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ABSTRACT

This report summarizes analyses on the non-operating
reliability of missile materiel. Long term non-operating
data has been analyzed together with accelerated storage
life test data. Reliability prediction models have been
developed for various classes of devices.

This report is a result of a program whose objective is
the development of non-operating (storage) reliability pre-
diction and assurance techniques for missile materiel. The
analysis results will be used by U. S. Army personnel and
contractors in evaluating current missile programs and in
the design of future missile systems.

The storage reliability researcli program consists of
a country widc data survey and collection effort, accelerated
testing, special test programs and development of a non-
operating reliability data bank at the U. S. Army Missile
Research & Development Command, Redstone Arsenal, Alabama.
The Army plans a continuing effort to maintain the data bank
and analysis reports.

For more information, contact:

Commander

U. S. Army Missile P&D Command
ATTN: DRDMI-QS, Mr. D. R. Provence
Building 4500

kedstonc Arsenal, AL 35809
Autovon 746-3235

or (205) 876-3235
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1.0 INTRODUCTION

1.1 Missa.le Reliability Considerations
Materiel in the Army inventory must withstand long periods
of storage and "launch ready" nun-activated or dormant time as

well as perform operationally in severe launch and flight en-
virnoments. In addition to the stress of temperature soaks
and aging, they must often endure the abuse of frequent trans-
portatiuvn and handling and the climatic extremes of the forward
area battlefield environment.

Missiles spend the majority of the time in this non-
operating environment. In newer missile systems, complexity
is increasing significantly, longer service lives are being
required, and periodic maintenance and checkouts are being
reduced. The combination of these factors places great im-
portance on selecting missile materiels which are capable of
performing reliably in each of the environments.

The inclusion of storage reliability requirements in
the initial system specifications has also placed an impor-
tance on maintaining non-operating reliability prediction
data for evaluating the design and mechanization of new systems.
1.2 Storage Reliability Research Program

An extensive effort is being conducted by the U. S. Army
Missile Command to provide detailed analyses of missile
materiel and to generate reliability prediction data. A
missile material reliability parts count prediction handbook,
IC-78-1, has been developed f:onr this effort.

This report is an update to report LC-76-2, dated May 1976.
It provides a summary of the analyses performed under the storage
reliability research program and background information for the
predictions in LC~78-1. Included are summaries of real time and

test data, failure modes and mechanisms, and conclusions and
recommendations include special design, packaging and product
assurance data and information on specific part types and part

construction.




For a number of the part types, detailed analysis
reports are also available. These reports present details
on part construction, failure modes and mechanisms, parameter
drift and aging trends, applications, and other considerations
for the selection of materiel and reliability prediction of
missile systems.

The U. S. Army Missile Research & Development Command also
maintains a Storage Reliability Data Bank. This data bank con-
sists of a computerized data base with generic part storage
reliability data and a storage reliability report library con-
taining available research and test reports of non-operating
reliability research efforts.

For the operational data contained in this report, the user
should refer to the following sources: MIL-HDBK-217B, Military
Standardization Handbook, Reliability Prediction of Electronic
Equipment; Reliability Analysis Center (RAC) Microcircuit
Failure Rates; RADC-TR-69-458, Revision to the Nonelectronic
Reliability Handbook; and the Government-Industry Data Exchange
Program (GIDEP) Summaries of Failure Rate Data.

1.3 Missile Environments

A missile system may be subjected to various modes of
transportation and handling, temperature soaks, climatic
extremes, and activated test time and "launch ready" time
in addition to a controlled storage environment. Some studies
have been performed on missile systems to measure these en-
vironments. A summary of several studies is presented in
Report BR-7811, "The Environmental Conditions Experienced by
Rockets and Missiles in Storage, Transit and Operations"
prepared by the Raytheon Company, dated December 1973.

In this report, skin temperatures of missiles in con-
tainers were recorded in dump (or open) storage at a maximum
of 165°F (74°C) and a minimum of -44°F (-42°C). In non-
earth covered bunkers temperatures have been measured at a
maximum of 116°F (47°C) to a minimum of -31°F (-35°C). 1In
earth covered bunkers, temperatures have been measured at
a maximum of 103°F (39°C) to a minimum of 23°F (-5°C).

1-2
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. Acceleration extremes during transportation have been
measured for track, rail, aircraft and ship transportation.
Up to 7 G's at 300 hertz have been measured on trucks; 1 G
at 300 hertz by rail; 7 G's at 1100 hertz on aircraft; and
1l G at 70 hertz on shipboard.
Maximum shock stresses for truck transportation have
been measured at 10 G's and by rail at 300 G's.
Although field data does not record these levels, where
available, the type and approximate character of storage and
transportation are identified and used to classify the devices.

1-3




1.4 System Level Analysis
The primary effort in the Storage Reliability Research

Program is on analysis of the non-operatiny characteristics

of parts. In the data collection effort, however, some data
has been made available on system characteristics.

This data indicates that a rcliability prediction for
the system based on part level data will not accurately pro-
ject maintenance actions if the missile is checked and main-
tained periodically. Factors contributing to this disparity
include test equipment reliability, design problems, and
general handling problems. In many cases, these problems are
assigned to the system and not reflected in the part level
analysis.

In general, a factor of 2 should be multiplied by the
device failure rate to obtain the maintenance rate. Three
system examples are described below:

1.4.1 System A

For system A, a check of 874 missiles in the field in-~
dicates 142 failed missiles. These failed missiles were taken
to a maintenance facility. At the maintenance facility, no
fault could be found in 51 of the missiles. Two missiles
faults were corrected by adjustments. This left 89 failures
which could be attributed to part failure. The parts were
failure analyzed and the analysis indicated 19 failures to
be a result of electrical overstress. These failures were
designated design problems.

Therefore only 70 (49%) of the original 142 failures
were designated as non-operating part failures.

1 4.2 System B

For system B, 26 missile failures were analyzed. Of
these no fault was found in 2 missiles; adjustments were re-
quired for 2; external clectrical overstress or hanaling
damage was found in 10; a circuit design problem was assigned
to 1, and component failures were assigned to 11.

1.4.3  Gyvo Assemblivs
An analysis of gyro asscmbly returns indicated that two

thirds of the returns were attributed to design defects,
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mishandling, conditions outside design requirements, and to
erroneous attribution of system problems.

Therefore, only 33 percent of the returns were designated
as non-operating part failures.
1.5 Limitations of Reliability Prediction

Practical limitations are placed in any reliability
analysis effort in gathering and analyzing data. Field
data is generated at various levels of detail and reported in
varying manners. Often data on environments, applications,
part classes and part construction are not available. Even
more often, failure analyses are non-existant. Data on low
use devices and new technology devices is also difficult to
obtain. Finally in the storage environment, the very low
occurrence of failures in many devices requires extensive
storage time to generate any meaningful statistics.

These difficulties lead to prediction of conservative or
pessimistic failure rates. The user may review the existing
data in the backup analyses reports in any case where design
or program decision is necessary.

1.6 Life Cycle Reliability Prediction Modeling

Developing missile reliability predictions requires

several tasks. The first tasks include defining the system,
its mission, environments and life cycle operation or de-
ployment scenario.

The system and mission definitions provide the basis
for constructing reliability success models. The modeling
can incorporate reliability block diagrams, truth tables
and logic diagrams. Descriptions of these methods are not
included here but can be studied in detail in MIL-HDBK-217B
or other texts listed in the bibliography.

After the reliability success modeling is completed,
reliability life cycle prediction modeling for each block
or unit in the success model is performed based on the defi-

nitions of the system environment and deployment scenario.
This reliability life cycle modeling is based on a "wooden

‘ -




round” concept in order to assess the missile's capability
of performing in a no-maintenance environment. The yeneral

equation for this modeling is:

Ree = Rrsu * Bgpor * RFrest * Rorp ¥ Rrrso x R, X Rp
where:
RLC is the unit's life cycle reliability
RT/H is the unit's reliability during handling and
transportation
RSTOR is the reliability during storage

is the unit's reliability during check out and

test
is the unit's reliability during dormant launch

R'(‘ES’I‘

RLR/D
ready time

is the unit's reliability during operational
(>10% electronic stress) launch ready time

R, is the unit's reliability during powered launch

and flight

Rp is the unit's reliability during unpowered flight

The extent of the data to date does not provide a cap-
ability of separately estimating the reliability of trans-
portation and storage for missile materiel. Also data has

RLr/0

indicated no difference between dormant (>0 and <10% electri-
cal stress) and non-operating time. Therefore, the general

equation can be simplified as follows:

RLc(t) = RNO(tNO) x Ro(to) x RL(tL) X RF(TF)

where: RNO is the unit's reliability during transportation
and handling, storage and dormant time (non-
operating time)

tvo is the sum of all non-operating and dormant time
R is the unit's reliability during checkout, test
or system exercise during which components have

clectrical power applied (operating).

1-6
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is the sum of all operating time excluding launch
and flight

is the unit's reliability during powered launch.
and flight (Propulsion System Active)

is the powered launch and flight time
the unit's reliability during unpowered flight

-
o)

is the unpowered flight time

r?’qﬂhfbﬂ'
.
0

is the sum of tNO’ to, tL and tF

The values RNO' RO' R, are calculated using several

methods. The primary method is to assume exponential distri-

butions as follows:

i

Ryo (tho) e *notno
At

Ro(to) = e 00

R(E) = e by
R (E,) -t

!

e FTF

The failure rates ANO’ AO' XL and AF are calculated from
the models in the following sections. ANO is calculated from
the non-operating failure rate models. The remaining failure
rates are calculated from the operational failure rate models

using the appropriate environmental adjustment factors. Each
prediction model is based on part stress factors which may in-

clude part quality, complexity, construction, derating, and other
characteristics of the device.

Other methods for calculating the reliability include
wearout or aging reliability models and cyclic or one shot
reliability models. For each of these cases, the device sec-

tion will specify the method for calculating the reliability.
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1.7 Reliability Predictions During Early Design

Frequently during early design phases, reliability pre-
dictions are required with an insufficient system definition
to utilize the stress level failure rate models. Therefore,

a "parts count" prediction technique has been prepared. It
provides average base failure rates for various part types
and provides K factors for various phases of the system de-
ployment scenario to generate a first estimate of system re-
liability. This prediction is presented in Report LC-78-1,
1.8 Summary of Report Contents

The report is divided into five volumes which break out
major component or part classifications: Volume I, Electrical
and Electronic Devices; Volume II, Electromechanical Devices;
Volume III, Hydraulic and Pneumatic Devices; Volume IV,
Ordnance Devices; and Volume V, Optical and Electro Optical
Devices. Table 1-1 provides a listing of the major part types
included in each volume.

1.9 Summary of Volume III, Hydraulic, Pneumatic and Electrical

Control System Components

Table 1-2 summarizes the storage reliability failure rates
of components used in missile control systems.
1.10 Missile Control System Studies

A study of missile ccntrol systems is being conducted and
is expected to be published in the Summer 1978. A summary of
the preliminary analyses is given in Tables 1-3, 1-4 and 1-5.

Table 1-3 gives the storage reliability of the various
missile control systems grouped by the guidance type; Table 1-4
ranks the systems and Table 1-5 groups the control systems by
type. These show the variation of storage reliability between
hydraulic, pneumatic and electric.




TABLE 1-1. REPORT CONTENTS .

4 Detailed Rept.

L Volume I Electrical and Electronic Devices Number & Date
Section
2.0 Microelectronic Devices LCc~78-IC1, 1/78
3.0 Discrete Semiconductor Devices -
4.0 Electronic Vacuum Tubes LC-78-VTl, 1/78
5.0 Resistors -

| 6.0 Capacitors -

32 7.0 Inductive Devices -

i 8.0 Crystals -

! 9.0 Miscellaneous Electrical Devices =

s 10.0 Connectors and Connections -
11.0 Printed Wiring Boards -

f Volume II Electromechanical Devices
i Section
2.0 Gyros LC-78-EM1, 2/78
3.0 Accelerometers LC~-78-EM2, 2/78
4.0 Switches LC-78-EM4, 2/78
5.0 Relays LC-78-EM3, 2/78
6.0 Electromechanical Rotating Devices -
7.0 Miscellaenous Electromechanical Devices =
Volume III Hydraulic and Pneumatic Devices
Section 2
2.0 Accumulators LC-76-HP2, 5/76
3.0 Actuators LC-76-HP3, 5/76
4.0 Batteries LC-78-Bl, 2/78
5.0 Bearings =
6.0 Compressors = ’
7.0 Cylinders - P
8.0 Filters = 4
9.0 Fittings/Connections - é
10.0 Gaskets - i
11.0 O-Rings =
12.0 Pistons -
13.0 Pumps LC-76-HP4, 5/76
14.0 Regulators -
15.0 Reservoirs -
16.0 Valves LC-76~-HP1, 5/76
Volume IV Ordnance Devices
Section
2.0 Solid Propellant Motors LC-76-0ORl, 5/76
3.0 Igniters and Safe & Arm Devices LC-76-CR2, 5/76
4.0 Solid Propellant Gas Generators LC-76-0R3, 5/76
5.0 Misc. Ordnance Devices -
Volume V Optical and Electro Optical Devices
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. TABLE 1-2.
STORAGE RELIABILITY FAILURE RATES

90%
SECTION COMPONENT M.T.B.F. 6 FAILURE RATE CONFIDENCE
10 (FITS) LIMIT
ACCUMULATORS 31.949 31.3 52.7
ACTUATOR
? Hydraulic 5.025 199. 269.
: Pneumatic 11.364 88. 188.
4.0 BATTERIES
Silver-Zinc 23.8 42.0 9
§ Thermal 1%-526 94.3 36;.9
; .
| 5.0 BEARINGS
F Ball 200.0 5.0 19.5
6.0 COMPRESSORS . 245 <4,085.0 9434.
i CYLINDERS 13.334 75.0 111.4
| 8.0  FILTERS 714.235 <1.4 5.2
i Filter (fine,
f 100 micron) 161.290 <6.2 -
Filter (coarse,
100 micron) 476.190 <2.1 -
Other 56.497 <017.7 -
9.0 FITTING &
CONNECTIONS 2.25 444.4 888.5
10.0 GASKETS & SEALS 101.0 (<9.9) 23.0
11.0 O'RINGS 1070.0 4.0 -
12.0 PISTON = = =
13.0 PUMPS
A. FIXED DISPL. 2.6 380.2 408.0
l. Gear 2.27 439.9 486.4
2. Piston 2.857 350.0 396.2
3. Vane 3.333 300.0 363.4
B. VARIABLE 2.105 475.0 528.0
1. Piston 1.839 543.7 626.1
2. Vane 2.462 406.2 477.1
C. KINETIC 5.000 200.0 253.0
1. Centrifugal 5.000 200.0 253.0
D. HYDRAULIC
(General) 10.493 95.3 105.9
E. FUEL PUMP 8.071 123.9 286.5

1-10
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SECTION

COMPONENT

14.0

15.0
16.0

17.0

REGULATORS

Temperature
Pressure

RESERVOIR
VALVES

A. SOLENOID
B. HYDRAULIC

Bleeder
Check
Control
Relief
Shutoff

C. SHUTTLE/
SERVO

D. PNEUMATIC

General
Check
Pressure
Manifold

E. MOTOR
OPERATED

Sequence
Freon

TABLE 1-2.
STORAGE RELIABILITY FAILURE RATES
(cont'd.)
90%
M.T.B.F. 6 FAILURE RATE CONFIDENCE
10 (FITS) LIMIT
5.777 173.1 673.5
5.025 (<199.0) 459.7
.752 1330.0 5167.4
117.647 8.5 14.4
357.142 2.8 5.6
208.333 <4.8 11.0
43,668 22.9 51.0
149,253 <6.7 15.0
714.285 1.4 5.5
217.39 <4.6 11.0
6.859 145.8 205.0
57.143 17.5 68.2
4.673 214.0 833.0
4.149 <241.0 558.0
.6289 <1590.0 3680.0
47.619 21.0 48.5
8.849 113.2 301.0
5.155 194.0 755.0
.667 <1500.0 3500.0
11.863 84.3 328.0

Fuel
FLUIDS, HYDR.
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b TABLE 1-3.

