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SUMMARY

The fluids used in hydraulic systems inevitably
contain large numbers of small, solid particles, a

phenomenon known as 'fluid contamination'. ©Particles
enter a hydraulic system from the environment, and
are generated within i1t by processes of wear. At the

same time, particles are removed from the system fluid
by sedimentation and in hydraulic filters.

This thesis considers the problems caused by fluid
contamination, as they affect a manufacturer of axial
piston pumps. The specific project aim was to investigate
methods of predicting or determining the effects of fluid
contamination on this type of pump.

The thesis starts with a theoretical analysis of
the contaminated lubrication of a slipper-pad bearing.
Statistical methods are used to develop a model of the
blocking, by particles, of the control capillaries used
in such bearings. The results obtained are compared to
published, experimental data. Poor correlation between
theory and practice suggests that more research is
reguired in this area before such theoretical analysis
can be used in industry.

Accelerated wear tests have been developed in the
U.S.A. in an attempt to predict pump life when operating
on contaminated fluids. An analysis of such tests shows
that reliability data can only be obtained from extensive
test programmes. The value of contamination testing is
suggested to be in determining failure modes, and in
identifying those pump components which are susceptible
to the effects of contamination. A suitable test is
described, and the results of a series of tests on axial
piston pumps are presented and discussed.

The thesis concludes that pump reliability data can
only be obtained from field experience. The level of
confidence which can be placed in results from normal
laboratory testing is shown to be too low for the data
to be of real value. Recommendations are therefore given
for the ways in which service data should be collected
and analysed.

Contamination
Hydraulics
Pumps
Reliability
Testing



To Heather Louise



ACKNOWLEDGEMENTS

I wish to thank my university supervisors, Professor
K. Foster, Mr. G. A. Montgomerie and Dr. T. F. J. Quinn,
and my industrial supervisors, Mr. P. J. Cleife and
Mr. F. W. Baggett, for their guidance and support during
this work. I also want to acknowledge the assistance of
the staff of the IHD scheme at Aston University.

Many people helped with experimental and test
work. Particular thanks go to: Mr. Malcolm Clark
for helping with pump tests; Mr. Mike Day of BHRA
for help with particle counting; Mr. Alwin Price of
University College, Swansea, who conducted Ferrography
analysis; Mr. Harold Shotton of CHL, who built the
pump test rig at Aston; Mrs. Helen Cook and Miss Gail
Fivash who typed the manuscript; Mr. P. J. Manolescue,
who proof-read the thesis.

I must extend my gratitude to Professor E. C. Fitch
and the staff of the Fluid Power Research Center for
their hospitality and co-operation during my stay in
the USA.

Financial support for the project was provided

by Commercial Hydraulics Limited, and by the Science

Research Council.



CONTENTS

List of illustrations
Glossary of Terms

Notation

Abbreviations

Thesis plan

INTRODUCTION

Preface

Commercial Hydraulics Limited
Company aims

Hydraulic systems

Hydraulic equipment reliability

American research in fluid
contamination

Vehicle steering transmissions
Initial project objective
FLUID CONTAMINATION
Introduction

Axial piston pump operation

Determining particle size and
concentration

Reporting fluid contamination levels
Hydraulic fluid contamination levels

The nature and sources of contamina-
tion

Factors affecting system contamina-
tion levels

The effects of fluid contamination

Areas of insufficient knowledge

12

22

24

26
26

29



PROBLEM DEFINITION AND RESEARCH
STRATEGIES 31

w

3.1 Introduction 31

3.2 Factors affecting fluid contamination

levels 21
3.3 Reducing fluid contamination levels 36
3.4 The problem of contamination 37
3.5 The organisation of hydraulics

projects 39
3.6 An ideal solution 41
3.7 Revised-project aims 44
3.8 Possible research strategies 44

4, THEORETICAL ANALYSIS OF THE EFFECTS

OF FLUID CONTAMINATION
4.1 Introduction 47
4.2 The ef%ects of fluid contamination

on axial piston pumps 48
4,3 Slipper lubrication on clean fluids 53
4.4 Design as a means of filter

specification 55
4.5 Abrasive wear of slipper bearinés 60
4.6 Abrasive wear rates 68
4.7 The OSU pump test theory 77
4.8 Reducing abrasive wear rates 80
4.9 Silting of fine clearances 89
4,10 Blocking of capillaries 91
4.11 Conclusions on theoretical analysis

of the effects of fluid contamination 97

5. TESTING ON CONTAMINATED FLUIDS 99

5.1 Introduction 99
5.2 Thé objectives of industrial tests 100
5.3 Testing scientific hypotheses 101



(@2

(@3]

w

(@3]

1

1N

.10

L11

Testing to measure performance

Reliability testing on contaminated
fluids

Accelerated reliability tests

Qualitative tests to identify
problem areas in pumps.

Order-of-merit contamination ratings
Concluéions‘

A GENERAL PUMP CONTAMINATION TEST
Introduction

Testing pumps on contaminated fluids
The OSU pump test

Pump contamination test programme
Test pumps

Test rig

Rig commissioning

Test procedure

Basic test programme and results

Preliminary discussion of main test
results

A pump contamination sensitivity
rating

Observed changes in pump output
flow

Pump analysis
Pump component changes

Conclusions on the effects of
contamination on the A70 pump

Ferrographic analysis

The effect of contamination build up
on test results

General conclusions about the use of
pump contamination testing.

103

111

116
116
117
120
120

122

134
134
136
140
140

145

156

163

166
172

192

193

195

199

201



-J

~J

~

©

<o)

O3]

NN

w

CONTAMINATION TESTING FOR A
SPECIALISED APPLICATION

Introduction

Closed-circuit hydrostatic
transmissions

Fluid contamination build-up in a
closed-circuit hydrostatic transmission

Determining filter performance
Service and test contamination levels
Test contaminants

Test circuit and test profile

Test programme and results

Discussion

SERVICE EXPERIENCE AND RECOMMENDED
FLUID CONTAMINATION LEVELS

Introduction
The need to monitor service experience

Measuring fluid contamination levels
in service

Measuring pump reliability

Recommended fluid contamination levels
for CHL's pumps

PROJECT REVIEW AND CONCLUSIONS
Introduction

Fluid contamination research

The problem of fluid contamination

A '"solution' to the problem of fluid
contamination

Research strategies

The uses of each research strategy
Project outcomes

Future work

References

204

204
205

208
210
219
222
224

228

235
235

235

238

242

251

252
252
253
257

258



ep]

APPENDICES

Ferrography

Questionnaire

on filter testing

Al

Bl



LIST OF ILLUSTRATIONS

NUMBER | PAGE TITLE

Fig. 0.1 ; Thesis plan.

Table 2.1.1 9 Clearances in hydraulic equipment.

Fig. 2.2.1 10 General arrangement of a C.H.L.
axial piston pump.

Fig. 2.2.2 11 Simplified diagram of a C.H.L.
piston pump.

Fig. 2.3.1 16 Sketches of the profiles of
particles from hydraulic fluid
samples.

Fig. 2.3.2 17 Definitions of particle 'diameter'.

Table 2.4.1 20 Typical particle count data.

Table 2.4.2 20 Particle count data of table 2.4.1
converted to "cumulative oversize
counts' .

Fig. 2.4.1 21 Particle count data plotted as a

cumulative oversize distribution.

Fig. 2.5.1 23 Thermal Control Company
contamination classes.

Fig. 3.2.1 33 Simple model of the contamination
behaviour of a hydraulic circuit.

Fig. 3.2.2 35 Predicted variation of fluid
contamination level with time.

Fig. 3.4.1 38 Ideal mpproach to the economics of
fluid contamination.

Fig. 3.5.1 40 A typical hydraulics project.

Fig. 3.6.1 42 An ideal solution to the problem of
fluid contamination.

Fig. 3.8.1 45 Designr/development of a hydraulic
pump .

Fig. 4.2.1 49 Areas of possible contamination
damage in the A70 axial piston
pump .

Table 4.2.1 51 Possible effects of fluid

contamination on the A70 pump.




NUMBER | PAGE | TITLE
| Fig. 4.3.1 54 ; Slipper bearing lubrication.
gFig. 4.4.1 | o8 g Rigid mesh filter model.
| Fig. 4.4.2 59  Model of a filter as & Gaussian
i i distribution of pore sizes. ;
' !
Fig. 4.5.1 62 | Abrasive wear situations. §
Fig. 4.5.2 63 | Rigid sphere impressed into a ‘
surface. i %
Table 4.5.1 | 66 | Loads required to produce plastic .
|  deformation of a steel surface, and
f ; diameter of impressions formed, for |
. various sizes of silica particles. f
| |
Table 4.5.2 67 Hardnesses of fluid contaminants f
and pump materials. '
Fig. 4.6.1 70 | Abrasive wear of pump components. :
Fig. 4.6.2 70 § Wear by a pyramid-shaped particle. :
Table 4.6.1 § 74 Predicted wear rates of a C.H.L. %
i slipper design. !
Fig. 4.6.3 75 Predicted wear rates of a C.H.L. |
t slipper design.
Fig. 4.7.1 79 Predicted variation with
contaminant concentration of pump
output flow degradation.
|
Table 4.8.1 84 | Particle size distribution of Air
cleaner fine test dust.
Fig. 4.8.1 85 Sensitivity of a slipper bearing to
abrasive wear.
Table 4.8.2 ~87 Predicted wear rates of different
C.H.L. slipper designs. i
Fig. 4.8.2 88 Predicted wear rates of 'high' and
'"low' clearance slipper designs.
Fig. 4.10.1 95 | Ulster Polytechnic data on blocklng
i times for fine capillaries.
Fig. 5.5.1 105 Pump failure probability density

functions. |




NUMBER PAGE TITLE

Fig. 5.5.2 105 Possible variation of pump
reliability with fluid
contamination level.

Fig. 5.5.3 107 Reliability estimation.

Fig. 5.6.1 114 Failure plots for 'high' and 'low'
reliability pumps.

Table 5.6.1 115 Pump failure times generated from
"high' and 'low' reliability
failure probability density
functions.

Fig. 6.2.1 123 Basic multipass and singlepass
pump test circuits.

Fig. 6.2.2 130 'Typical' contaminant size
distributions.

Fig. €6.4.1 135 General arrangement of the
Reyrolle A70 pump.

Plate 6.4.2 Reyrolle A70 pump.

Fig. 6.4.3 137 Aston University circuit for
contamination testing the A70 pump.

Plate 6.4.4 General view of Aston University
test rig.

Plate 6.4.5 Pump mounting on Aston University
test rig.

Fig. 6.4.6 141 Calibration of Aston rig flow meter.

Fig. 6.4.7 144 Particle counts on ACFTD.

Table 6.4.1 146 Summary of test programme.

Table 6.4.2 148 Particle counts on samples from
test 1.1

Table 6.4.3 148 Pump output flow during test 1.1

Fig. 6.4.8 149 Pump output flow in tests 2.1, 3.1
and 7.2

Table 6.4.4 151 Gravimetric levels of system fluid
during contamination test
programme.

Fig. 6.4.9 152 Pump outpuf flow during tests 3.1

and 5.1.




NUMBER PAGE TITLE

Fig. 6.4.10 153 Pump output flow during tests 5.1,
5.2 and 5.3.

Fig., 6.4.11 154 Pump output flow during tests 4.1
and 5.1.

Fig., 6.4.12 155 Pump output flows during tests 7.2
andé 7.3.

Table 6.4.5 158 Microscope particle counts on
fluid samples from test 5.1.

Table 6.4.6 160 Contamination levels at start of
pump contamination tests.

Table 6.4.7 163 Output flow of A70 pumps.

Fig. 6.4.13 168 A70 pump output flow during test
5.1 - comparison of experimental
and theoretical data.

Plate 6.4.14 A70 pump thrust plates (lower face)
after test.

Plate 6.4.15 A70 pump thrust plates (upper face)
after test.

Plate 6.4.16 A70 pump cylinder blocks after
tests.

Table 6.4.8 176 Surface finish of A70 pump
components after running on
contaminated fluids.

Fig. 6.4.17 177 A70 pump areas from which surface
finish traces were taken.

Fig. 6.4.18 179 Fluid flow between plates having
sinusoidal wear tracks.

] o]

Fig. 6.4.1%8 181; Surface finish traces from lower

. faces of A70 pump thrust plates
A '
Fig. 6.4.20 182) after test.
Fig. 6.4.21 184) | Surface finish traces from upper
) | faces of A70 pump thrust plates

Fig. 6.4.22 185) | after test. :

Fig. 6.4.23 186 Lubrication of a flat slipper on a
'dished' slipper plate.

Fig. 6.4.24 188) | Surface finish traces from A70

) | pump cylinder block portplate faces

Fig. 6.4.25 189) | after test.




NUMBER PAGE TITLE

Fig. 6.4.26 190 Portpiate of A70 pump.

Table 6.4.9 194 Performance of pump number 5 after
rebuild.

Plate 6.5.1 Wear particles.

Plate 6.5.2 Ferrography analysis of fluid
samples from tests 1.1, 2.1 and 5.1.

Plate 6.5.3 Ferrography analysis of fluid
samples from tests 3.1, 5.1 and 5.2.

Plate 6.5.4 Ferrography analysis of fluid
samples from tests 6.1, 4.1 and 3.1.

Fig. 6.6.1 200 A70 pump flow during test 2.2.

Fig, 7.2.1 1206 A simple hydrostatic transmission.

Fig. 7.3.1 209 Contamination conditions in a
closed-circuit hydrostatic
transmission.

Fig., 7.4.1 213 Basic multipass filter test
circuit.

Table 7.4.1 215 Filter efficiencies calculated
directly from upstream and down-
Stream particle counts.

Fig., 7.4.2 216 Dirt capacity of various filters.

Table 7.4.2 218 Filter efficiencies calculated
from equation 7.4.1.

Fig. 7.5.1 221 Particle count data on fluid
sample from hydrostatic
transmission. )

Fig. 7.7.1 226 Original CHL contamination test
circuit.

Fig. 7.7.2 227 Final CHL contamination test rig
circuit.

Plate 7.8.1 CHL pump piston and slipper after
test.

Fig. 7.8.2 230 CHL pump cylinder block showing

Plate 7.8.3

location of contaminant induced

damage.

CHL pump cylinder block after test.




NUMBER

PAGE

TITLE

Plate 7.8.4

Fig. &8.3.1

Table 8.5.1

Table 8.5.2

Fig. Al

249

CHL pump slipper plate after test.

Comparison of different
contamination class systems.

Comparison of different
contamination classes.

Recommended contamination classes.

Ferrography slide preparation.




GLOSSARY

Hydraulies

Hydraulic System
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Lubrication
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Hydrodynamic
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also appendix A.)
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INTRODUCTION

‘—-‘
O

1.1 Preface

This thesis describes work conducted through ‘the

Total Technology higher degrees scheme of the University

of Aston in Birmingham. The work was sponsored by the
Science Research Council, and by the Gloucester Division
of Commercial Hydraulics Ltd. (CEL), and was conducted

at the Company's works, and in the departments of
mechanical engineering and physics at Aston University.
In the second year of the project, a period of three
months was spent working and studying at the Fluid

Power Research Centre at Oklahoma State University,

U.S. A,

1.2 Commercial Hydraulics Ltd.

Commercial Hydraulics is a wholly-owned U.XK.
subsidiary of a large American group called Commercial
Shearing Inc. (CSI). CSI manufactures a range of‘enginee—
ring products, and has eighteen plants throughout the
World. In 1978-79, the group employed 3500 people,
and had sales of § 200 millions.

Commercial Hydraulics is entirely concerned with
the design, development and manufacture of hydraulic
equipment, and has two British ﬁlants. A factory at
Bedford manufactures valves; gear pumps and gear motors,
whilst the Gloucester Division is primarily concerned
with equipment based on axial piston pumps and motors.
(The operation of these units is described in chapter 2.)
Throughout the rest of the thesis, the name"Commercial

Hydraulics'will refer to the Gloucester division of the

company.



For the duration of this research, (1976 to 1979)
CHL's main project was to develop a high-power hydrostatic
steer transmission for a military vehicle. However,

CSI intended that the Gloucester facilities should also
act as an engineering research and development centre
for the group's European operations in hydraulics,

and the Gloucester division therefore had an interest
in all aspects of hydraulic equipment and systems.

1.3 Company Aims

There are many theories as to the economic aims of
business organisations. Without entering into a lengthy
debate, it may be argued that CHL's main objective is to
survive as an organisation by maintaining, or preferably
by expanding its sales of hydraulic eguipment., (It
must also do so at a profit and provide an accevptable.
return on emploved capital.) CHL can achieve its
main objective either by expanding its share of the existing
market, or by increasing the overall market for hydraulic
equipment in competition with alternative technologies.

-

A recent NEDO report Ll examined how users of

hydraulic equipment select their suppliers. Users gave
as commercial factors (in order of importance) delivery
reliability, good communications, after-sales~service,
end delivery length. But 42 out of 50 companies inter-
viewed stated that product '"guality' is more important
then price. The precise nature of '"quality" was not
defined in the report, but it is possibly a combination
of good technical performance and high reliability,
achieved through sound engineering design and careful

manufacture. The importance of equipment reliability

may be appreciated by considering the nature of hydraulic



systems and the applications in which they are used.

1.4 Evdraulic Systems

In an hydraulic system, a pressurised fluid is used
to transmit power between various points in a hydraulic
circuit. Fluid pressure and flow ('fluid power') are
usually generated by a hvdraulic pump driven by a prime
mover . Fluid power may be reconverted to mechanical
power in a hydraulic motor, if rotary motion is required,
or in a hydraulic cylinder, if linear motion is needed.
This variety of motion makes hydraulic systems very
versatile. Linear and rotary output speeds can also be
varied fairly easily, in contrast with electric drives.
Further advantages of hydraulic eguipment are high powef
densities, rapid response, and the facts that the working
fluid can also be used as a lubricant, coolant, corrosion
inhibitor, and as a medium for transmitting control signals.
These factors allow hydraulic systems to be very compact
compared to svstems based on competing technologies.

The above features of hydraulic systems have led to
their widespread use in construction and earthmoving
equipment, machine tools, aircraft and missile flying
controls, ships, agricultural equipment, and in process
plant in the mining, mechanical handling, chemicals and
metal-working industries. In all these applications, the
costs incurred through any failure of the installed
hydraulic systems are likely to be considerable. The
main expense is not that of replacing failed equipment,
which will have probably cost only a small proportion of
the cost of the original plant. The bulk of financial

losses stem from lost production while plant is 'down' for

repalr.



1.5 BHyvdraulic Equipment Reliability

It can be appreciated therefore that users of
hydraulic equipment are likely to be more concerned
about ecquipment reliability than they are about the
initial cost of a system (although this latter aspect
will still be a major consideration). This being the
case, CHL may be able to improve its market share if it
can produce and sell highly reliable pumps. Conversely,
the company risks losing sales if its products are less
reliable than is acceptable to its customers. Similar
remarks apply to the hydraulics industry as a whole.
It has long been suspected that poor equipment reliability
has been a major factor limiting the market penetration
of hyvdraulic systems.

At the start of this project, CHL was aware of the
importance of product quality, anc¢ was interested in
any aspect of the design, manufacture or operation of
hydraulic equipment which might affect the reliability
of its products. The company had known for some time that
the overall condition of the fluid used in a hydraulic
system (usually known as the "working fluid") can have an
effect of the reliability of system components in general
and of axial piston pumps in particular.

One aspect of fluid condition is the presence in a
fluid of large numbers of microscopic, solid particles,
a phenomenon which will be referred to as "fluid
contamination”. (It should be noted that some authors
use the same term to refer to the presence of water, air,
bacteria, etc.) CEL wanted to learn more about the nature
of fluid contamination, of its effects, and of the means

to control it, and the company sponsored this research

in pursuit of these aims.



A7 es . : \ : .
Although determined primarily by factors described

above, the research was given further impetus:by.two other
developments.

1.6 American Research in Fluid Contamination

A A al : :
£ considerable amount of research into fluid con-

tamination has been conducted by organisations in the
U.S.4. The majority of this work has been undertaken

by staff at the Fluid Power Research Center at Oklashoma
State University (OSU), where the subject has been studied
since 1859,

Some of the work at OSU has led to the development
of a test method for hydraulic pumps. This test has
been designed to give results which will allow the
determination of the life of a pump when opefating on
fluid contaminated to a specified level. The test is
under consideration as an ISO standard, and is already
being emploved by users of hydraulic pumps, particularly
in the U.S.A., to compare the performance of competing
pump designs.

The OSU test undoubtedly represents a potential
threat to CHL's sales, and the company wanted to know more
about it. Specifically, the company needed to know if
the test is valid and, if it will be applied to CHL pumps
anyway, how the company's products might be improved so
that they perform better in the test.

1.7 Vehicle Steering Transmissions

It has been mentioned already that, at the start
of this research,CHL's mazin project was a vehicle steering
transmission. There are substantial advantages to be
gained from operating such transmissions on the same

fluid as is used in the vehicle's main gearbox. and

transmission. However, this does mean that the fluid is

- 5 -



likely to be heavily contaminated, especially if ‘wet'
brake and clutch plates are employed. This was the case
with CHL's hydrostatic Transmission, and both CHL and
the vehicle manufacturers were anxious to know the
likely effects of fluid contamination on the life and
operation of the steering transmission.

1.8 1Initial Project QObjective

Although CHL wanted to gain information on zll aspects
of fluid contamination, the main problem, as initially
perceived by the company, was to determine whether or
not 1t is possible to rate the ability of a hydraulic
pump to operate on contaminated fluids. It was on this
basis that the project proceeded.

The first task was obviously to find out about fluid

contamination, its size, nature, concentration and effects.

These will be described in the next chapter.



2.0 FLUID CONTAMINATION

2.1 Introduction

Previous researchers into fluid contamination have

tended to concentrate on one of four separate, though
related areas. These are: the measurement and description
of fluid contamination levels; the determination of filter
per formance; the sensitivity of hvdraulic equipment to
operation on contaminated fluids; the precise nature

of the effects produced by contaminants.

Until thé mid 1960's, research was largely concentrated
on the problems of accurately determining fluid contami-
nation levels. Until this could be done, it would have
been difficult to have conducted work in other areas.

It Wili be shown, later in the thesis, that the severity
of the effects of fluid contamination are related to

both the numbers of particles present, and to their
"'size'. (The definition of particle size 1is considered
in section 2.3). To determine the contamination level

of a fluid sample, & known proportion of the particles

in the sample must therefore bhe counted and allocated

to different size ranges. (Particles in hydraulic fluids
azlways possess a broad range of sizes.)

It has generally been assumed that the particles
in hydraulic fluids which are likely to cause damage
are those of a size larger than or equal to the clearances
between components in hydraulic eqguipment. The hypothesis
put forward was that smaller particles should pass through
the equipment without causing damage, although Wusthof
and Hezemann [2] suggest that, to avoid silting, the
maximum permitted particle size should not exceed one

third of .the smallest clearance.



