain
the latest available information on mechanical reliability.

Comments and recommended changes to the Hrndbook should be
addressed to:

James C. Chesley
Code .29

Carderock Division
Naval Surface Warfare Center

Bethesda, MD 20084
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CHAPTER 1

INTRODUCTION

1.1 CURRENT METHODS OF PREDICTING RELIABILITYI A reliability prediction is performed in the early stages of a
development program to support the design process. Performing a
reliability prediction provides for visibility of reliabilityI requirements in the early development phase and an awareness of
potential degradation of the equipment during its life cycle. As

Si a result of performing a reliability prediction, equipment designs
can be improved, costly over-designs prevented and development
testing time optimized.

Performance of a reliability prediction for electronic equipment
is well supported by standardized documentation in the form of
military standards, specifications and handbooks. Such documents
as MIL-STD-756 and MIL-HDBK-217 have been developed for predicting
the reliability of electronic equipment. Development of these
documents was made possible because the standardization and mass
production of electronic parts has permitted the creation of valid
failure rate data banks for high population electronic devices.
Such extensive sources of quality and reliability information can
be used directly to predict operational reliability while the
electronic design is still on the drawing board.

A commonly accepted method for predicting the reliability of
mechanical equipment based on a data bank has not been possible
because of the wide dispersion of failure rates which occur for
apparently similar components. Inconsistencies in failure rates
for mechanical equipment are the result of several basic
characteristics of mechanical components:

a. Individual mechanical components such as valves and
gearboxes often perform more than one function and failure data for
specific applications of nonstandard components are seldom3 available. A hydraulic valve for example may contain a manual
shut-off feature as well as an automatic control mechanism on the
same valve structure.3 b. Failure rates of mechanical components are not usually
described by a constant failure rate distribution because of wear,
fatigue and other' stress related failure mechanisms resulting in
equipment degradation. Data gathering is complicated when the

I
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constant failure rate distribution can not be assumed and
individual times to failure must be recorded in addition to total
operating hours and total failures.

c. Mechanical equipment reliability s more sensitive to
loading, operating mode and utilization rate than electronic
equipment reliability. Failure rate data based on operating time
alone are usually inadequate for a reliability prediction of
mechanical equipment.

d. Definition of failure for mechanical equipment depends upon
its application. For example, failure due to excessive noise or
leakage can not be universally established. Lack of such
information in a failure rate data bank limits its usefulness.

The above deficiencies in a failure rate data base result in
problems in applying the failure rates to an actual design
analysis. For example, the most commonly used tools for
determining the reliability characteristics of a mechanical design
result in a listing of component failure modes, system level
effects, critical safety related issues, and projected maintenance
actions. Estimating the design life of mechanical equipment is a
difficult task for the design engineer. Many life-limiting failure
modes such as corrosion, erosion, creep, and fatigue operate on the
component at the same time and have a synergistic effect on
reliability. Also, the loading on the component may be static,
cyclic, or dynamic at different points during the life cycle and
the severity of loading may also be a variable. Material
variability and the inability to establish an effective data base
of historical operating conditions such as operating pressure,
temperature, and vibration further complicate life estimates.

Although several analytical tools such as the Failure Modes,
Effects and Criticality Analysis (FMECA) are available to the
engineer, they have been developed primarily for electronic
equipment evaluations, and their application to mechanical
equipment has had limited success. The FMECA, for example, is a
very powerful technique for identifying equipment failure modes,
their causes, and the effect each failure mode will have on system
performance. Results of the FMECA provide the engineer with a
valuable insight as to how the equipment will fail; however, the
problem in completing the FMECA for mechanical components is
determining the probability of occurrence for each identified
failure mode.

The above listed problems associated with acquiring failure rate
data for mechanical components demonstrates the need for

2



U I reliability prediction models that do not rely sclely on existing
failure rate data banks. Predicting the reliability of mechanical
equipment requires the consideration of its exposure to the
environment and subjection to a wide range of stress levels such as
impact loading. The approach to predicting reliability of
mechanical equipment presented in this Handbook considers the
intended operating environment and determines the effect of that
environment at the lowest part level where the material properties
can also be considered. The combination of these factors permits
the use of engineering design parameters to determine the design
life of the equipment in its intended operating environment and the
rate and pattern of failures during the design life.

1.2 DEVELOPMENT OF THE HANDBOOKU Useful models must provide the capability of predicting the
reliability of all types of mechanical equipment by specific
failure mode considering the operating environment, the effects of
wear and other potential causes of degradation. The models
developed for the Handbook are based upon identified failure modes
and their causes. The first step in developing the models was the
derivation of equations for each failure mode from design
information and experimental data as contained in published5 Itechnical reports and journals. These equations were simplified to
retain those variables affecting reliability as indicated from
field experience data. The failure rate models utilize the
resulting parameters in the equations and modification factors were
compiled for each variable to reflect its effect on the failure
rate of individual component parts. The total failure rate of theI component is the sum of the failure rates for the component parts
for a particular time period in question. Failure rate equations
for each component part, the methods used to generate the models inI terms of failures per hour or failures per cycle and the
limitations of the models are presented. The models are beingI validated to the extent possible with laboratory testing or
engineering analysis.