STORAGE RELIABILITY FOR VARIOUS MISSILE CONTROL SYSTEMS
(Grouped by Guidance Type) 6

NO. OF 10 STORAGE
MISSILE GUIDANCE CONTROL COMPONENTS MTBF FAILURE
(FITS)
A Infrared Homing Pneu/Elec 174 4.54 220.08

B . . Electric 1 1.148 871.0

] C * " Electric 7 1.2 824.4
D Command Hydraulic 15 2.169 460.9

P Command Hydr/Pneu 20 .451 2215.0

Semi-Act. Radar

E Semi-Act. Radar Hydraulic 174 .291 3435.5

H Semi-Act. Radar Hydraulic 233* .328 3047.6

G Inertial Hydr/Elec 24 1.0 998.0

M = Hydraulic 39 .267 3741.0

I TV Hydraulic 79 .207 4827,1

N ™v Hydraulic 40 .259 3866.5

*209 connections
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TABLE 1-4.
STORAGE RELIABILITY ORDER BY FAILURE RATE (FITS)

MISSILE GUIDANCE CONTROL FAILURE RATE MTBF
(FITS) (10°)
A Infrared Homing Pneu. (Elect.) 220.08 4.54
D Command Hydr. (Elect.) 460.90 2.17
(c Infrared Homing Electric 824.40 1.20
B Infrared Homing Electric 871.00 1.14
G Inertial Hydr. (Elect.) 938.00 1,00
P Command/Semi-
Act. Radar Hydr. (Pneu.) 2215.0 0.53
H Semi-Act. Radar Hydraulic 3047.60 0.33
E Semi-Act. Radar Hydraulic 3435.50 0.29
M Inertial Hydraulic 3741.00 0.26
N T.V. Hydraulic 3866.50 0.25
I T.V. Hydraulic 4827.10 0.21
TABLE 1-5.
STORAGE RELIABILITY GROUPED BY CONTROL TYPES
HYDRAULIC (Total)
Missile Guidance Failure Rate (Fits) MTBF x 106
H Semi-Active Radar 3,047.6 .33
E Semi-Active Radar 3,435.5 .29
M Inertial 3,741.0 .26
N T.V. 3.866.5 .25
I T.V. 4,827.1 .21
AVERAGE 3,783.54 .26
HYDRAULIC ELECTRIC (Combination)
D Command 460.90 2.17
G Inertial 998.00 1.00
AVERAGE 729.45 1.17
HYDRAULIC PNEUMATIC (Combination)
P Command (Semi-Act. Radar) 2215.0 +45
PNEUMATIC ELECTRIC (Combination)
A Infrared Homing 220.08 4.54
ELECTRIC (Total)
C Electric 824.4 1.20
B Infrared iloming 871.6 1.14
AVERAGE 847.7 1.20
1-13




2.0 Accumulators

Accumulators are devices tnat store energy, and subse-
Juently supply peak demands in a system having an intermittent
duty cycle. They can also be used to provide hydraulic shock
suppression. Accumulators may store energy by means of gravi-
tational force, mechanical springs, or the compressibility of
gases. Data was collected on acéumulators that store energy
by the compressibility of gases. Three types of separators
are used in these accumulators: 1) bladder, 2) diaphragm, i
and 3) piston.
2.1 Storage Reliability Analysis

2.1.1 Failure Mechanisms and Modes

Accumulators of all types generally have similar failure
characteristics. Failure mechanisms for stored accumulators
are (1) contamination, (2) damaged parts (cracked), (3) blem-

ishes, (4) misalignment problems or swelling. The storage
failure modes are usually (1) internal leakage, (2) external 1

leakage, and (3) swelling.
A summary of failure modes, causative mechanisms, de-
tection methods and measures to minimize them are presented
in Table 2.1-1.
2.1.2 Accumulator Failure Rates *
Over 334 million part hours of storage data are included
in this report. Table 2.1-2 shows data sources with their

i

functional application and environment as well as failure in-
formation. For purposes of this table, "environment"® is
defined as the conditions for which the equipment was de- 1
signed and intended to operate.

The data did not always contain specific information as
to accumulator type or descriptions of failure modes and
mechanisms. Quality grades were not defined and therefore
failure rates derived in this section reflect the entire

quality range defined for accumulators.
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2.1.3 Analysis of Storage Data

The combined failure rate for all of the entries in
Table 2.1-2 is 1914 fits. However, close examination of the
individual entries shows wide discrepancies in failure rate
amonqg the different sources. For programs reporting at
least one failure, the failure rate ranges from a low of 27
fits to 57678 fits, In an attempt to reconcile these diffor-
ences, analyses of the discordant data points were made as
follows:

a)  Dbata Point No. 2 - This was an accumulator on board

an aircraft which crashed in the desert. Scventeen years
later the cquipment was recovered and analyzed. The accumu-
lator was found to have failed although the analysis showed

it held air pressure for "a few years." The failure rate
f

shown in Table 2.1-2 shows a number of hours equal to 17
years, It was not possible to determine the time of failure,
therefore this data is invalid.

? b) Data Point No. 3 - A total of 600 accumulators were

stored at the manufacturers' plants for two years. At the

' end of this period all of the accumulators had leaked. The

accumulators were stored with the piston O-rings installed.
This is not a recommended procedure and the manufacturer does
not store accumulators with O-ring seals in place any more.
Therefore, the information in data point 3 is no longer valid
and will not be used for prediction.

¢) Data Points No. 7 and No. 11 - This is the lowest
failure rate source shown in Table 2.1-2. All of the accumu-

lators in this source were submitted to a "run in" for six hours.
This was accomplished by charging the unit at very high pressure
for a few minutes and at nominal pressure for the rest of the
time. It was estimated that the run in eliminated from 75 to

80 percent of all the potential problems in the field.
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The accumulators in data point 1l were also submitted
to a high pressure run in prior to storage. The combined
failure rates of data points 7 and 11 is consistent with
that of other accumulators in Table 2.1-2. In view of this
and despite the fact that these accumulaturs went through
a preconditioning process, data points 7 and 11 will be
included in the prediction process.

d) Data Point No. 6 - The information in this source

represents an estimate based on ratioing the operational
failure rate of accumulators. Since it does not represent
actual storage experience, this data will not be used for
prediction.

e) Data Point No. 10 - This point represents data on
a number of accumulators in a hydraulic thrust vector control
system. A number of the failures were attributed to im-
proper shipping and filling procedures and to inadequate
accumulator capacity. Since most of the failures were at-
tributed to improper procedures and design defects the data

will not be used for prediction.
After eliminating four of the six data points dis-
cussed above, there are seven valid points left. Six of

them are for a missile environment and one for a ground
environment. The ground accumulator has 3.051 million hours

of storage with no failures. This is consistent with the
failure rate of missile accumulators and therefore, they will
be grouped together.

The resultant data shows 223,68 hours of storage with
seven failures for a failure rate of 31.3 fits. The one-
sided 90% confidence limit is 52.7 fits. Of those sources
reporting at least one failure, a range of failure rates

from 27 fits to 106 fits was observed. Some of the differences




still remaining may be due to the pressurization state in
which the accumulators were stored. For example, the devices

in data point 11 were stored in an unpressurized state.

Similar information does not exist on the rest of the valid
data points. Therefore, the effects of the pressurization
state of the devices could not be quantified. However, this
is recognized as possible reliability factor.
2.2 Operational/Non-Operational Failure Rate Comparison

The ratio of operating to non operating failure rate

was computed as shown below. The cperational failure rate

was obtained from the RADC Nonelectronic Reliability Hand- ‘
A

book. . . op
Environment A(fits) xs
Operational 54000
Storage 31 1742

2.3 Conclusions and Recommendations

2.3.1 Conclusions
Comparison between dormant and storage reliability data

indicates no significant difference between the two. This
agrees with previous studies (reference no. 35). Therefore, 4
the dormant and storage data were combined in all analyses.

Quality grades were not well defined for the accumulator
data collected. To deterrine guality grades extensive search- i
ing through component specifications and drawings would be
required. It was therefore impossible to determine the effect,
if any, of quality levels. The results presented in this
report represent failure rate averages over the quality
grade spectrum.
2.3.2 Recommendations

Record keeping for accumulators kept on storage should
be improved, specifically the identification of quality grades
and accumulator description. This should be done within
existing data collection systems.

Additional research and data collection should be per-
formed to attain a better definition of the data already




on hand. More detailed identification of those units classi-
fied only by their generic names should be attempted.

A more vigorous and better documented program of failure
mode analysis should be implemented.
2.4 Reference

The information in Section & is a summary of document
number LC-76~HP2, "Hydraulic and Pneumatic Systems Accumu-
lator Analysis," dated May 1976. Refer to that document for
details of data collection and analysis, as well as, techni-
cal descriptions of accumulators.
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i0 Actuators
Four major types of actuators were analyzed; Hydraulic,

Pneumatic, Motor Controlled, and Solenoid types. Each type
has several types of actuating mechanisms, however the data
has been grouped in accordance with major types.

3.1 Storage Reliability Analysis

3.1.1 Failure Mechanisms
The primary failure modes that could materially affect

the functional reliability of actuators are individually dis-
cussed. Failure modes most likely to occur listed in their

most probable order are:

1) Internal leakage (excessive)

2) Hysteresis

3) External leakage (excessive)

The actuator failure modes are often the cause of valve
failure and are often difficult to determine.
3.1.1.1 Internal Leakage

As with a valve, the actuator has a leakage prpblem which
is most serious particularly for long term stored actuators. This
is a problem because a small leakage rate can deplete the supply
of the flowing medium. The flowing medium may be corrosive or
explosive and damage to equipment or personnel can result.
Excessive internal leakage is attributed primarily to failed
piston seals; however, contamination can also cause increased

wear and leakage.

3.1.1.2 Hysteresis

Hysteresis, is a result of excessive friction between
moving parts. Packing contributes to this effect because it must
create a seal sufficient to hold line fluid within the body.
Additional friction occurs in the guide, and very fine stem
finishes are employed. Piston seal rings in cylinder actuators
also offer resistance to movement and cause some hysteresis.

Other moving parts cuch as, the plug, diaphragm plate and
stem arec possible problems due to contamination and wear. After
long periods of storage, sticking or sliding or contacting can
be caused by (1) cold welding, (2) inadequate lubrication, (3)

contamination, or (4) incorrect design.

3-1
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3.1.1.3 External actuator leakage
External leakage is caused by leakage through or around
seals. This is due to aging of elastomeric seals or static

seals. To eliminate this failure mode, welded body construc-
! tion is preferred and permanent connections such as brazed,
i welded or swaged should be made when the components are in-
stalled into the system.
3.1.2 Actuator Storage Failure Rates
The actuator storage data, Table 3.1-1, did not identify
specific types other than whether they were used in a hydrculic

or pneumatic system. Accordingly, storage failure rates were

derived for these two categories as shown in Table 3.1-1.

TABLE 3 .1-1. ACTUATOR STORAGE DATA SUMMARY

Type Storage Hrs. Failures Ag {Fits) 90% ore-sided

x 106 confidence limit
Hydraulic 608.6 121 19.8)199(40769) 269
Pneumatic 239.0 21 (63) 88(256) 118

The numbers in parenthesis indicate the range of failure
rate computed from individual data sources showing at least
one failure. The 90% one sided confidence limit is also
shown.

3.1.3 Hydraulic Actuator Stcrage Data

s ot

Storage data on hydraulic accumulators consisted of over
608 million hours with 125 failures for an overall failure
rate of 199.7 fits. Examination of Table $.1-2 reveals a wide
variation in failure rates among the individual sources.

i

From sources showing at least one failure, the failure rate
varies from a low or 9.8 fits to a high of 40,769 fits. 1In

A

an attempt to determine the reasons for this variance, the
individual sources were reviewed fo:r clues. Although the
information on actuator types, storage enviroﬁment, quality
grades, length of storage and types of failures was not
sufficient to reach absolute conclusions, several possibilities

for the variance were identified.

3 -2
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a) Periodic exercising - Some of the equipments in
Table 3.1-2 were exercised periodically during storage (data
samples 15 and 16). Others (data sémples 4, 11, 12 and 14)
were never exercised throughout the storage period. A third
class of data did not specify whether or not the equipment
had been exercised. The overall failure rate for hydraulic
actuators is 199 fits. The failure rate of those equipments
known to have not been exercised is almost 100 times the
overall failuge rate. If the data from non-exercised systems
is removed from the overall failure rate computation, the
ratio of non-exercised tc the overall failure rate increases
to over 250. Although it is difficult to ascertain the storage
conditions of the third class of data, its overall failure
rate is consistent with that of exercised systems. Based on
this data, a trend toward higher failure rates for equipment
which remains not exercised during storage is apparent and
may partially account for the higher failure rates in
Table 3.1-2.

b) Changes in technology - As time passes, advancements
in technoloyy are sometimes reflected in improved failure
rates. For example, welded body construction and improved

elastomeric seals result in improved reliability. The data
sources in Table 3.1-2 vary in age from 1963 to 1974. The
lowest failure rates are obtained from data samples 1 and 7
taken from reports dated 1974 and 1969 respectively. Those
two sources, by virtue of their large number of hours (over
75% of all the iours), bias the overall failure rate toward
the low end. All of the high failure rate items were taken
from rcports dated 1963 and 1964. Therefore, it is probable
that a decrease of failure rate with time (and improved tech-
nology) is shown by the data.

c) Complexity - The complexity of an actuator can vary
from a simple linear piston type to a complex reciprocating
vane type. Since the data did not call out specific types,
it is possible that the variance 1s due to differing degrees

of complexity.

—— —




d) Length of storage - The length of storage for in-

dividual sources varied from a few years to as many as 17
years. Some of the failures were attributed to aging of
seals. In this case, the failure rate of equipments stored
for longer times would tend to be higher. 1In spite of this,
an exponential failure rate was still assumed since the data
wvas not conclusive enough to establish an aging mechanism.

e) Reporting methods - Failures were counted on the

basis of failure statements on failure reports. With the
exception of the 6% of the reports concerned with corrosion,
the balance of the failures may not have been caused by the
storage environment,

3.2 Pneumatic Actuator Storage Data
Storage data for pneumatic actuators consists of 238.988

million part hours with 21 failures for a failure rate of 87.9
fits. For programs reporting at least one failure, a range

of failure rates from 9.8 fits to 256 fits was observed. Al-
though thics range is not as wide as that for hydraulic actua-
tors, some of the reasons discussed in Section 3.1.1.
responsible for the variation.

3.3 Operational/Non-Operational Failure Rate Comparison
Operational to non operational failure rates ratios (K

factors) were computed for hydraulic and pneumatic actuators.
Operating data was taken from the RADC Nonelectronic Reliability 1
Notebook. The data and K factors are shown below,

. . A
Type A (fits) A, (fits!} op
op ___ s {s
Hydraulic 15288 199 77
Pneumatic 1507 88 17
3-6
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3.4 Conclusions and Recommendations

3.4.1 Conclusions
In general, actuator types could not be identified ex-

! cept for the system type in which they were installed.

% Quality grades were not well defined for the actuator data
collected. To determine quality grades extensive searching
through component specifications and drawings would be re-
quired. Hence, effects of quality levels, if any, could not

be determined.:
There was no significant difference between dormant and

storage reliability data. Dormant and storage data were
combined in all analyses.

Storage data collected fcr each generic actuator type
was not plentiful. Therefore, failure rates derived at this
high level have higher statistical confidence than those of h
the sub-categories and should be utilized unless specific
information is available to further define the type of actua-

tor under consideration.

3.4.2 Recummcndations
Storage failure rates for hydraulic and pneumatic

actuators are as follows:

Type _Alfits)
Hydraulic 199 3
Pneumatic 88

Although a wide variance was observed among the different
sources, the above failure rate is recommended for prediction.
This failure rate is representative of missile actuators
stored under varying conditions and of different quality grades.

Record keeping for actuators kept on storage should be
improved, specifically the identification of quality grades
and actuator description. This should be done within existing

data collection systems.




Additional research and data collection should be per-
formed to attain a better definition of the data already on
hand. More detailed identification of those units classified
only by their generic names should be attempted.

A more vigorous and better documented program of failure
mode analysis should be implemented for all missile hydraulic
and pneumatic systems.

3.5 Reference

The information in Section 3 is a summary of document
number LC-76-HP3, "Hydraulic and Pneumatic Systems Actuator
Analysis," dated May 1976. Refer to that document for details
of data collaction and analysis as well as technical descrip-

tions of actuators.




4.0 BATTERIES
Two types of batteries are used in missiles, the silver-
zinc primary batteries and the thermal batteries.
E 4.1 Failure Mechanisms and Modes

The primary failure modes are listed in Table 4.1-1.

TABLE 4.1-1. BATTERY FAILURE MODE DISTRIBUTION

FAILURE MODE

Discharge Duration
Rise Time Spec.
Leakage

Corrosive

4.2 Storage Reliability Analysis

L VS S g
.

4.2.1 Storage Failure Rates

Non-operating (storage) failure rates for batteries are
summarized in Table 4.2-1.

R T e e e

TABLE 4.2-1. BATTERY STORAGE FAILURE RATES

BATTERY ENVIRONMENT FAILURE RATE (FITS)
Silver Zinc Shelf <72.5
Silver Zinc Service <102.0 t
TOTAL <42.4
Thermal (A) Field <110.0 1
Thermal (B) Field <666.0
TOTAL <94.0

The failure rates for silver zinc batteries are from data
collected from shelf life and from service life. The shelf
life data represents a failure rate of <72.5 fits and service
life of <102.0 fits. Combining this data yields an overall
failure rate for silver-zinc batteries of <42.4 fits. !