-

Farris [3j gives values of the clearances between

components in a variety of hydraulic equipment. These
are shown in table 2.1.1., The clearances in CEL's
products can only be considered in relation to the operation

of an axial piston pump.

js9}

[SV]

.2 Axial Piston Pump Operation

Figure 2.2.1. shows a CHL pump design. The shaft (1)
is driven by a prime mover (not shown), and drives, in
turn, the cylinder block (2). As the block rotates, the
pistons (3) are forced to reciprocate in the piston
bores (4). This motion draws in fluid through the low
pressure part (5) and discharges it, half a revolution
later, through the high pressure port (6) in the port-
plate (7). The pistons are supported by slipper-pad
bearings (8) which 'float' on the slipper-plate (9).

The figure also shows the pump's ‘associated boost pump (10),
relief valve (11) and servo controls (12) for the swash-
plate (13). Figure 2.2.2 shows a simplified view of the
pump, emphasising bearing surfaces and leakage paths.

Axial piston motors are basically piston pumps operating

in reverse,

Part of the 'sales-appeal' of this type of pump
is that it can operate at high speed (3500 rpm) and high
pressure (5000+ psi), whilst achieving high volumetric
efficiency. However, under these conditions, the
clearances between moving components are very low indeed.

r ’ 0
Kakoullis L4] has measured a separation of 1 to 10 microns

-6
One micron equals 10 metres.



COMPONENT

CLEARANCE IN MICRONS

1

o8}

1>

EAR PUMP (pressure loaded)

¥

()]

ear to side plate
Gear tip to case
VANE PUMP

Tip of vane to case
Sides of wvane to éase

PISTON PUMP

Piston to piston bore
Portplate to cylinder block
Slipper to slipper plate

SERVOVALVE

Orifice
Flapper wall
Spool to sleeve

HYDROSTATIC BEARING

0.5 - 5.0
0.5 - 5.0
0.5 - 1.0

5.0 - 13.0

5.0 - 40.0 (radial)
1.0 - 25.0

1.0 - 10.0

130.0 - 450.0
18.0 - 63.0
1.0 - 4.0 (radial)

1.0 - 25.0

NOTE 1. One micron = 10

Table 2.1.1

metres

Clearances in hydraulic equipment.
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between slipper-pad and slipper-plate of an operating.
pump. Madera [5] calculated an o0il-film thickness of

5 to 20 microns between portplate and cylinder block,

and Shute and Turnbull [6] suggest an optimum radial
separation of 10 tc 25 microns between piston and piston-
bore.

2.3 Determining Particle Size and Concentration

It was decided, con the basis of the data given
above, that particles in a size range of 1 to 100 microns
were those likely to be of concern to CEHL. The lower
size 1limit of 1 micron represents the smallest clearance
found in hydraulic equipment, but it also represents
the limit of resolution of most techniques for counting
and sizing contaminants, and it would therefore have
been impractical to have studied smaller particles. The
upper size limit of 100 microns was selected for two
reasons., Firstly, even the coarsest filters installed in
hydraulic systems should remove the vast majority of
particles zbove this size. Secondly, it was calculated
that particles of this size and above would have
settling velocities, in commonly-used fluids, and at
normal system operating temperatures (4OOC - 6OOC), of
the order of a mm/sec. Such particles should therefore
settle out in well-designed system reservoirs, and will
cease to be of concern.

(It should be mentioned that, although particles
above 100 microns diameter were not considered in this
thesis, such particles would probably cause severe

damage if they entered a system and reached vital

components. )

- 12 -
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The simplest method of determining particlie conecen-

L2, L

tration is to remove the costaminzrt from z small sample

of fluid (typically 10 to 200 mls) by centrifuging

s

or by filtration through a2 fine membrane. The weight of

contaminant per litre of fluid. The anslysis is usually
conducted in accordance with & recognised standard method
[7] s Such procedures are generzlly referred to as
ngravimetric analysis',

Although gravimetric analyvsis is relatively simple,
it gives no information on the size or numbers of
particles present in the fluid. These sizes (1 to 100
microns) mav be placed in perspective by considering
that a human red blood cell is zbeut 8 microns across,
and the resolution of the unaided human eye is no better
than 40 microns. This means that the appearance of a
fluid sample to the naked eye is no guide whatsoever
to the fluid's contamination content.

The small sizé of fluid contamination suggests the
use of optical microscopes for counting and sizing
particles, and this is a widely used technique. In
making a microscope count, & small volume of fluid
(usually 10 to 100 mls) is passed through a fine membrane.
Particles are retained on the membrane surface, and may
then be examined, sized and counted under an optical
microscope. National and international standards are
give guldance on suitable techniques [8, 9,

available to

10, 11].



Allen [12] and Dwyer [13] both discuss the use of
optical microscopes for fluig analysis, and highlight
some of the problems encountered. Among these are the
length of time taken for an analysis, operator fatigue,
and the relatively low repeatability of the technique.

- N
Day and Lee i}4j found that the standard deviation of
a series of microsccpe counts on the same sample was
between 25 to 60% of the average count.

The accuracy of microscope counts may be improved
by automating the counting process - certainly much of
the tedium is relieved for the operator. Both Millipore
end Cambridge Instruments (Quantimet) produce suitable
equipment., A television image of the microscope slide
is scanned, and particles can be detected as changes in
light intensity. Associated electronic equipment converts
these changes to equivalent particle sizes, and registers
counts into specified ranges.

The Coulter company produces an instrument which
measures and counts particles after they have been
suspended in an electrolyte. The electrolyte is passed
between a pair of charged plates. Any particle present
produces a change in the electrical resistance of the

fluid between the plates, and this can be detected and

registered as a count at the appropriate size. The
instrument is widely used 1n the fields of pharmacy

and chemical engineering, and can be used to analyse

hydraulic fluids.

In the mid-1960s, both HiaC and Royco developed

electro-optical particle counters. These work by passing

2 fluid sample through & narrow passage, acCross which

shines a light beam. particles interrupt the beam, and

reductions in light intensity are detected

- 14 -

the resulting



by a photo-diode.

Electroni o
Electronics convert the electrical

t 'F t} -+~ Ry
cutput ol the photo-diode to particle counts. These

1nStruments are easy to use and provide repeatable
+ 3 . .
(although not necessarily accurate) counts. The author,

using a HiaC PC.320 at OSU, was able to count particles

t i ; N \) . .
so that the standard deviation of a series of counts

on the same fluid sample was only.l.5% of the mean

count.

Although the development of electro-optical particle
counters allowed researchers in fluid contamination to
direct theilr attention %o other aspects of the problem,
difficulties still remain in measuring contamination
levels. TFor example, bay and Saunders[;5]reported
recently that correlation between particle counts obtained
by different techniques is poor. The differences
involved were not small, being up to two orders of mag-
nitude in some counts. One-reason for this is that
different techniques rely on different features (length,
projected area, volume) of a particle to define 1ts
'sige'. DParticles from hydraulic fluids are rarely
regular in shape. Figure 2.3.1 shéws sketches of
particles found 1in samples of hydraulic fluids taken

during the tests described in Chapter 6. It will be

appreciated that any definition of the size of such

irregularly shaped particles must be essentially arbitrary,

but it must also be a clear definition if data on fluid

: ] aning. Allen
contamination levels are tO have any me g

[bp cit] lists several definitions of particle size, agd

some of those more commonly-used are illustrated in

figure 2.3.2. Unless stated otherwise, particle size

will be taken, in this thesis, to refer to the longest

- 15 -



Figure 2.3.1

Sketches of the profiles of particles
present 1in samples of hydraulic fluid,

as viewed through an optical micro-

scope.

- 16 -
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XL - longest dimension in any directicn of projected
image of particle

Xf - longest chord in specified direction of
projected image of the partiel:z

Xa - diameter of a circle having the same area as the

projected image of the particle

X - diameter of a sphere having the same volume as
the particle

XS - Stoke's diameter - the diameter of a sphere
having the same sedimentation velocity as the
particle.

Figure 2.3.2 Definitions of particle diameter.




dimension of a particle when viewed in random orientation.

With the possible exception of electro-optical
counters operatipg at fairly low contamination levels,
none of the above analytical techniques can be used to
measure contamination levels ‘on-line' in an operating
system. Most fluid analysis therefore requires that a
small sample of fluid (typically 100 to 200 mls) be
drawn into a 'clean' bottle, with the actual particle
counts being performed in a remote laboratory. Two
main problems arise here. The first is that of ensuring
that the sample contamination is representative of the
overall system fluid. Akers and Stenhouse [16] conducted
experimental and theoretical work into the design and
location of fluid sampling points. Day and Lee [14]
also considered this problem, and standards are available
to assist in sampling. [17, 18, 19].

A second problem with bottle sampling is to preveﬁt
contamination of the fluid; both when the sample is
taken and during subsequent analysis. Day and Lee
[@p cit] describe suitable methods of cleaning apparatus,
and OSU have developed a procedure to check the cleanliness
of sample bottles processed in batches. This procedure
is now an ISO standard [20].

2.4 Reporting Fluid Contamination Levels

There is still no industry-wide consensus as to the
best methods of reporting fluid contamination levels.
Allied to the poor correlation between results obtained
by different counting techniques, and to a general
lack of precision in defining particle size, this makes
it almost impossible to compare data from different

sources,



Early researchers often described the amount of

contamination in a fluid sample as a gravimetric level.
While this method gives a simple and unambiguous result,
1t provides no information as to the size of particles
present, or of their numbers., Complete particle |
size distributions provide more information. They may

be given as interval data, as in teble 2.4.1, and in

this form the data may also be plotted as 2 histogram.

It is, however, more common to express data as 'cumulative
oversize counts", which give the numbers of particles
larger than specified sizes per unit volume of Ffluid.

The data of table 2.4.1 is given in this form in table
2.4.,2. Cole [21} developed a log—log2 model for

particle size distributions, and researchers at OSU EZQJ
developed a log—log2 graph-paper to give more nearly
linear plots of particle counts. The data of table 2.4.2
are shown in this form in figure 2.4.1.

When particle counts from hydraulic fluids from
operating systems are plotted as cumulative oversize
counts, it becomes apparent that they tend to possess
a similar 'shape'. This allows comparison of a given
count to a set of standard contamination levels, the
result being expressed as a class number. This method
has obvious advantages in industry, where information
on contamination levels must often be communicated
rapidly and without confusion. Four systems are in
common use. These are NAS 1638 E23], SAE 749 [24], a
Royal Navy standard [25], and a commercial system
developed by the Thermal Control Company [26]. The
different systems are discussed in Chapter &, and in

an internal report given to CHL [27].



Size range (microns)

5-10

10-15

50+

Number of particles
in size range per ml.

of fluid

Table 2.4.1

"Typical!

Hiac PC 320 counter calibrated on air
cleaner fine test dust).

particle count data (obtained on

a sample of hydraulic fluid analysed on a

Particle size

(microns)

10

50+

Number of particles
larger than this

size per ml.
fluid.

45.14

11.70

Table 2.4.2

20 -

Particle count data of table 2.4.1
converted to '"'‘cumulative oversize
counts'.
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Recently, systems of contamination codes have been

developed. These use two numbers to représént the
numbers of particles greater than two specified sizes.
The different svstems are confusing, as they use
different numbers for the same counts. They too are
described and discussed in reference [271.

2.5 Hyvdraulic Fluid Contamination Levels

Despite the importance apparently attached to fluid
contamination by the hydraulics industry,_Wusthof EZ ]
stated, in 1969, that '"there are practically no data at
all on contamination levels in hydraulic systems', although
Barta [Zél reported that the average industrial machine
circuit has a contamination level just under 20 mg/ 1.

The lack of data was alleviated considerably in 1973, when
Lee [30] and Bensch and Bonner [31] published the results
of major studies into fluid contamination levels.

It is difficult to compare the results of the two
studies. Bensch and Bonner used gravimetric analysis
and a HiaC counter to obtain their data, whereas Lee
determined contamination levels by optical microscope counts.
Bensch and Bonner measured levels as high as 855 mg/1
in fluid from an agricultural tractor, but samples
from cranes, machine tools, hydro-electric plants and
aircraft were all below 40 mg/l. The two researchers
also gave particle counts for the samples studied.

When these counts are related to the Thermal Control
system of classes, shown in figure 2.5.1, the results
indicate that 'typical' fluids have contamination levels
between classes 1 to 8. This lends support to the
Thermal Ccntrol system, whose classes range from 1 to 9.
(Comparing Bensch and Bonner's results to the Thermal

Contrcl classes was not entirely straight-forward. The
- 292 _
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tried to express his data using NAS

1638, but found that over half of the samples stﬁdied
had contamination levels exceeding the 'dirtiest!
level covered by this system. Fourteen out of thirtyv-
seven samples had contamination levels in excess of
class 9 on the Thermal Control system, the remainder
being spread among classes 1 to 8.

2.6 The Nature and Sources of Contamination

Fluid contamination in a hydraulic system can only
come from three general sources: it can be built into
a system during manufacture and assembly; it can be
generated within a system during operation by processes
of wear and Corrosion; or it can be introduced into a
svstem from the environment and during maintenance.
Wray [32] suggests that contaminants are often the
residues of machining operations such as honing and
grinding. Seielstad and Sherlock [33] list other
contaminants such as weld-scale, sand from castings,
blast grit and waste and scrap from system reservoirs.
CHL's own service engineer has often found contamination
from hydraulic tube and from poor fitting practices
during system construction.

Contamination may be a sympton of wear, as much
as a cause of it. Klemgard. and Coty [34] found that
50-85% by weight of contaminants in airecraft hydraulic
fluids had been worn from rubber seals., Tessmann [35]
lists possible sources of wear particles in a variety of
equipment, and makes guantitative estimates of associated
wear rates. The new technique of Ferrography relies on

examining wear particles as a diagnostic tool. Collacott[SB]

- 24 -



considers this and other/he%héds?of*fluidranalYSisﬁ
Particles are always present in the atmosphere,

and may enter hydraulic systems from this source.

Dwyer [13] repo££s that, in a 'clean' room, 21000
particles larger than 5 micron settled onto each

square foot of area in a 24 hour period. Ruskell and
Westcott [37] and Denny [38] showed that hydraulic
seals are separated from shafts and cylinders by a

thin film of lubricant and contaminant particles might
therefore enter a syétem through these devices. King,
Tessmann and Bensch [39] estimated that up to 107
particles (larger than 10 microns) could enter a system
per minute in this way .

Poor maintenance practices may introduce contamination.
Brown [40} and Wray [op ci{] warn that new fluid may be
heavily contaminated. This was confirmed in an experi-
mental study by Moore [41], who found contamination
levels in new fluid up to 218 mg/litre. Riehl and
Hawkins [42] found that new filter elements were them-
selves contaminated, and that this contamination could
be released into a system when elements were changed.

Actually identifying contaminant materials is not
easy, especially if quantitative data are required.
Particles can sometimes be identified by microscopic
examination (optical or SEM), and the "Particle Atlas',
[43] by McCrone et al is invaluable in this work.

Other approaches are to use micro-chemical analysis
(Bensch and Bonner [op ciﬁ]), electron probe micro-

analysis, X-ray diffraction and emission and absorption

spectrography. Collacott [op cit] gives an excellent

resumé of the available techniques. Lee [op cit] used

- 25 -




spectrographic analysis‘ipzhi§;§ﬁﬁd§;4but,Westcett and

Seifert [44] report that the technique is,fblind‘:fo
particles above 8 microns diameter, which must limit
its usefulness.

The main conclusion which can be drawn from published
research is that contaminant materials are extremely

varied. The contaminants found in a given system will

depend on the system's operating environment, on the materials

of which it is made, and on its manufacturing and
maintenance histories.

2.7 TFactors Affecting System Contamination Levels

Very little published work was found on the factors
which determine the contamination level in a given system.
Intuitively, one would expect a specific fluid contamina-
tion level to be determined by a balance betweenAthe
rate at which particles enter the system and are
generated within it, and the rate at which they are
removed by the system filters. However,lLee [op cit]
found no relation between the nominal rating of a system
filter and the contamination level of ‘the system fluid.
This finding is explained in sections 3.2 and 7.4.

Fitch and Tessmann [45] considered the build-up of
contamination in a simple filter test, but no studies
were found into the factors which determine contamination
levels in more complex hydraulic systems.

2.8 The Effects of Fluid Contamination

'The effects of fluid contamination can be considered
from three viewpoints: effects perceived by the user of
hydraulic systems; consequences for manufacturers of

hydraulic equipment; effects on the equipment itself.

- 26 -



Many users of hydraulic systems believe that -

fluid contamination can either cause equipment to break
down, or that breakdowns can be prevented only by .
expensive, planned preventive maintenance. The

costs of failures in hydraulic systems are often immense.
Bueby [46] and Collacott EBG] queote the cost of downtime
in steelworks as being (in 1972) £1200/hour. Collacott
also gives £8000/dayv as being the cost of the enforced
laying-up of a ship for repairs. A 600 MW electrical
generating set can cost upwards of £25000/day in replace-
ment generation if it lies idle, and it is impossible

to calculate the value of human lives which might be

lost if an aircraft's hydraulic system should fail.

There is a considerable body of evidence, both
published and unpublished, to suggest that fluid con-
tamination can cause hydraulic systems to fail. Barta [29]
reports that "service records indicate that 70% of all
hydraulics' problems can be traced directly to the
system fluid". O'Connor [47] gives details of the
improvement which was obtained in the reliability of
hydraulic systems used on agricultural tractors,
largely through attention to fluid contamination. The
OSU annual reports [48] describe the results of many con-
tamination tests on hydraulic equipment, in which abrasive
contaminants produced considerable damage. vIt should
also be mentioned however, that Lee [Op cit] found that
only one out of the thirty-seven machines which he
studied was apparently showiﬁg any serious problems

which could be directly attributed to fluid contamination.
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Whether or not fluid contamination is a major

problem affecting reliability, users obviously perceive

it to be so. The implications for equipment manufacturers

who fail to tackle the problem are that they may lose orders

to competing companies; the implications for the industry
as a whole are that it may lose orders to competing
technologies. This is not speculation or'prediction,

but fact. Q'Connor [op cit] reports that his company
changed to a new pump on an agricultural tractor,

largely because the original choice was affected by
contamination, Lancer-Boss [ﬁQj gave poor tolerance
to dirty fluids as a reason for not installing a hydro-
static transmission in a new forklift truck. Vardy [5@,
in a paper critical of all concerned, stated that the
poor reliability of hydraulic systems (felt to be largely
due to contamination) almost led to their complete-aban<
donment in BSC steelworks. He concluded that‘his
analysis clearly indicated '"the need for a concerted
effort by manufacturers; users and researchers to improve
knowledge and understanding of the effects of contamination
and of the means to control it'.

Unfortunately, this understanding seems to be some
way off.

There are several published papers describing the
effects of contamination in broad terms. It seems
fairly clear that fluid contamination can cause wear
by”abrasibn” or''erosion'. Fine clearances in servo
valves caﬁ be silted up, or particles can jam valves
in one position. Orifices in valves can be blocked, and
lubricant feed channels can be obstructed. Collacott

[op cit] suggests that metal particles can act as
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catalytic agents to cause breakdown of oils.

However, what is lacking is detailead understanding
of how these effects occur, and how they may be reduced.
Tessmann [51] admits that the OSU pump test has been
introduced, relying on "component degradation as an
indirect measure of contaminant wear ..... without a
thorough understanding of the wear phenomenon involved."
Wusthof [52] states that "almost no documentation about
built-in low contaminant sensitivity is available'.

Broeder and Heijnekamp [53] found, from tests on journél
vearings, that abrasives in the o0il could initiate

surface pitting. TFitzsimmons and Clevenger [54] found

that the wear of rblling~e1ement bearings depended on

the size, concentration and hardness of contaminants.
Barwell [55] has postulated that particles could initiate
adhesive wearl, and Scott [56] believes that contaminants
may induce a complete breakdown of a lubricant film.

The processes of wear are considered by Bowden and Tabor
[57], Rabinovicz [5%] and Kragelskii [59], but the conditions
under which they conducted their experiments were very
different from those existing in an axial piston pump

and the results may be difficult to apply. Finally,
Laurenson [60] and Rimmer [61] have conducted studies into
the blocking of fine orifices and capillaries by particles.

2.9 Areas of Insufficient Knowledge

It became clear, from a wide survey of relevant
sources, that useful work could be pursued on almost any
aspect of fluid contamination. It also became clear
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See glossary.



that fluid contaminatioﬁ:affééﬁs,xih séméJWgy,}all braﬁches.
of the hydraulics industry. For CHL, the 'pr@bljem'

became one of deciding which aspect or aspects\Othhe
subject would be most suitable for study. It was mentioned,
in 2.7, that very little work has been published into the
factors which determine the contamination level of a

fluid. A consideration of these factors helped to

define the fundamental problem posed by contamination, and
to delineate the areas of research which should be

pursued. This forms the subject of the next chapter,



3.0  PROBLEM DEFINITION AND RESEARCH STRATEGIES

3.1 Introduction

It might be thought that a viable solution to
the problem of fluig contamination would be to "simply'
remove all potentially damaging particles from hydraulic
fluids. However, it is shown in this chapter that
hydraulic fluids are inevitably contaminated, and
that it is expensive to Obtain even 'relatively clean'
fluids. The problem of fluid contamination is therefore
to identify and maintain an economic fluid contamination
level for a given system. Consideration of an ideal
solution to this problem shows that it can only be
tackled effectively through a concerted effort by all
sections of the hydraulics industry. It is argued that
CHL's contributions to an 'industrial solution' should
be: to improve general understanding of fluid
contamination; to determine 'acceptable' fluid
contamination levels for its products; to improve the
ability of its pumps to operate on contaminated fluids.
The design and development history of a typical pump
is outlined, and this suggests three possible research
Strategies.

3.2 Factors affecting fluid contamination levels

To examine the factors which determine the
contamination level of a hydraulic fluid, the contamination
behaviour of a hydraulic circuit was modelled as in
figure 3.2.1. A(t) represents the fluid contamination
level at time t. (This can only refer strictly to

particles in a narrow size range, and a complete anadlysis
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would have to consider manyfsuch«size,ranges;)f.Con—

taminant will enter the system from the environment,

and will be generated within the system by processes

of wear and corrosion. These processes were assumed
to take place at a combined 'ingression rate' R, whose
units are consistent with those of A(t). R was assumed
constant, although it will probably vary with time in
an actual system, and may also be a function of A(t)
itself. (The results of tests described in chapter 6
confirm that this latter suggestion is correct.)
- Particle removal will occur through filtration,

sedimentation and silting. Filtration was assumed to
be the dominant process, partly because it is the one
over which the system designer has most control.
Filter efficiency was given the symbol n, such that the
filter will remove a proportion n of the contaminant
passing through it. (Again, filter efficiency can be
defined only for a narrow range of particle diameter.)
If flow through the filter is Qf, then the filter will
remove particles from the system at a rate A(t)an. For
a system of overall volume V, where all changes in
contaminant content are distributed immediately through-
out the system, it was calculated that:

A(t) = R_ l-e‘Qf”t/VJ + A0)e 9t/ 3.2.1

Qen

Many of the assumptions made in setting up this
model are obvious oversimplifications. For instance
it is known that filter efficiencies vary over the "life"

of a filter element. However, the model is of the correct

form, certainly for short periods of time, and, as such,

it illustrates several important pointsﬁ




HYDRAULIC SYSTEM -
Fluid volume v,
Contamination
level A(t);

Filter flow-rate Q
Filter efficiency T =

Contaminant
removal at

rate A(t)an

Contaminant
addition at
rate R

Figure 3.2.1 Simple model of the contamination
behaviour of a hydraulic circuit.