The objective is to provide procedures which can be used for the
following elements of a reliability program:

. Evaluate designs for reliability in the early stages of
development

. Provide management emphasis on reliability with standardized
evaluation procedures
Provide an early estimate of potential spare parts
requirements

1 3U



" Quantify critical. failure modes for initiation of specific
stress or design analyses

" Provide a relative indication of reliability for performing
trade off studies, selecting an uptimum design concept or
evaluating a proposed design change

" Determine the degree of degradation with time f or a particular
component or potential failure mode

" Design accelerated testing procedures for verification of
reliability performance.

One of the problems any engineer can have in evaluating a design
for reliability is attempting to predict performance at the system
luvel. The problem of predicting the reliability of mechanical
equipment is easier at the lower indenture levels where a clearer
understanding of design details affecting reliability can be
achieved. Predicting the life of a mechanical component, for
example, can be accomplished by considering the specific wear,
erosion, fatigue and other deteriorating failure mechanism, the
lubrication being used, contaminants which may be present, loading
between the surfaces in contact, sliding velocity, area of contact,
hardness of the surfaces, and material properties. All of these
variables would be difficult to record in a failure rate data bank;
however, the derivation of such data can be achieved for individual
designs and the potential operating environment can be brought down
through the system level and the effects of the environmental
conditions determined at the part level.

The development of design evaluation procedures for mechanical
equipment includes mathematical equations to estimate the design
life of mechanical components. These reliability equations
consider the design parameters, environmental extremes, and
operational stresses to predict the reliability parameters. The
equations rely on a base failure rate derived from laboratory test
data where the exact stress levels are known and engineering
equations are used to modify this failure rate to the appropriate
stress/strength and environmental relationships for the equipment
application.

As part of the effort to develop a new methodology for
predicting the reliability of mechanical components, Figure 1.1
illustrates the method of considering the effects of the
environment and the operating stresses at the lowest indenture
level. A component such as a valve assembly may consist of seals,
springs, fittings, and the valve housing. The design life of the
entire mechanical system is accomplished by evaluating the design

4
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' at the component and part levels considering the material
properties of each part. The operating environment ot the system
is included in the equations by determining its impact at the part
level. Some of the component parts may not have a constant failure
rate as a function of time and the total system failure rate of the
system can be obtained by adding part failure rates for the time
period in question.

I SYSTEM OPERATING ENVIRONMENT- SYSTEM LEVEL ANALYSIS ]
--- ...... (Xnv.i~ronnt~ent) .....

I AC(FMU L ureOR ats)

VALVE ACCUMULATOR ACTUATOR FILTERMOTOR, PUMP
REGULATOR RESERVOIR - CYUNDER RLTER COMPRESSOR

DRIVE UNIT CLUTCH 1 SUDER 1 IMPACTINGGEAR BOX BRAKE CRANK DEVICE

SEAL FITTING, TUBING SENSOR SOEODCUPUNG
GSKýET CONNECTOR TRANSDUCER SOENI UNIVERSALJ

S~~GEAR SRN AIEE
BEARING SE SPRIN 7

Effects) *(Failure
_____ __Rate

- ........ Impact)

1 MATERIAL PROPERTIES

3 IFigure 1.1 Mechanical Components and Parts

Many of the parts are subject to wear and other deteriorating
type failure mechanisms and the reliability equations must include
the parameters which are readily accessible to the equipment
designer. A typical project to develop an engineering model for
mechanical wear established the correlation between material

I



strength and surf ace wear. This method of predicting wear
considers the materials involved, the lubrication properties, the
stress imposed on the part and other aspects of the wear process.
The relationship between the material properties and the wear rate
was used to establish generalized wear life equations for actuator
assemblies and other components subject to surface wear.

In another research project, lubricated and unlubricated spline
couplings were operated under controlled angular misalignment and
loading conditions to provide empirical data to verify spline
coupling life prediction models. A special rotating mechanical
coupling test machine was developed for use in generating
reliability data under controlled operating conditions. This high-
speed closed loop testbed was used to establish the relationships
between the type and volume of lubricating grease employed in the
spline coupling and gear life. Additional tests determined the
effects of material hardness, torque, rotational speed and angular
misalignment on gear life.

Results of these wear research projects are being used to
develop and refine the reliability equations for those components
subject to wear.

1.3 EXAMPLE DESIGN EVALUATION PROCEDURE
A hydraulic valve assembly will be used to illustrate the

Handbook approach to predicting the reliability of mechanical
equipment. Developing reliability equations for all the different
types of hydraulic valves would be an impossible task since there
are over cre hundred different types of valve assemblies available.
For example, some valves are named for the function they perform,
e.g. check valve, regulator valve and unloader valve. Others are
named for a distinguishing design feature, e.g. globe valve, needle
valve, solenoid valve. From a reliability standpoint, dropping
down one indenture level provides two basic types of valve
assemblies: the poppet valve and the sliding action valve.