The failure rates depicted in Table 2-2 represent data
collected on thermal batteries st¢-ed in the field environment.

Battery A and Battery B represe : two different manufacturers.




Battery Type A tests yield a failure rate of 110.0 fits and
Battery Type B tests resulted in a failure rate of <66v.0 fits.
Combining the data give an overall failure rate of <94.vu fits.
4.2.2 Storage Reliability Data

Non-operating (storage) data for batteries is summarized
in Table 4.2-2.

TABLE 4.2-2. BATTERY STORAGE DATA

BATTERY TYPE ENVIRONMENT QTY. FAILURES STORAGE HOURS (106)

Silver Zinc Shelf 483 0 13.8
Silver Zinc Service 510 0 9.8
8 TOTAL 993 0 23.6
i Thermal
g A Field 163 0
‘ B Field . 37 1 .
{ TOTAL 200 1 10.6

Data collected for silver-zinc batteries was from two data
sources. The first data source is given in the primary battery
document and is not represented in this summary. Data from that
source was collected prior to 1963 and considered obsolete.

Data collected from data source two is depicted above for
silver zinc batteries. As shown, overall 993 batteries were
tested. 2Zero (0) failures result from these tests. The
batteries had accumulated 23.6 milliou storage hours.

Note that 483 of the silver zinc batteries were shelf life
for a total of 13.8 million storage hours and zero failures. j
Of the total 993, 510 were service life batteries which were
stored for 9.8 million hours and resulted in zero (0) failures.

Battery types A and B in Table 4.2-2 represent field storage 3
data for 200 thermal batteries. <The Types A and B represent !
two different manufacturers. The Type A battery was stored
under field condition for a cumulazive total of 9.1 million
hours with zero failures. There were 163 batteries of this
type. i

g o S




.

Of the 200 batteries, only 37 were of Type B. Thesce

were stored for 1.5 million hours. As shown, one (1) failure
occurred during tests of these batteries. 4

The overall storage hours for the thermal battery is 10.0
million hours.
4.3 Recommendations

4.3.1 Silver-2inc Battcries
The results of the analysis for shelf and scrvice life of

silver zinc batteries depicting remaining battery service lifa
after known shelf life should be used to obtain optimum
utilization of batteries. Where definite shelf life is un-
certain for a period of time, total service life should be
assumed for this period.

Further surveillance testing of these batteries should be
continued at periodic intervals. Present plans have surveil-
lance testing to be conducted on silver zinc batteries up to
an age of 20 ycars at intervals of less than two yeavs.

The following failure rates should be used for prediction:

BATTERY ENVIRONMENT FAILURE KATE (FITS)
Silver Zinc Shelf lLife <72.47
Silvoer Zinc Service Life <102.C

4.3.2 Thermal Batteries
It has been shown that for both Types A and B batteries,
that aging of the battery is reducing its clectrical output
and thus it is considerved extremely important thal surveillance
tests be continued in order to caretully monitor this reduction
80 that the limiting life of these batterics can be determined.
The batteries in stockpiles with bar connected brackets
should be examined for clearance between the firing pin and the
brackets and that all batteries that may result in a tiring
pin hang-up be further spread to prevent this occurrence.
The following failure rates for prediction of thermal

battery reliability should be used:

BATTERY TYPE LNV 1RONMENT FATLURE RATE (FITS)
A Shelf ~-+110.0
n Shelf <0006.0
OVERALL <943
4-3
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Information in this document is from LC-78-B1, Missile
Systems Battery Analysis, February 1978. Refer to that docu-

ment for details of data collection and analysis.
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5.0 Bearings

This section

contains reliability information and analysis

on bearings. Since bearings and lubrication are the acknowledged
and proven life limiting elements of motors, emphasis has been
placed on the examination of bearing fatigue life and reliability
and the types of lubrication systems which enhance long life.
Wear must be virtually eliminated for bearings to achieve their
ultimate life capability, i.e., their fatigue life. For s"orage
and operation, fluid lubrication offers this opportunity.

The primary bearing used in military systems is the ball
bearing, Other bearing types are specified, in the detailed

bearing report.

5.1 Failure Mechanisms and Modes

The primary bearing failure modes are listed in Table 5.1-1.

TABLE 5.1-1. BEARING FAILURE MODE DISTRIBUTION

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

g i,

FAILURE MODES

Excessive wear

Mechanical binding
Sticking

Dented

Jammed

Pitted

Friction Excessive
Chattering
Excessive vibration
Frozen

Clogged

Scored

Bent

Cracked

Lack of Lubricant

(¥}
1
p—




Table 5.1-2 lists the most common failure modes for

bearings Ly their fregquency of occurrence., Given for each
failure mode is the reason of failure, failurc mechanism,
possible causes and suggestions as how to eliminate/minimize

the failure mechanisms.

52 Storage Reliability Analysis

5.2.1 Storagye Failure Rates

Non-operating (storage) failure rates for bearings arc
summarized in table 5.2-1.

TABLE 5.2-1. STORAGE FAILURL RATES

Type Environment A (1077)
Ball Bearing MSI, 5.0
GND 11.4
suB 2994.0
OVERALL =  —=--mcmeeccme—. 14.48

5.2.2 Storagc Failure Data

Storage failure data was collected from three environmants.
Storage hours and numbers of failures for each environment are
shown in Table 5.2-2.

TABLE 5.2--2., STORAGE FAILURE DATA

Bearing Type Environment Failurces Hours (106)
Ball MSL 1 200.0
GND 4 351.52
suB 3 1.002
TOTAL 8 552,522

5.8 Operat ional/Non-Operational Failure Rate Comparison

Table  5.3-1 presents operational to non-operational
failure rate ratios for the two bearing types in an aiv en-

vironment . For comparison purposces, the types are combined

in the storage data.




T

sSurjurou

lojom wWo1} y3ed
X073 Ieay aaoxdu]
*peayacad aya
sassrdhq y3vd xnyy
ITOY 1030W UIIIMNM
1dadu0d 1030w a8\
*aoljouw

IBIIT L)Y daow an)

*proy pue

K3iyocyaa 11rq Kjyun
o1 ayed Yutarvoq
poproynid xatdnp
sdope so sJujads
peotaad azyTiIg

*sAemase1 uo
sdurieod Tgon asn
*s8ujaraq

10817 @237
*3ATID

indino ay3 103 Suyy
-drod 12 aujids osp
*speoy

430031 1va3d advejeg

(O]

(g)
()

(e

(P
(*

()

(&)
e}

*aany
~v3ddady DATRADINY

*sproy
9503123uT 39)sod
11eq/71Pq 2ATSS29X3

*speoy
3UTILIG DATSCIIXT

‘13

°7

*S¥dC11 TEqQ

duiino} syagsp
G3aPp Yiia a2uje3zaz
30 2C3m DATSS2OX3 T

aanyre;
10 uvey3aTag
§ FAth #3-1-14]
,

w3y

4 aa

i G oh
)
y

anp sassoy

| BA7SS20X3

SLSINVHOIR IuNTIVE IZINT
-NIR/3IVNINITI OL ~CH

S3SLV] 37EISSCd

WSINVHSIA J¥NTIVE

AXVE
13y

NOSVEY
3UATIVE

SISATUYNY WSINVHOIW JENTIVI

g-1°§

SIRICYId = SIVIHE

d78YL

wor
v 3o

P R o
Sl

[ag]

g}

iahan

LW

po—




4 . "s11eq

‘{19153 3o0M +A8aaca pue sfemasex 2anyjej ;¢ k

u2330) ascud youney induj LTuo sadua 30 (uojsoizod uo0j3IDIa; ;

8uyanp 1os0a 932ady () ~713dxd ao3jou '+9-7y 8uyizaaj 10 8utavag o3 (1e734t6 3

*dutacaq poproy f35urPUOS3Z INOYITA Suy33eay) 3duyy onp sassoT 30 93376w.Cy) W

=244 xa1dnp azyrian (v) JUDWUOITAUD UOTIBIQTA °F ~jouutaq osiel 1 111 DA]5S02X] 45#0J jO sson {
S3EAl

*A7TqudssT [ruij 03 avrad
paucaya uaty ‘iaunyang
-nuvw a3 Lq L1qissod
SpTaIYys jo ATquasst 03
203ad ul uni1 puw pIqny
sduyaeaq ay3 aapry ()

“NIR/IIYNTRITS 02 MOH ¥

*papoau *uojlelaco PanNT1C}
L2anNd50ad uy-una Buysuvala pue A[quss *SN3IFI3I0P 10 1013913
isexa oyl L33d2ds  (q) -SESIp @ AQ pAmol10; dqnt wyit) Lap Jutacaq o3 (7033404
*1023 ui-tna Aaeujuwpload Yiia sdcmodea anp s25507 20 AzATCwEs) -
-uo> $82d>01d daoaduy (@) ® 2AI2092 30U DPIP IFUR T 112q jJo Jujtnog -1 11 DA}SSIONG 3aneg ;T 5857 |
0
*S90T1 17EG Lo 2gnT
w1ty Lap Zson "oy
M
rdutivoq yarm
7ImJAPIUT 3B Ssaupunod "
30 3IN0 10 Sauraalos !
Cuysnoy aodoadul (e) LInudjIesTw Suzaeag A
!
. | i
+sa13£> K3np X E
11e35/4035 Juantauj o3 i :
*UCTIOLAY (Tug OpTaAcad IND UOTITID[SIDC Yuy i m 1
03 protasd 22111310 (V) -arp ST{Cq JO JuIDPINS AT f i
e :
SWSTNVICIK 3¥ATIVd JZIWT $38AVS 37818S0d RETEVAIIN FE0TIvd f e A | “ ERvANICY Sppd
: |

(P,3U0D) SISATYNY WSINVHOIW DANTIVI ¢-1°9 318Vl




el 2 TR TR SRR kil i e I -

*anoqe 1§ . ”
331 Uy (3) °3 (Q) !
SUOT3INTOS 2yl 30 Auy (q) *@21n32n236 3uilaoddns
*UOTIVIFOND JuIAsad 3O IDURUOEIZ YITA
03 2an3on331s LjIpoKk (W) JUIWUOITAUI UOTIRAQTA “TIF

*s3uyaraq aawatrs asn  (J)
‘U0l

-R1OST JOJ3IRIQIA s (3)
*s3ujircoq

Aiyocded aadaer 9sn  (p)
*Sutavaq paproy

=oad xapdup wsyprag ()
c(P1QIsro) 10U U01j0)
JLICUOITAUD UDJIRIGTA

quianp aoj0m Ijeaadg (Qq)
‘U0 ITITONI JuIa2ad
3 03 $3853ujJ313s Sujaeaq

Sl e

1 puv Ljquosse Jug "3JURUOSIT 20104 YITA cr
] -30301 10303 udisapay (@) UIWUOATAUI UOFIVIQTA °IT

3

; < (3dadse

L0}$01109 9yl saicu
=JWIT9 s3nl1) ualdxo
pue i1c opnyoxy ()
*(a030w
-2%1c] Aiqegoad pue) h
33uticaq aA20(s osp  (3)
*5130%
=k70S] woTITI4IA 355 (P '
“Ay*crouden pro] ar3els

310G Tt Wuraoag asp (9)

|

|

4- e
_ S3SNVYD 3781SS0d RSINYHOGRK 3ANTIVE | %KW NOSTIY

i d

A |

134 -t ad

(P,3uU0d) SISATYNY WSINVHOIW FEOTIVA '2-T1°S 319v¥d




*ainsead

10a3u03 L331vnd

pue saanpodord A1quosse
133931318 jusuwarday (@)

*UOTIINPUOD LAY 20339q
10} aqny pj1os jo
pEI3ISU} aqnl 1dm IS (9)
*3e01] puw
8ugaeaq 1212218 mofTVY (q)
+3ud32133903
uotsurdx?d jrai1ayl
21q73Iedaod \yiia
1v3aoirs Jugsnoy asp (e

*NUTE ITNY

03 yiwd xn1j 300y

13333q Fuypracad £q
JUdTpead Trmadyl adnpay ()

*dugarcaq asnoy o3

te1ad3te 21qJicdwod jo
2uysnoy uy 333suy Arp  (q)

* 1M1 j3o05 uvojsucdxa

10819yl P1qTavdesod y3ja
jeraazcm Juysnoy asn ()

*wd1qoad proyiaao
10 awa? ayi Lpawdy (w)

*s3utacoq IAV0TS IS (P)
*$303v708]

A30Yys Uo Jojow Junoy (d)
~durproyaad

Quyacaq aiciodiodu; {q)
*silutieaq

Kiyoudes aalary osp ()

(*s1Teq y3noay3 pasodug
§peol uolaeyRIsSu})
uojiIw[Ivisut ladoadwl °a

*3JUBMNOII® 3eOT; pud
8utaeaq ajenbapsug
Y3ITA PIUTQWOd lo302
pue 2ursnoy uaeal
~2q UGISURAXD AVIUTT
T®FIuaa33J33p 03 anp
PROT ISNIYI IATSSIING “AT

*dujavaq jo uojiom
aajioyax Yuijoyiisaa
(duo3 mo7 3c) Jutacaq
pue Juisnoy waamiaq
25U3332)a93uy [CIpTI
19332133533 p 01 onp
PLO{ 3ISNINI DAIREIIXNZ °ITT

‘prog

«19A0 03 10 dan1yv)

aead juagdiduy o3 anp
PTOT IPIPEI 2ASSIIXZ I3

*JUSWUOITAUD Yd0ys
uelj SpPLOl IATSSIINZ °F

(-sAenadea
Jo uojiTwiog
~3p ataserd)
duyrrouurag -7

e L PTG T I T T -y ks il i . il Ba aiis

Sl

i

SRSINVHIAR F¥ATIVd AZIKT

SASAVD ATWISSOd KSINVIIDIN FUNTIVE | ANVY NOSVIY 390 IWAIVS
~NTA/ILVNIKITI OL MOH 138 IWATIVA
(P,3U0d) SISKTUNV WSINVHOIW H¥NTIVA *¢-1°S JI49VL




o

- oo

*JuadnuTe
-538 1203 ajeusmITl (D)
*sa2e3 Yioq
30 USWIPIAI ddwIins
10/puw (ejaaiww z@ad
a3piey ® 03 aduryy (q)
*uoyIEd
-31qnT 1v98 asoaday (e)

*s3utaroq
PAPIDIYs 223113 (W)

*sdujavaq dAad91s 9sn (D)
“uotl

-P108ST uOyIRIQIA I8N ()
*UOTIRITOXI Juaalad

031 2an3dna3s LJIpoy (¥)

*s8uyiavdq dAaaa7s asn  (9)
*ucll

-e70S} uOjIRIQIA 351 (9)
*uo}3®3I}oXa 3u3laaad o3
$3s53ujjy3s 3ujavaq
pur A1qmosse uoj

-3e302 1030w u3ysapay (r)

*3utaceq a3

.30 ITY1 01 uoysurdxd

ITWIDYY JO JUDTOT IO

=0D avilw SOy Iny
17132308 Hujsnoy s (q)

CANEIN[0Y 1an0]a

NSA sty (aona g

Pue Mupsnoy usamiag
GIGEICITI ayY UdSSAT (P)

*9pom Janiye)
® 3uro8iapun Bujacag

“pasn sdug
~ac9q 9dA3 poproyysup

*{8ugiciado 30u

20 3ujasaado 10310m)
duysnoy pue Bujaeaq
UIIAITQ IDURIFITO LO
Bugaoe van3dnagse 3ug
-330ddns jo @duvuosay

*(8utaeaado jou

20 8upaviado io30w)
Suisncy puw Sujawaq
uIIAIIQ IdURIEITD
uo 3uride injoniys
2030W jO IJ2URUOSIY

*(Yujavaado

do3ow) spro] Jujacaq
031 Jupiyonros Yuysnoy
put Jutaedq udaml
-4 dIUCALATD $S2IXY

¥

22

i

°SN3ITI]

-ap aeaa aead

Y31a sdemaoded
Jo uvojjvujweIuoy  °y

sduysnoy

pur dutavaq

udIAING adrT

-233UT 3B UOlS
-01107 Yuji3oixg ¢

SWSINVIIDAW 4uNTIvd 3Z21K1
“NIW/ALVNIWITG O MOii

S3ASAVID 3741ssod

WSINVHOIN 3¥011Vd

ANVY
L]

NOSVIY
ER-HEPRA]

3d0k 3§01

(P,3U0D) SISATYNY WSINVHOIN THATIVI

uNIHlm

dTEVL




*BUOTITPUOD
g HI (riaavd dAsTyow
3 031 Yujaeadyq ysjuyj
2dcvjans 10310q
S i0/pue Juvdjaqny
i SNOJ&TA d120m s (®¥)