The first is that‘ébntéﬁiﬁatibﬁ levels are énly
partly determined by filter efficienéy, This:m@y*partly.
explain a finding reported by Lee [?o],thatuthere is

very little correlation between the nominal rating of

a system filter and the contamination level of the

system fluid. (There are also other factors connected
with the existing methods of testing and rating filters.
These are discussed in section 7.4.)

The second prediction of the model is that the
contamination level of a hydraulic system fluid will
tend, in an exponential manner, towards a final, steady
value. A typical variation of a contamination level with
time might be as in figure 3.2.2. This prediction,
if correct, has important consequences related to the
timing of fluid sampling. Contamination levels must
be allowed to stabilise before samples are taken;

The most important prediction of the model is that
the final, steady-state contamination level of a fluid
can be reduced to zero in only two ways. The first
is to eliminate R. It is well established by now that
this is not practical. A completely sealed system
opefating normally will still generate particles. The
only way to completely eliminate particles would
therefore be to install a 100% efficient filter imme-
diately upstream of all hydraulic system components likely
to be affected by contamination. It is probably possible
to produce filters which are 100% efficient for particles
larger than 10 microns, although it is impossible to
verify such performance with complete confidence.
However, the cost of providing filters finer than this

rises steeply with decreasing pore size, and can often
- 34 -
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exceed the cost of the compo

! 4o4be'proteétéd.‘~Aiso,iA"
the pressure drop across suchigiifers‘isutoo great 5
for them to be installed on the suction side-of an
unboosted pump, so not all components can be prgtected
in this manner.

The conclusion to be drawn is that hydraulic fluids
are inevitably contaminated to some extent. The model
of equation 3.2.1 indicates the ways in which fluid
contamination levels may be reduced, and these will now
be briefly discusséd.

3.3 Reducing Fluid Contamination Levels

Fluid contamination levels can be reduced, but not
totally eliminated, in five ways.

(a) Filter efficiency (f in the model of section 3.2)
can be increased by using a finer filter medium.
However, finer elements are expensive, and they
may need more frequent replacement than less
efficient units. (The author knows of one filter
manufacturer who believes that this need not be the
case because R, the particle ingression rate, is
itself a function of the contamination level. Some
supporting evidence for this belief is provided in
test results given in chapter six.) A finer
element will also produce a greater pressure drop
across the filter, and a larger, and hence more
expensive unit ma& have to be provided.

(b) Filter flow-rate, Qf, may be increased. This may
require a larger filter at an increased cost.

(c) The contaminant ingression rate, R, may be reduced.
This can be achieved through improved maintenance

techniques, better seals and the use of wear and
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corrosion-resistant m tstiais. MAll,theée‘app?oaéhes
cost money, ‘ |
(d) The system's "built-in" contamination level, A(o0),
may be reduced through better cleaning of components
during manufacture and assembly. This is expensive
to accomplish.
(e) The ratio of filter flow to system volume (Qf/v) can
be increased. This requires either an increase
in filter flow (with the problem described in
(b) above) or a decrease in system volume. This
latter approach may lead to aeration of the fluid,
which often creates operational problems. Also,
greater cooling capacity may haﬁe to be installed.

3.4 The Problem of Contamination

The above analysis may seem to be over-emphasised,
but it does illustrate the basic problem of fluid conta-
mination. It is intuitively obvious that the damage
caused by fluid contamination increases with increasing
fluid contamination levels. Work described later in this
thesis will confirm this argumént. However, it is
expensive to reduce contamination levels. The basic
problem of fluid contamination is therefore that a
balance must be made, in the design and operation of
hydraulic systems, between the cost and inconveniéncé
involved in reducing contamination levels, and the
expense which will be incurred if levels are left too
high and equipment fails as a result.

An ideal situation would be to have data of the form
shown in figure 3.4.1, so that an 'economic' contamination
level could be selected for any system. At the start

of this research, data of this form was not available,
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bility at
contamination
level shown,

Fluid contamination level

(c)
Total costs
incurred due
to fluid
contamination

Economic contamination
level

!
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I
I
I
I
I
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Fluid contamination level

Ideal (hypothetical) approach to the
economics of fluid contamination.

Figure 3.4.1




nor was it clear how it”cbuidigé ogfained, The

is further complicated by the fact thatxmény_iwdividualsi
and organisations take actions which affect thé*f\w
contamination level of a hydraulic system fluid. In
addition, those who bear the cost of contamination-related
equipment failure are often not those who would have to
bear the cost of reducing the likelihood of such failure,
These last points can be appreciated by considering the
organisation of a typical project involving a hydraulic
system.

3.5 The Organisation of Hydraulics Projects

Figure 3.5.1 illustrates a fairly typical project
involving hydraulics, of the kind in which CHL has
recently been involved. AThe central personality is the
system designer, who will specify and order the equipment
to be installed in the hydraulic system. The system
manufacturer will build the system and pass it to the
overall plant manufacturer., Eventually, the complete
plant will pass to the customer, who will be responsible
for operation and maintenance.

Each individugl or organisation involved in a project
of the form shown in figure 3.5.1 will be partly responsible
for the final contamination level of the hydraulic system,
Referring to equation 3.2.1; the system designer will
specify filter flow (Qf) and system volume (V). He
will also determine filter efficiency (n), although he
will specify filter performance as a nominal or absolute
rating. (These ratings are discussed in section 7.4).

The system manufacturer, overall plant manufacturer and
the original equipmenf manufacturers will together

determine the initieal fluid contamination level (A(0)),
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Figure 3.5.1 A typical hydraulicsproject.
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througt - Jeanls v . ' .
gh the cleanliness of their manufacture and assembly

operati 24 i -
b °ns. Finally, the end user must follow sound

operation and mg

intenance procedures if excessivecon~
tamination is not to be introduced into the system
while it is in his care,

The costs of any contamination-related failures tend
to fall on the system user. Even if pumps fail under
warranty, it is not unknown for the pump manufacturer to
use "fluid contamination" as an excuse for not meeting
the warranty claim. It can be appreciated, from figure
2.5.1., that there is considerable scope for shifting the

responsibility for equipment failure!

3.6 An Ideal Solution

The central point to emerge from the above analysis
is that fluid contamination represents a problem for the
entire hydraulics industry, and that a 'solution'
cannot be obtained by any one section action alone. It
is instructive to consider the form which an 'ideal' solution
might take. Figure 3.6.1 illustrates a possible industry-
wide approach to the problem, on the lines of that being
adopted in the U.S.A.

Under this approach; equipment manufacturers would
give recommended contamination levels for their products,
whilst striving to improve the ability of their equipment

to operate on contaminated fluilds. The system designer

could then select the least sensitive equipment for his

system and pass on to the user a recommended fluid

contamination level for the system. It would be the duty

of the user to monitor and maintain this level, albeit

with assistance from cther parties involved.
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Figure 3.6.1

An

'ideal solution'

to the problem

of fluid contamination.
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v users would welcome an
approach of this form,

This may be why the OSU test is

aini .
g ng popularity among users. Vardy [50] has complained

that " } a1y ] < ‘ ,
atl "'no hydraulic €equlipment manufacturer will give a

practical classification to which the fluid contamination

should be kept", Briggs [52] makes the same point.

A survey of pump manufacturers' catalogues showed that
Vardy's complaint is Justified. Most pump manufacturers
specify only a nominal filtration level (often 10 microns)
for their products. This is completely unsatisfactory.
(a) As shown in section 3.2, filter performance is only

one of five factors which together determine a fluid
contamination level.

(b) Bensch [63], Day and Lee [14] and Tsai and Way [64]
have found that the performance of‘; filter in =a
system can be substantially affected by system
conditions, and especially by flow surges. Thus,
it cannot be assumed that a filter's test
performance will be reproduced in service.

(c) As will be shown in section 7.4, nominal filter
ratings are an imprecise way to measure filter
performance, and also mean different things to
different filter manufacturers.

The author is firmly convinced that the approach
illﬁstrated in figure 3.6.1 represents the way in which

the hydraulics industry should tackle the problem of

fluid contamination. The aims of this project therefore

depend on the most effective contributions which CHL

can make to such an approach. These will now be

summarised.
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3.7 Reviseg Project‘Aimg
It was decided that CHL should pursue work in three

(a) CHL shoulg develop its own knowledge of fluid
contamination and thep pass on its knowledge to
customers. Such an educational process need not
be undertaken through altruistic motives. It would
qualify as "good communications" arfd "after-sales-~
service", It will be remembered,vfrom chapter one,
that users of hydraulic equipment rated these factors
highly in their choice of suppliers.

(b) The company should try to determine practical
fluid contamination levels for its products.

(c) The company should try to improve the ability of its
pumps to operate on contaminated fluids.
It can be seen that the original project aim, that

of ”fating the ability of a pump to operate on contaminated

fluids", could well form part of work in areas (b) and

(c).

3.8 Possible Research Strategies

Possible research strategies became clear through a
consideration of the design and development history of an

axial piston pump. Figure 3.8.1 illustrates a typical

design/development process. A new pump starts with a

specification of pump performance, reliability, weight,
cost etc. (CHL's specifications do not, at present,

contain any reference tO fluid contamination tolerance,

although this may change with the increasing adoption of
the OSU test.) To meet the specification, a design is

prepared, based on past experience, mathematical analysis,
, S I

computer-aided design studies, published data and "engine-
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Figure 3.8.1 Design/development of a hydraulic pump-




ering intuition _ /
- Onee 3 de has'beenyprepared;

rototy 3
° ¥P€ and development units are built and tested.

If test results are satisfactory’ the pump is placed

into production; if not, desiggfchanges are made and
units are tested until acceptable performance is obtained.
Test results do not guarantee good performance in service,
so field experience is usually evaluated to rectify any
proéblems which may arise,

There are three stages in this design and development
process at which CHL may obtain data on the effects of
fluid contamination. These are:

(a) Dby theoretical analysis at the design stage;

(b) by conducting tests on prototype and development
pumps ;

(c) by monitoring the service performance of production
units,

None of these approaches had previously been adopted
by the company. All three were therefore considered in
pursuance of the project aims outlined in section 3.7.
Priorities for the work were determined by an economic
consideration. The earlier in the design and development
process that information can be obtained, the cheaper

that information tends to be, and the cheaper it tends

to be to take any necessary action. Chapter four therefore

examines theoretical analysis of fluid contamination-
related problems. Chapters 5, 6 and 7 deal with the
contamination testing of hydraulic pumps. Chapter 8

considers analysing service experience of fluid contami-

nétion and related failures.
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4.0 THEORE - .
THEORETICAL ANALYSTS OF THE BFFECTS OR FLUID Con.

TAMINATION

4.1 Introduction

The main attraction of 5 theoretical analysis of
the effects of flyig contamination is that the work
involved will be conducted during pump design. This
has two advantages. Firstly, design work is inherently
less expensive than are the alternatives of testing and
the analysis of service data. Secondly, it is less
costly to rectify a design error or to introduce a
modification when the design exists only-as a set of
drawings than when the pump is in production. Data
from theoretical work is therefore relatively cheap to
act upon.

Design analysis - thus represents the cheapest way to
improve CHL's knowledge of fluid contamination and of
its effects. It is also obviously in the company's
own interest to minimise, through design changes, the
effects of contamination on its pumps. CHL may be
~forced to adopt this approach anyway, in the near future,
to improve the performance of its products in the OSU
pump contamination test.

This chapter therefore contains a general description

of the possible effects of particles on a simple axial

piston pump. Because of the number of effects, and the

number of pump components which may be affected, attention
is subsequently concentrated on the slipper/slipper-plate

bearing area. A brief description is given of the

mechanism of slipper lubrication on "clean" f}uids.
The calculations involved are related to the problem of

filter specification and it is shown that potentially

A ™



' enter axial piston
ee B ‘ -
possibile effects of these particles are

then considered - ;
: ; abrasive w e :
€ar, silting of fine clearances,

and blc i . . .
a locking -of capillaries ang orifices. 1In each case,

the analysis covers three questions

(i) Is the effect likely to occur?

(11) If it is, is it possible to relate the severity of
the effect to the concentration, size ana properties
of the fluig contamination present?

(iii) Can the analysis be used to suggest ways of
minimising or eliminating the form of damage
considered?

The chapter closes with a discussion of the present,
and the possible future value of this type of pump

design analysis,

4.2 The Effects of Fluid Contamination on Axial Piston

Pumgs

Figure 4.2.1 shows a general arrangement of a simple,
fixed delivery axial piston pump. The example shown is
the Reyroclle A70 unit used in the tests described in
Chapter 6. Although this pump looks very different

to the CHL design shown in figure 2.2.1 the two pumps

are of the same basic type. The main differences are

firstly that the A70 has the drive shaft and cylinder block

machined as a single unit and supported on common
bearings, whereas in the CEL pump the shaft and block are
Secondly, the A70 pump has a thrust-plate

Separate.

between the slipper and swashplate. The thrust-plate

spins at pump rotational speed so that the slippers are .

with respect to the plate. In the

almost staticonary
CHL design the slippers slide around the slipper-plate.
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Figure 4.2 the A70 axial piston pump.
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Apart from these features, the two designs are comparable,

and the A70 will be used in & general.estimate oprossible.
contamination effects, partly because these will not be
complicated by the presence of the boost pump; - relief
ralve and Servo-controls of the CHL design, and partly
to allow comparison with the tests described in Chapter 6.
Any_theoretical analysis must start with an assumption
of the effect to be analysed. This is not a problem with
scientific research, and experiments can be designed to
verify any theory developed. But in a pump design
analysis, the experiment already exists as the commercial
use of the pump. The approach here must be to assume
what might happen, and then work backwards to deduce
an analytical theory. This involves very real dangers
that an effect will be overlooked, or that scarce resources
will not be concentrated on the most important problems.
These are major limitations ofra theoretical approach,
and ways to circumvent them are considered in chapters
S and 6.
Recognising these limitations, it was assumed, in
this work, that the most severe effects of fluid contami-
nation would be to cause abrasive wear, to silt up fine
clearances, and to block capillary passages and orifices.
These possible effects were related to the pump design
shown in figure 4.2.1, the conclusions reached being
summarised in table 4.2.1.
Given the time and resources available during this
research, it would clearly have been impossible to have

investigated all possible failure modes for all pump
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PUMP AREA

PRIMARY EFFECT

SECONDARY EFFECTS

(see fig. 4.2.1)
Shaft seal Wear Leakage, entry of dirt,
bearing damage. |
Bearings Wear Seizure, noise,
inefficient operation,
contamination of rest -
of pump.
Portplate: surface | Wear Increased leakage,
orifice | Erosion complete failure of
Blockage pump through seizure.
Cylinder block Wear Damage to portplate,
piston seijzure,
increased leakage,
complete failure.
Slipper orifice Erosion Increased leakage .
Blockage slipper wear, failure.
Slipper/thrust Wear Inefficiency, failure,
plate Silting of debris.

Thrust-plate
orifice

Swashplate

slipper pocket

Blockage

Wear

| Wear of thrust plate/

swashplate
Seizare, inefficiency,
debris.

Table 4.2.1

the A70 pump.

Possible effects of fluid contamination on




areas likely to be afféctéd by;fiuid contamination.

It was decided that the work: should Concentraﬁe”on‘the

slipper/slipper—plate bearing. This area was éeIected\

for three reasons,

(i) CHL's own past experience suggested that the slipper
bearing of an axial piston pump is especially
sénsitive to the effects of fluid contamination
(although the results of the tests described in
chapters 6 and 7 do not entirely support this view).

(ii) CHL had already sponsored research into the lubrica-
tion of slippers, so relevant data were available.

(iii)Research data has been published into the blocking
of fine capillaries by small particles. Such
capillaries are an important part of slipper
bearings.

The work which follows concentrates on the slipper
bearing of the CHL 5.6 inB/rev. pumﬁ, but similar calcu-
lations and results would apply to any piston pump.

It was assumed; in this section of the work, that the

pressure distribution through a contaminated fluic, and

the viscosity of that fluid, would be unaffected by the
presence of particles. Very little work was found on
these aspects of fluid contamination. Einstein EGS]

predicted a slight reduction in the viscosity of a

suspension of particles as compared to the viscosity of

the clean fluid, but his results indicate that the effect
should be negligible at the contamination levels typical

of hydraulic fluids. However, Turvey [66] ﬁeasured a

significant reduction in the viscosity of Shell Tellus 37

contaminated to 300 mg/l with coal particles. His

results are considered in more detail in chapter 6.
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In the absence of mofe:pugiiéhed dafa, the énalyéis
will proceed with a brief deséription of slipper;lub-
rication on clean fluids. It will then be assume&’that
the same analysis will apply to slipper lubrication on

contaminated fluids,

4.3 Slipper Lubrication on Clean Fluids

Figure 4.3.1 Shows a typical piston and slipper
unit. CHL have always designed slippers as hydrostatic
thrust bearings, although Kakoullis [4] has recently
suggested that the dominant mode of lubrication may be
hyvdrodynamic or elasto~-hydrodynamic.

In a hydrostatic slipper design, small quantities
of fluid are bled from the piston bore, through a control-
ling capillary and into a pocket beneath the slipper.
The fluid then flows across the slipper land. To achieve
a balanced design, slipper geometry is chosen so that,
at the required operating clearance, loads imposed on
the piston, and hence on the slipper, by supply pressure in
the piston bore, match those generated in the fluid
beneath the slipper. Friction forces on piston and slipper,
and inertial loads, are usually ignored. When the slipper
is balanced, it can be shown (see for example Ernst [é?])

that, at zero swash angle.

b3 = 1 112(Ro®-Ri%) - 6 1n (Ro/Ri) 4.3.1
L |12(Ro"-RIT
K, | dp

where the control capillary has a characteristic such

that
Ps - Pi = “ch 4,3.2
¢ 1s the fluid's absolute viscosity and Kc is a constant

which depends on capillary dimensions. The leakage flow
under the slipper, g, 1s given by
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Figure 4.3.1

Slipper bearing lubrication.
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a = TTPs

ﬂ%c + 6 1n (Ro/Ri)
2

Calculations on a CEL 5.6 ins/rev. pump gavéwa
slipper clearance of 5 to 7 microns (the exact valﬁe
depending on production dimensions). At a supply pressure
of 200 bar and fluig viscosity of 26 cP, the leakage
flow would be about 0.4 ml/sec. Under these conditions
4.3.3 may be approximated by
3

q = ﬂPSh

6y 1In(Ro/Ri)

Even if such a slipper was operated on fluid con-
taminated to only 10 mg/l, it would still be receiving
about 2000 particles larger than the operating clearance
every second. (This assumes that the contamination
of the leakage flow would be the same as that of the
bulk system fluid.) 1In a 5000 hour industrial life,
the slipper would receive 3.6 x 1010 such particles.
Before considering the possible effect of this con-
tamination, attention was given to a suggestion made by
Scott [56] (among others).

4.4 Design as a Means of Filter Specification

Scott has suggested that the problem of fluid con-
tamination should be tackled by calculating the clearances
between the moving comporents in the equipment to be
protectéd, and then using these values to "help the designer
to specify the level of filtration reguired for a
system'". For example, to protect the slipper bearing
analysed in section 4.3, Scott would presumably specify
a "5 micron" filter, so that all particles in the system

fluid would be smaller than the slipper/slipper-plate

clearance.
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This approach certéinly;éééﬁé;éiausible*and\it had
to be considered in this research, even thoughythe.
subject of filtration is somewhat outside the s@bpe of .
the work. It was discovered that the strategy is-not
feasible atpresent. The specific reasons why this should
be so are best considered in relation tc the three

stages which would be involved in an attempt to implement

the method. These are as follows.

(i) Calculate the clearances in the equipment to be
protected. The author freely admits that the
analysis of section 4.3 is an oversimplification.
Pump designers and researchers in hydraulics are
still not able to predict fluid film thicknesses
with complete confidence! Even if this could be
done, variations in production ccmponents would
probably cause actual clearances to be different
from those predicted.

(ii) If clearances could be predicted, these would
have to be related to the sizes of particles which
would be likely to cause damage. This is relatively
easy in the case of abrasive wear damage. Particles
smaller than fluid film thicknesses will not cause
abrasion (although they might still erode surfaces.)
But it is much less easy to decide on the size of
particles which might cause silting or block a
capillary. These problems are considered later in
the chapter. All that can be said at the moment is
that particlessmaller than film thicknesses would
have to be filtered out to provide complete
protection. Referring to the pump clearances shown

in table 2.1.1, this would imply removal of partic-

les down to 1 micron in diameter.
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(111) Tt might be thought that

,pa§£iéles'of 1 ﬁicrdn dia-
meter and above could thén be removed by the instal-
lation of a "1 micron" filter. This is ndtathé éase.
If a filter medium was a rigid mesh, as shown in
figure 4.4.1, then it would be possible to talk of
performance in terms of a micron rating. Figure 4.4.1
shows the particle transmission curve of such a
filter, and it can be seen that the filter would
remove all particles above a certain size.
Unfortunately, this model of a filter, although widely
accepted, is inaccurate. A better concept is of

@& gaussian distribution of filter pore sizes,

as shown in figure 4.4.2. An equivalent particle
transmission curve is also shown. Day and Lee [14]
argue that, due to the inaccuracy of particle

counting methods, it is impossible to accurately -
determine filter efficiencies above 85%. This makes
it virtually impossible to determine a complete

filter performance curve, and it is not feasible

to specify a filter to remove all particles above

a given size. The difficulties are increased by

the fact, discovered by Tsai and Vay [64] among others,
that the performance of a filter can be substantially
reduced in service; compared to the performance

achieved under test.

The above discussion has dealt with specific problems

which would be involved in implementing Scott's suggestion.

But the overall concept is also an oversimplification of

the problem.
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Figure 4.4.1 Rigid mesh filter model.
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(1)

(ii)

The quoted performance I the best (finest pofe

Size) ; " . . ; o
z€e ) Commer01a11y available filter is "3 microns

absolute", This could be reduced in serwvice to

9 microns, so it is simply not possible at present

to remove 2ll the potentially damaging particles

from a hydraulic fluid. This being the case,

attention should be concentrated on the numbers of

such particles which a pump can tolerate, and not on
their size,

As ‘shown in chapter three, filter performénce is only
one of many factors determining the contamination level
of a fluid. The system designer should therefore

specify an acceptable fluid contamination level,

not a filter efficiency or rating.