The example assembly chosen for analysis is a poppet valve
which consists of a poppet assembly, spring, seals, and housing.

1.3.1 Poppet Assembly
The functions of the poppet valve would indicate the primary

failure mode as incomplete closure of the valve resulting in
leakage around the poppet seat. This failure mode can be caused by
contaminants being wedged between the poppet and seat, wear of the
poppet seat, and corrosion of the poppet/seat combination.
External seal leakage, sticking valve stem, and damaged poppet

6



I! return spring are other failure modes which must be considered in
the design life of the valve.

A new poppet assembly may be expected to have a sufficiently
smooth surface for the valve to meet internal leakage
specifications. However, after some period of time contaminants5- will cause wear of the poppet assembly until leakage rate is beyond
tolerance. This leakage rate, at which point the valve is
considered to have failed, will depend on the application and toI what extent leakage can be tolerated.

As derived in Chapter 6 the following equation car be used to5 idetermine the failure rate of a poppet assembly:

1P = 1P B 2 X 104 Dm f3 ,12 I K
Q f va Lw (S.)' 1 2

I Where: 'X= failure rate of the poppet assembly,
failures/million cycles

XP,B =base failure rate for poppet assembly,
D•= mean seat diameter, in

f me-an surface finish of opposing surfaces, in
P1 = upstream pressure, lb/in 2

P2 = downstream pressure, lb/in
failures/million cycles

Qf = leakage rate cinsidered to be a valve
failure, in3/min

= = absolute fluid viscosity, Ib-min/in2

L = radial seat land width, in
SS = apparent seat stress, lb/in2

K1 = constant which considers the impact of
contaminant size, hardness and quantity of
particles

Values used to determine the failure rates for the parts used in
this example are listed in Table 1-1. Throughout the Handbook
failure rate equations for each component and part are translated
into a base failure with a series of multiplying factors to modify
the base failure rate to the operating environment beingI considered. For example, the above equatiun can be rewritten as
follows: (See Equation 6-6 in Cnapter 6)

SAP = AP,B - Cp . CQ - CF•* Cy - CS C Cc • C . CW
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Where: Cp = Multiply~ing factor which considers the effect
of fluid pressure on the base failure rate

CQ =Multiplyinq factor which considers the effect
of allowable leakage on the base failure rate

CF = Multiplying factor which considers the effect
of surface finish on the base failure rate

CV = Multiplying factor which considers the effect
of fluid viscosity on the base failure rate

CN = Multiplying factor which considers the effect
of contaminants on the base failure rate

Cs = Multiplying factor which considers the effect
of seat stress on the base failure rate

C• = Multiplying factor which considers the effect
of seat diameter on the base failure rate

CW = Multiplying factor which considers the effect
of seat land width on the base failure rate

S = Multiplying factor which considers the effect
of fluid flow rate on the base failure rate

The parameters in the failure rate equation can be located on an
engineering drawing, by knowledge of design standards or by actual
measurement. Other design parameters which have a minor effect on
reliability are included in the base failure rate as determined
from field performance data.

1.3.2 Spring Assembly
Depending on the application, a spring may be in a static,

cyclic, or dynamic operating mode. In the current example of a
valve assembly, the spring will be in a cyclic mode. The operating
life of a mechanical spring arrangement is dependent upon the
susceptibility of the materials to corrosion and stress levels
(static, cyclic or dynamic). The most common failure modes for
springs include fracture due to fatigue and excessive loss of lo&d
due to stress relaxation, Other failure mechanisms and causes may
be identified for a specific application. Typical failure rate
considerations include: level of loading, operating temperature,
cycling rate and corrosiveness of the fluid environment.

The failure rate of a spring depends upon the stress on the
spring and the relaxation properties of the material. The load on
the spring is equal to the spring rate multiplied by the change in
load per unit deflection and calculated as explained in Chapter 4.
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Where: PL= Load, JbsI K = Spring rate, lb/in
L= Initial deflection of spring, in
L2 Final deflection of spring, in
G_• Modulus of rigidity, lb/in2

DC = Mean diameter of spring, in
DW = Mean diameter of wire, in
Na = Number of active coils

3 Stress in the spring will be proportional to loading according
to the following relationship:

I 8 PL Dc
n (D W)3

Where: SG= Actual stress, psi
KW = Wahl stress correction factor

i4C - 1 + 0.615
S4C - 4 C

and: C Dc/DW

This equation permits determination of expected life of the
spring by plotting the material S-N curve on a modified Goodman
diagram. In the example valve application, the spring force and
the failure rate remain constant. This projection is valid if the
spring does not encounter temperature extremes. The anticipated

•I failure rate as a function of time is shown in Figure 1.2.
Corrosion is a critical factor in spring design because most

springs are made of steel which is susceptible to a corrosiveI environment. In this example the fluid medium is assumed to be
non-corrosive and the spring is always surrounded by the fluid,
thus a corrosion factor need not be included in this analysis. If

1 the valve were a safety device and subjected intermittently to a
steam environment, then a corrosion factor would have to be applied

* 1consistent with any corrosion protection in the original spring

*9

I