. *B1J0A33821 110
Kawjusweiddns asy (p)

3 *SpId1Yys Jujaeaq 1)
e 33uI13Jad3uy s8] (2)

*811DAASNI

1to sv sIdT vl
aduyrIaa (req asf (q)

reode

poqaT 03 3uaaefpe
ul}} 1ataasq as (v)

-sSutavaq
11%q 209y 2231130 (Q)
*3uEdYagnY BujITqIyuT
uoySnaa0d 03 Hdupydy ()

ol g

cudujarag (ieq
1NN NRaqugrIx g (0)
TP RS LT
UMNAISUY JO UOTIIIS
poICcIs U} Jolos I0D07 (Q)
‘yugaqey
30 s{was Jjeys tATA
patoas 20 ‘patcos
K11esy13am30y 20312
anjom poateds © ok (v)

i

T e

ssduravag

ySnoayy Anyate proac

0y ﬁ:«v:bz anjou uy
(22313) 43ITA) IUIA aspy  (P)

*amydoa Liwpunoq
212408 Uy 53N

~33do 8ujaeaq - uojl
-$272qQnT d3endbepuul

*3%22038 3ug
-anp sso1 votIva¥m 170

*JUEITaQNT pue
siviaerem Sujaweq uaeal
-9q U0J3IDTIA [edjwAY)

*saaoydsom3c pyeny
03 3dafqns sy 3yun

*(s8utavaq 3jeys ndino
03 sui®ilad) wnndeA

03 pa1q 8§ Janssaad
{euaP3uy ST Yujacaq

Uy paiysodap snNI1T133Q

231

¥

i

caean Kq
pajurdwoddw dan
~11®] 2an3weard *9

‘siivq
put ¢»u)¢o-u
JO uojso110) °¢

SKSINVIIDAW ANNTIVE AZIRT
=NIR/ALYNIKITY Ol MGil

S35V 37915504

HSINVHOIR FdNTAVA

NOSVIY
INATIVA

FCOKR 3¥ATIVY

(P,3U0D) SISATVYNY WSINVHOIW TENTIVI

e

‘T-T'e 3JTEVL

5-8

O R T WEoRpoer

i bkt




*82704A
-12831 130 6@ 3108 3IPYY
S13UT®333 [(RQ 25\
"#31% pIgny 031 Juadefl
-pe swi}} 2aj11eq Ispy

*sjuam

-4s83Qq1INJ21 BOIILD
-3aQqny juanbaaj ~aol
*dut3sa3 4317y

-21d Jo 3U3IIXI Idnpay
cajoa

-319s532 Aaejuswaiddng
PP® pu® 1J0A1083.

170 ¥ 30v uod 3Byl
B12UTVIIX ([eQ IS
*3je1d

-a>cds 210 3juldwnalsuy
JO VOIS patvas

uj 3030w 39307

‘@382 U033

-2104UA® 13MO0T UITA
ase2a3 10 130 223113n
‘yiugraqer

30 sTEI9 3Ivys

YITA pPairas 10 parteas
A11ed73am13y 224313
10308 palvas asf)

*SADTJINS

arqviam-uou duysned
«~Aumarva oy sprg
pPoivugweung L) oge un
Sl b pues

it v taavd aaopgne

oy wds osvadaug

TSNV ISTININILYD
duticojagny 403335

yatA Juedligny a

(v
(=)

(1
(2

(p)

©)

(v

(¥)

r)

()

()

*5S0]
uolivadw 03 Inp uoyl
-83j2qny dienbapeur 137

*§$0T U033
~v10dwa?d 03 INp uoy3
-227aqny aienbaprur -3y

SKSINVHDHR Nt IVd SZ1RKI

NIR/ALVIINITE Ol MOH

§3SAV) 17915504 RSINVHIIA 3UNTIVY

et NOSVIY ICOW 3¥aATIvE
3% ITIvd

Av.ucowv SISATVYNY WSINVHOIW SENTIVA

*Z-1'g 3JIGYL




S

-

i )

-

oot

‘U0
=-Jpuod 3anizaaduadl Aol
3yl PIOA® 03 193way asfy (p)

«io03jo0w

1n3aamod 10w s (D)
caqny

w133 Lap 031 Buey)y (q)
saan3eaaduay

AOT IY3 1® SNOISTA
8831 pu® JUayd1jjI0d
Ki1ysoos1a/aan3vaadual
29A0T YITA IsE9a3

30 1310 uw o031 duryy (®)

*uoTITIJIqny 130
01 oscaad wmoa) aducyy ()
‘sliugacaq uo projdad
30 prol (rwiou danpay  (d)
A1y11Qrded Janyrasdeny
43431y yNA agng dsp (P)
*dujaunos io3o0m woljy
yard xny) aeay aacaduy (9)

cpEay
~a028 sasswddg yaed
XN1J 18Iy ulIIIYA
1dadu0d 1030w 28 (q)
*10308
U O3j39 oa0m asy (v)

*310A13831

130 Aarjuawnjddns asy  (p)
cRppIaTlySs Yuraeoq

IVJ 32N jadIUY asn (D)

-paawdiajjue usyl 12
-AD] 91 ®2n3wiadmay
Sujjwiado Tenady °3

c1vam 223A3s £q
pamo110) (uoj3leziaawm
-A10d) agny 39a jJo
uotiepesdap Juysned
2a2n3219dL33 DATEEIING AT

*K311s0087A
T30 ¥310 ¢

SHSINVIHIOIW INNTIVd HZIK]
=NIW/ALVNIKITE OL MOl

S3SAVY 37815504

RSINVHIIR JuNTIVE

ANVYE
REYS

NOSYIY
TINTIVL

Q0K NIV

(P,3U0d) SISATVNY

WSINVHOIW THENTIVA

*¢-T'g 3JTEVYL

t5-10

s

o




ca0jouw adLy

ysniq jo asn pjoay (p) o
cIeas hﬂﬂnu«uumwoz (3)
*(uotivzyanssaad 5l
333U puw) (ens, 3jwys
adk3 9w3uod 95 (q) *(s8uzawey 3jeys 3ndino
*s8ujaeaq 03 RUTRII3d) wnnowA
y¥noaiyi morjaye pjoaw 03 pI1q sy danssaad
03 Buysnoy io030m ujy Teua93ul s® ¥ajavaq uy
(233133 yaia) wuaa asg (w) peigsodap s32q9p ysnag 33
<3ujacoq
03 Juade(pe 3jeys -3utavaq 123ua *s124
uo 123urys/aluvi3 asn (9q) 03 311 Suysned sjaq -3p ysnaq yiia
+3utaraq ~3p SQINISTP $3D103 sAeaadva jo
paluos ac paplITys asy (e) 13ANAUVE 30 UOTIVIQTA T uojIRUIWEINOY ‘g
*E23NDPAD *uoTIeIT}
-01d 1013u0d K3jlend -}23ds wW0a] II9IAIP
10351138 dosoduy  (t) 8971312doad JuwdtaQn] ‘31T
cA030W
Injiamod dicw © o asy (Q)
*AAZ uuy *3ued
UOTINPIXO e ann o (e) =14QnT JO UOTILPIX0 “T7
SHSINVIHD IR JALTI VS HZ1AT SASOVD 374915504 WSINVHOAN 3UNTIVR ANVE NOSY3d 3C0 JWITIVS
-NIR/ELVRTRITY OL MOH g | Fwannva
(P,3U0D) SISATYNY WSINVHOIW DANTIVL *¢-T's d71dvY.L

5-11

A

. ¥ D Se)




*1972238% 12UpRIDL

21qwls L[(1euUO}S
-uaulp dx0u ® as; (D)

130 03 ase’13d

wo1j sdusyd 10 ‘(g0
K3380581A 1amoT 281 (4)

*Aemdd01

PUT 1IMTEIII UAMIIIG
DIUBACIPY dupaadug ()

*AJIT e U puc
82436 €3adY AIAYD
ng - protnad ppy (o)

Tpwoy
-2ad dujpacaq anpay (q)
‘pool
-113003 1e23d Jdueiwvg (W)

*$110A33531

130 Aiciudwoiddns asp  (Q)
*paieudoaday 130
*12u3®i31 duypya puect
€ 031 Jdujriar Huypia

*(91niw19de3l jo sIwaay

-x® 1w K{asindjaied)

puel puw aauje3laa

treq Jugpys pust uodam
-0 WOTINTA] CAYENADNR *AY

TEPROY puR Y)Y
-}201aA 11vq Builiea
A1opIA 03 anp 82210}

208JI33uT Id0d
1Tvq/T19Q 2a38832X3 “II¥

*SpRO[ BuT.RIC IATS

-$0J%Xd 03 NP 83230j

?23eJ1933ur 33d0d
TI8G/119q 3ATssadxg ‘1%

aaugea

-21 !0 3an3
-¢n1 pre andia
-e3 03 Juypeay
uotTIRUTWE]
-uod I3TI YIjA
pougqucz. ‘avaa

1174y v wo ueyy (o) WBITIQNRT JO SSOT °! douju3a2 1109 ¢
SRSINIVA N GHATIVe 421 S3SAVD 31015504 KSINVHO3W JUNTIvd | ANVY NOSVAY T oo waTiva
NIR/4LVNIAIT3 OL MON 13y 2uaTIvE
(P,4u0D) SISATYNY WSINVHOIW HNTIVA °'Z-1°S JIdVl

5-12




*£31139011

=32 Z0OT °3 X6°66

I® 3)31 paaynbaz ayy
opracad o3 ‘peoy 103
peitaap Kiaienbape
*s3utaeaq 3yjo0a1ay

*sdujacoq Kajouded
293acy 3130319y

-peal aead sousjrg
cuvds Jujawaq I33104ys
10 3jeys 133ae1 as)

“2poa 21§ pue
aouriatol 312923102 3B

*Kki3139038
ITUDISUIBTP 421394
Yijm Jelaasvm osp
*957112dx3
2uijuiyoew oaocaday

*sdaNpOs2ad
b A3incy Apauay

LGT3IC3T 110 apyAnad

01 pro(a3c Jz1113;

(=)

(e}

(q)

(=)

(=)

(q)
(®)

(e)

‘ue3InqQIaIsyp

1InQ}I94 943 30 IWOdINO
3J311 moT ® 8T Bujaeaq
patre; - Aarriqertaz
1U9335}39318 jJo uojll
~Rujuw1a3ap a3enbapeu]

*3urawaq jo IdF0Yyd
1adoadwt 03 anp pased
=}373L% ueyly a2ayspy
Yon® $9599115 ZI19H

*(peo] ae9d
031 anp) 2ujppuaq 3Jwys

*2uynowad puw

3utioo8 *daaad juand
-38u03 Yiia 3ujaeaq
Jo 33w aduuj o3juo
ajeys jo 333 2adoaduy

*dioq 3ulsncy I8 SSIU
-PUNCI-30-3NO O3 INPp
JuswudyTests Jugaesg

*82ouvi2103 3Bug
~snoy aadoaduy o3 wnp
Juswudsiesim Bujacag

“(s9124>

A3np dois/3yaeas jusndb
-311 ut Alaenajaacd)
Uoj3ITiaTaINT Bug

-47p 1I®q 3% JUIppIAS

‘1T

R2T

‘IIA

‘1A

‘A

*$U0TI9931ad
~&} @dPjINSGNS
Aq paaejajug
andjivj aow]
~iNSqns (edTs
-8#12 !(s1Teq
SIUT 3du0s
puv) sdvasowl
Jo Wuiyteds ot

5-13

SHSINVHIEA J¥ATIVL 22.K]
=NIR/31VNIRIT3 OL POH

$3SAYD 37491SS0d

RSINVHOIK JELTIVE

ANVY

NOSYAX
IYLTIVE

3CCH 3¥aTavd

(P,3U0D) SISATVYNY WSINVHOTW FHNTIVI

#2-T-S azgve




T

o

*sajeatonu
3upyieds yayym WO
‘ysed T1eg uy e3uap
8uisnwd 10 Zulppaquy
uo33129233uT K3Jaed
"9AOQ® § ) WIII WIS (W) -2 WO1} 9IIQIp aesM 3T .
*guj3Inoa uoj3dads
-uy 33vd POYSTUTJ
1313 210w » asoduwy (9)
*1233s A3jrend
303a0q © 031905 {9q) *andyie} poivls
*SPATPUEIS 023 *{8ugiieds -juy Idvjans
-u0d £317enb dacaday -03>1w) s313d Bujysned 03 onp (s11Eq
20 *aapiddng 1aa3s ‘o303 jieq Jo davg $duwyIduos
UO SpPALPUCIS 1017 -ang IJA JUIPIOUTOD puc) skeaaodca
-u02 A3jienb adaojul  (B) SLOTSNTIUT JJTICIIG-UON °F 3o dupireds 11
*1033u0> £331ENnd
22357335 3Isoduy
*3°3 laway uoll
~-204 IATIDITIS IS (q)
*19ais (A37suap uorsniouf
jo &377end 3acadaey (e) Y83y) TeIam 10733jul °TA
*38TAIIYIO
-s3uy uey3 aoydyy Iao3
-3eaq Ipead uvoysyIaad —-929Y1 91% §3852138
puc SIYysjuljJ 9dejine 23334 cswdaa uoyied
32339q ‘paads iaydyy ~JaAQn] IT(PI0AR] UT
‘agny sSnodsIA dlo0m 28] (°©) 3uiivaado jou Butavag °*a
*3U2BUOITAVI
uojiraqya Juyanp
popuddxd 23731 andize]
COADGE T Balj aNg A..v 0 H01130d DAJRENIXY AT
S{ueriora
aopbiy Ing) el CHRNI I 2Jrd Sdary
£imadea 30 frws 03 anp £955211%
yara dutraivag azytyan (o) 2330y DATSSIOXT "ITT
SARSINVHIER 3¥171Vd 3721W] S$3SNvVD 379ISS0d KSINVI.OLR 2¥n71vd ANVY NGSV3y ZCCW 3UNTIVE
~NIN/ALVNIRITE O MGH 3 3XATIve
(Py3ucD) SISATUYNY WSINVHIIW TAATIVA °*C°'1°S 214Vl

5-14




*3Irol} pud

Sugacaq da0u moily ()
*Suyawaq 2dL3

33cauod aerndue osn  (Qq)
*8utavaq

aprad uvojeydead Isn (@)

*Bugawvaq

Yde? 103j ssaujly

~-UBald 103 Juwdjaqny
390198 A11e27do2801IR  (Q)

‘io/puw *3a11ddns

3U®D7IQN] UO SUOIS

-3A03d ssauiluE®a(d
sno1ad13 210w asodm] (v)

*s13an3dejnure Buyieaq

pu? JO3IOW VO SUOES

~JA03d ssOouUITURITD
6n013313 210w asodwy (v)

*sdutieoq

(oaTsuadxa daom)
Laytend iy purwag  (q)

talI0sTom (0AU0D
£3118nb 12327235 osnn (v)

*3uysnoy

1010% U} 33ijIcaq

/323113 Juytreas

-ut £q 1eas y3ujiqey

Nero1yl 3a3icm udyazoj
JO SS2JYuT 1waAl1g  (2)

*21s Arquasse jo
S€0UTLEITY dacaduy  (g)

L3734n] uo (033UV0d
L311rad 121271138 o8 (e)

* (10301 puw 3ulsed uIanl
-3q uoTsuedxa jewaayy
1v3IU2333FP 03
A1q1580d anp) Bujiesq
2d&1 (prauod) Lawe
=ugpao uo isnaylz ysiy -3

*SSUTTURITD
JuUwOTaQRT Ijenbapeul 33

*A1quasse puw
uoj3wdtaqej 3ujanp
SSUFTUSITD Ijwndbapeul °3

"SUOJICIIUIDUOD SIS
Suysnes *smoizanj puv
$)3jU ~ SUOFIIDJaaduy
3uysnoy puwr Sujpuian ‘ag

*3uirieds sajerajuy

T yatym acd 11eq ug

SUOTITIIUIDUOD £5313%

pur sjuap Juisned
JUBUTWRIUOD JUEBITIQNT 11T

*puer 29el uo
1WA [IWq 3JO
Juamydwoaduzg ¢y

*juEdTIqNT
Po3IRUTNRIVOY 2T

SHSINVHDER IANTIVA 3Z1IKI
=NIW/31VNIR1ITT 01 MOH

$35AVD 21415504

KSIKVHOARK JunTIVdE

ANV

NOSVIY

uuzqu<u~

200k 3¥ATIvd

(P,3UO0D) SISATUNY WSINVHOAW TNTIVI

*T°T°S I8Vl

5-15

Lt

et




T T

*$33303 13%d0d 11eq
/11eq pue £3150TaA TT2q
K33un o3 Suypworaad asp

*CE1IDA IITA 10 ‘a03rvardos

Juipra Idva 30un7 0y
oo%a adIne woa) alury)
 a¥uva

£3350253A FqraIns
d10a@ YIA 170 IS
*uoyiviado
symrudpoaphy apia

-0ad 01 3duzavayd> puey
adoea/103vavdas 3Isn[py
*103c1vdas

11%q paaisuBaade;