(1iii) Attempting to remove all potentially damaging

particles from a fluid is wasteful, because it
penalises 'dirt-tolerant' equipment. . It also
diverts attention away from attempts to reduce,
through design modification, the effects of fluid

contamination.

The overall conclusions to be reached are that

design analysis can show the size of particles which

are likely to be of concern, but that this knowledge

does

not really help in specifying the filtration

required for a given system. It is also clear that some

potentially damaging particles will be present in any

hydraulic pump.

The next sections therefore concentrate

on the possible effects of these particles.

4.5

The Abrasive Wear of Slipper Bearings

Abrasive wear involves the removal of material from

the surface of a body by processes of plastic deformation.
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Th . - -
e deformation may be prody ] by asperities (protu-

berances) on asecond surface

(two-body wear), or by
particles introduced between two surfaces (three-body
wear ). The latter Situation eapplies to the possible
effects of fluig contamination.

Of course, the mere presence in a pump of abrasive
particles does not necessarily imply that abrasive wear
will take place. The particles must enter cleararces
between components ang must then be pressed'into one
or both surfaces. If particles arrived at a clearance
as shown in figure 4.5.1 (a) then silting might occur,
but abrasive wear would not be a problem. However, any
of the situations illustrated in figures 4.5.1 (b) and (c)
could allow potentially damaging particles to enter
critical pump areas. These situations do exist in pumps
and it can be assumed that particles will find their way
between coﬁponents. The gquestion to be answered is
whether or not the forces imposed on the particles will
be sufficient to induce plastic deformation in pump
surfaces. |

Hertz [68] considered the elastic deformation of a
surface by a spherical indenter (which may be compared to
a particle), as in figure 4.5.2. He showed that the
radius 'a' of the circle of contact is related to the

applied load W by the formula

r 2 2 1
a = 3/, Wr l-04 +  l-o, J /3 451
L 2
By Eg

. , .
where E and o are Young's modulus and Poisson's ratio

respectively for the spherical particle (1) and the surface

material (2).
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clearance trapping and
crushing particle.

(b)

Perfectly flat,
parallel surfaces with
constant clearance -
no abrasive wear from
spherical particles.

Hydrodynamic bearing
crushing trapped
particles.

/
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(d)

Irregularly - shaped
particles enter bearing
rotate and cause wear.

Figure 4.5.1
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Figure 4.5.2 Rigid sphere impressed into a

surface
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Timosh e , e
Shenko [695 develop d:Hertz’S:anaIysis and

calculated that the maximum shear stress in the surface
material is produceg approximately 0.5a below the centre
of the circle of contact., Plastic deformation of ‘a
ductile material will commence when this shear stress
exceeds a certzain value. Both the Tresca and Hﬁber—Mises
criteria for the onset of plasticity indicate that this
value should be 0.5Y, where Y is the vield stress of the
surface material: (The analysis assumes that the
indenter is not deformed).

Tabor [70] shows that, under certain conditions,
full plasticity will be reached when the mean pressure,
Pm’ (= W/(naz))is approximately 3Y. He also found, from
experiment, that this occurs at a load approximately 150
times that reguired to initiate plastic deformation,

The author used Tabor's results to calculate the
loads under which spherical silica particles will produce
plastic deformation of a steel surface with a Vickers'
hardness of 300. It was assumed that the particles
Would not deform themselves; and that Poisson's ratio was
0.3 for both materials. The results were compared to
equivalent values derived (also by the author) from
experimental data given by Tabor. The data were used
in the empirical relation obtained by Meyer [71], such

that a sphere impressed, under load W, into a surface

will leave an impression of diameter d, where

w o= ad" 4.5.2

A is a constant, and m has a value, depending on the surface

material, between 2 and 2.5.
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The calculated values‘arexsho&h»in table 4.5.1

and it can be S€en that the tw

o0 different approsaches

ave imi] y
ga Simllar results. The conclusion to be drawn is

that only very light loads will be required to press
contaminant particles into pump surfaces. The required
loads are almost negligible compared to those which have
been calculated to be imposed on pump components during
operation, and abrasive wear 1is therefore a distincf
possibility, .

The above analysis rested on an assumption that the
contaminant particle was harder than pump surfaces,
and that the particle itself therefore suffered no
deformation. One possible design approach to minimising
abrasive wear would be to use pump materials that were
harder than the hardest contaminants likely to be encoun-
tered. Tabor [op ci{] showed that a surface will not be
deformed by an indenter (particle) if the surface
material is at least 2.7 times as hard as the indenter
(both hardnesses being measured on the Vickers' scale).

Table 4.5.2. shows the hardness of various pump
materials and possible fluid contaminants. It can be
seen that, on Tabor's criterion, complete protection
against contaminants such as silica (quartz) could only
be provided by carbide materials. Such materials are
expensive and difficult to use, and their selection would

be a matter of economics. A further consideration is
that, if contaminant particles come, in part, from wear
of pump components themselves, then building pumps of harder
materials will simply produce harder fluid contaminants.

As wear particles will also be produced in a fully work-

hardened state, the use of harder pump materials may not

be a satisfactory approach to the problemn.
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&\\

PARTICLE 5 LOAD TO PRODUCE | DIAMETER OF REMAINING
DIAMETER | FULL PLASTICITY IMPRESSION -
(MICRONS)| (N). FROX FROM HERTZ'|FROM MEYER
THEORY /EXDT MICRONS MICRONS
2 1.18 x 1074 0.24 0.29
10 2.95 x 1073 1.18 1.43
20 0.012 2.36 2.89
30 0.027 3.54 4,33
40 0.047 4.72 5.72
60 0.106 7.08 8.59
100 0.295 11.80 14.32
1 See Text
Table 4.5.1

Loads reguired to produce plastic deformation of

steelsurface (HV = 300) and diameter of impression

formed, for various sizes of silica spheres.
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CONTAMINANT

Carbon
Calcite
Fluorite
Glass
Feldspar
Flint
Quartz (Silica)
Emery

Corundum

Silicon carbide

VICKERS
HARDNESS

e

35
140
190
500

600-750
950
900-1280
1400
1800

2600

MATERIAL VICKERS
EARDNESS
Aluminium 45
Tin-bronze 80
Aluminium alloy 170
Brass 190
Phosphor bronze 200 |
Mild steel 200
Cast iron 150-240
Medium C steel 130-250
High C steel 140-400
Alloy steel 300-600
Hard chrome 600-1000
Chromium carbide 1200-1600
Tungsten carbide 2400
Titanium carbide 3200

Table 4.5.2

pump materials.

Hardness of fluid contaminants

Data from Climax

Molybdenum Company Limited
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One popul -
ar-wav of =m . :
o 'wear-resistance! is

by surface treatment, CHL app1§ such a téchniquévto

many pump com t :
P borents, to produce a thin, but very hard

layer in the surface of g low to medium carbon steel .

One company undertaking this process claims that it
produces a layer up to 8 microps thick, with a surface
hardness of 500 to 600 on the Vicker's scale,

It might be expected that such a surface would
provide substantial protection against abrasive wear.
But the analysis presented above indicates that a particle,
pressed into such a surface, could cause plastic flow of
the base material, causing the hardened outer surface to
break away. CHL have suspected, for some time, that this
can occur.. Broeder and Heijnekamp [53] also observed
pitting, initiated by abrasive particles in the lubricant,
when running hardened steel shafts against hard steel
bushes. It could be that CHL should move to through-
hardened components of more homogeneous properties, if

they want to reduce abrasive wear damage in their pumps.

4,6  Abrasive Wear Rates

The conclusion to be reached from the work described
in section 4.5 is that some degree of abrasive wear is
almost inevitable in an axial piston pump subjected to
particles of a hardness above about 100 on the Vickers'

scale. These would of course include particles worn from

pump surfaces by other processes.

The problem then becomes one of reducing abrasive

wear rates This section presents calculations to

determine the wear-rates of a slipper/slipper-plate

bearing subjected to a range of particle sizes and

concentrations The analysis was conducted for three

reasons: - 68 -



(2) to see if thy
this - e . :
theor ical approach is feasible, or

1f it could be feasible given more experimental
data; | .
(b) to see whether theoretical analysis can be used to
suggest ways of reducing abrasive wear rates;
(c) to see what reductions in abrasive wear rates may
be expected if hydraulic fluid contamination levels
are reduced.
| The situation considered was that of figure 4.6.1.
Particles have somehow been introduced between two
surfaces (in this case a slipper and slipper-plate,
although the analysis would be generally applicable).
The particles have wedged the surfaces apart to a clearance
h, which is greater than the bearing's eqguilibrium clearance

h This has disturbed the force bzlance on the components

o
and has generated a force P, tending to reduce h. This
force has pressed the particles into the‘surfaces.

The particles were modelled as double pyramids
rather than spheres, because coptical microscope examina-
tion showed that the double pyramid is an appropriate
model for silica. Silica is very hard (see table
4.5.2), and is a very common material in the Earth's
crust., It therefore répresents one of the most abrasive
contaminents likely to be found in a hydraulic fluid and
as such is a suitable subject for study. Another reason
for studying the effects of silica is that Air cleaner

fine test dust (ACFTD), the rartificial' contaminant

used in the OSU pump test, is composed predominantly

of this material. Any knowledge of its effects, and more

especially of ways to reduce them, promised to be very

useful.
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Abrasive wear of pump components

Figure 4.6.1

W
V

Motion | /<;£2%i1;_g__//

Wear by a pyramid-shaped particle

Figure 4.6.2
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Col ._"—l e - - . u
ole [2l glves a value of approximately 0.2 for
(¢3) of ACFTD, such that the volume, V

of a particle of diameter x ig given bv | -
3

V. = o X
\ o 2
p v

4.6.1

This implies a value of ¢ = 38° for the particle
model shown in figure 4.6.2,

Bowden and Tabor [52] have considered the wear
produced by a pyramid-shaped particle pressed into a surface,
as depicted in figure 4.6.2. They suggest that the surface
material will deform plastically until loads generated
within the surface Support those imposed on the pyramid.

To account for a certain amount of 'load-spreading’,
they take the actuzl load-bearing area to be approxi-
mately twice the apparent area, Sso that: |

W= 24%p 4.6.2
where p is a representative sﬁrface material hardness.

If the particle shown in figure 4.6.2 slides a
distance 1 Dbefore it is either crushed or expelled from
the bearing, and if all the material deformed plastically

is removed from the surface, then the volume of metal

removed by the particle, Vw' will be given by

o
Ve =1 4.6.3

4 tan @
The wear rate of the surface will be a function of
the number of potentially damaging particles entering

the bearing per second. If the concentration of such

particles is n per unit fluid volume, then the rate at

which such particles enter the bearing (N,) will be,

from 4.3.4. ;
. . nwP.b 4.6.4
I\W_M .
Guln(RO/Rl)
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By
o
[

Of course » .
'S€, these part les Wlll have Varlous sizes,

~

and a major difficulty

encountered in the analysis was
-+ 7 - . .
crying to deal with the cumulative effects of particles

with a £ ai
- & range of diameters, Eventually it was assumed,

largely for simplicity, that the particles were of the

same size. This ig not totally unrealistic, for those
particles which actually enter the bearing clearance
will be of a similar order of size. However, a more
sophisticated analysis would have to tackle the problem
of particles with a size distribution.

For monosize particles, 4.6.3 and 4.6.4 together give

the total volumetric wear rate of one surface,.dVTOT, where

_ 3 2
dVTOT = FPSh n.d”1

dt 24ytan® 1n(Ro/Ri)

For a bearing of surface area A the linear wear

B)
rate, that is the rate of reduction in component thickness,
1s given by dz/dt , where

o]
wpsn“nd21

at 24Autan@ln(Ro/Ri)

This relation has been derived from simple geometric
considerations, given an initial value of d, and hence
of h, for a specified particle diameter. The actual
value of h will depend on a force balance betwen the
load supported by the material beneath the particles,

and the load generated due to the bearing imbalance.

It was calculated, from 4.6.2, that the former is given by

: 2
P = nABh.ZptaDZQ(X~h) 4.6.,7

The load due to the bearing imbalance was calculated

to be
- 72 -



: 2.9
TPSKC(RO -Ri )(h -
12 Lln(Ro/Ri) ¢

4.6.7 and 4.6.¢ together give

dz _ nPSh2P1
gf . 4.6.9
t 48AB putan®in(Ro/Ri)

Bowden and Tabor [57]‘and Rabinovicz [58] found, in
studies of abrasive wear, that under dry conditions,
only 10% of the particles present were actually producing
wear ., Howevér, under lubricated conditions, wear
rates were 2 to 4 times as high as those obtained under

dry conditions. These findings were included in 4.6.9

to give
2
- 0.02P p
dz = 0 »sh 1 4.6.10
dt Aszutan@ In(Ro/Ri)

4.6.7, 4,6.8 and 4.6.10 were used to calculate the
linear wear rate of a CHL slipper design operating on
fluid contaminated to different levels, and with different
sized particles. The results are shown in table 4.6.1
and-are plotted iﬁ figure 4.6.3. It was assumed, in
calculating the results, that both pump surfaces were
steel with a Vicker's hardness of 300, and that the

average length of a wear track would equal the width of

the slipper land.

Before discussing the results of the calculations,

one point needs explanation. The particle counts shown

are for '"nOtional fluid gravimetric levels”. The problems

of dealing with a range of particle sizes have already

been mentioned. It was calculated that, on the double-

pyramid particle model shown in figure 4.6.2, particles of

a2 maximum dimension up td 1.5 times the bearing clearance
m - = =
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could enter Fo , .
bet“eenvsllpp?r and slipper-plate. Particles

could ente . :
r the bearing ag shown in' fipure 4.5.74. 1n

the calculgti ;
ations, the number of particles was therefore

taken to .
be €quivalent to the number of 5 to 7.5 micron

particles in the log-logzsize distribution medel o
- ] r
ACFTD proposed by Cole L?l]. (This model is considered

in section 4.8,)

Figure 4.6.3 shows that, as would be expected,
predicted wear rates increase with both increasing fluid
contamination level and with increasing particle size.
(It must be remembered that, in an actual fluid, there
would be fewer of the larger particles, so the situation
would be more complex than is suggested here.) It can be
seen that the rate of increase in wear rate starts to
decrease at higher particle concentrations, and could
be constant above a certain level. ' Reference to table
4.6.1 shows why this might be so. Although an increése
in the particle concentration might be expected to increase
wear rates, it can be seen that it also decreases the
load on each particle. Reference to table 4.5.1 shows
that, at a high enough particle concentration, the load
on each particle might be insufficient to initiate

plastic deformation in the pump surfaces, and no wear

would occur. However, from figure 4.6.3 it can be seen

that below & certain concentration level, predicted

wear rates obey a relation of the form
4z o« of 4.6.11
dt

where k¥ is an index depending on the particle diameter.

This is an important finding, because it relates to the

OSU pump test. This relation will now be considered.
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4.7 The 08U Pump Test Theor

The OSU pump + f
OSU pump test has been mentioned, but not

described {1 :
bed or discusseg in any detail. The test is

basically 2 S '
¥ & method of predicting the life of a hydraulic

PUMp operating on flyig contaminated to a specified level.
The full test Procedure is described in reference [72],
and the test is discussed more fully in an internal repbrt
prepared for CHL [73]. The basis of the test is to
operate a pump on high levels of abrasive contaminants,
and to use the consequent reduction in pump output flow

as & measure of the damage produced. Results obtained at
the high test contamination levels must then be related
to the levels of damage thch would be expected at the

lower levels typical of service concditions. OSU use a

relation of the form

‘ _ 2

dQ = -vy n;Q 4.7.1

dt
where Q@ is the pump output flow and y; is a "wear
coefficient"” for a given pump and a narrow band of particle

diameters in range i. n; is the number concentration

of such particles per unit volume of fluid.

The usefulness of the OSU test rests largely on the
validity of equation 4.7.1., This relation is an
empirical one, derived from tests on gear pumps, and it

has not been compared, as far as the author is aware, to

any corresponding theoretical analysis. This will now

be done.
For a pump of theoretical output @
4.7.2
Q = Q 9ot 7

is the total pump leakage. Leakage calculations

where At ot
for most pump areas produce similar relations to that of

equation 4.3.4, SO that



3

ftor T ch 4,7.3

where ¢ i
® & constant for a pump et a specified set of

Operating conditions, Therefore, from 4.7.2 and 4.7.3

dQ = - 3chgn
It = 4.7.4

If i X )
L% changes in component dimensicns produce corresponding

thcreases in leakage path dimensions then, using the symbols

of section 4.6 i
Q@ = - 2
aQ 3ch™dz 4.7.5
dt at
2

Figure 4.7.1 shows values of h"dz/dt calculated from
the data of table 4.6.1. It can be seen that a relation
of the form

h"dz o« n 4.7.6

is appropriate, with s having a value of 1.07 to 1.54,
depending on the size of the particles producing the wear.

Combining 4.7.6 with 4.7.4 shows that

'd4Q o« n° 4.7.7
dat

For small changes in @, it could well be that a relation

of the form

. g_@ - "'"{nSQ
dt

will apply.

This analysis does therefore lend some support to
the wear equation used by OSU in their test theory.
However, the support has certain gualifications:

’ N

In an axial piston pump, changes in component

(a)

dimensions would not necessarily imply an increase

in bearing clearances. For example, uniform linear

wear of a slipper would not increase .slipper

leakage It might be that component wear wou ld

- 78 -



(soreos 307) "UOTlepBIABOD MOTJ wzapzo
dund jo uor3BIJUSOUOD FUBUTWERUOD U3TM UOLRBIIBA PIBIOIPOId T-2°'% oanlryg

(3p/dp) 1p/2zp 4

(G1-)oT (91-)0T1 (21-)0T1 (81-)0T1 (61-)0T
’ R 71 OH
4
\«
S S S - —— U wk_\
i /
| . / /
L 1 - LA /
ﬁlu“:y.ﬁ;;-, sy A B 1 9t o B NEAN \xm
— — h - e — §- \4\ R R _ S s N
Pe 00T
A Ba QT ard
10, JIOTW QY
— i 1 000T

(1/8u TeA8T OTJI}OUTABIZ
79

pfnt; [eUTWOU) UOT}BIJUSOUOD STOTIIEJ



increase cles o . ,
aran Ces in ﬁ/&r pump - Thl S "Would h-ave

to b » . ' 7
€ establisheq . It would alse have to be shown

that t o T s
that the analysis of section 4.6 would apply to gear

umps s —_
pumps, although Slmilar results would be -expected,

(b) The valy £ s . .
€S oI S predicted in the analysis were

specific to one size of particle, to one pump design
and indeed to one area in that pump. It might be
possiblé to tconsider an 'average' value of g for a
typicai particle sige distribution, but s would have
to be established for each pump design and each
bearing area in that design.

(c) The relation of equation 4.7.6 breaks down at high
particle concentrations (and possibly at very low
concentrations as well). One would have to be
certain, when using the OSU test theory, that one
was operating in the linear region of figure 4.6.3.
The conclusions to be drawn are that the OSU test

theory may be applicable to gear pumps, but that more

work needs to be done to establish its validity and to
investigate variations in s between different designs.

There is apparently no theoretical basis, on the analysis-

conducted here, for supposing that the theory will apply

to axial piston pumps. Experimental evidence on this

aspect of the work is given in section 6.5,

4.8 'Reducing'Abrasive Wear Rates

One possible use of the type of analysis presented

in sections 4.6 and 4.7 is to suggest design improvements
2 o

or material changes to reduce abrasive wear rates. Some

general appfoaches would be to: |
i 'stiff" ings by reducing dP . This
(2) Design less "stiff" bearing g

uld mean that particles would not be pressed so
WO _
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hard into pump surft

(b)

Iry to desi . .
3 S1ED- out the situations shown in figure

4.5, . -
1, so that fewer barticles enter bearings.

) ] i
(¢) Use through-hardeneq materials on both surfaces,

Oor us . Cea A | ‘
€ a 'sacrificial' soft material on one surface

to ‘'absorp: damage,
(d) Alter component dimensions to reduce calculated

values of dz@t,

It must be emphaéised that these approaches represent
untested hypotheses. Ways in which the hypotheses could
be verified are considered in Chapter 5.

Although no general redesign was conducted during
this project, one method of reducing contamination sen-
sitivity was studied in more detail. It seemed resonable
to assume that the effects of contamination would be
reduced by operating equipmentrat higher clearances,
A greater proportion of damaging particles should then
pass through critical areas without causing wear.

| Two objections to this approach were foreseen. One

is that if may not be possible to design equipment to
operate at higher clearances, or indeed at any predete;mined
clearance. However, this is a separate problem, and
does not affect the possible desirability of doing so. A
second objection is that operation at higher clearances
substantial penalty in lost efficiency. As

involves a

equation 4.3.4 indicated, leakage flows are approximately

proportional to the cube of the clearance between

components But there may still be cases where reduced

efficiency is an scceptable price to pay for increased

reliability or longer life.

It has already been assumed that abrasive wear of



a bearing wi : L _ . ;
g Will be caused by par es of the same order

Ol size as the operating clearance h, A bearing

. o
sensitivity coefficientt §
!

——

g C |
A an (k) 4.8.1

4s can be defined as

n(h) represents the particle size distribution of the fluid
contaminant, such that there are n(h)dh particles of
diameter h to h+dh per unit volume of fluid. SAis
therefore a measure of the number of potentially dam%giné
particles entering the bearing per second.

The analysis could not be continued without a suitable
mathematical mddel for the size distribution of a fluid
contaminant. Herdan [?4] and others have suggested that
some powders have a log-normal particle size distribution
such that

M

ohJE; 202

Mb and o are constants. (This distribution is a modified

n(h) = n(o) exp |-1 an(Em) 4.8.2
h

form of the normal distribution. If y has a normal

-~

. 2
distribution with mean Y, and variance o, and y = 1n(h),
then h has a log-normal distribution.) Such a model
might also be suitable for fluid contamination.

Cole [?i} derived his 1og--log2 model for ACFTD from

a log-normal model by assuming that Mh = 1 micron.

In fact his analysis seems to be in error, although his

result may still be useful. His distribution 1is

2
-Bln“(h)
N(h) = N(l)e 4.8.3

where N(h) is the number of particles larger than diameter

h per micro-gramme of ACFTD, and B is & constant. ACFTD

is generally thought to be fairly representative of

contaminants in hydraulic systems, SO equation 4.8.3

a system contaminant. However, the author

could apply to
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derived an

€quivalent mass distribution from Cole's

model, and c Yos i f
‘0 copared it to the published mass distribution

f A
o CFTD. The results are shown in table 4.8.1, and it

can be seen that there is some discrepancy.