179 snoiod az3T73aN

*a03vaedas
11®q pa3vudaadur
1310 snoiod azJ1iIn

*Sug

-UOTSUDUTP UF $3011d
29231205 pucr syskiwur
ASTI ISIOA BIOJIY
‘uots

~Urdxs Jo JUDIDT I II0D
1wy ayqyvd

~QOd ITA [T
dursnol Yuyarnq asp

©))

P)

&

Q)

1)

(=)

(q)

(r)

*33vjaa3uy
pusT-3203/10381wdas
I¥ UOIIWDTIQNT 10
FuUNaRSTI aenbapeur

*U0TIITAQNT 3INd04
118q/T19q 23vnbapeug

*(3uzaeaq jo uojicm
aA33I9Id2 Sujiojaas
=231 - I n3viadwal
mo1 I® - Juiawaq

puv Jupsnoy uaasmiaq
§30Ud133201u3 TPl
1CTa8222331p 03 A[q
-31ssod anp) sTugacaqg
2dLy prauod *Licv
-UIpPa0c uo IsNIYI Y3y

i

*Kay1yIqEss
~UF 23UTRIIL 9]

(3uod) puey d3¢ca
uo YIPII TIvq
30 wImyovoadul "¢

3-16

SHSTNVHODAN AWNIIVE 4ZIRT $ISAVD TTLISSO4 WSINVHOAR 3UNTIVE | ANVY Nosviy 360K J¥ATIVE
~NIW/3LVYNIWIT3 OL MOl gt IWNTIVE
(P,3U0D) SISATUNY WSINVHIAW HENTIVA °T°1°g 14Vl




*uoTaTpucd
91n3w33dua3 aoT Iyl

ploAR 03 2919y ¥ sy (I)
caqny
wy3) Lap o3 adueyd (q)
*9in3va0dma1 mop
IC SNOJSJA SSOT puc *paiud
1U0}233)002 A3}S0ISTA =}9}3U% uRy3l 2IPpred
/23n3paadear aamo] 87 JUIWUOCIFAUD +£318028TA
Yyija oswaad 20 130 Ie (®) 3ujiwaado Tenidy 3 uedtaqey Y3y 2z
*3322 uoyIRiOdeAd 13m0T
43ja 352328 30 130 s (p)
110 jOo praisuy
urdTaqn] aseoad asp  (9)
“JUIBUCITAUD POTWIS
uy 10308 WD (q)
‘yiuliqe] 1o s(vas
1JeYys YijA pajeas
A11edt33miay I9ylyad
dojow paicas as)l (@) JUSITIQNT 3I3A JO 88OT I}
csawad jouerd ug (1e33aed
s3utacaq (7eq 2237113 (9) 20 a3a1daod)
*(sivos , UoT3IDTaJ 29m0d JO sSoO7
1jeys andano yiya) “saow} dujaeaq
oqn 13 © 01 dWucy) (9q) . ~133uy 3ujawvaq o3 anp *(speayaead suos jo
-aqn1 a1y Kap uujaewa-agny jo Bupqted 10 §288$07 83298 3Joueyd 103 pasn
snoylcual 210w r O8  (e) wiy3 Aap papradag -} ABIA IATSSIOXT 1 Al AATSSIN] $v) SONIYVAE NIVie °Q
SKISKRVIDAK 24N11Vd AZIN $3SNvo FATVISS04d WSINVHIEW FuNTIVd | XXV NOSY3ay JCOK 3¥NTIVE
~NIR/ALYNIRITY OL mOIL T3 3ANTIVL

(P,3UO0D) SISATUNY WSINVHDIW TANTIVI

‘219 31evl

.5-17




TABLE 5.3-1. OPERATIONAL/NON-OPERATIONAL FAILURE

RATE RATI10OS
Environment 1(10-9)
Non-operational 14.48
(overall)
Operational (air) 3902.0
(ball)
Operational (air) 58137.0
(rollcr/rod)

5-18

OP/NON-OP
Ratio

269.47

4014.98




6.0 Compressors

This section contains reliability information and
analysis on compressors. Although there are several types of
compressors, the scarcity of data made it necessary to
combine it into one general category of pneumatic compressors.
6.1 Storage Reliability Analysis

6.1.1 Failure Mechanisms

Failure mechanisms and modes, detection methods and
corrective reasures are summarized in Table Q1l-1.
6.1.2 Design for Long Life Assurance

Design factors to insure long life of compressors are
summarized inr Table 6.1-2.
6.1.3 Non-Operational Failure Rate

No failures were reported in the available storage data.
The non-operational failure rate is estimated to be less than
4085.0 failures per billion hours.
6-1.4 Non-Operational Failure Rate Data

Only one source of storage data was located for pneumatic
compressors. This contained 0.2448 million hours of storage
with no failures giving a failure rate of 4.085 failures per
million hours assuming one failure.

6.2 Operational/Non-Operational Failure Rate Comparison

Ratios of operational failure rate (under both environ-
ments) to non-operational failure rate are summarized in
Table 6.2-1,

TABLE 6.2-1. OPERATIONAL/NON-OPERATIONAL FAILURE
RATE RATIOS

ENVIRONMENT FAILURE RATE (10'9) OPERATING/NON-
OPERATING RATIO

Non-Operating 4085.0 -

Operating (Ground) 12700.0 3.1

Operating (Air, Helicopter) 297560.0 72.8
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TABLE 6.1-2.

DESIGN FACTORS FOR LONG-LIFE ASSURANCE PART/

COMPONENT: COMPRESSORS

Design Factoxs

Remarks

Bearing Materlal

Dynamic Seals

Static Seals

Materials
Coapatibility

Housing

Noise
Suppression

Journal Bearings

Ball Bearings

Roller Bcarings

Flow media and lubricant are the most important con-
siderations (see text for particular recommendations).
Ceramic bearings may be required for long life.
Melallic bearings must be free of Inclusions or
stringers,

Avoid dynamic seals which wear and cause contamina-
tion by using:

1) Magnetic coupling system.
2) Submerged pump/rotor assembly.
3) Totally wet pump/motor.

Brazed or welded housing joints are preferred to
captive types of seals for fluid systems.

Inert fluids are recommended, such as Coollnol
or Oronite for coolant systems.

Housing leakage in fluid systems can be solved by:

1) Impregnation of castings with sealant
substance.

2) Using vacuum melt material to eliminate
stringers or inclusions.

Methods to suppress noise include:
1) Mechanical isolation.

2) Sound suppressoc/acoustical insulation
material.

3) Non-metallic duct and connectors.
Advantages: simple, inexpensive, and can be used in
small spaces.
Disadvantages: higher coefficient of friction than
ball tearings

Advantages: low friction, short length, can accept
both radial and thrust loads,

Disadvantages: diametrically large, costs more than
journal bearings.

Advantages: higher load capacity than ball bearings,
diametrically smaller than ball bearings.

Disadvantages: longer than ball bearings, costs more
than journal bearings.
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6.3 Conclusions & Recommendations

6.3.1 Conclusions
Quality grades were not well defined for the compressor data

collected. The results represent failure rate averages over the
quality spectrum. Generally compressor tyoes within each class

of hydraulic or pneumatic system could not be identified. There-
fore, failure rates derived at this high level have higher statis-
tical confidence than those of the sub-categories and should be
utilized unless specific information is available to further define

the type of compressor under consideraticn.

6.3.2 Recommendations
Additional research and data collection should be performed

to attain a better definition of the data already on hand. More
detailed identification of those units classified only by generic

names should be attempted.
A more vigorous and better documented program of failure

mode analysis should be implemented.
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7.0 Cylinders

Cylinders have been classified in accordance with the
hydraulic or pneumatic system rating described under MIL-H-24475B.
The missile hydraulic systems'are of the following types and class,

as specified.

Type I - =65° to 160°F Temperature range

Type II - =-65° to 275°F u L

Tyove III - =65° to 450°F e "

Type IV ~ Temperature ranges extending above +450°F
Class - 3,000 pounds per square inch (psi).

7.1 Storage Reliability Analysis

7.1.1 Failure Modes and Mechanisms
Table 7.1-1 gives a summary of the major failure modes,
failure mechanisms, detection methods and methcds to minimize each

failure mode.

7.1.2 Non-Operational Failure Rates

The available failure data did not contain information about
specific cylinder types. Therefore the resulting failure rate is
viewed as that for a general class of cylinders. Based on this,
the storage failure rate for cylinders is 75.0 failures per

billion hours.

7.1.3 ©Non-Operational Failure Rate Data
The failure rate was based on storage data consisting
of 160 million hours with 12 failures repurted. No information

as to the specific types of cylinders was available.
7.2 Operational/Non-Operational Failure Rate Comparisons
Rates of operational to non-operational failure rates for

the different environments are shown in Table 7,2-1. The
overall ratio of operating (under all environments) to non-
operating failure rate is 2819.12. The operational failure
rate was obtained from the RADC Nonelectronic Reliability
llandbook. The failure rate comparison is.shown using the

e b agpaam <3um -, - - 4
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operating failure rate from thrze environments: ground,

air and helicopter.

TABLE 7.2-1. OPERATIONAL/NON-OPERATIONAL FAILURE
RATE COMPARISON

ENVIRONMENT A X 10-9 OPERATING TO NON-OPER. RATIO
Non-Operating 75, -
Ground, Operating 33.154 442.05
Air, Operating 212.168 2828.91
Helicopter, Operating 973.269 12976.92

7.3 Conclusions and Recommendations

7.3.1 Conclusions

Comparison between dormant and storage reliability data
indicates no significant difference between the two. Therefore,
the dormant and storage data were combined in all analyses.

Quality grades were not well defined for the cylinder data
collected. To determine quality grades extensive searching through
component specifications and drawings would be required. It was
therefore impossible to determine the effect, if any, of quality
levels. The results presented in this report represent failure
rate averages over the quality grade spectrum.

In general, cylinder types within each class (Type I, Type
II, etc.) could not be identified. Therefore, failure rates
derived at this high level have higher statistical confidence thaa
those of the sub-categories and should be utilized unless specific
information is available to further define the type of accumulator

under consideration.

7.3.2 Recommendations

Record keeping for cylinders kept on storage should be
improved, sprecifically the identification of quality grades and
cylinder description. This should be done within existing
data collection systems.

e
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Additional research and data collection should be per-
formed to attain a better definition of the data already on hand.
More detailed identification of those units classified only by
their generic names should be attempted.

A more vigorous and better documented program of failure

mode analysis should be implemented.
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8.0 Filters

This sectiun contains reliability information and analysis
on hydraulic filters. The purpose of a hydraulic filter is to
remove contamination from a fluid. A filter may be thcught
of as a series of small orifices or a semipermeable membrane. As
the fluid flows through it, contaminants are removed by being
mechanically blocked without harm to the useful characteristics
of the fluid.

Since a filter will pass small particles and stop larger
ones, a means of designating the degree of filtration must be
used. Filters are rated in terms of "nominal” and absolute"
filtration. A filter with a particular nominal rating is one
that will remove 92 percent of all particles of that particular
size and larger. A filter is given an absolute rating when it is
said to stop all varticles above a particular size; it has often
been said that there are no absolute filters. It is extremely
difficult to contain all fibers that are greater in length than
the absolute rating of the filter, since they may also be many
times smaller in diameter. 1In order to define the capabilities
of a filter completely, both a nominal and an absolute rating
should be specified.

The main hydraulic filter elements used in aerospace weapon
systems are of two basic classifications: cleanable and non-
cleanable. Elements classified as cleanable are usually sintered
bronze or woven wire mesh. Sintered bronze types are susceptible
to media migration, require unusually refined manufacturing tech-
niques and quality control, and are virtually impossible to clean
completely. Woven wire mesh filter elements are the most common
cleanable type, and are not as susceptible to media migration.
Equipment that will adequately clean a so called "cleanable"
filter is not often available to maintenance personael. Such
filters are usually either discarded or rinsed in fluid and re-
turned to scrvice; the latter procedure adds to the contamination

in the element, and can lead to a clogged filter,

o e L s i




In the recent past, noncleanable filter elements have been
considered the least desirable of the elements available. They
are usually made of resin-impregnated pressed paper, and are
susceptible to media migration, aging embrittlement, and collapse.
It has been shown that storage time directly affects the capability
of paper filter elements to withstand their rated differential
pressure. With the advent of woven wire elements, paper filters
were not considered adequate for high-performance systems. Paper
filters are highly regarded at the present state-of-the-art, how-
ever. Recent investigations of the contamination levels in naval
aircraft hydraulic systems indicate that paper elements provide
cleaner systems than wire mesh in that application. Another
recent test, conducted by commercial airlines, has resulted in the
conclusion that paper elements used in series with woven wire mesh
filters provide significantly better contamination control than
either wire mesh or sintered metal filters.

Present thinking on the subject, then, stems from two con-
siderations: paper filters are actualiy depth filters and tend to
remove fine as well as coarse particles, whereas woven wire elements
tend to pass most particles finer than their nominal rating; also,
paper filters are inexpensive aud can be discarded. The trend now
appears to be in the direction of a paper element backed up by a
wire mesh element to protect against mechanical failure of the
paper element. (A limiting factor, for missile systems in particu-
lar, is the fact that paper filters cannot be used at temperatures
above 275°F.)
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8.1 Failure Modes and Mechanisms
Principal filter failure modes are listed in Table 8.1-1.

¢ TABLE 8.1-1.
! FAILURE MODES FOR FILTERS

1. Leaking

2. Cracked or Broken
f 3. Out of Tolerance
4, Broken
5. Excessive Wear

) 6. Cracked

; 7. Clogged

! 8. Burst
9. Warped

10. Damaged-mishandling
11. Structural Failure
12. Bubble Test

The failure modes are primarily operational or quality
problem. However, storage of the filters over long periods have
=1 similar problems; such as leaking, cracks and clogging.

8.1.1 Storage Failure Rate

1 The storage or non-operational data for filters are

summarized in Table 8.1-2.

TABLE 8.1-2 STORAGE FAILURE RATE - FILTERS

Type Failure Rate 1079
Filter (fine, 100 micron) <6.2
Filter (coarse, 100 micron) <2.1
Other types <017.7

TOTAL (overall) <1.4




8.1.2 Non-Operational Storage Data
Non-operational storage data was collected from eight

program3s., Storage hours and number of failures for each are

shown in Table 8.1-3.

8.2 Operational/Non-Operational Failure Rate Comparisons
Table 8.2-1 presents operational to non-operational

failure rate ratios for the different operating environments.
For comparison purposes, the combined filter failure rate is

used since information on specific types was not available in
the operational data.

TABLE 8.2-1. OPERATIONAL/NON-OPERATIONAL FAILURE
RATE RATIOS

9

Environment A(107) Operational/Non-
Operational Ratio
Non-operational 1.4 =
Operational, ground 94640. 67600
Operational, heli. 214790. 153421
Operational, air 9860. 7043

8.3 Conclusions and Recommendations

8.3.1 Conclusions

The specific filter type could not be identified and quality
grades were not well defined. To determine the specific filter
types used and quality grades, extensive searching through compo-
nent specification and drawings would be required. It was therefore
impessibie to determine the effect, if any, of quality level.

8.3.2 Recommendations

Record keeping for filters kept on storage should be improved,
specifically the identification of quality grades and filter
description. This should be done within existing data collection
systems.

Additional research and data collection should be performed
to attain a better definition of the data already on hand. More
detailed identification of those units classified only be their
gencric names should be attempted.

A more vigorous and better documented program of failure mode
analysis should be implemented.
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9.0 FITTINGS/CONNECTIONS
Fittings and connections are commonly found in hydrauiic

and pneumatic systems. They range from metal connections to
rubber pipes and hoses. Included within this report are two
types of connections and two types of fittings.
9.1 Storage Reliability Analysis
9.1.1 Failure Mechanisms and Modes

Principal failure mechanisms and modes are summarized in
Table 9.1-1.

TABLE 9.1-1. FITTINGS, CONNECTIONS
FAILURE MECHANISMS

. Leaking
. Physical Damage
. Deteriorated

Cracked
Broken

These failure modes are experienced for storage and operational
storage failure modes. Lack of quality control may be responsible
for some failures.
9.1.2 Non-Operational Failure Rates

Non-Operational failure rates for connections and fittings
are given in Table 9.1-2.