To obtain a better correlation, a true log-normal

model for ACFTD was derived from = "least-squared-error"

fit to the published mass data. The calculations gave the

results that, in equation 4.8.2, ¢ = 1.17 and Ml = 0.133
h

microns. The distribution is compared to published data,
and to the 1og-log2mode1, in tahle 4.8.1. It can be
seen that the-log-normal model is not ideal, but that
it does give & much closer 'fit' to published data than

2 .
does the log-log” relation. (Further implications of these
findings are considered in section 8.3.)

Both particle size models of ACFTD were used to
calculate values of SA from equation 4.8.1. The results
are shown in figure 4.8.1, where it can be seen that the
different particle size models give markedly different
results. Remembering that SA only represents the numbers
of potentially damaging particles entering the bearing

per second, the log-normal model suggests that SA may
be progressively reduced by operation at clearances

2 _
above 2 microns. But the log-log~ model suggests the

exact opposite! It is not possible to draw any general

conclusions about pump design from the data shown in

figure 4.8.1. However the results do illustrate two
important points.

(a) This type of analysis will not provide useful results

unless and until a representative partiqle size

distribution for sctual system contaminants. can be
accurately determined.
e distributions vary considerably

ticle siz
(b) If pear Y
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betwe ; - ' »
en different flyig COﬁtaminants, ihorn the

result f thi
s of this approach cannot be generally applicable,

an@ must therefore be of limited value.

Cf course, the analysis of SA presented did not

consi t] - ,
nsider the difference in the wear rates produced by

I+ . . .
different sized particles. Nor did it consider the changes

in the load characteristics of a bearing which would be

created by designing it for overation at a different

clearance.

It is difficult to draw any general observations
about the variation of wear-rate with slipper clearance,
due to the complexity of the relations involved. But,
to investigate the likely effects, a hypothetical slipper
redesign was undertaken. The calculated theoretical
operating clearance of the slipper considered in sections
4.3 and 4.6 was increased from 5 to 8 microns. This
could be done in several ways in practice, but the
easiest would be to reduce Kc by increasing the diameter

of the slipper capillary. It was calculated that the modest
increase in capillary diameter required would increase

slipper leakage by a factor of four, which would produce

arﬂaa51xrabla reduction in pump efficiency.

The expected wear raterf the new design was calculated,

using the relations jJerived in section 4.6. It was

assumed that damage would be produced, in the new slipper,

by & to 12 micron particles all behaving as 12 micron

particles. Perticle counts were determined from the

The results of the cal-

lOg-logzwparticle size model.

culations are shown in table 4.8.2, and are illustrated
in figure 4 8.2. It can be seen that, at least on the
operation at higher

1Og—log2 particle size model,
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~
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10(-8) 10(-7) 10(-6)
dz
pPredicted wear rate (dt) m/sec.

. . 4
i 4.8.2 Predicted wear rgtes of h;gh an
Figure low clearance slipper designs.
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clearances w . . .
vould be expected ke matters worse

rather than better,

It w . ,
was not thought that the analysis should be

contin SR
ued at this stage. The work conducted had shown

that this type of analysis is feasible, and it could be
applied to other pumps and other pump areas. However,
until the uncertainty about a suitable particle size
distribution can be resolved, the results of such work
must be open to question. Attention was therefore
directed towards the problem of silting of fine clearances
and the blocking of lubricant feed passages.

4.9 Silting of Fine Clearances

It may be assumed that an axial piston pump cannot
operate satisfactorily unless moving components are
separated by thin films of lubricant. It is known that
the entrances to these clearances can silt up, as was
shown in figure 4.5.1 (a). In a pump this could
deprive an area of 1ubricant; or it could destroy the
force balance on a component. A similar effect can occur
in some types of valve, impairing valve operation.

Consider the slipper shown in figure 4.3.1. 1If the‘

outer edge of the slipper pocket were to silt up, the slipper

land would be deprived of lubricant, and this would

produce an unbalanced load on the slipper. In ﬁhe CHL

design considered 1in section 4.6, this load would be

136N at a piston bore pressure of 400 psi, or 1020N

at 3000 psi. If, as Kakoullis [4] says, the dominant

mode of slipper Jubrication 1s hydrodynamic, then the
slipper could still operate satisfactorily once the pump

i i and immediately
is running. But it could not do so during 5
ibed in Chapters €

after start-up. Tbe experiments descr

o
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g

and 7 suggest that silfingfis:an important effecf;
Laurenson [66} also found that face sesals siltéd'up,when
stationary. The seals then closed up, with disastrous
consequences when rotation started.

It might be thought that the rate at which a bearing
silted up could be reduced by operating the bearing at
higher clearances. It is true that the higher the
operating clearance between two components, the less
the proportion of contaminant which will be trapped at
the clearance entrance. BRut Operating at a higher
clearance increases the total leakage flow, and hence the
total amount of contaminant passing into the clearance.
Increased leakage alsc represents a considerable efficiency
loss, and is to be avoided wherever.possible.

It is possible to define a mathematical sensitivity
of a bearing to silting. 1If each particle of diameter
X blocks a length x of the remaining bearing width

w, then

y

dw =  ~q xn(x)dx 4.9.1
dt h

where g represents the bearing leakage flow; h is the
bearing clearance, and n(x)dx is the number concentration
of particles of diameter x to x+dx per unit fluid volume.

This expression would obviously give an expdnential
reduction in the unblocked-bearing width. The bearing's
silting sensitivity could be defined as the half-life of w,
and this could be maximised with respect to h for a given
distribution of n(x).

This analysis was not continued, because of the

uncertainty about a suitable form for n(x), the contaminant

size distribution. Nau [75] made a similar observaticn
- 90 -



in work into the silting of valves, Usihg the size
distribution of NAS 1638 [23], he obtained the unexpected
result that sensitivities to silting could be improved by
reducing operating clearances,

This discussion, and Nau's work, merely reinforce
the need for more work to determine actual contaminant
size distributions, and to fit usable mathematical .
models to these distributions.

4.10 Blocking of Capillaries

The slipper bearing.shown in figure 4.3.1 contains
another area which might be affected by fluid contamin-
ation. This is the controlling capillary. The capillary
affects three aspects éf the slipper's operation: it
partly determines the bearing clearance h (equ%tion 4,3.1);
it partly determines the leakage flow g (4.3.3); it also
affects the bearing load characteristic, and particularly
the bearing 'stiffness' dP/dh (from 4.6.8).

The usual slipper design approach is to reduce
capillary diameters as far as possible. This helps to
decrease slipper leakage, and also gives a stiff bearing
(high dP/dh) which tends to be more stable in operation.
However, reducing capillary diameters also increases the
probability that the capillary will block up.

It is obvious that particles of a longest dimesnion
larger than a capillary's diameter may obstruct fhe
capillary flow. Once an obstruction has been formed,
other particles may quickly form a 'log-jam' to completely
block the capillary, and slipper seizure may follow.
CHL's service engineer gave the author many examples of
pump failures caused, apparently, by the obstruction of
fine passages by PTFE tape, swarf, paint, rubber sezl
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particles, etc. This tVDe of oécurrence cannot be
designed out, but it qnoula be prevenbed bv care durlng
maintenance and assembly. Sensitive equipment can alsoc
be protected by strainers,

Much greater conceptual difficulties are created
by Laurenson's work [EO], in which 500 micron diameter
capillaries became completely blocked by roughly spherical,
34 micron diameter particles. Laurenson reported his
results, but was unable to offer an explanatién.
Unfortunately, he conducted his experiments at only
one, high particle concentration level (1200 mg/l), and
under conditions which were unrepresentative of hydraulic
system operation. An attempt was therefore made, in
this work, to derive a theoretical explanation for the
results so that they might be applied to hyvdraulic
pumps.

A first'approach was to try and calculate the velocity
and radial position of a particle travelling down a
capillary in a laminar-flow fluid. If larger particles
travel faster than do small ones under these conditions,
or if particles collect along the capillary walls, then
these mechanisms might explain Laurenson's findings.
However, the approach proved fruitless, the mathematics
involved being beyond the scope of this work. A
literature search produced only one relevant paper, by
Segre and Silberberg [76]. They found, by analysis
and experiment, fhat under steady, laminar conditions,
macroscopic spheres (larger than 150 microns diameter),
tended to travel down a capillary in an annular ring,
the ring having a radius of 0.3 times the capillary
diameter. However, the conditions under which they
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conducted their work were not representatiVe'of_hydfaulic
pumps.
A second approach was to consider reducing the

likelihood of capillary blockage by increasing capillary

diameter. It can be shown, from equations 4.3.1 and 4.3.2,
that, for a slipper bearing,
q = TPy 4.10.1
“KC 1 4 In(Ro/Ri)
2 { Ro® - Ri? - & 1n(Ro/Ri£}
q 2
P
For a capillary,
Kc 128LC 4,10.2
a 4
c

where LC is capillary length and dC is capillary diameter.
It can be seen that an increase in dc‘will substantially
increase leakage flow. This will bring more particles
through the capillary, but at an increased velocity. It
cannot, therefore, be assumed that increasing a capillary
diameter will reduce the probability of that capillary
becoming blocked.

It became clear, at this stage, that the probability
of capillary blocking will be some function of n,dC,LC,u,
fluid temperature and capillafy pressure differential.

It might alsb be dependent on contaminant size distribution.
It also became clear? that, without considerably more
experimental data, a suitable relation could not be
determined.

One final piece of work was conducted into the
distribution of capillary failure times. The probability

that a capillary will block in the time interval t to
- 93 -



t+dt may be given the symbol f(t). The problem was
to determine the form of f(t), and then rélate;it to
fluid contamination levels.

It was assumed that a capillary would block if
the number of particles (v) within a critical fluid
volume V. in the capillary exceeded some value n,

For a constant average fluld contamination level n,

the probabilify of this occurrence (P(y>nc)) is

given by

-nv

< c ]
P(y>n, ) = j% € (n"c>J 4.10.3

J!
If n, is much greater than nv_, this may be
approximated by

Tove n +1
P(y>nc) = e (nvc) c 4.10.4

(nc+1)!

It should be noted that this probability is not
linear with n. Doubling the fluid contamination level
will more than double the probability that a capillary
will become blocked. This probability is also inde-
pendent of time, implying that capillary failures will
follow an exponential distribution such that

£(t) = 1 e th 4.10.5
6
8 will be related to P(y>nc), and possibly to gq.

Unfortunately, Laurenson's résults, reproduced in
figure 4.10.1, do not support the exponential failure
model suggested above. The data can be fitted to a
normal distribution, with a mean failure time of 16.3
minutes, and a standard deviation of 9.9 minutes.. A
Pearson 'goodness of fit' test shows no evidence to

reject such a distribution at a 90% level, although it
- 54 -



Particle concentration 485 vol. ppm

Particle size 34.4 micron
Capillary length 45 mm
Capillary diameter 0.5 mm

(500 micron)
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Figure 4.10.1 Ulster polytechnic data on blocking

times for fine capillaries.




does suggest, at a 60% level, that the normal distribution

may be inappropriate.
A better fit is obtained from a Weibull distribution,

suggested by the pronounced 'skew' of the data to the
left. Parameters for such a distribution were calculated,
to give

£(t) = 0.0056t 00028t 4.10.6

A Pearson test showed no evidence, at a 60% levei,
that this distribution is inappropriate. The significance
of the distribution, if it is correct, is that capillary
failure rate z(t) is an increasing function of t such
that

z(t) = 0.0056t 4.10.7

It is difficult to suggest why this should be so. It
may be that particles collect along the capillary wall
and so gradually reduce the capillary diameter. But
Laurenson reported that capillaries operated at a
constant flow rate until they suddenly blocked. It
may be that experimental conditions took some time to
stabilise, and that, once they did so, capillaries failed
following an exponential distribution.

It was not possible to take the analysis further
due to the lack of more research data. However, capillary
blocking is an important effect, and more work in this
area 1s needed. Although such work was outside the
scope of this research, the analysis conducted does
show the areas of insufficient knowledge. Future
experiments should be conducted to:
(a) determine an appropriate failure distribution for

capillary blocking;
(b) relate the parameters of this distribution to

particle concentrations, and to capillary dimensions.



As a genersl pcint, the experiments should be conducted
under conditions representative of those which obtain
in an axial piston pump, and should use particles having
a size range, rather than being of one diameter.

4.11 Conclusions on Theoretical Analvsis of the Effects of

Fluid Contamination.

The work described in this chapter certainly showed
that theoretical calculations are a feasible way to
investigate the effects of fluid contamination. The
usefulness of the approach must be considered in relation
to the three project aims given in section 3.7.

(i) Theoretical analysis has helped to increase CHL's
general knowledge of fluid contamination and of its
effects. The main outcomes of the work have been to
illustrate the complexity of the subject, to
identify some of the areas where current knowledge
is lacking, and to develop theoretical techniques
&hich could be applied to any piece of hydraulic
egquipment.

(ii) For a variety of reasons, theoretical calculations
cannot vet be used to determine acceptable fluid
contamination levels for CHL's pumps.

(iii)Theoretical analysis can be used to suggest design
improvements to reduce the effects of fluid contami-
nation on a pump. However, with present knowledge
in this area, it cannot be guaranteed that these
suggested modifications will improve matters.

Any design changes introduced would have to be

regarded as untested hypotheses.

The overail conclusion to be drawn fromAthe work was
that, whilst theoretical analysis was feasible and useful,
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it could not be used to satisfy all the research objectives.
The next chapter will therefore consider alternative ways

to pursue these objectives.




5.0 TESTING ON CONTAMINATED FLUIDS

5.1 Introduction

Let us summarise what has been presented so far.
This research was conducted in pursuit of three objectives
which were:
(a) to improve CHL's general knowledge and understanding
of fluid contamination and its effects;
(b) to find wavs of determining 'acceptable' fluid
contamination levels for axial piston pumps;
(c) to éxamine ways of improving the ability of axial
piston pumps to operate on contaminated fluids.
It was argued, in chapter three, that these objectives
could be pursued in three ways:
(a) by theoretical analysis during pump design;
(b) through some form of test work;
(c) by recording and analysing data on field performance.
The work presented in chapter four showed that
theoretical analysis can help to improve general under-
standing of fluid contamination and of its effects. It
is especially valuable in identifying those areas where
current knowledge is incomplete. However, the results of
such analysis can only be, for the present, a set of
untested hypotheses. It would be a brave or a foolisgh
designer who would test these hypotheses in a new pump
to be released for immediate sale. The conclusion to be
reached is that theoretical analysis cannot yet be used
with confidence to determine an acceptablé fluid
contamination level for a given pump, Or to suggest
successful design modifications to lessen pump contamination
sensitiﬁity.
Having reached this conclusion, the research could
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have proceeded in one of two ways,

(a) Theoretical knowledge could have been increased by
_testing some of the hypotheses suggested in chapter
four.
(b) The research objectives could have been pursued
through one or both of the remaining strategies
of testwork or the analysis of service performance.
Referring to the pump design and development model
of figure 3.8.1, , information from testwork is usually
both easier to obtain and cheaper to act upon than is

data from the field. This being the case, both possible

approaches to subsequent research led to the same con-
clusion; some form of contamination testing would have
to be conducted. Before deciding on the form of this
experimental wcrk, attention was given to the possible
objectives of a contamination test, and to which of
these objectives could be pursued with the.prospect of

obtaining results of value to CHL.

5.2 The Objectives of Industrial Tests

Industrial testing is somewhat broader in scope than
'scientific' testing. It was decided, after careful
consideration, that an industrial test will be conducted
in pursuit of one or moré of five objectives. These
are:

(a) to verify or refute a scientific hypothesis;

(b) to measure the perfcrmance of an industrial unit,
component or system,;

(¢) to estimate equipment 'life' or reliability;

(d) to identify failure modes and 'weak' components or
areas in equipment;

(e) to give a quantitative 'order-of-merit’' rating to

some aspect of a product.
- 100 -




It is important to identify the objectives of a
specific test, because these will partly determine both
the conduct of the test and the confidence which may
be placed in the test results. Each possible test
objeqtive was therefore considered in relation teo contami-
nation testing.

5.3 Testing Scientific'Hﬁpotheses

The theoretical work presented in chapter four
suggested several hypotheses which could have been
tested in the 'classic' scientific manner. For example,
the work described in section 4.6, led to the conclusion
that the linear wear rate of a slipper beiring operating
on contaminated fluid will be proportional to some power
of the number particle concentraticn. Subsequent project

work could have been directed to proving or refuting this

hypothesis.

A major consideration with this type of work is whether
it should be conducted on actual equipment or on specially-
built, small-scale test rigs. Peterson [77] considers this
point and concludes that testing on small, purpose-
built rigs has four advantages over testing on the complete
plant or unit.

(a) Variables may be more precisely-controlled and more
easily varied in a small rig.

(b) Results may be cheaper to obtain.

(c) Results may be obtained more rapidly.

(d) Changes in materials or design may be introduced

more easily.

Against these advantages must be set the problem of
relating the results of such work to the conditions which

exist in the actual equipment., This problem is particu-
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larly acute when dealing with research into lubricatioen -
and wear (tribology). Several authors stress the likely
consequences of a change in any variable in a wear
process. To guote Eyre E?@: "Friction and wear are

not intrinsic material properties, but are characteristics
of the engineering system,. Any change in load, speed or
environmental conditions may cause catastrophic changes in
the wear rate of one or both of the surfaces in contact.

Great care must be exercised in applving general solutions

to specific problems." (Author's emphasis). Peterson

[Qp ci{} lists twelve variables in any wear process.

With this number of parameters to consider, it becomes clear
that, for work in this field to be directly relevant to
industry, it must either be conducted on complete pumps

or on verycarefully designed test rigs, each one specific

to one pump area.

CHL accepted that tests conducted to vérify a scien-
tific hypothesis would be better conducted on a specially
built test rig simulating one pump area, such as the slipper
bearing. This led the company to two observations. The
first was that work of this type is more suited to a
university, 'pure-research' project, and is somewhat
outside CHL's province. The second was that; at this
stage in the company's knowledge of fluid contamination,
work of this type risked being irrelevant to the company's
needs. There was a very real danager that a specialised,
and very expensive rig might be constructed to investigate
an. effect which did not occur in equipment in service,

This is not to say that CEL cannot or should not
contribute to this type of scientific research. CEL

should actively suggest those areas and phenomena which

- 102 -




merit further study of this typé, and should give guidance
as to the conditions under which experimental work will
give the most useful results. One way to identify these
areas and conditions is by the type of theoretical
analysis presented in chapter four. A second way is by
pump contamination testing, but the prime objective of such
testing must be to identify failure modes and areas, and
not to test scientific hypotheses.

5.4 Testing to Measure Performance

Industrial equipment is often tested to determine
its technical performance. However , there is an assump-
tion, within the hydraulics industry, that fluid contami-
nation _represents a reliability problem, rather than a

performance problem. The strict validity of this

assumption is considered in chapter six, but it was

accepted at this stage in the project. No further
consideration was therefore given to the possibility of
determining pump performance on contaminated fluids, as

an objective in itself. A series of such tests might,

however, be used to estimate the effects of fluid contami-
nation on pump reliability, as an indication of failure
modes, or to identify pump components affected by fluid

contamination.

5.5 Reliability Testing on Contaminated Fluids

It is a central tenet of this thesis that the
reliability of a hydraulic pump is affected in some way
by the contamination level of the fluid which it.is
pumping. So far, no formalvdefinition of reliability
has been given. This omission will now be rectified,
but first, a brief explanation c¢f probability density

functions is reqguired.
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If the service lives of = large number of pumps

were recorded, it would be found that individual pump

£
Iral

-

ure times varied over a large range. Some pumps

would fail shortly after being placed in service, where-

as others would give many hours of trouble-free running.

It would also be found that pumps were more likely to

fail at some times than at others. Failures might, for
example, be fairly frequent around 5000 hours of operation,
with less frequent fazilures gt times less than, or in
excess of this value.

It is possible to formalise these concepts through the
use of a failure probability density function, f(t), for
pump failurés. The prcobability that a given pump will fail
in the short ihterval of time t to t#dt is given by
f(t)dt. Figure 5.5.1 shows several probability density
functions based on the VWeibull distribution which was
mentiohed in section 4.10.

It is now possible to define reliability as a
mathematical expression. The reliability of a.piece
of equipment at time t is the probability that the
equipment will still be operatipg satisfactorily after

time t. Given the symbol R(t), it can be seen that

[~}

R(t) = ff(t)dt 5.5.1
t

To talk of the 'life' of & piece of equipment 1s
misleading. It is more correct to talk of the reliability
of that equipment at a certain life. For example; a
customer might require 90% reliability at 1800 hours. In
practice, reliability can only be estimated, so a full
reliability specification must contain a confidence level

on the estimate. The customer might therefore need to
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Figure 5.5.1 Pump failure probability density functions.
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be certai st o 759 . . e
aln, at a2 75% confidence level, that reliability

will exceed 90% at 1800 hours. (Many statistical texts,
such as Meyer [73], or Lloyd and Lipow [SO] contain a fuller
discussion of reliability and of confidence levels.)

It would have been an excellent outcome to this
project if graphs of the form shown in figure 5.5.2 could
have been produced, relating pump reliability to fluid
contamination. Such data could be used as a major step
towards achieving the 'ddeal solution' to fluid contamin-
ation outlined in section 3.6, and illustrated in
figure 3.6.1. A graph of this form could be used to
determine an acceptable fluid contamination level for a
given pump. An aggressive companvy could use favourable
data of this form to boost sales. Even a defensive
company could use such data to indicate where reliability
was unsatisfactory.

To pursue this approach, attention was given to
the problems which would have to be overcome in estimating,
by pump tests, the reliability of pumps operating on
contaminated fluids.

The standard method of obtaining a reliability
estimate has four stages. These are illustrated in
figure 5.5.3 and summarised below.

(a) Determine the shape of the probability density
function for the unit under test,.

(b) Estimate the parameters which guantify the probability
density function.

(c) Use the estimated probability density function to
predict product reliability at the lives of interest,

and place confidence intervals on the predictions

obtained.
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1TST problem encountered in an attempt to apply
A18 sSirategy to estimating the reliability of CHL's
pumps was that no data were available to suggest an

appropriate model for the probability density function

0l pump lives. Such a model might be developed from
theoretical considerations. PRut 2 similar procedure
was triled in section 4.10, in relation to the blocking

of capillaries by contaminants. An exponential failure
distribution was suggested, but was found to be at
variance with Laurenson's experimental results [ﬁd).

This approach does not therefore seem feasible at present.

Another possibility would be to derive the probability
density function from a series of pump tests. Eowever,
it was shown in section 4.10 that, even with data fppm
tests on thirty capillaries, no firm decision could be
reached as to whether the underlying probability density
function for capiliary failures was a Weibull or a
Gaussian distribution. It would not be feasible for
CHEL to test thirty (or more) pumps, and this approach
can again be ruled out.