N wh -

TABLE 9.1-2. STORAGE FAILURE RATES - CONNECTIONS
AND FITTINGS ]
TYPE ENVIRONMENT A(10”%) FITs
Connections
Solder Ground { <.029)
General Ground 1.5
Submarine (<158.7)
Fittings
Quick Disconnect
(Liqg.) Ground (<1510.6)
Submarine 499.0
Hydraulic Ground (<3030.3)




9.1.3 Non-Operational Data
Non-operational data was collected from two sources.

Storage hours and number of failures for each are shown in
Table 9.1-3.

TABLE 9.1-3. DATA - CONNECTIONS & FITTINGS

TYPE ENVIRONMENT FAILURES PART HOURS (x106)
Connections
Solder Ground 0 34,900.0
General Ground 17 11,603.4
Sub 0 6.3
TOTAL 17 46,509.7
Fittings
Quick Disconnect
Liquid Ground 0 .662
Sub 4 8.012
Hydraulic Ground 0 .330
TOTAL 4 9.004

9,2 Conclusions and Recommendations

9.2.1 Conclusions

Quality grades and descriptions were not well defined for
connections or fittings. The failure rates presented are
significant and represent a cross section of connections and
fittings.
9.2.2 Recommendaticns

The failure rates calculated should be used for reliability
prediction until additional data can be collected on specific
types of fittings and connections.

9-2
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10.0 Gaskets and Seals

This section contains reliability information and analysis
on gaskets and seals. Data for gaskets (general types), static
seals and dynamic seals are included.

10.1 Storage Reliability Analysis

10.1.1 Failure Mechanisms and Modes

Principal failure mechanisms and modes are summarized in
Table 10.1-1.

TABLE 10.1~-1. SEALS, GASKETS FAILURE MODES

l. Leaking

2, Physical Damage
3. Torn

4. Cut

5. Deteriorated

6. Forged

7. Cracked

8. Broken
9. Excessive Wear
10. Distorted

These failure modes are for operation and storage. The
primary storage failure modes are leaking and deteriorated.
Many of the operational failures are caused by lack of quality

control.

10.1.2 Non-Operational Failure Rates

Non-operational failure rates for gaskets and seals are

summarized in table 10.1-2.

TABLE 10.1-2. STORAGE FAILURE RATES - SEALS ;

Type A (x 1079) ‘
Seals, Dbynamic (<5000.0)
Seals, Static (<10.0)

Overall (< 9.9)

10-1




10.1.3 Non-Operational Failure Data
Non~operational failure data was collected from two

sources. Storage hours and number of failures for each are
shown in table 10.1-3.

TABLE 10.1-3. STORAGE RELIABILITY DATA - SEALS

Type Failures Hours(106)
Dynamic 0 .2
Static 0 100.0

TOTAL 0 100.2

10.2 Operational/Non-Operational Failure Rate Comparison
Table 10.2-1 presents operational to non-operational failure
rate ratio for the air operational environment. For comparison

purposes, dynamic seals and static seal data (storage) was

combined.
TABLE 10.2-1. OPERATIONALZNON—OPERATIONAL
AILURE RATE RATIO
Environment ' 2(10-9) Ratio
Non-operational 9.9 -
Operational, air 48996.0 4,949.09

10.3 Conclusions and Recommendations

10.3.1 Conclusions

Quality grades and descriptions of gaskets and seal types
were not well defined for the data collected. To determine quality
grades, extensive searching through component specifications and
drawings would be required. It was therefore impossible to deter-
mine effect. The failure rates derived are significant and repre-
sent a crvoss section of gasket and seal types.

10.2,1 Recommendations

The failure rates calculated should be used for reliability
prediction until additional data can be collected on specific types
of gaskets and seals.

10-2

s g
. e Y 2 TR DA AR S R T S

e e st

>

Y

1
i




G abe e oy L Gl 2o L s e <o . ™ § ;- acimadigl i e i e
h—ni TR T ¥ T ey wawermyy e e s g— -
f

Record keeping for gaskets and seals kept on storage should
be improved, specifically the identification of quality grades and
gasket and seal description. This should be done within existing
data collection systems.

Additional research and data collection to attain a better
definition of the data already on hand. More detailed identifica-
tion of those units classified only in their generic names should
be attempted.




11.0 O'RINGS

The reliability data for O'rings is incomplete at this
time.

The best estimate for reliability prediction for O'rings
range from 4.0 fits to 78 fits.




12.0 PISTONS

Reliability data for non-operating prediction for pistons
is being investigated. Prediction will be made as soon as data
is available.
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13.0 Pumps

Pumps, defined as devices for transferring energy to a
liquid to cause it to flow in a duct, opposing gravity and other
forces, are normally classified into two principal categories,
namely positive-displacement and kinetic. These are defined as:

A. Positive displacement: A pump wherein liquid is caused
to flow in volumetric proportion to an alternating increase and
decrease of the volume in the pump body. The principal classes
of positive-displacement pumps are reciprocating, rotary, and flow

case.
B. Kinetic: A pump wherein the energy transferred to the

liquid is mainly kinetic energy nonuniformly imparted to the liquig,

with subcequent distribution throughout the liquid. The principal

classes of kinetic pumps are centrifugal and peripheral plus somc I

special types such as jet (ejector), jet-boosted, gas-lift, and ram.

Pumps are further defined in five classes.

A. Reciprocating: A positive-displacement pump wherein
liquid is moved by displacement as the result of an alternating
mechanical increase and decrease in the volume of the pump body
through reciprocating pumps,i.e.piston, plunger, and diaphragm. i

B. Rotary: A positive-displacement pump wherein liquid is
caused to flow by displacement induced by a rotating device which
creates cavities that move from suction to discharge, forcing the i
liquid along. The principal types of rotary pumps are gear, screw,
vane, and cam.

C. Blow case: A positive-displacement pump wherein liquid
is displaced from a container by an immiscible liquid or a gas.

D. Centrifugal: A kinetic pump wherein energy is imparted
to the liquid principally by the action of centrifugal force. The
principal types of centrifugal pumps are radial flow, axiecl flow,

13-1




and mixed flow.

E. Peripheral: A kinetic pump wherein energy is imparted
tc the liquid by a combination of centrifugal and tangential shear
forces.

The classes of pumps are defined by fourteen separate types.

A. Axial flow: A centrifuril pump using a propeller or
screw in which most of the head .. developed by the propelling
action of the vanes on the liquid in an axial direction.

B. Cam: A rotary pump wherein the rotating device consists
of an eccentrically bored cam mounted concentrically within a
¢ylindrical casing with a radial seal vane.

C: Diaphragm: A pump using a reciprocating flexible sheet
or disk which comprises a portion of the walls of the pump body and
which is flexed to effect an alternating increase and decrease of
the volume.

D. Gear: A rotary pump wherein the rotating device consists

of two o~ more gears. )

E. Jet (ejector): A kinetic pump without moving parts, in
which a jet of fluid (usually steam or water) is discharged at high
velocity into a venturi-shaped diffuser, together with entrained
fluid surrounding the jet, the velocity energy of the total effluent
beirg converted to pressure energy.

F. Jet~boosted: A single- or multistage centrifugal or
peripheral pump having an ejector booster in series with it.

G. Mixed flow: A centrifugal pump in which the head is
developed by a combination of the action of the radial- and axial-
flow types of pumps.

H. Piston: A pump using a reciprocating member (with self-
adjusting packing), both the member and packing moving within a
chambter. Motion is imparted to the reciprocating member by an
affixed rod of smaller diameter.

I. Plunger: A pump using a reciprocating member moving
within a chamber fitted with stationary packing.

J. Radial flow: A pump wherein the head is developed by
the sum of centrifugal force and the kinctic energy imparted to
the lignid by impeller vanes and wherein the liquid enters at or

near the axis of rotation of the impeller.
13-2




K.
sists of
L.
of a hub

Screw: A rotary pump wherein the rotating device con-

two or more screw rotors.
Vane: A rotary pump wherein the rotating device consists

fitted with a series of vanes, blades, or buckets.

At ki it
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13.1 Pump Storage Reliability Analysis
13.1.1 Failure Mechanisms

The principal pump classifications are depicted in rable
13.1-1. )

TABLE 13.1-1. PUMP CLASSIFICATIONS

Positive Displacement Kinetic

Reciprocating Centrifugal
Piston Radial Flow (Cent)
Plunger Axial Flow (Prop)
Diaphragm Mixed Flow

Rotary Peripheral (Reg. Turbine)
Gear Special
Screw Jet (Ejector)
Vane Jet-Boosted
Cam

Blow Case

Table 13.1-2 reflects the failure modes, mechanisms,
detection methods and comments as to how to minimize the
failure modes. The table only reflects the most predominant
failure modes. Also specified are whether the failure
rechanisms are storage, operational, or quality control
problems.

13,1.2 Design Factors for Long Storage and Operational Life

Long life assurance design factors for the basic pump
components are summarized in Table 13,1-3,
13.1.3 Pump Failure Rates

Over 1.2 billion part hours of storage data are in-
cluded in this report. The individual data points, containing
pump classification, environments and failure data are sum-
marized in Table 13.1-3. Identification of pump type was
not uniform. Sometimes specific types were identified

(e.g., fixed displacement-vane) and in some other cases

13-4
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TABLE 13.1-3 DESIGN FACTORS FOR LONG-LIFE ASSURANCE PART/COMPONENT:

PUMPS

Design Factors

Remarks

Bearing Material

Dynamic Seals

Static Seals

Materials
Compatibility

Housing

Noise Suppression

Journal Bearings

Ball Bearings

Roller Bearings

Flow media and lubricant are the most import-
ant considerations. Ceramic bearings may be
required for long life. Metallic bearings
must be free of inclusions or stringers.

Avoid dynamic seals which wear and cause con-
tamination by using:

1) Magnetic coupling system.

2) Submerged pump/rotor assembly.

3) Totally wet pump/motor.

Brazed or welded housing joints are prefer-
red to captive types of seals for fluid
systems.

Inert fluids are recommended, such as Cool-
anol or Oronite for coolant systems.

Housing leakage in fluid systems can be solved

by:

1) Impregnation of » istings with sealant
substance.

2) Using vacuucr (... naterial to eliminate
stringers or inclusioas.

Methods to suppress noise include:
1) Mechanical isolation.
2) Sound suppressor/acoustical insulaticn
material.
3) Non-metallic duct and connectors.

Advantages: simple, inexpensive, and can be
used in small spaces

Disadvantages: higher coefficient of friction
than ball bearings

Advantages: low friction, short length, can
accept both radial and thrust loads
Disadvantages: diametrically large, costs morc
than journal bearings

Advantages: higher load capacity thar ball
bearings, diametrically smaller thaa ball
bearings

Disadvantages: longer than ball bearings,
costs more than journal bearings
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only the general category of "hydraulic pump" was available.
In a large number of cases, failure modes and mechanisms
were not disclosed. Quality grades were not defined for any
of the pump data. Therefore, failure rates derived in tnis
section reflect average values over all of the quality grades
specified for pumps.
13.1.4 Analysis of Storage Data

The individual data points in Table 13.1-4 show a wide
variance in failure rates. This is due to the differences

in pump types, differences in sample sized, and the fact
that some of the data proved to be invalid as discussed below.

a) Data Point 3 - This was a pump in an aircraft which
crashed in the desert and was recovered 17 years later. Al-
though the pump was found in a failed condition, a failure
analysis showed it to be a result of the crash. Therefore,
this data point is invalid for prediction of storage failure
rates. :

b) Data Point 4 - This represents data on 121 punps
stored for five years. After this period the pumps were
disassembled to replace the seals. Although the pumps were
classified as "usable”" no tests for leakage were performed.
Since leakage is one of the primary failure modes for pumps,
and since they were not tested for this, the assumption of
zero failures is guestionable.

¢) Data Point 5 - Two aircraft hydraulic pumps were
stored for ten years. Throughout most of this period, the
hydraulic system containing these pumps was exercised weekly.
Of the five failures reported, two were caused by related
failures elsewhere in the hydraulic system. The other three
failures were seal leuakage. The original seals were neo-
prene and then were replaced with Buna-N seals. Since two
of the failures were caused by other components of the hy-
draulic system, and the other three failures were considered
design defects, this data was declared invalid for storage
failure rate prediction.

13-9
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d) Data Points 8 and 9 - These data points reported
one and six failures respectively. However, the failure
reports specify these as "hydraulic system failures" rather
than specific pump failures. Since there is no way to tell
whether these were indeed pump failures, these data will not

' be further considered.

Although all of the data sources did not contain specific
description of the pumps, the information is sufficient to
group failure data by pump type. This data, arranged by
pump type,ls presented in Table 13.1-5.

TABLE 13.1-5. STORAGE FAILURE RATES BY PUMP TYPE

TYPE FAILURES STORAGE FAILURE 902
1 — BRS. x 105 RATE(fits) CONF. LIMIT
4 I. Positive Displace-
! ment.
i A. Fixed Displace-
' ment 327 860.05 380.2 408.0
! 1. Gear 167 380.05 439.9 486.4
2. piston 112 320.0 350.0 396.2
3. vane 48 160.0 300.0 363.4
B. Variable Dis-
placement 152 320.0 475.0 528.0 i
1. Piston 87 160.0 543.7 626.1
2. Vane 65 160.0 406.2 477.1 .
II. Kinetic 32 160.0 200.0 253.0 A
A. Centrifugal 32 160.0 200.0 253.0 E
III. Hydraulic (General) 3 “31.482 95.3 105.9
IV. Fuel Pump 0 8.070 <123.9 <286.5

R AT
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The classification "positive displacement"™ includes
fixed and variable displacement pumps. Sufficient informa-
tion, in terms of failures and storage hours, was collected
for the different subtypes (piston, gear, vane) to allow
development of failure rates at this level. These failure
rates are shcwn in Table 13.1-5. rFailure rates applicable to
the general categories of "fixed" and "variable" displacement
were developed by pooling the data of individual types under
each category. These rates are to be used when the specific
type is unspecified. A failure rate for the general category
nf "positive displacement" pumps was not developed. The
reason for this is the different construction between fixed
and variable displacement categories as well as a statistical
analysis which showed that the two failure rates (for fixed
and variable displacement) did not belong to the same popu-
lation and should not be combined.

Only one type of kinetic pump was identified - centrifugal.
The storage failure rate for this pump is 200 fits as shown
in Table 13.1-5.

There were several sources which did not provide any
identification other than hydraulic pump. This data is
represented by data points 6, 7, 11, and 12. Their combined
failnre rate is 95.3 fits whict is not compatible with the
;ate of any of the other categories. This is possibly due
to the fact these sources represent a relatively small
number of hours and three of the four sources did not report
a single failure. For these reasons, this data was not used
in conjunction with any of the other categories and is in-
cluded for comparison purposes only.

A fourth category, fuel pump, is included in Table 13.1-5.
The operation and construction of a fuel pump differs signifi-
cantly from the other hydraulic pumps included in the analysis.
Kotice that the failure rate is based on a relatively small
nunber of hours and no failures. This failure rate is
therefore pessimistic.

1311
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Of the valid data points reporting at least one failure,
the range of failure rate (regardless of pump type) varied
from 200 fits to 1497 fits. A failure rate of 200 fits was
observed on several data points and on different types of
pumps. The source reporting 1497 fits did not specify pump
type and it was the only pump designed for submarine use.

13.2 Operational/Non-Operational Failure Rate Comparison
For comparison purposes, the ratios of ground environment

operating to non operating failure rate were computed for the
different pump types. This is shown in Table 13.1-6. The
operational data was obtained from the RADC Nonelectronic
Reliability Handbook. The handbook does not differentiate

the specific pump types such as gear, piston, etc. Therefore,
the numbers with an asterisk devote the operational failure
rate for a general category of pumps. Specific failure rates
for centrifugal and fuel pumps were listed in the Reliability
Handbook and were included in Table 13.1-6.

TABLE 13.1-6. OPERATIONAL/NON OPERATIONAL FAILURE RATE

RATIOS _
A

: op/

PUMP TEEE Aop(fits) xstorage(flts) Age.

Positive Displacement

Fixed Displacement 4219* 380.2 11
Gear 4219* 439.9 10
Fiston 4219* 350.0 12
Vane 4219* 300.0 14
Variable Displacement 4219* 475.0 9
Piston 4219* 543.7 8
Vane 4219* 406.2 10
Kinetic 12058 200.0 60
Centrifugal 12058 200.0 60
Hydraulic (General) 4219* 95.3 44
Fuel Pump 24390 <123.9 >197
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13.3 Conclusions and Recommendations

13.3.1 Conclusions

Sufficient data was collected to permit development of
failure rates for specific pump types. In addition, failure
rates for four general types were developed. These are
variable displacement, fixed displacement, centrifugal, and
fuel pumps.

Quality grades were not well defined for the pump data
collected. To determine quality grades extensive searching
through component specifications and drawings would be re-
quired. Hence, the effect of quality levels, if any, could
not be determined.

1 3.3.2 Recommendations
The pump storage failure rates shown in Table 13.1-5 are

recommended for predicting the storage reliability of missile
equipment.