The only other possible approach would be to use
data from service to suggest a suitable probability density
function for pump failures. This is not possible at
present, because CHL do not operate a suitable data
recording system. However, it represents the only
practical strategy if a probability density function for
pump lives is to be obtained. The problem is therefore
considered in more detail in chapter 8.

As far as this project was concerned; the lack of
2 model for pump failure lives effectively ruled out the
possibility of a viable test to predict pump reliability.
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However, the analysis was taken a little further. This
7 3 - . .,
was done to see if it would be worth trying to derive a
pump Iailure distribution at some time in the future;

To continue the analysis, an exponential failure

iistri ion .
distribution for pump lives was assumed, partly because

}.J

this distribution is appropriate to failures which occur
due to a random event (such as an orifice ktlockage in a
pump operating on contaminated fluids), but mainly Yecause
the exponential distribution is defined by a singlé
parameter. This generally makes data derived from the
exponential distribution less uncertain than data derived
from other distributions, because only one parameter has
to be estimated. The exponential distribution therefore
represents the 'best case' which can be expected in
this type of work.

The probability density function of the exponential
distribution is given by

£(t) = 1 e t/8 5.5.2
6

® 1s a parameter, which can be shown to be the mean
life of the equipment concerned, and can be calculated
given a reliability requirement at a certain life.

For the customer, an ‘'adequate pump reliability' must
depend on the application. For example, adequate reliability
for a pump used on a steel forge manipulator would probably
be unacceptable if the same pump were used in the steering
gear of a nuclear submarine. CHL's minimum reliability
requirement should bé that eguipment warranty claims do not
become excessive. CHL, like most pump manufacturers, give
a one year warranty on their products. The company's
sales department advised the author that it is standard

practice to allow 2% of saliiufevenue to cover the cost of




warranty ai -
Vv claims. The company's service department

estimated that a typical repair might cost 25% of the cost
of a new pump. On this basis, 8% of pumps sold could be
returned under warranty without costs exceeding budget-
ted levels. This is equivalent to a company reliability
requirement of 92% at one year. For = pump operating

8 hours a day, 45 working weeks a year, this would imply
92% reliability at 1800 hours. (This reguirement is

not excessive. Articles in 'Machine Design' magazine [8{]
give overhaul times of 5000 - 19000 hours for pumps in
alrcraft hydraulic systems. The same articles suggest
that mobile machinery should give 1500 to 9000 hours of

"trouble-free'" service.)

CHL's minimum

)

From equations 5;512 and &£.5.1
reliability requirement would be achieved if & exceeded
21600 hours. Remembering that 6 represents, on the expone-
ntial model, mean pump failure time, & could be estimated
by running a number of pumns (say n) and_recording their
failure times, Ty, Tp, Ta ..... T,.. 6 would then be
estimated as © , where |

-\

6 =

T 5.5.3
T=1d

1
n
It is necessary to place confidence levels on 6.
With data from a single pump test{ CHL could only be
confident, at a 90% level, that the true value of & lay
between 19.58 and O.Sg. With data from two pumps, this
confidence interval would reduce to 5.63 and 0.438.
The interval obviously becomes narrower the greater the
number of pumps tested, although the upper limit can
never be lower than 6. But, as an example, with data
from two tests, CHL would have to achieve a mean failure

time in excess of 50,000 hours to be 90% confident that the
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original reliability requirement had been-met.

This
would inv ; 13 , ' ~ ~ :
nvolve continuous testing for six years, which is

obviously impractical, certainly so in terms of this

—

project.
This type of analysis merely reinforced the original
conclusion, that tests, conducted under realistic con-
ditions, to place quantitative estimates on the reliabi-
lity of a pump *operating on contaminated fluids are
impractical, due to both the excessive test times involved
and the numbers of pumps which would have to be tested.
It will also be shown, in chapter six, that it is impossible
to devise a 'realistic' contamination test.

5.€ Accelerated Reliability Tests

Although tests at 'realistic' contamination levels
had been shown to be impractical, it was thought that
an 'accelerated' test might still be feasible. In such
a test, the problem of excessive test length could be
overcome, either by operating the test at a high con-
tamination level, or by using an especially damaging test
contaminant. OSU use both these tactics together in
their pump test [72].

To implement this approach, the probability density
function for pump failures would have to be determined at
the accelerated conditions. This would require the testing
of a large number of pumps (probably in_excess of thirty).
The results obtained would then need to be related to
those which would be expected at more moderate conditions.
For this to be feasible at all, tests conducted at the
accelerated cdnditions would have to produce effects
which differed only in degree, but not in type, from
those which would be expected in service. If this could
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be shown to ) ' 4 :
be so, then some quantitative relation would

be needed between effects produced zt different contami-

nation conditions, Such a relation might be obtained in

three ways.

(2) A suitable relation could be derived by theoretical

\

ralysis. This approach was attempted in chapter

sy}
]

four, where it was shown that it is not yet a
feasible proposition.
(b) Tests could be conaucted at accelerated conditions
and at more realistic contamination levels. Rut
this would involve the same difficulties as were
considered in section 5.5, so it is not a practical
solution.
(¢) Tests could be conducted at two or more high contaﬁ
mination levels, and the results could be extrapolated
-to lower levels. This approach would rest entirely
on an assumpticn that the extrapolation was wvalid.
It would also reguire an enormous amount of test-
work 1f any confidence was to be placed in the results.
To illﬁstrate some of the problems which might be
encountered, a Monte.Carlo analysis was conducted to
simulate pump lives on a Weibull failure model. This
type of analysis relies on the fact that a cumulative
probability density function has a constant probability
distribution. The cumulative probability density function,
F(t), is related to the probability density function

f(t) by
t
F(t) =/ f(t)dt 5.6.1
o]

The Monte Carlo analysis therefore uses the fact that
all values of F(t) are equally likely. The procedure is

to generate a random number between 0 and 1, equate
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this to the same value of F(t), and read off a value of

ump 1if ’ i i '
pump lile., The values of pump life obtained will then

(@
o
=
D

irom the underlying distribution f(t)

This procedure was followed for two Weibull pro-

Cq s L »
bability density functions where

-1 —qot

£(t) = apttle 5.6.2
f was selected as 2 to correspond to the experimentsal
data obtained by Laurenson [@d} and described in section
4.10. The values of o were selected so as to model =z
high reliability pump operating on 'clean' fluid, and a
lower reliability pump operating on contaminated fluids.
The two distributions are shown (as cumulative failure
distributions) in figure 5.€.1 and calculated pump
lives are shown in table 5.6.1.

Table 5.6.1 illustrates two points. The first is
the wide variation between individual pump lives. The
second 1s that, even though one pump has a higher overall
reliability than the other, some pumps could still last
longer on the contaminated fluids than would some
opefating on clean fluid. There would be a danger, in
ac comparison test, ofvobtaining a completely misleading
result.

The analysis was taken further, by using the values
from table 5.6.1 to estimate the true underlying Weibull
failure distribution. The results will not be presented
here, but they showed that, using some sets of data
agreement was quite close, whilst, with other sets, the
estimated failure distribution was markedly different
to the actual distribution.

The simulationAexercise, and the discussion
presented earlier in the section, led to the conclusion
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| ggggRENCE — OMP LIVES (HOURS)
| NUMBERS g '"HIGH RELIABILITY'| 'LOW RELIABILITY'
1 ! PUMP PUMP
1 1638 2773 * |
2 j 1260 941
3 1022 1282 *
4 3785 2043
5 2178 1310
6 .2322 656
7 1020 895
8 1255 982
9 1223 1037
10 2272 1234
11 2950 1397
12 1078 . 1020
13 3726 1514
14 1954 g 2136 *
15 1092 | 634
16 | 4198 1823
17 2524 875
18 2074 2321 *
19 1826 1418
20 3125 439
*¥* Case where a comparison test would give an
incorrect prediction.

Table 5.6.1 Pump failure times generated from
"high' and 'low' reliability probability density
functions (see Fig. 5.6.1). :
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that pump contamination tests at accelerated conditions

are not tical way t timat iabili
€ nOov a practical way to estimate pump reliability.

©.7 Qualitative Tests to Identify Problem Areas in Pumps.

Of the five objectives of industrial testing given
in section 5.2, three have been rejected as being either
inappropriate to CHL's needs anrd resources, or impractical
to pursue with anv chance of success. However, the
remaining two objectives are feasible. The first of
these is to use pump tests to identify failure modes in
a pumnp, and to identify those areas of a pump most
susceptible to the effects of fluid contamination.

Such knowledge would be very useful. As mentioned in
section 5.3, it could be used to direct the aim of more
basic research by identifying areas where results would
be of most use. It could also be used to suggest desigsn
or materials changes in a pump to render the pump

less sensitive to the effects of fluid contamination.

The aim would be to steadily improve a pump's resistance
to the effects of fluid contamination, This leads to

to the second practical objective of a pump contamination
test.

5.8 Order-of-Merit Contamination Rating-

Having argued that it is not possible to place
an accurate estimate on the reliability of a pump
operating on contaminated fluids, it would still be
of value to know that one pump is better able to withstand
fluid contamination than another. This type of 'semi-
quantitative' rating could be used to compare competing
pump designs, and to assess the likely benefit of any

design or maferials changes introduced to lessen fluid

contamination effects. It must be stated that the
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‘usefulness of such a test depends on a convincing

o

aemonstration that a pump which performs well in the test
will also perform well in the field.  The problems
involved in such g demonstration are discussed in

chapter eight,

5.2 Conclusions’

It was shown, in chapter four, that the three
overall objectives of this reseérch could not have been
pursued through theoretical analysis alone, although
such analysis can give useful results. This finding
led to the conclusion that the research should proceed
through some form of testwork, conducted either to extend
current theoretical knowledge in this field, or to follow
the overall research aims more directly.

In this chapter, it was argued that a contamination
test would have one of five aims. A .consideration of
each possible aim in turn showed the following.'

(a) Tests conducted primarily to verify or refute a
scientific hypothesis are really outside the scope of
CEL's activities. The results of such tests could
also have been irrelevant at this stage, as the
company did not vet have enough knowledge of fluid
contamination to direct its resources onto the most
important problems. (This does not mean that test
results would not be used to support or reject a
scientific theory, only that this should not be the
prime aim of the work.)

(b) The performance of a pump operating on contaminated
fluids is of little inherent interest, although
a reducfion in performance might be used as an
indication of damage induced by contamination,
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or of impaireg reliability. However, these two

uses represent different overall test aims, and

they are considered in (d) and (c) respectively.
(c) Pump contamination tests cannot be used to relate

pump reliability to fluig contamination levels.

For the results to be of value, large numbers of
pumps would have to be tested for long periods. The
numbers of pumps required and the test times involved
were shown to be impractical.. Accelerated tests

are not a solution to the problem.

(d) Pump contamination tests could possibly be used to
identify failure modes and pump areas affected by
contaminants.

(e) An 'order-of-merit' pump contamination rating might
also be feasible.

It was decided, on the basis of these conclusions,
that a series of pump contamination tests would be
conducted. Chapter six therefore describes work on a
general pump contamination test, whereas chapter seven
considers the problems involved in contamination testing

a unit for a specific application. It is well to relate

this work to the original research objectives summarised in-
section 5.1. Pump tests were conducted to:
(a) Improve general knowledge of fluid contamination
and of its effects;
(b) Develop methods of identifying failure modes due to
fluid contamination, and of identifying pump components

affected by fluid contamination. This knowledge might
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be used to improve the ability of axial piston

pumps to operate on contaminated fluids.

The pump tests were not conducted to determine
acceptable fluig contamination levels for a piston
pump design. Having shown that this cannot be
accomplished by theoretical analysis, or by test-
work, the only remaining approach is to use service
data. The ways in which this may be done are con-

sidered in chapter 8.
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6.0 A GENERAL PUMP CONTAMINATION TEST -

6.1 Introduction

It was shown in chapter 5, that it is not practical
To use pump teststo relate pump reliability to fluid
contamination levels. The argument put forward was that
very little confidence can be placed in the accuracy
of a reliability estimate obtained in this way unless
a large number of pumps are tested for a very long time.
The times involved were shown to be excessive, and the
number of pumps required for a complete test Progr amme
would make this approach prohibitively expensive.

It will also be shown, later in this chapter, that
1t is not possible to devise a test which will model, in
a laboratory, the contamination exposure to which a pump
will be subjected in service. It follcws that any pump
contamination test must be an essentially unrealistic
process. As this type of test cannot model the contamin-
ation conditions which a pump will experience in the
field, it is futile to use contamination tests to try
and determine whether or not a pump will be affected
by fluid contamination in service. Any conclusions
reached on this basis must be misleading.

This is not to say that pump tests have no place in
a programme of research into the effects of fluid contami-
nation. - However, the aim of such tests must be to

deliberately stimulate, in the test pump, the types of

effect (wear, silting, loss of lubricant, etc.) which are

expected 1in service.
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The next ' ; s
€XT stTages in this research werestherefore:
o ) e ] + N ,
(a) tO aetermine the best way to conduct a pump
contamination test, given the usual constraints of

'reasonable’ resources;

(b) to determine what output data can be obtained from
such a test;

(¢c) to determine what useful deductions can be made from
the results of a pump contamination test programme.
It was envisaged that if suitable data could be

obtained they would be used for one or more of three

purposes.,

(a) Test results would be used to assign = simple ‘order-
of-merit' rating to the ability of a pump to operate
on contaminated fluids.

(b) . A suitable test could be used to identify those areas
of a pump which are susceptible to the effects of
fluid contamination. This information could be
used either to determine the priorities of future,
more basic research, or to suggest pump design and
material changes to reduce contamination - related
damage in a given pump.

(c) The test results could be used to improve the
general understanding of the behaviour and effects
of fluid contamination.

This chapter proceeds with a discussion of the main
considerations involved in setting up a pump contamination
test. This leads to the conclusion that the best approach
to contamination testing is that adopted by OSU for their
pump test. However, it is shown that the data obtained
during this test are of very limited value to a pump

manufacturer, as they give no information as to what has
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been happen‘ing within the pump during the test. To see

11 more useful data could be obtained from tests of the

NS o 1 5 :
OSU format, a series of such tests was conducted on

mall axia i ' i
sma axlal piston pumps. The tests are described, and

the results are presented and discussed. The chapter

concludes with g discussion of the usefulness of pump

contamination tests in the light of the experience

obtained.

6.2 Testing Pumps on Contaminated‘Fluids

6.2.1 The basis of a pump contamination test.

The basis of a pump contamination test is eimply
to operate a pump at specified conditions on fluid con-
taining a known level and type of contaminant, and to
determine what happens to the pump. Within this broad
framework, decisions must be taken about the test con-
taminant, about its method of introduction, about the
test length and operating conditions, and about the test
measurements taken. These factors will be considered
individually.
6.2.2 The introduction of test contaminants to the test

system.

A pump contamination test may be run as a "multipass"
or a "singlepass' process (OSU terminology). In a
multipass test, be it on a pump or a filter; a batch
of contaminant is injected into an otherwise unfiltered
test circuit; and is then zllowed to circulate continuously
for the period of the test. In a singlepass test,
contaminant is injected at a. steady rate upstream of the
test unit and is removed, as far as possible, downstream.
The two approaches are illustrated in figure 6.2.1.

The main potential advantage of the singlepass
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Figure 6.2.1

Pump Test Circuit

BASIC MULTIPASS AND SINGLEPASS PUMP TEST CIRCUITS
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approach is that, in an ideal test, one could be certain'
about the level, size and properties of the contaminant
entering the test pump at any time. However, actually
realising this advantage in practice is both difficult

and expensive. As can be seen from figure 6.2.1, the
singlepass test rig is more complex, and hence more costly,
than the multipass rig. It is also expensive both to édd
and to remove the amounts of test contaminant required

in a singlepass test. TFor example, to run just a ten

hour test, at a contamination level of 30 mg/l, on a

pump delivering 30 gpm would require the injection and
removal of 2.5 kgs of contaminant. If this contaminant
had been prepared into a special size range it could

cost up fo £1000. The -author showed, in work at OSU[?Z],
that the maximum dirt-holding capacity of a high-efficlency
filter (810>1001) as determinéd in an OSU multipass filter.
test [gé], is no better than 50 gms. In another paper[S{],
the author alsc showed that the standard multipass filter
test gives an overestimate of filter dirt capacity.

The test example given above would therefore require

the use of at least fifty filter elements, at a cost
probably in excess of £2500. Filter elements would

also have to be changed every twelve minutes, which

would be very difficult to accomplish. Even with very
fine filters, there will be an ineﬁitable build-up

of small particles (of a size below the filter

pore size) in 2a singlepass test.

.._—_.-.——-—._....—.—.—.—.-...—.—.-—-—.—.—.-.—-.—..—.—.—-——.—-—-.—.—--—.—-.—.—-.—

See glossary.
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Practical considerations therefore make it almost
inevitable that any pump contamination test should folloew
a multipass procedure. Wolf [ 85| used a singlepass test
in early work (1965) at OSU into the effects of fluid
contamination on gear pumps. Significantly, OSU
abandoned this approach in 1969 and have used multipass
tests in almost all subsequent work.

The multipass test is not without its problems,
and has two main difficulties.

The first is that; during such a test, particles
worn from pump components may re-enter the pump to
produce further damage. But this could well happen in
service. The process would only be unrealistic if very
large particles (above 25 microns diameter) were re-entering
the pump. If such particles were being produced it 1is
reasonable to assume, although the assumption requires
verification, that the pump would be close to failure
anyway.

The second complicating factor with a multipass test
concerns the effects of the test pump on the fluid
contamination itself. Bensch [ﬁé} found that, as a
multipass pump test proceeds there 1s a steady reduction
in the mean size of the fluid contamination present.

He took this to indicate that particles are gradually
broken down as they pass through the test pump. Bensch
was studying abrasive wear effects and also concluded that
there must be a gradual reduction during a test in the
abrasive wear properties of the particles introduced at
the start of the test. Rabinovicz [éé] reports similar

findings from more basic research into abrasive wear

phenomena.




t . ‘
Bensch's overall conclusion was that the effective
concentration of abrasive wear particles at time t, n_(t)
a

reduces during a multipass pump contamination test,

following a relation of the form
_ -t/T
n,(t) = n_(o)e "/ 6.2.2.1
where 1 1s a '"particle destruction time constant' whose
precise value depends on parameters of the test system.

Bensch calculated a value of 2 minutes for 1 in the 0SU
pump test.

Bensch's findings imply that any multipass pump
contamination test conducted to stimulate abrasive wear
will last only a few hours. No additionel abrasive wear
damage will be produced over longer periods. Bensch's
conclusion also suggests that a multipass pump test, even
though it represents the best practical approach to
contamination testing, cannot be used as an exact simula-
tion of service contamination conditions. This can be
seen by reference to work described in chapter 3.

In chapter 3 the variation with time of a system

fluid contamination level was given as

-Qent/v -Q.nt/v
A(t>=%§{<l—e f >+A(O>e f 6.2.2.2.

If V/an is regarded as a time constant for the

removal of contamination from the system, and given the

symbol t', 6.2.2.2 may be rewritten as
Rr! (1-e"t/1')+ ACoYe H/T 6.2.2.3
A(t) = 7 _ '

Bensch effectively showed that not all of the particles
present in a system are capable of producing abrasive wear.
It can be shown that, where abrasive wear is of most concern,

the concentration, Aa(t) of potentially damaging particles

is less than A(t), and is given by
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where L.
" 6.2.2.5
To summarise, equation 6.2.2.1 represents the
concentration of effective, abrasive wear particles which
will be present at time t in a multipass pump contamination
test. Eguation 6.2.2.4 represents the concentration of
such particles expected in service. It can be seen that
even if the parameters involved in equation €.2.2.4 could
be determined, which would be extraordinarily difficult,
equation 6.2.2.1 could not be used as a model of service
conditions.
A further implication of Bensch's results, which he
did not consider, is that the level of contamination
present in a system is not the sole factor determining
the severity of any abrasive wear effects produced. Of
equal importance is the manner in which that 1evel was
achieved. These points and the validity of Bensch's
conclusions, will be discussed later, in relation to fhe‘
results of pump tests.
6.2.3. Test contaminants
The discussion of section 6.2.2. leads to the conclusion
that a practical pump contamination test must follow a
multipass procedure. This means that such a test will be
relatively short in duration,iand that it cannot be
truly realistic. The aim of a pump contamination test
must therefore be to induce, 1n a pump, the types of
effect which are experienced in service. These effects

can only be induced, in a short time, by a suitable choice

of contaminant size, types, and concentrations.
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One way to conduct a pump contamination ‘test would be
to run the test on supplies of contaminated fluids drained
from hydraulic systems in service. This approach is not
recommended for five reasons., =
(a) It is not possible, when using supplies of old

fluid, to specify the contamination level at which

a test is to be run. This level is predetermined by

the level which existed in the system(s) from which

the fluid was drained.

(b) It is not possible, with this approach, to repeat
a test.

(c) As discussed in section 6.2.2., "old" contaminant
may produce less abrasive wear than will "fresh"
contaminant. A test run on old fluid is therefore
unlikely to produce measurable effects in an accep-
table timescale.

(d) Any effect which might be produced by contaminant
in used fluid will probably have occurred already in
the system from which the fluid was taken. This
approach is therefore unlikely to provide new
data.

(e) It is extremely difficult to handle the contaminant
in used fluid. Particles tend to settle to the
bottom of the fluid container; and cannot easily be
remixed into suspension.

A pump contamination test should therefore be conducted
using hydraulic fluid which has been artificially conta-
minated through the addition of a dust or power. The
important features'of such a "test contaminant" are its
size distribution; its physical and chemical properties,
and the concentration at which it is used.
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Although a completely realistic pump contamination

test 1s not feasible, the size distribution of any test
contaminants used in testwork can and should be chosen to
correspond to the size distributions of contaminants
found in actual systems., These tend to be of the form
shown in figure 6.2.2, containing a broad range of
particle sizes, but dominated, in number terms, by smaller
particles. There is little point in running tests using
excessively large particles,.or particles of a uniform
size, as these situations do not occur in practice.
Having agreed that a completely realistic contamination -
test is not possible, it is still clear that more or
less confidence can be placed in the usefulness of pump
contamination test results, depending on how far test
conditions depart from real-life.

Test -contaminant materials, and the test contaminant

concentration must be selected so as to deliberately

produce .damage in the test pump. There is no point

in trying to devise a '"typical" test contaminant,
particularly if it is to be used at '"typical” concentrations.
Firstly, contaminant materials vary widely from one hydraulic
system to another, and the concept of a "typical' con-
taminant is therefore a myth. Secondly, whereas actual
contaminants produce gradual effects over many thousands

of hours, a contamination test must be completed in a much
shorter time.

The only feasible approach 1s therefore to deliberately
select contaminants to produce thé types of effect to be
studied. If abrasive wear is to be studied, a hard abrasive
ch as silica should be used. If other effects

contaminant su

such as silting, are of interest, then much softer contam-

inants e appropriate.
c.ar pprop - 129 -
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Test contamination levels must be determined by a
compromise between conflicting requirements. Levels must
be high enough to produce measurable effects within the
restricted timescale of a multipass test. EHowever, levels
should be kept as low as possible, to try and ensure that
any effects produced differ only in degree, but not in
kind, from those produced in service. Suitable levels
can only be determined by experience, and this was one
aim of the tests described later in this chépter.

6.2.4. Test length and operating conditions

The selection of values of pump speed, output flow,
and suction and delivery pressures to be used during a
pump contamination test must be a matter for the indivi-
dual or organisation conducting the tests. These values
must be somewhat arbitrary, for there is no such thing
as a "typical" pump duty. This was shown in a study by
Lee [3@] , and was confirmed by the author in industrial
visits made during the project.

It was originally thought that the choice of test
length would be made on grounds of cost. Any test run
for a period in excess of twelve hours will reguire either
an automatic rig with emergency shutdowns, Or continuous
monitoring on a two-shift basis. Either alternative

would be relatively expensive 1o implement. However, as

Bensch {op ci{] found, and as will be shown later in
this chapter, any multipass pump contamination test 1is

completed in a few hours, in the sense that no new

effects are apparently produced after this time. A

singlepass test could theoretlcally be run for much’

longer periods, but the problems with this approach have

already been pointed out. The conclusion to be drawn 1s

that pump contamination testsneed last for only a few
: - 131 -




hours, and a simple rig is all that is required.
6.2.5 Test results |

In the OSU pump test, pump output flow is used as
a measure cf the damage produced by operation on coﬁta—
minated fluids. Other pump performance parameters, such
as case leakage, volumetric or mechanical efficiency
could be usecd as indirect measures of the effects of
contamination on the test ﬁump. Whilst this type of data
might be used to assign a simple ”contamination sensitivity
rating'" to a pump, it is of very limited value in |
providing information as to the type and location of any
damage produced within the pump. In the tests described
later, attempts were therefore made to determine what
had been happening within the test pumps, by analysis of

fluid samples taken during the tests, and by post-test

examination of pump components.

6.2.6 The optimum approach to pump contamination testing.
The considerations given in sections 6.2.2. to 6.2.5
inclusive lead to the conclusion that the best available
approach to pump contamination testing 1s to run fairly
short, multipass tests at relatively high levels of fluid
contamination. The fluid used in these tests must be
artificially contaminated by the addition of dusts or
powders having a particle size distribution similar to

those shown in figure 6.2.2,

6.3 The 0OSU Pump Test

The basic test decided upon in section 6.2.6. 1s
precisely that adopted by OSU in their pump'contamination
test, and one approach to this research would have been
to have adopted the OSU test in its entirety. This was

not done because, although the test method is an
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acceptable approach to pump contamination testing, the

results obtained and the uses to which the results are

put, are of little value to a pump manufacturer. The

OSU test was eventually rejected for four reasons.

(a) The theory associated with the test is based on
empirical data from tests on gear pumps. It rémains
to be shown that the same theory is applicable to
axial piston pumps. Although the theoretical
work presented in Chapter 4 lends some support to the
OSU test theory much more work is required before
the guantitative data from this type of test may
be used with confidence.

(b) The test data are used, by OSU, to felate pump life
to fluid contamingtion levels. It has already bheen
shown that this is an over ambitious aim.

(c) Based on CHL's experience, the criterion of pump
failure used in the OSU test, namely reduction in
pump output flow, was not thought to be appropriate
to axial piston pumps. CHL's experience has been
that piston pumps tend to fail in a sudden, cata-
strophic manner; rather than through a slow, steady
reduction in output flow. This point is considered
later in relation to the results of the pump
contamination tests conducted.

(d) The main shortcoming of the results of an OSU test
is that an external performance parameter is used
as an indication of what has happened imside the test

pump. As stated above, this might be used to give

: R . C
a simple,,order-of-merlt necontamination rating” to

the pump design, but knowledge of what has happened

inside the test pump would be of far more value to a

ump manufacturer.
p. P - 133 -
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.IL was no part of this research to decide whether
or not the OSU pump test is "correct'". The decision
required was whether or not the test provided or could

5

provide, enough information for it to be a useful tool for
a pump manufacturer. The decisions reached were that,
in its present form, the OSU test does not provide this
tyvpe of information, but that it might be possible to
obtain more useful results from the OSU test, or from a
simpler version of it.

To invesfigate this matter, a series of pump
contamination tests was conducted, and the tests and
associated results will be described below. The test
procedure used was of a similar, but simpler, form to
that employed by OSU. The OSU test requires successive
injections of test contaminant in nine different size

ranges. This is to allow calculation of the values of

Yi used in the theoretical relation:

9—@ = _Yn.ZQ 6.3.1
dt

As these values were not to be calculated, only one
size range of contaminant was used in each test.

6.4  Pump Contamination Test Programme

6.4.1 Test pumps

Seven, nominally identical, fixed-displacement

axial piston pumps were purchased specifically for the test
programme, at & cost of £1200.
The pump chosen for the tests was the Reyrolle A70

design. This unit, which 1s i1lustrated in figure 6.4.1

and plate 6.4.2, has 2 nominal displacement of
6.7 ins/rev., giving a theoretical delivery of 3.8 gpm
at a swash-angle of 50° and speed of 1500 rpm.
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The A70 pump was selected because it is -a fairly

}—!

simple design, and 1s relat

=

vely cheap. Being of modest
output, it required only a small, low-power test rig.
It alsc had the advantage of running unboosted.

The A70 is a fairlv conventional single-bearing,

»
et

:iza]l piston pump. The only novel feature is the use of

a thrust-plate between the slipper bearings and the swash-
plate. (Shown in figure 6.4.1.) The thrust plate spins
at pump speed, so that the slippers are almost stationary
with respect to the thrust-plate, as opposed to sliding
around the slipper-plate in a more conventional design.
6.4.2, Test rig.

A test rig was conducted at Aston University speci-
fically for this test programme. The rig design finally
adopted is shown in figure 6.4.3 and photographs of the
rig are shown in plates 6.4.4 and 6.4.5.

The rig sﬁecification was that it should allow
operation of the A70 pump at a nominal speed of 1500 rpm
and delivery pressure of 1500 psi, at specified fluid
contamination levels up to 300 mg/l. Shell Tellus 37
hydraulic fluid was used in all tests at a bulk system
fluid temperature of 40°c.

The only unusual rig design features were those
incorporated to keep test contaminant in suspension.

The majority of these features drew on experience which
the author gained while studying at OSTU.

The system tank was made of aluminium alloy, to
reduce contaminant genération through corrosion. The
tank had smooth sides, and was conical in form, with the
tank outlet at the base of the cone, to minimise the

possibility of contaminant settling out in the tank. The
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Plate 6




Plate 6.4.5. A70 pump mounting on Aston
University contamination test rig




system return line was also arranged to impart-a mixing
action to the tank fluid, and the tank was kept covered
at all times.

The test pump, shown in plate 6.4.5, . was mcunted
vertically below the tank outlet, to prevent particles
settling out in the pump section pipework. All rig
pipework was of steel or plastic. Rubber hose was not used
in case it should shed particles into the test fluid.

OSU recommend that all rig pipework should be sized
to produce turbulent flows. (This is thought to keep
contaminant in suspension.) Pipes were initially sized
in this way but, at the low pump output flow involved,

this imposed unacceptable back pressures on the system

cooler and flowmeter. Pipe diameters were therefore in-
creased, and it is probable that laminar flow existed
in parts of the rig. Day and Lee [14} reported similar
problems in the design of a filter test rig, but found,
in a series of careful measurements, that there was no
tendency for particles to settle out in quiescent

areas.

Tee-junctions in rig pipework were positioned with
the normally 'dead' leg vertically upwards.

‘Ball valves, were used for the rig shut-off valves and
for the fluid sample valve, as this type of valve 1is
reported to be the least likely to trap contaminant. The

fluid sample valve was located near to an elbow fitting,

r .
following the recommendation of Day and Lee Lpp 01t] to
ensure that fluid was sampled from an area of turbulent
flow.

The system oil cooler was mounted vertically, with

0il entering at the base of the cooler and leaving at the
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tOp.vPipe runs were kept vertical as far as possible.

A'Fairey'filter of "one micron'" nominal rating and
generous capacity was instelled as a '"clean-up' filter.
The reguirement for the filter was that it should be
capable of cleaning the system fluid to 2 contamination
level less than one tenth of the lowest level tc be
used in the test.

Rig instrumentation was deliberately kept as simple
as possible. This helped to keep down project costs and
rig construction time, and also served to make the test
rig reliable and easy to operate.

Pump suction and delivery pressures were measured
on 'Wika' pressure gauges previously calibrated on a
deadweight tester. Pump speed was determined by a
magnetic pick-up situated so as to detect the passage of
small bolt on the pump/electric-motor coupling. The
pick-up output was converted to an equivalent time-
period and disﬁlayed on a digital meter. Bulk system
temperatures were measured using a thermistor probe
inserted into the system tank. (Bulk system fluid
temperatures were controlled by regulating the water
flow to the oil cooler.)

Some problems were expected in measuring fluid
flow. CHL use small turbine flowmeters for this purpose.
These devices are gquite delicate and it was expected
that their reliability and accuracy might be seriously
impaired by operation dn heavily contaminated fluids.

To prevent any such problems; a Fischer and Porter tube
and float meter was used. This device had a quoted
accuracy of 2% of full scale flow. The meter was
subsequently calibrated against a displacement type
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flowmeter, the calibration curve being shown in figure
6.4.6.
€.4.3. Rig Commissioning

No major problems were experienced with the commis-
sioning of the rig, but one pcint should be mentioned.
It is standard practice, with this type of rig, to
determine how well the rig can maintain contaminant in
suspension. The usual procedure is to contaminate the
rig system fluid to a level of 300 mg/l, and then determine
that this level does not vary by more than 10% over a one
hour period. This procedure was not followed, for two
reasons. Firstly, tests were to be run for seven hours,

and it was not expected that a level could be maintained

for this iength of time anyway. Secondly, the author
knows of cases where it has taken eighteen months to
commission & contamination rig in the approved manner.
This sort of time was not available in this research.
It was therefore decided that fluid samples should
be taken during the tests; for subsequent gravimetric

analysis. The aim was to determine how contamination

lJevels varied during the tests, on the assumption that,

even if the test procedure was imperfect, it should at
least be consistent.
6.4.4. Test procedure

The basic pump test involved operating a pump On
contaminated fluid, for a period of seven hours at a
mean delivery pressure of 1500 psi and a nominal speed

of 1500 rpm. Pump inlet pressure was 0 psi (#2) and

. v O
bulk system fluid temperature was maintained at 40°C
(22).
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True Flow in GPM

40 50 - 60 70 80 90 100

Indicated Flowmeter Reading %n Units, at
Bulk Fluid Temperature of 40 C and Pump
Output Pressure of 1500 p.s.1i.

Flow in GPM = 0.118 + 0.0374 x Indicated Flow in Units

Figure 6.4.6

Calibration of Aston Rig Flowmeter
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Before mounting on the rig, the»test pump was

ripped down and was examined visually for manufacturing
defects and incorrect assembly, either of which would
have invalidated test results. Pump components were then
cleaned for two minutes in an ultrasonic bath filled with
Genklenel, and were subsequently allowed to dry in air
for thirty minutes. Parts were then coated with clean
0il, and the pump was reassembled. The cleaning pro-

cedure was designed to remove any internal contamination

left in the pump from manufacturing and assembly operations.

After mounting the pump on the test rig, five gallons
of new hydraulic fluid was added to the system reservoir.
A new batch of fluid was used for each test, to prevent
a build-up in the fluid of fine particles from previous
tests. The volume of fluid used is important because,
as will be shown later, it affects the value of T, the
"particle destruction time constant". OSU recommend
that the ratio of fluid volume to bump output flow per
minute should be 0.25. However, this requires a very
small system fluid volume; and can lead to substantial
seration of the fluid. Excessive fluid aeration can
damage a pump, so the ratio of V/Q in these tests was
increased to a nominal value of 1.32.

After adding oil to the rig, the test pump Wwas
"run-in'' for ten minutes at each of 500, 1000 and 1500
psi. This running-in period was included to allow com-
ponents to 'bed-in' with each other, and té give time
for surfaces to be hardened and smoothed. It is fairly

well established that, during this process, substantial.

—-.-....-—-—..—.._—___.———..—...—_—....-.—_..—.-_..————-———-———-—

'Genklene' is an ICI brand name for inhibited 1.1.1

trichloroethane, a non-flammable industrial solvent.
_ 142 -~




numbers of wear particles are produced. The‘pump’was
therefore run for =z further thirty minutes at 500 psi.
During this period, and during the running-in process,

the hvdraulic svstem fluid was passed through the

clean-up filter. This was dcne to remove much of the
contaminant present in the fluid in its '"as-delivered"
condition, and also to remove wear particles from the
running-in. In fact, the Ferrographyl results presented
later suggest that this running-in period should be longer

in any future test work,

was taken for subsequent analysis, and the system filters
were}switched out of circuit. Pump delivery pressure was
increased to 1500 psi and the fequired amount of test
contaminant was injected into the test circult. Con- .
taminant was prepared by mixing it to a slurry with

clean oil taken from the rig. To disperse the contaminant
and break up any agglomerations of particles, the

slurry was shaken by hand for one minute, agitated
ultrasonically for five minutes, and then shaken by hand
for a further minute. (The author verified this pro-
cedure at OSU; by preparing a sample of ACFTD in this
way and then measuring the particle size distribution

of the sample contaminant on a HiaC 320 counter. The
results are shown in figure 6.4.7 compared to the
widely accepted log—log2 distribution for ACFTD.) After
preparation, the contaminant slurry was poured into the

test system reservoir, After the injection of contaminant,

— ————— o Vo o
-—————-—..—._....._—_._._._._._..._.—-———.——.—.—_.....—-—.—».—.—......——.— ——

5

N
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¥

-

At the end of the running-in process, a fluid sample

See glossary and appendix.
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each test was run for seven hours, this period being the
longest that could be achieved in a single operating
chift. Pump output flow was monitored throughout a test.
This was done, partly to give some warning of any dis-
astrous changes occurring within the test pump, but
meinly to assess the usefulness of this external
parameter as an indicator of the eiffects produced 1n an
axial piston pump by fluid contamination.

Fluid samples were also taken during each test,
each sample being collected into a specially cleaned
bottle. At the completion of a test, the test pump was
shut down and the rig fluid was drained. This was to
prevent residual contamination of subseqguent tests.
6.4.5 Basic test programme and results

The basic test programme, summarised 1in table 6.4.1,
consisted of ten pump tests. These were conducted to

answer four guestions.

(a) 1Is the procedure adopted a viahle method of contamina-
tion - testing hydraulic pumps, and does it produce
measurable effects?

(b) What is the test repeatability?

(¢) Do the test contamination level, size and type have
an effect on the results obtained?

(d) 1Is it possible to identify the nature and location of
any damage produced during a test?

Each test is referenced by two numbers. The first

is the serial number of the pump used in the test (1

t6 7 inclusive). The second is the reference number of

the test conducted on that pump. The different tests

are described below.

Tect 1.1 was conducted as a "haseline' against which
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TEST | PUMP | CONT. CONTAMINANT RESULT
REF LEVEL TYPE FIGURE
"NO. mg/1

1.1 1 - System Table 6.4.3
2.1 2 30 0-50 u ACFTD Fig. 6.4.8
3.1 3 100 0-50 u ACFTD Fig. 6.4.8 1
4.1 4 100 Graphite Fig. 6.4.4.
5.1 5 100 0-50 p ACFTD Fig. 6.4.10.
5.2 5 100 0-50 u ACFTD Fig. 6.4.10
5.3 5} - System F}% o4 o
6.1 6 100 0-5 u ACFTD Sce  Fext
7.2 7 300 0-50 u ACFTD Fig. 6.4.12
7.3 7 - System Fig .42
2.2 2 Varying | 0-50 u ACFTD F@_% 6.6 1

Table 6.4.1

Summary of test programme.
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to compare the results of other tests. No "grtificial"
contaminant was added during the test, nor was the circuit

fluid filtered. TFluid samples were taken at the start

‘

£

and finish of the test, resulting varticle counts being
shown in table €.4.2. Table 6.4,3., gives values of
pump output flow measured at the beginning and at the
end of the test. (A1l values of pump output flow have
been converted to equivalent flows at 1500 rpm, to allow
for variations in the speed of the induction motor
drive to the test pump. Values of pump output flow have
slso been left in flow meter 'units', because relative
changes and comparisons between pumps were more important
than absolute values. These could be derived from the
calibration curve of figure 6.4.6) 3

Tests 2.1, 3.1 and 7.2 were run on fluid contaminated
with ACFTD1 in 2 nominal size range of 0-50 microns.
Test contamination levels were 30, 100 and 300 mg/1
respectively. Pump output flow fell during =211 three
tests, the results being shown in figure 6.4.8. Test
7.2 was started as test 7.1, but an error was made 1in
the latter test; and the test contaminant was introduced

at 300 mg/l before the system filters were taken out of

circuit. The test ran for only a few minutes before

the filters blocked, and the test was therefore aban-
doned. If nothing else, this error graphically-illustrated
the sorts of problems which would be encountered in a
singlepass test.

Samples of fluid from tests 2.1, 3.1 and 7.2 were

subjected to gravimetric analysis, to determine fluid

.——_.—_—_.—.....____...—._.—_—-_-.._._._._....-_——_......_ -—

ACFTD - see section 4-8




| No. of particles larger than Thermal Grav.
Sample indicated size (in microns) per | Control Level
T ml f fiuid (1) Class mg/l
Number <n\
! <
5 10 15 | 25 50
2 9131 2560 1144 |207.5 7.3 > 9 11.0
4 3686 [ 681.5 | 223.91 43.9 3.0 8 3.0
NOTES: 1. All counts are the average of two 50 ml. .samples.

Table 6.4.2

Counts were determined on a Hiac PC 320 calibrated
on ACFTD.

Counts were converted to an equivalent gravimetric
level.

Particle counts on fluid samples taken at
beginning (2) and end (4) of test 1.1

Test Pump output flow (units) at
D es 3 1500 rpm, at delivery pressure
erioc shown
500 psi 1000 psi 1500 psi
Start ol 94.2 92.5 91.0
Test
hours

Table 6.4.3

Pump output flow during test 1.1
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contamination levels at various times during the tests.
The results of these, and other gravimetric analyses, are

shown in table 6.4.4

—

Test number 5.1 was conducted in an identical manner

-

.1, to compare the repeatability of the test

[9V]

to test
procedure. Values of pump output flow obtained during
both tests are shown in figure 6.4.9.

Tegt 5.2 subjected pump number 5 to a repeat test
on 100 mg/l of 0-50 micron ACFTD, to assess the cumula-
tive nature of anv damage produced. The results of tests
5.1 and 5.2 are shown in figure 6.4.10, as are the results
of test 5.3, which was run on filtered 0il to determine
whether observed reductions in the output flow of pump
5 were temporary or permanent.

Test pumber 4.1 was run using a soft graphite
contaminant at 100 mg/l. Values of pump output flow
in this test are shown in figure 6.4.11, compared to the
results of test 5.1.

Test number 6.1 was run on 100 mg/1 of ACFTD that
had been especially prepared ('classified') into a
nominal size range of 0-5 microns. Pump output flow:
during this test remained constant, to *0.5%.

Finally, pump number 7 was run on filtered fluid,
in test 7.3, to assess the permanence of damage produced
in test 7.2. The results of the two tesgs are compared
in figure 6.4.12.

Before discussing the results of the main tests,
two more general results will be described. During the
early étages of a test, considerable quantities of air
‘were visible in the pump case drainage line (which was of
clear plastic). While this air was present, particles
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Test Elapsed test time Gravimetric Level mg/1l
Number (Minutes)
Expected Measured
2.1 S35 30 28
2.1 290 30 46
2.1 420 30 44
3.1 30 100 164
3.1 ! 260 100 (1)
3.1 410 100 98
5.1 26 100 144
5.1 23 100 124
5.1 420 100 - 92
5.2 237 100 136
6.1 30 100 152
6.1 267 100 g0
6.1 420 100 120
7.2 86 300 228
Gravimetric level of this sample could not

NOTE: 1.

Table 6.4.4

Gravimetric Levels of S

be determined.

ystem Fluid during Contamination
Test Programme
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of metal could also be seen in the drain line. These
particles had the appearance of flat platelets, and were
estimated tc be up to 500 microns across. No more
particles were visible once the air cleared from the

The second effect concerned pump delivery pres;ures.
When pumps were running on filtered fluid, fluctuations
on the output pressure gauge Wwere of the order of =15 psi.
When contaminants were added to the system, fluctuations
increased steadily for five minutes, before stabilising
at around *100 psi.

6.4.6 Preliminary discussion of main test results

The results presented so far are incomplete; details
of post-test pump examination and of Ferrographic analysis
of fluid samples have not yet been given. Eowever,
enough data has been presented to allow discussion of
questions (a) and (b) posed at the start of section 6.4.5.
These were:

(a) Is the test procedure a practical one to use, and
does it produce measurable effects on the A70 pump?
(b) Is the test procedure repeatable?

Conducting the tests was relatively straightforward,
and no great problems Were experienced during the test
programme. The gravimetric analysis data given 1in table

6.4.4 ghows that test contamination levels were of the
required order throughout each test, although considerable
variation is evident. This is probably not due to
experimented error in the fluid analysis. The author
showed in a study at OSU [3i1that gravimetric analysis
can be an extremely accurate technique. It is therefore
clear that high levels of fluid contamination, cof
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roughly the required level, were maintained throughout
cach test. This is not to say that the contaminant
present in the later stage of a2 test was the same as
that which was added at the start. Some of the con-
taminant added 2t the beginning cof a test could well
have settled out, or silted out in fine clearances
during a test to be repiaced by wear particles generated
from the test pump, or by particles generated within the
rig itself.

This possibility was checked bv conducting optical
microscope counts on fluid samples from tests 5.1. The
particle counts obtained are cshown in table €.4.5.

These counts support the OSU theory that particles are
gradually broken down during a test. However, a large
proportion of the particles counted were obviously not
silica, and the counts represent only 18% of those
expected from the gravimetric analysis.

It would be dangerous to deduce too much from this
last obgervation, as microscope counts are notoriously
inaccurate. It is also likely that silica particles
were present on the microscope slide but were not counted.
ACFTD particles are very difficult to count by optical
microscope techniques, as the particles are transluscent.
Two pieces of more qualitative evidence suggest that
substantial gquantities of ACFID were present throughout
tests run on this contaminant. The first is that
substantial numbers of silica particles were found during
Ferrographic analyses of fluid samples taken at the
beginning and end of tests 2.1, 3.1, 5.1 and 6.1. The
second is that ACFTD leaves a very characteristic,

sandy-coloured residue on the surface of a membrane used
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ELAPSED NUMBER OF PARTICLES/ML OF DIAMETER
TEST GREATER THAN INDICATED SIZE (MICRONS)
TIME
(MINS) 5 19 33
30 R796.6 570.6 76.6
240 9941.0 335.0 44,0
420 14189.0 352.0 8.0

Table 6.4.95

samples from test 5.1.