Record keeping for pumps in storage should be improved,
especially in the areas of guality grade identification and

equipment description. This should be done within the existing

data collection systems.

Additional research and data collection should he per-
formad to attain a better definition of the data already on
hand. More detailed identification of those units classified
only by their generic names should be attempted.

A more vigorous and better documented program of failure
mode analysis should be implemented for all missile hydraulic
and pneumatic systems.

13.4 Reference

TH;—;;¥;;;ation in Section 13 is a summary of document
LC-76-HiP4, "Hydraulic and Pneumatic Systems Pump Analysis,"
dated May 1976. Refer to that document for details of data
collection and analysis as well as technical descriptions of
pumps.
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14.0 Regulators

This section contains reliability information and analysis
on reqgulators. Data for temperature and pressure regulators is
included.

14.1 Storage Reliability Analysis

14.1.1 Failure Mechanisms

Principal regulator failure mechanisms are summarized in
table 14.1-1.

14,1.2 Non-Operational Failure Rates

Non-operational failure rates for regulato.s are summarized
in Table 14.1-2.

TABLE 14.1-2. STORAGE FAILURE RATES - REGULATORS

Type A (x1079)
Temperature (<199.)
Pressure 1330.

Combined (temp & press) 173.1

14.1.3 Non-Operational Failure Data

Non-operational data was collected from three programs.
Storage hours and number of failures for each are shown in table
14.1-3.

TABLE 14,1-3. NON-OPERATIONAL RELIABILITY
DATA - REGULATORS

Type Storage Hours (106) Failures
Temperature 5.021 0
Pressure .37 1
Pressure .383 0

5.777 1
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14.2 Operational/Non-Operational Failure Rate Comparisons

Table 14.2-1 presents operational to non-operational
failure rate ratios for the different operating environments.
For comparison purposes, the combined pressure and temperature
regulator failure rate is used since information on specific
type was not available in the operational data.

TABLE 14.2-1. OPERATIONAL/NON-~-OPERATIONAL FAILURE
RATE RATIOS

; Environment x(lo'g) Operational/Non-Opera-~
tional Ratio
Non-operational 173.1 -
Operational, ground 393856.0 2275
Operational, air 267306.0 2122
Operational, heli- 126930.0 733
copter

14.3 Conclusions and Recommendations

14.3.1 cConclusions

The storage failure rate for the combined (temperature
and pressure) regulator types should be used for reliability
prediction as shown in Table 1l4.1-2, i.e., 173.1 failures
per billion part hours.

The specific regulator type could not be identified and
quality grades were not well defined. To determine the
specific requlator types and quality grades, extensive
searching through component specifications and drawings would
be required.

14.3.2 Recommendations

Record keeping for regulators on storage should be im-
proved, specifically the identification of quality grades and
regulator descriptions.

Additional research and data collection should be per-
formed to attain a better definition of the data already on
hand.

14-3
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15.0 Reservoir

Non-operating data for reservoirs used in hydraulic systems
is unavailable. Reliability prediction will be made as soon as
this type data is available.
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16 .0 VALVES
Valves are classified by actuating device: solenoid,

hydraulic, pneumatic, or motor operated valves.

A solenoid valve is a combination of two basic functional
units: a solenoid (electromagnet) with its plunger, and a
valve containing an orifice in which a disc or plug is posi-
tioned to stop or allow flow of gas or fluid. Solenoid
valves may be direct acting, internal pilot operated, ex-
ternal pilot operating, or a latching type valve which requires
either manual or electrical resetting.

Basic hydraulic valve types for missile applications are:
bleeder, check, control, relief, servovalve, and shutoff.

Bleeder valves allow manual draining of hydraulic lines
or components.

Check valves allow flow in one direction and, if the
system pressure reverses, close quickly to stop flow in the
opposite direction. Check valves are self-contained devices,
requiring no external actuation signals or sources of power.,
The valving elements are activated by the pressure forces
of the flow media. The types of check valves include the
poppet, swing, and flapper. 5

Relief valves automatically discharge fluid to relieve 3
pressure. They are generally used in applications with non-
compressible fluids such as water, oil, etc. Immediate
full-flow discharge is not needed since a small flow reduces
the pressure.

An electrohydraulic servovalve is controlled electrically
by a magnetic coil, which, in the majority of designs, posi-
tions a sliding flow-control spool either directly or in-
directly in response to a remote electric signal. The name
"servovalve" results from its primary use as the fluid-control
element in hydraulic servo systems.

Shutoff valves are used as lock valves in many hydraulic
systems., Lock or shutoff valves may be installed in sub-
systems to hydraulically lock the actuating cylinders where
the unit must remain closed through extreme changes in tem-

peraturc.
16-1
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Pneumatic valves are like hydraulic valves except
they are operated by air, gases or by the pressure or ex-
haustion of air.

Motor operated valves are similar to hydraulic valves.
Their classification comes from the actuating element. Motor
operated valves for missile design selection are classified
as sequence valves, freon valves or fuel control valves.

16,1 Storage Reliability Analysis

16.1.1 Failure Mechanisms

The principal failure modes, the part affected, and
the mechanism resulting in that mode of failure are pre-
sented in Table 16.1-1. The relative ranking, in accordance
to the frequency of the mode, detection methods and techniques
to minimize the effects are also listed.

16.1.2 Non-Operating Failure Rate Data

Over 2.4 billion hours of storage data are included with-
in this report. The data is summarized and categorized by
specific component type as shown in Table 16.1-2.

The data, only reflected the number of failures or
part hours. Rarely did collected data contain failure modes
or mechanisms. However, users' surveys show that the princi-
pal storage failure modes and mechanisms include: leakage
(internal and external), failure to open or close due to
contamination.

The quality control levels are not well defined for any
of the valve data. The basic information used to calculate
Table 16.1-2 reflects the average failure rates for valves
over the quality grade spectrum specified for valves. Each
valve failure rate is expressed in failures per billion
part-hours (failures/lOg) of field experience.

16.1.3 Calculation of Failure Rates

The data collection effort includes all available data
existing in a usable format for missile valves. The data
tables show the number of failures and the part hours for
each part type which was in a same environment. From this

a failure rate was calculated. The data was combined first

16-2
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TABLE 16.1-2. OVERALL STORAGE FAILURE RATE RESULTS

( x 1679

TYPE STORAGE FAILURE RATE
. (x 1079
Solenoid 8.5
2-pos, 2 way «100.0
Dual, 2 way -
2-pos, 3 way <500.0
2-pos, 4 way <1800.0
Hydraulic -
Bleeder <4.8
Check 22.9
Control <6.7
Relief 1.4
Shutof £ <4.6
Servo Shuttle 145.8
Pneumatic 17.5
Pneu. Oper. 17.5
Springiess -
Motor Op. 113.2
Sequence 194.0
Freon <1500.0
Fuel 84.3
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by type valve and environment and second by valve type dis-
regarding environment.
1l6.1.4 Solenoid Valve Data

Data was identified for 3 of 4 valve types: 2 . ‘'sition-

r——_r

2 way, 2 position-3 way, and 2 position-4 way.
Storage data collected was from seven missil2 programs
and three space programs. The valid data is summarized in

Table 16.1-3 with a calculated 90% one-sided confidence limit.

T IO

TABLE 16.1-3. SOLENOID VALVE DATA SUMMARY

TYPE MILLION FAILURES g IN FITS* 90%
STORAGE HOURS ONE-SIDED
A IN FITS
. s
| 2 pos-2 way 10. 0 <100 231
4 2 pos-3 way 2.4 0 <500 1100
i 2 pos-4 way .55 0 <1800 4200
! Dual-2 way - - - -
: General Sol.  808. 7 8.6 14.6
TOTAL 820.65 7 8.5 14.4

* Failures per billion hours

——rt

As shown, 820 million part storage hours with seven
reported failures giving a failure rate of 8.5 failures per
billion hours. For a 2 position-2 way solenoid valve, data

|
|
{
g was available from one missile program which included 10
i
1

million part storage hours with no failures reported. The
failure rate of 100.0 failures per billion hours assumes one
failure which makes the failure rate pessimistic. ]
For 2 position-4 way solenoid valves, data was avail-
able on a ground system with 0.55 million part hours. 1In
this case, there were no failures reported. The failure
rate of 1818.0 failures per billion hours is therefore pessi-
mistic. For the 2 position-3 way solenoid valve, there was
data from one ground systém with 2.1389 million part hours
with no failures reported. This makes the 500.0 failure ]

rate per billion hours pessimistic for this tvpe valve.
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There are many storage data points for solenoid valves
which do not identify the specific valve type, such as, 2
position-2 way, 2 position-3 way, etc. This data was used
for the overall failure rate for solenoid valves. There are
points which are not used as shown because they were marked
invalid by the oriqginal source or because information was
incomplete.

From analysis of this data, it is recommended that a
storage failure rate of 8.5 failures per billion hours be
used for all solenoid valves including the 2 position-2 way,
2 position-3 way, and 2 position-4 way until more detailed
data is collected on thece types.

16.1.5 Hydraulic Valve Data

The data collected is summarized in Table 16.1-4 for
hydraulic type valves. The servo/shuttle valve data is
broken separately because of the difference in complexity
of this valve type. The 90% one-sided confidence limit is
calculated as shown.

TABLE 16.1-4 HYDRAULIC VALVE DATA

TYPE MILLION FAILURES ls IN FITS 90%
HOURS ONE-SIDED
AS IN FITS
Bleeder 210.4 0 <4.8 11.
Check 131.0 3 22.9 (4250) 51.
Control 150.2 0 <6.7 15.
Relief 712.8 1 1.4 (499) 5.5
Shutoff 214.8 0 <4.6 11.
TOTAL 1419.2 4 2.8 5.6
Servo/
Shuttle 109.7 16 (68) 145.8 (3100) 205.

The numbers in parenthesis show the highest and lowest
failure rates computed from individual sources showing at
least one failure. This is a measure of the range of failure
rates observed from all sources.

The three data points for bleeder valve storage data have

210.43 million part hours with no failures. Hence, the
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failure rate <4.8 failures per billion hours is pessimistic.

Check valve storage data has five data points containing
131.018 million pa:t hours with three (3) failures. The
check valve storage failure rate is 22.9 failure per billion
hours.

Control valve data consists of three data points, 150.165
million part hours with no failures. The failure rate cal-
culated is <6.7 failures per billion hours assuming one fail-
ure.

Relief valve data has five (5) data points with one (1)
failure. With 712.78 million part storage hours, a failure
rate of 1.4 failures per billion hours was calculated.

Five (5) data points for hydraulic "shut-off" valves
reflect 214.8 million part storage hours with no failures.
This calculates a <4.6 failure rate per billion hours for
shutoff valves assuming one failure.

Fifteen (15) storage data points were collected for
"servo or shuttle" valves. This resulted in 109.67 million
part storage hours with 16 failures reported for a failure
rate of 145.8 per billion hours.

Analysis of the bleeder, check, control, relief and
shutoff valves show compatible failure rates. Therefore,
these data were pooled for a failure rate of 2.8 fits
applicable to these valves. The servo valve differs sig~
nificantly in construction and mode of operation, The
failure rate for this type of valve is estimated at 145.8
fits.

16.1.6 Pneumatic Valves

Data was collected for four types of pneumatic con-
trolled valves: general, check, pressure, and manifold.
The data was available from five (5) programs. It in-
cluded 57.05 million part hours with one (1) reported
failure giving a failure rate of 17.5 failures per billion

hours. A summary of the data is shown in Table 16.1-5.
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A fatlure rate is calculated for each pneumatic valve

type with a 90% one-sided confidence limit. Note & signifi-

cant higher failure rate for the pressure valve than for the

other types. However, this was calculated with an assumed
failure and a small amount of storage hours. Hence, it is
recommended that the data be pooled together and that the

overall failure rate (17.0 fits) be used for prediction.

TABLE 16.1-5.PNEUMATIC VALVES

90%
TYPE M;gg;gN FAILURES AS IN FITS ONE-SIDED
Xs IN FITS
Pneumatic Valves
General 4.67 1l 214. 833.
Check 4.14 0 <241. 558.
Pressure .628 0 <1590. 3680.
Manifold 47.61 0 <2). 48.5
TOTAL 57.05 1l 17.5 68.2

16.1.7 Motor Operated Valves

There are three types of motor operated valves for
which data was found. These are the sequence, freon and
fuel valves. A summary of the data is shown below, Table

16.1-6,with a 90% one-sided confidence limit.

TABLE l¢,l1-6, MOTOR OPERATED VALVES

TYPE FAILURES STORAGE 6 FAILUR? RATE 90%
HRS.x 10 (10~=7) ONE~-SIDED
A. IN PITS
-8
Sequence 1 5.150 194.0 755
Freon 0 0.662 <1500.0 3500
Fuel 1 11.853 84.3 328
TOTAL 2 17.665 113.2 301.0
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The sequence motor operated valve had 1 reported failure
with 5.150 million part hours for a failure rate of 194.0
fiilures per billion hours.

The freon valve had one data point, no failures and
0.662 million part hours. This gives a failure rate of
1500.0 failures per billion hours.

The fuel valve had three data points with a total of
11.853 million part storage hours. They had one failure
giving a failure rate of 84.5 failures per billion lhours of
storage.

It is recommended that a storage failure rate of 113.2
failures per billion hours be used for all motor operated
valves including the sequence, freon and fuel valves.

16.2 Calculation of K-Factors

The K-factors have been calculated below based on oper-
ating failure rate data collected from the RADC Nonelectronic
Reliability Notebook. The operating failure rates used were
from ground-fixed data unless otherwise specified. The

formula used was Ground-fixed (Aop) Operating
K = Storage (3) Storage Data
A
TABLE 1§6.2-1.K~FACTORS op

VALVE TYPE A__(fits) a_ (fits) )
e e e e op s s
Solenoid

2 pos-2 way 15000 <100 150

2 pos-3 way 16000 <500 32

2 pos-4 way 14400 <1800 8

General Sol. 14620 8.6 1700
Hydraulic

Bleeder 1008 <4.8 210

Check 12595 22.9 550

Control 10720 <6.7 1600

Relief 2052 l.4 1470

Shutoff 4646 <4.6 1010

Servo 65610 145.8 450
Pneumatic

Genercl 6420 214 30

Check 6409 <241 26

Pressure 6360 <1590 4

Manifold 6510 <21 310
Motor Operated

Sequence = 190 -

Freon 34500 <1500 23

Fuel 8232 84 98
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16.3 Conclusions and Recommendations

16.3.1 Conclusions

Comparison between dormant and storage reliability data
indicates no significant difference between the two. This
agrees with previous studies (reference no. 35). Therefore,
the dormant and storage data were combined in all analyses.

Quality grades were not well defined for the valve data
collected. To determine quality grades extensive searching
through component specifications and drawings would be re-
quired. It was therefore impossible to determine the effect,
if any, of quality levels. The results presented in this
report represent failure rate averagus over the quality grade

spectrum.
Data available for each generic valve type (solenoid,

hydraulic, pneumatic, motor operated) was plentiful compared
to that available for each sub-category. Therefore, failure
‘ rates derived at this level have higher statistical confidence
than those of the sub-categories and should be utilized unless
specific information is available to further define the type

of valve under consideration.

16.3.2 Recommnendations

Record keeping for valves kept on storage should be im-
proved, specifically the identification of quality grades and
valve description. This should be done within existing data

o e oo

collection systems.
Additional research and data collection should be per-

formed to attain a better definition of the data already on
hand. More detailed identification of those units classified
only by their generic names should be attempted.

A more vigorous and better documented program of failure
mode analysis should be implemented.

e g
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16.4 Reference

The information in Section 16 is a summary of document
number LC-76-HP1l, "Missile Hydraulic and Pneumatic Systems
Valve Analysis," dated May 1976. Refer to that document for
details of data collection and analysis as well as technical

descriptions of valves.
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17.0 Hydraulic Fluids
Long-term storage of hydraulic fluid inside or outside

a hydraulic system leads to two primary causes for deterioration:
1) breakdown of the fluid because of inherent instability, heat
or surface contact with air, and 2) failure of the fluid as a
result of contamination. References 6 and 7 discuss these
problem areas in considerable detail.

Several types of petroleum-base hydraulic fluids can be
considered for applications in hydraulic thrust vector control
systems. Synthetic oils are excluded from this study since none
were found to have been utilized in system subject to long-term
storage. They differ primarily by the presence or absence of
an additive for a particular attribute. Typical attributes
are as follows:

1. High-temperature protection. The flash point should be
high enough so that combustion is precluded, and the oil should
be chemically stable at operating temperatures.

2. Low-temperature protection. The pour point is gen-
erally required to be below -40°F (typical is -50°F). The oil
should be stable at points slightly above its pour point even
when chilled for over 72 hours.

3. Drag and hysteresis of hydraulic components. Frictional

drag and hysteresis are related to the oil viscosity as well as
the degree that additives in the oil wet or plate out on highly
polished,close-fitting parts. This is especially true for the
polymeric additive used for improving the viscosity index.

4. Corrosion protection. This is a necessary attribute

where long-term storage is involved.
5. Flushing efficiency. This attribute is combined with

corrosion protection when this protection comes from the use
of certain detergent wetting agent. After manufacture most
components and units are "checked out" and flushed. Several
recently presented technical papers have stated that flushing
with MIL-H-5606A is ineffectual. They have usually concluded
that MIL-H-6083 (corrosion-preventive hydraulic oil) gives

17-1




more efficient results. It is felt that the removal of the
viscosity-index-improver additives described above also con-
tribute to this flushing efficiency by eliminating the
adhesive film of deposited polymer that acts as a trap for
particles. Detergent wetting agents may be added to improve

flushing efficiency.
6. Particle dispersion. This attribute is related to the

ability of the fluid to retain particles in suspension, without ]
agglomeration taking place. In most cases, the larger sus- ]
pended particles are removed as they pass through a filter.
7. Cleanliness. The particle count (in a 100-ml sample
of fluid) is often expressed as the number of particles in each
of the following size ranges:
5-15 microns, 1 micron = 10~° meters
15-25 microns
25-50 microns
50-100 microns
100-300 microns
Over 3006 microns
8. Effect of shear on viscosity. Shear forces tend to

break down long chain polymers and cause a reduction in vis-
cosity. O0ils without viscosity-index improvers are not sus- g
ceptible to this effect. '

9. long-term seal preservation. An additive may be added

to oil that conditions rubber seals and O-i1ings and prevents
extraction of plasticizer during seal-o0il contact. The following
processes normally occur when rubber compounds are placed in
an environment of MIL-H-5606A:
a. The dissolution or leaching of some soluble com-
conent of the rubber (solid dissolves in a liquid).
b. The acceptance of hydraulic fluid into the struc-
ture of the rubber, with subsequent rejection of
some components of the hydraulic fluid (liquid 3
dissolves in a solid). 1
i
1
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c. The chemical combination of some component
of the fluid with the rubber.

All of the above processes take place simultaneously at
consistent though varying rates. As a result, the value of
any given physical property of the rubber as a function of time
may vary through several maxima or minima, depending upon which
process has accumulated the greatest effect at any given point
in time. Process "b" is limited by swelling of the rubber
compound when the rubber object is geometrically restrained.
The swelling action closes off the pores through which the oil
enters the structure of the rubber. Buna-N O-rings soften
(unless overheated) in MIL-H-5606 hydraulic fluid. Their
squeeze (sealing) reaction force is thereby lessened. At the
same time they swell, which tends to compensate for the softening.
This swelling is very probably a strong reason why installed
O-rings continue to seal under long-term storage conditions.
Laboratory investigations of percentage of squeeze (sealing)
force retained versus immersion time have been conducted and
show a leveling out of the decline of sealing force with time.
The testing involved immersing O-rings, while held squeezed,
in fluid and periodically measuring the squeeze force.

10. 0il interchangeability. It is desirable that an oil

be completely miscible with commonly used hydraulic fluids in
case a change of 0il is made in a hydraulic system,
11. Viscosity index. "Viscosity index" denotes an arbi-

trary method of stating the rate of change of viscosity with
change of temperature.

Table 17.0-1 presents the specifications for four hydraulic
fluids suitable for use in missile hydraulic systems. MIL-H-
5600A 0il is the most commonly used in this application.
MIL-H-6083 is used as a preservative o0il and also as an operating
hydraulic fluid. MIL-H-25598 and AB0145-001 have attributes
that make them particularly suitable for long-term storage;
they contain additives that give corrosion protection, dis-
persibility, and good flushing efficiency. Pour-depressing
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and viscosity-temperature additives (polymeric additives)
are specifically excluded. MIL-H-25598 is essentially the
low-temperature counterpart of AB0145-001. AB0145-001 has
been adopted as a system fluid by at least one missile and
satellite manufacturer.

17.1 Hydraulic Fluid Storage Reliability Analysis

17.1.1 Failure Modes

The primary failure modes of hydraulic fluids are:
1. contamination
2. oxidation

3. foaming

4. loss of viscosity
5a @ik

6. vaporization

7. carbon formation

The most common is contamination which can be greatly
reduced by careful handling and storage.
17.1.2 Failure Mechanisms

The failure mechanisms most commonly found to cause
hydraulic system deterioration: 1) breakdown of the fluid

because of inherent instability, heat or surface contact with
air, and 2) failure of the fluid as a result of contamination.

Typical attributes to the failure mechanisms are:

1. high-temperature
2. low-temperature
3. drag and hysteresis of hydraulic components
4. corrosion
5. flushing
6. particle dispersion
7. cleanliness
8. effect of shear on viscosity
9. long~term seal preservation

10. o0il interchangeability

11, viscosity index

v ampren - AT
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17.1.3 Data Analysis

Ten data sources were investigated ranging from one to
400 samples cach with storage time from 2 months to 17 years.
A specific failure rate is not calculated for the fluid types.
Data analysis reflects no failures attributable to the various
hydraulic fluid types.

A summary of hydraulic fluid data is presented in Table
17.1-1.

Half of the data samples (i.e., Data Samples No. 1, 5, 6,
7 and 8) pertain to long-term storage of MIL-H-5606 hydraulic
fluid in dormant aircraft hydraulic systems. 1In general, this
fluid exhibited varying degrees of contamination at the be-
ginning of the dormancy period. In all cases, the hydraulic
system was operable just prior to the dormancy period.

Data Samples No. 2 and 3 pertain to long-term shelf
storage of MIL-H-5606 in' tin cans and in a drum.

Data Sample No. 4 pertains to the long-term storage of
hydraulic fluid in dormant missile hydraulic power supply units
that had been in the field. The hydraulic flui@ conformed to
MIL-H-25598.

Data Samples No. 9 and 10 pertain to loss of viscosity of
MIL-H-5606 hydraulic fluid in hydraulic systems that impose
considerable shear stress on the hydraulic fluid.

Based on the data pertinent to long-term storage of MIL-H-
5606 hydraulic fluid in dormant aircraft hydraulic systems, the
following generalizations can be made:

1. This fluid may become contaminated with dirt, pieces
of elastomeric materials, and miscellaneous particles
after a l-year dormancy period.

2. In none of the cases studied was failure of hydraulic
components attributed to the contamination referred to
in (1) above.

J. No traces of corrosion, either external or internal,
were reported. MIL-H-5606 provided adequate corrosion
protection in all cases studied.

17-7
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4. The dormancy period was, in general, 1 to 2 years. In
the case of Data Sample No. 1, the "Lady Be Good" air-
craft lay dormant for 17 years on the Libyan Desert.
The satisfactory condition of the hydraulic fluid simi-
lar to MIL-H-5606 after this period of time is un-
doubtedly strongly influenced by the extremely dry
conditions on the desert.

The results of shelf storage tests of MIL-H-5606 hydraulic
fluid indicate that, provided the oil is free of contamination
to start with, the shelf life is a miniwum of 6 years. Agglomer-
ation of particles in this fluid due to agitation can be effec-
tively prevented by holding the concentration of particles in
the 5-15 micron range below 1,000 for a 100-ml sample. Hydraulic
fluid is now being packaged at this low contamination level in
accordance with NSM 60-20, Military Petroleum Supply Agency,
Washington, D. C.

No significant contamination of hydraulic fluid was found
in the 43 missile hydraulic power supply units stored in the
field for 2 years. No failures of hydraulic components were
attributable to contamination of the hydraulic fluid (fluid
conforming to MIL-H-25598}.

ss of viscosity of MIL-H-5606 hydraulic fluid occurs in
hydraulic systems during operation. The loss rate depends on
the shear stress imposed, the system fluid inventory, and the
flow rate. Data Samples No. 9 and 10 demonstrate the above.
The loss in viscosity is due to cracking of the polymeric
additive, polyalkylmethacrylate, used for improvement of the
viscosity index. The viscosity of MIL-H-5606 hydraulic fluid
approaches that of the base stock asymptotically with operating
time. In hydraulic systems operating at very high temperatures,
thermal polymcrization of the o0il offsets some of the viscosity
loss due to shearing.

The maxinum shear stress is induced at a point of high
turbulence, usually a point where a large pressure drop occurs,

as in a valve or pump.
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Specifications MIL-H-5606 and MIL-H-6083 limit viscosity
changes to +5 to -20 percent after a specific shear breakdown
test. These viscosity limits are considered stringent enough
for hydraulic thrust vector control systems subject to long-
term storage.

Each data sample is discussed in more detail below:

DATA SAMPLE NO. l: HYDRAULIC FLUID STORAGE IN DORMANT SYSTEM

Four hundred milliliters of hydraulic fluid from the "Lady Be
Good" aircraft B-24D, AAC No. 124301, were examined after 17
years in the aircraft's hydraulic systems. The location of

the aircraft was the Libyan Desert in North Africa. The air
temperature varied from 26°F to 120°F, and the maximum aircraft
skir. temperature varied from 150°F to 200°F. It rained twice
during the 17-year period. This fluid met Specification AN-VV-
0-366b, which is similar to MIL-H-5606A. The sample was found
to be in excellent condition, showing good stability.

DATA SAMPLE NO. 2: HYDRAULIC FLUID SHELF-~LIFE TEST

Three samples of MIL-H-5606A hydraulic fluid were stored at
ambient temperature in tin cans for one year. No significant
changes occurred in the viscosity at 130°F, viscosity at -40°F,
pour point, rlash point, or precipitation number.

DATA SAMPLE NO. 3: HYDRAULIC FLUID SHELF-LIFE TEST

A sample of MIL-H-5606A hydraulic fluid was stored from July
1952 to December 1958 (6 years, 5 months) in a 55-gallon drum
kept on its side in the open. Five-gallon samples were removed
periodically, the volume being replaced by ambient air. No

significant changes occurred in the viscosity at 130°F, viscosity

at -40°F, pour point, flash point, precipitation number, or acid
number. In addition, the sample passed the MIL-H-5606 specifi-
cation for 250°F oxidation and corrosion, and for -65°F stabil-
ity at the end of the storage period. There was no evidence of

separation or gumming.
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DATA SAMPLE NO. 4: HYDRAULIC FLUID STORAGE IN DORMANT SYSTEM

Forty-three hydraulic power supply units were removed from
missiles which had been in the field 24 months. As part of the
test program, the rydraulic fluid was checked for particle

size dilstribution. The hydraulic fluid was reported to contain
numerous particles smaller than 50 microns and a few larger
than 50 microns. Some of the particles were rubber, while most
were a soft crystalline substance which was easily broken up

with a probe.

No failures to fire properly were attributed to oil contamina-
tion. The o0il contamination noted was not corsidered signifi-
cant. The oil met Specification MIL-~H-25598.

DATA SAMPLE NO. 5: HYDRAULIC FLUID STORAGE IN DORMANT SYSTEM

Samples of MIL-H-5606 hydraulic fluid from two B-26C's, Serial
Nos. 44-34606 and 44-35585, were examined after a 2-year storage
period. The summer air temperature varied from 90°F to 110°F,
and the winter air temperature varied from 50°F to 70°F at the
storage facility. The average summer humidity was 6 percent,
and the average winter humidity was 25 to 30 percent. Both
samples showed that the fluid was discolored and dirty in
appearance. The actuators on these aircraft operated satis-
factorily, with the exception of three which had excess leakage.

The o0il was changed in both aircraft.

DATA SAMPLE NO. 6: HYDRAULIC FLUID STORAGE IN DORMANT SYSTEM

Samples of MIL-H~5606 hydraulic fluid present in 24 additional
stored B-26"s were found to be discolored and dirty and to have
accumulated contamination after 1 year of storage. Several
people observed that this o0il must be replaced within 1 year if

the system is to be maintained in an operational condition.

One missile manufacturer, who is conducting special research on
fluid contamination levels using the Millipore method, has the
same opinion of thr storability of MIL-H-5606.

'“h: o
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The summer air temperature varied from 90°F to 110°F, and the
winter air temperature viried from 50°F to 70°F. The average
summer humidity was 6 percent, and the average winter humidity

was 25 to 30 percent.

DATA SAMPLE NO. 7: HYDRAULIC FLUID STORAGE IN DORMANT UYSTEM

Twelve F-100 aircraft were reactivated after 12 to 14 months of
storage, The hydraulic oil was not changed, although it was
dirty. It was said that the oil required replenishment on all
systems, but the basis for requiring replenishment was not ex-

plained.

The summer air temperature varied from 90°F to 110°F, and the
winter air temperature varied from 50°F to 70°F at the storage
e facility. The average summer humidity was 6 percent, and the
average winter humidity was 25 to 30 percent.

DATA SAMPLE NO. 8: HYDRAULIC FLUID STORAGE IN DORMANT SYSTEM i

An examination was made of the hydraulic systems of F4U-4
stored aircraft to determine whether it was necessary to replace
MIL-H-5606 hydraulic fluid with MIL-H-6083 preservation fluid

! for adequate preservation of the hydraulic system components.
Environmental conditions at the storage facility were as follows:

ey

average relative humidity at 5:30 am, 50 percent; at 11:30 am,
32 percent; at 5:30 pm, 27 percent, at 11:30 pm, 52 percent;
average daily maximum temperature 85.5°F, minimum 53.3°F; and
average annual rainfall, 7.56 inches.

Data was compiled from two F4U-4 aircraft, Bu. Nos. 97259 and
97302, selected at random from four in outdoor storage. These
aircraft wers known to have MIL-H-5606 hydraulic fluid, con-
taminated within limits, in their systems for at least 18 months
while in outdoor storage status. Various hydraulic system
components of both aircraft were removed, brought to the labor-
atory, degreased, dissected, and examined. Extreme care was
taken in selecting typical components containing the different
materials in the system (i.e., arodized aluminum, steel, O-rings,
and rubber diaphragms).

17-12
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Since the entire sampling of typical components revealed no
traces of corrosion, cither externally or internall-, it was
concluded that MIL-14-5606 hydraulic fluid afforded adequate

protection for these systems.

On the basis of this investigation, and in view of the favor-

able past histor, of corrosion control exhibited at this activity,
it was recommended tuat MIL-H-5506 hydraulic fluid be left in
aircraft hydraulic systems during periods of storage (providing

contamination limits are not exceeded).

DATA SAMPLE NO. 9: HYDRAULIC FLUID VISCOSITY TEST

Starting in August 1956, the viscosity, at 130°F, of MIL~H-5606
in an operating hydraulic system was monitored once a week for

6 weeks. The hydraulic system was a test stand for hydraulic
components. The system imposed considerable shear stress on the
oil. The listing below gives the results.

Original 0Oil Viscosity = 10.06 centistokes
1 week in system Viscosity = 8.15 centistokes
2 weeks in system Viscosity = 7.80 centistokes
3 weeks in system Viscosity = 7.69 centistokes
4 weeks in systum Viscosity = 7.60 centistokes
5 weeks in system Viscosity = 7.44 centistokes
6 weeks in system Viscosity = 7.37 centistokes

DATA SAMPLE NO. 10: HYDRAULIC FLUID VISCOSITY TEST

In A system charged with two gallons of MIL-H-5606A running at
approximately 2.5 gallons per minute, 160°F, 3,000 psi, an
18.5-p:'rcent loss in viscosity was reported after 8 hours.

Coincidentally, the fluid in a test stand operated by a manu-
facturer of aircraft valves showed the same viscosity decrease
after 7 days' operation.
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17.2 <conclusions & Recommendations

Hydraulic fluid petroleum-hbase stocks do not degrade
significantly with storage time. Some of the additives, how-
over {especially the acrylics), can have adversc effects during
storage.  Recommended fluids are MIL-H-25598 for low tempera-
tures and AB0145-001 for normal temperatures.

Adequate filtration techniques in the manufacturing pro-
cess, in system filling, and designed into the operating hy-
draulic system can greatly assist in maintaining hydraulic
systems within acceptable contamination levels. Air filters
and air dryers should be used in oil breather systems if such
systems arce necessary.

Particular carce in the selection of compatible metals for
the hydraulic system can greatly reduce the potential for
dicloctric corrosion, which, in addition to damaging hydraulic
components, contaminates the oil. g

From the data analyzed it is concluded that MIL~H-5606
hydraulic fluid is suitable for long-term storage in missile
thrust vector control systems. However, MIL-H-25598 and
AB0145-001 are inherontly more suitable for this application
due to the absence of the polymeric additive, thus eliminating
the viscosity change and agglomeration problems. The inclusion
of an clastomer preservative, and a wetting agent that gives
corrosion protection, detergency , dispersibility, and minimum
wear, also contributes to their desirability.
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