Microscope particle

158 -
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for gravimetric analysis. This type of residue

was seen on the surface of all membranes used during
gravimetric analysis of samples from tests run on
ACFTD, zlthough samples taken later in a test produced
g ""dirtier' residue. This would suggest the presence
of some non-silics contaminant, which probably came
from the test pump itself.

The conclusion to be drawn is that the tests
did allow operation of piston pumps at contamination
levels close to those specified, and that at least
some of the original test contaminant was present
throughout each test. It would obviously be of interest
t+o know how much of the original test contaminant is
present in the later stages of a test, but the
difficulties of such an estimation would be consi-
derable.

Having established that the tests did subject
axial piston pumps to substantial levels of fluid
contamination, the next question to be answered was
whether or not such operation damaged the pumps. This
question will be considered first in relation to the
measured reductions in output flow.

The results of test 1.1, shown in table 6.4.3.
indicate that operation on low levels of "system"
contamination produced no measurable reduction in
pump output flow over a seven hour period. Coﬁtamination
levels in this test are éhown in table 6.4.2.
Contamination levels measured at the start of other
tests, before test contaminants were added, are shown

in table 6.4.6. It can be seen that these levels
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were all below those which existed in test 1.1,
and it can be concluded that any effects noted in
subsequent tests were due to the introduction of
"artificial' contaminants.

(The data of table 6.4.6. 1indicate two further
points. The first is that, even though a "one micron"
filter was installed in the circuit from which these
samples were taken, many particles larger than one
micron in diameter were present in the system fluid.
This supports the author's view, given in chapter 4,
that the widely accepted concept that a filter is
similar to a rigid mesh is misleading. The second
point concerns the variation present between different
samples. This variation is much greater than can be
accounted for by counting or sampling errors. This
illustrates the point that installation of a specific
filter cannot guarantee that a required contamination
level will be maintained.)

The most obvious result of all the tests run on
contaminated fluids, except test 6.1, was a reduction
in measured pump flow. These data are shown in figures
6.4.8. to 6.4.12, Of course, the fluid contamination
could have affected the flowmeter, so giving misleading
results. However a direct measurement of case leakage,
taken during test 5.1, showed that this had increased
to an amount equivalent (to within 5%) to the measured
reduction in pump output flow. The results obtained
therefore represent genuine reductions in pump output
due to the presence of fluid contamination. Again,
these reductions could have been purely temporary,
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czused by an effect of the contaminant on fluid
viscosity, or by particles 'wedging'' components apart
and thus increasing leakage flows. However, the
results of tests 5.3 and 7.3, which were both run on
filtered fluids, indicate that induced damage was
permanent.

The conclusions toc be drawn are that the tests
conducted induced permanent changes within the test
pumps, that these changes were caused by fluid con-
tamination, and that at least some of the effects
manifested themselves as a reduction in pump delivered
flow.

Deductions should not be made from the test results
without some consideration of test repeatability.

This is especially true if a 'pump contamination rating"
is desired. The results shown in figures 6.4.8. to
6.4.12. certainly indicate that, as far as pump output
flow is concerned, the test adopted 1is gualitatively
repeatable. Wherever output flow fell during a test,
the results obtained were of the same general form.
However, the results of tests 3.1 and 5.1, shown in
figure 6.4.9. 1indicate that quantitative repeatability
is not so good. The output flow of nominally identical
pumps, subjeéted to the same test procedure, fell by
quite different amounts.

There are many reasons why guantitative test
repeatability was poor. For example, although the
pumps used in the tests were nominally identical, there
would inevitably have been variations between them.
Table 6.4.7 below shows the output flow of the pumps
in their ''as-delivered' condition, and this indicates
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that no two pumps are exactly alike.

PUMP 1 2 3 | 4 |5 |6 7
OUTPUT FLOW (UNITS) [91.0 [ 92.1 | 88.3 %90‘6£90.2$92.6 92.
Table 6.4.7. Output flow of A70 pumps at 1500 rpm,

1500 psi and 40°¢c system temperature.

There will also have been differences between
batches of contaminants, and in the way in which different
batches were introduced to the test circuit. Atmospheric
conditions may have played a part. Rabinowicz [58]
found, in experiments into abrasive wear, that wear
rates were affected by as much as 20% by the ambient
humidity.

The conclusions to be reached about test repeata-
bility were thaf it was good enough to allow deductions
to be made about the effects of fluid contamination.
However, the level of repeatability obtained would have
to be taken into account when making such deductions.

In addition, repeatability was not good enough to
allow the derivation of a '"pump contamination rating',
and this point will be considered in more detail.
6.4.7. A pump contamination sensitivity rating.

A pump contamination sensitivity rating might be
used to give an ”order—of-mérit" figure to the
ability of a pump to operate on contaminated fluids.
Such a rating would be valuable to users 1in helping
them to select dirt-tolerant eguipment. It could.also
be used by pump'manufacturers to test the potential
benefit of any design or materials changes introduced in
a pump to reduce the effect of fluid contamination

on that pump.




The tyvpe of test described in this chapter

might be used to derive such & rating, but such use

would be constrained by four things.

(i)

(11)

Because the test described here is, and can only
be, an unrealistic process, it should only be

used to derive a pump contamination rating if it
can be shown that a pump which performs well in

the test will also perform well, in 1ts tolerance
of fluid contamination, in service. Such a
demonstration would not be easy, and this poiﬁt

is considered, fairly briefly, in chapter eight.
The test parameter used to rate the pump must

be relevant to those failure modes most likely

to produce failure in service. For example,-the
OSU test, and the tests described here, use

pump output flow as a measure of the damage
produced by fluid contamination. But Johnson [éSj
reports that many users experience rolling element
bearing failures as the most common effect of fluid
contamination. Pump output flow would not indicate
this type of problem, although overall pump
efficiency or pump noise emission might do so.

More work is therefore needed to determine the

most common pump failure modes which can be
attributed directly to fluid contamination, and

to decide on pump performance parameters which will
indicate these problems. This work is discussed,

again, in chapter eight.
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(iii)Test repeatability will have to be improved before
any contamination rating will be of much value.
The results of tests 3.1 and 5.1, given in figure
6.4.9. show the level of variation obtained in
output flow data from identical tests. By how
much better than the A70 would a pump have to
perfdrm before one could say that it was a 'less
contamination sensitive' pump? The questioﬁ
cannot be answered at present. It must also be
noted that the test variation exhibited in figure
6.4.9. does not include any variation caused by
operation on different test rigs. If a contamination
test was to be adopted for widespread use, this
would have to be taken into account.
(iv) The test results indicate a continual variation
in pump output flow over the lives of some
tests. Tests produced an initial fall in delivered
flow, but many pumps exhibited a steady improvement
in output in the later stages of a test. If a
contamination rating is to be assigned, at what
point in the test should pump performance be
measured?
A1l these points may form the basis of future
work, but their present implication is that CHL is still
some way from being able to devise a pump contamination
rating. This leaves two uses of the test results:
to improve general understanding of the effects of fluid
contamination; to identify the nature and location of
fluid contamination damage. These uses will now be
considered. The first task is to explain why pump

output flows behaved 1in the observed manner.
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6.4.8 Observed changes in pump output flow.

The pump output flow curves shown in figures

6.4.8, to 6.4.12. consist of two sections. The
initial phase is an apparently exponential reduction

in pump output flow over the first 100 minutes of a

test. The second phase is one of operation at constant,

or gradually increasing output.

The exponential reduction in output flow may be
explained by one or more of three possible processes.
(i) Contaminant could have been settling out or silting out

during a test so that, after a time, not enough

contaminant was present to produce further pump
damage. This possibility was considered in section

6.4.6, where it was shown that substantial levels of

fluid contamination were maintained throughout each

test, and that at least some of the contaminant
introduced at the start of a test was still present
a2t the end. The observed results cannot therefore
becexplained in this manner.

(ii) The contaminant introduced at the start of a test
could have been gradually broken down 1in size, or
could have been altered in some other way, so that,
after a time, no more damage was produced. The
data shown in table 6.4.5. indicate that the
average size of particles did reduce as a test
progressed, and the results of test 6.1 also show
that smaller particles (0-5 micron ACFTD) produce
less damage than do larger ones. This effect could
therefore explain some of the observed results.
0SU would ascribe the observed changes in pump
output flows to this factor alone. From the OSU
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equations relating tc pump contamination tests,

2
aQ = -yn~ Q 6.4.8.1
at
and —
PN ~T/ T ) “
n, (t) = n_(o)e 6£.4.8.2

it can be shown that pump output flow in a multipass

curve of the form

/
Kl—e'Zt/T) 6.4.8.3

test should follow
VT
m [ Q \=|1n /Y

where Q represents pump output flow at time t, and

[

Qf and QO are final and initial values of pump output

flow respectively., OSU suggest a value of 9 minutes

for 1, the "particle destruction time constant'.
However, they use a ratio of pump flow/system
volume (Q/V) equal to 4, whereas, in the rig

huilt for this work, this ratic was 0.72. This
would mean that each particle would pass through the
test pump less freguently than in the OSU test, and
¢ would therefore have had a value closer to 50
minutes.

Equation 6.4.8.3 was used, with the results of test
5.1, to check the OSU relation. The value of

Qf/Qo was taken from the test results, and corres-
ponding values of Q were calculated for various
times during the test. The results &€ shown in
figure 6.4.13, and it can be seen that agreement

is excellent. This certainly seems to support the

OSU theory. However, other test results obtained
show that the overall situation must be more
complidated than the OSU theory suggests. These
results will be considered next.

(iii)The test pumps themselves could have undergone
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(b)

(c)

internal changes which rendered them immune to
further contamination-induced effects, or at least to
further effects producing changes in output flow.
Evidence for this hypothesis comes from the results
of three tests.

Equation 6.4.8.2, and hence equation 6.4.8.3, are

only strictly applicable to the case of abrasive
contaminants. But, in test 4.1, graphite contaminant,
which has no abrasive wear potential, produced much
the same effect on pump output flow as was induced Dby
operation at the same level of silica. Some other
explanation is reguired, at least for this test, than
a change in the contaminant. Such an explanation
would be that gradual changes took place within the
pump and that, once this had occurred, no further
damage could be measured.

Test 5.2 subjected pump number 5 to a repeated
exposure to 100 mg/l of 0-50 micron ACFTD. On the
OSU theory, pump output flow should have fallen
considerably during this test, to a level much

below that measured at the end of test 5.1. In

fact, as shown in figure 6.4.10, output flow at the
end of test 5.2 was no worse than it was at the end
of 5.1. This suggests that pump number 5 had been
rendered immune to further contaminant-induced
damage, or that such damage as was produced did not
affect pump output flow.

The reduction in pump ocutput flow measured during

test 7.2, run on 300 mg/l of 0-50 micron ACFTD,

was no more {(in fact slightly less) than that
produced by operation on 100 mg/l of the same
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contaminant. This result casts some doubts on the
applicability of the OSU theory to axial piston
pumps. It also suggests that the A70 pump may

suffer a certain level of damage due to fluid conta-
mination and that, once this has occurred, no further
reduction in pump output flow will be produced.

If this is so, then fluid contamination may represent
a performance problem as much as it does a relia-
bility problem.

The second phase in each test was a period of opera-

tion at constant, or slightly improving output flow.

The discussion given above suggests that operation at

constant flow would occur because

(1)

(ii)

some change had occurred in the size or properties
of the test contaminant and/or

changes had occurred within the test pumps them-
selves to render them immune to further contaminant-
induced reductions in pump output flow.

Where a steady improvement in output flow was

measured, this could have been due to any one of three

factors.

(1)

Some of the increased leakage flow produced during

a test could have been temporary, caused by parti-
cles wedging components apart. If, as OSU suggest,
and as this work confirms, the average size of
particles decreases during a test, this temporary
leakage should reduce as a test progresses. The
test results are inconclusive on this point. The
delivery pressure fluctuations noted after.conta—
minant was introduced may be evidence that particles

were wedging components apart (see section 6.4.5).
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But this could also have been caused by the
effects of particles on the load valve. It
will also be remembered that the reductions in

the output flow of pumps 5 and 7 persisted,

when these pumps were operated on filtered
fluids, at the levels measured when operating on
contaminated fluids. This tends to rule out
a temporary effect.

(ii) Turvey E6él measured a 20% reduction in the

viscosity of hydraulic fluid contaminated to

300 mg/l with coal particles. Such an effect

would, if it occurred in a pump, increase
leakage and decrease output flow. If this effect
did occur it must be size-dependent because output
flow in test 6.1, run on 0-5 micron ACFTD,
remained constant. Therefore, any increased
leakage from this effect would become less
significant as a test progressed and the mean
size of particles decreased.

(1ii)It is possible that abrasive contaminants can
act as a coarse '"'lapping" compound within an
operating pump. As the mean size of an abrasive
contaminant reduces during a test, the particles
may start to improve the pump by re-machining
damaged surfaces. This could gradually increase

pump performance. The flaw in this argument is that

the output of pump number 4, run on graphite,
also improved towards the end of the test, and

this result cannot be explained by the possible

effect of an abrasive contaminant.
It is not possible to decide which, if any, of
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the above effects were responsible for the observed
improvements in pump output flow. The significance
of the result is that some of the damage caused tO
a pump by fluid contamination may be only temporary.
This would have to be considered in assigning any
pump contamination rating, and it might also be
possible in the future, to identify and incorporate
pump features to improve this "healing'process.

The discussion to date has been entirely concerned
with deductions which can be made from external pump
performance. Nothing has been presented about the
actual effects of contaminants on the pump components.
It is this type of information which should be of
most importance to a pump manufacturer.

6.4.9 Pump analysis

The most useful information which a pump
manufacturer could derive from the type of test
described here would be to know which components
had been affected by contamination, and in what
ways. To recap, this information could be used for
two purposes.

(i) It could suggest methods of reducing the effects
of contaminants.

(ii) It could suggest the most urgent priorities for
theoretical analysis or more basic research.

In this research, information on these aspects
was sought in three ways. The first was to.strip
down each pump after test and examine it. The second
was to analyse wear particles from fluid samples
taken during the tests, whilst the third was to measure

the improvement produced in the performance of a damaged
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pump when undamaged components were substituted for

worn parts. The first approach will be described in

this section.

Stripping down a pump for examination after a
test may seem to be the obvious way to find out what
has happened during the test. However, there are
several drawbacks with this practice, and these will
be mentioned before actual results are presented.

(1) Dismantling a pump can easily destroy the evidence
which is being sought. For example, a blocked
orifice may be cleared, Or a concentration of
wear particles may be washed away.

(ii) Examination of a pump can only give information
about the condition ©f components at one time.
If a pump fails before it 1is examined it will
probably be impossible to determine the initial
cause of failure. The fluid will also Ee
contaminated with wear debris, and it becomes
impossible to decide whether contamination caused
the original problem.

(iii)If the pump 1is reassembled for a subseqguent test,
it may have different characteristics to those
which it originally possessed. This problem
was encountered with tests on pump number 5
because the A70 pump has no means to accurately
locate the swashplate in respect to the portplate.
This affects the pump timing, and, for the

‘tests described in section 6.4.11 the pump case
and cover had to be dowelled together.

(iv) It is impossible to take measurements from

some components without destroying the components

- -
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themselves. For example, to take Talylin1 traces
of the portplate and cylinder block of pump 7,
the components had to be cut up. This makes

any retest impossible.

Having described some of the problems involved

in this approach, it must also be stated that visual

and metrological analysis of pump components did give

very useful evidence of the effects of fluid contamination.
All pumps subjected to contaminants showed much

the same visible signs of wear. These were polishing of

the upper and lower faces of the thrust plate, marking

of pistons, scratching of rolling element bearing
surfaces and scratching of the portplate face of the
cylinder block. Some of these effects can be seen

in plates 6.4.14, 6.4.15. and 6.4.16. The cast-iron

portplate and swashplate showed no visible signs of

damage.
Three specific points were that:

(i) The pump run on 0-5 micron ACFTD showed much less
signs of wear than did any pump except number 1
(which did not run on artificial contaminants).

(ii) No pump showed evidence that it had been con-
centrating contaminants in any area, or that fine
clearances had been blocked up.

(iii) Pump number 4, which ran on graphite; still
showed signs of wear.

This type of visual examination can indicate
areas of gross wear, but it can give only limited

information. More specifically, it did not indicate

See glossary
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which components suffered most damage, or which area

was responsible for the measured decrease in pump

output flow. More sophisticated methods are obviously
needed to derive this information.

Many types of surface analysis could have been
attempted, but, in the event, analysis was restricted
to surface finish and surface profile measurement.

The surface finish measurements taken are shown in

table 6.4.8 ; the areas from which measurements are

taken are shown in figure 6.4.17. Taking pump

number 1 as the standard of a pump subjected to '"normal”

running-in, it can be seen that operating on contaminated

fluids did produce a severe deterioration in some
surfaces of most pumps subjected to contaminants.

The exception was pump number 6, which ran on 0-5

micron ACFTD.

No clear pattern emerges from the data of table

6.4.8., but three points do stand out.

(i) The cylinder blocks of all pumps subjected to
contaminants other than 0-5 micron ACFTD
suffered surface damage.

(ii) Pump number 4 suffered most of its damage on the
cylinder block.

(iii) Pump number 5 produced a larger reduction in
output flow than did pump number 3, and also
suffered more surface damage.

It is reasonable to conclude that damage to the
cylinder blookvwas produced by an effect other than
abrasive wear. Damage to pump pistons, thrust-
plates and swashplates seems to have been caused by

abrasive contaminants of a size above 5 microns in
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diameter.

These results do not yet explain why pump leakage
flow increased to the extent that it did. It may be
that there is a direct relation between leakage
flows and surface finish. Surprisingly little work
has been conducted on this aspect of lubrication
theory. Dowd and Barwell [é9] conducted experiments
into the interaction between piston and cylinder
of an axial piston pump, but they did not investigate
leakage as such. They explained their findings on
the basis of '"micro-asperity hydrodynamic 1ift",
and showed that the degree of contact between piston
and cylinder was dependent on component surface finishes.
The same cculd also be true of leakage flows and.more
work in this area would be useful.

In cases where pure hydrostatic lubrication
exists, surface finish changes are unlikely to
increase leakage flows. This was shown by calculating
the flow expected between parallel platgs having
(hypothetical) cinusoidal wear tracks, as shown 1in
figure 6.4.18. The leakage flow per unit plate

width, q,, was calculated as

1. dp . hOS + BhOSLQZ €.4.9.1

it

——

12u dr 2

Ay

compared to the case of flat plates where
3

q = 1 . dpP | h 6.4.9.2
12y dr
Becaﬁse dP/dr must be the same in both cases to
support a given load, the fluid pressure at the clearance
entry must also be the same. This pressure will be

determined by a restrictor (as, for example, in a
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Fluid flow between plates having sinusoidal Wwear tracks.




slipper). For clearance inlet pressures to be the
same, leakage flow through the restrictor, and hence

through the bearings,; must be equal whether the plates

are flat or worn. Therefore q, = a and hence
he” + 31105,-02 = n° 6.4.9.3
2

The conclusions to be drawn are that surface
finish will not affect the leakage flow through a
hydrostatic bearing, but that it will affect the
mean bearing clearance. In fact, for values of h
around 6 microns and values of3%)around 1 micron,
as was the case in the pumps tested here, hg would be
of the brder of 5.9 microns, and surface finish has
little influence at all.

Changes in the form of surfaces might affect
pump leakage. Such changes occurred in three pump
areas, and were identified by taking surface profile
traces. These results will now be described.

(i) Lower face. of thrust plate.

b Figures 6.4.19 and 6.4.20 show traces taken,
at the same location, across the lower face of the
thrust-plates of pumps 1, 4, 5 and 6 after tests
1.1, 4.1, 5.2 and 6.1. (Pumps 2, 3 and 7 produced
similar traces to those shown by pump number 5.)

It can be seen that pumps 1, 4 and 6 suffered little
wear in this area, whereas pump number 5 does show a
marked wearing effect. It is interesting to note that
pump number 4 exhibited a drop in output flow, but

did not suffer much thrust-plate wear. Pump number

6 (run on 0-5 micron ACFTD) also shows little wear

in this area. It is possible to conclude that wear
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in this area was produced by large, abrasive particles,
but that this wear was not entirely responsible for
measured reductions in pump output flow.

(ii) Upper face of thrust-plate.

Figures 6.4.21 and 6.4.22 show traces taken
across the upper face of pump thrust plates at &
location beneath the slipper position. It can be
seen again that pump number 5 suffered considerable
wear in this area. Pump number 4 suffered some wear,
pumps 1 and 6 very little at all. The conclusion
is, again, that wear in this region was caused
primarily by larger abrasive particles.

The wear exhibited by both upper and lower faces
of the thrust-plates of pumps run on 0 -50 micron
ACFTD may be described as a "dishing" of the surface.
(Note that the scales used on surface traces magnify
ﬁhis effect.) The possible significance of this
effect was considered by calculating the leakage
through a flat slipper bearing onto a dished plate,
as shown in figure 6.4.23.

It can be shown that the pressure profile across
a slipper 1is given by

Pr = 6ug 1n/ Ro 6.4.9.4

w

mh r
where all symbols have the same méanings as 1in chapter
4., A plot of 1n(RoG‘) for typical slipper dimensions
also showed that this relation may be approximated
by a straight line.
If the dishing shown in figure 6.4,23 1is
modelled by the equation

h‘3 = hoB(l—ar) 6.4.9.0
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then

e,
i

. 6pa  1n | r(1-oRi) 6.4.9.6
nhos Ri(1l-ar)

For the amount of curvature shown by the A70
components examined, equation 6.4.9.6 can also be
modelled as a2 straight line variation of pressure.
This again means that the load carrying capacity of

a slipper on a dished plate will be determined by the
bearing pocket pressure Py. To support the same
loads, the slipper on a flat plate and the slipper

on a dished plate must have the same inlet pocket
pressure, and this again requires that they have the
same leakage flow.

The conclusion to be drawn is that the change
of surface form present cannot account for the
increased leakage.

(iii) Cylinder block portplate face.

The third area where wear had obviously occurred
was on the portplate face of the cylinder block.
Surface finish deteriorated in this area in all
pumps exposed to 0-50 micron ACFTD, and in the pump
run on graphite. Although this was a general deterio-
ration, the major effect was the wearing of a pronounced
groove on the cylinder block face. This groove can
just be seen in the photograph shown as plate 6.4.16
It is clearly visible in the surface finish traces
shown in figureé 6.4.24 and 6.4.25. The groove
corresponds to.the location of the outside land of the
portplate shown in figure 6.4.26.

It is possible'to make some deductions about the
cause of this wear, and about its importance for
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Hydrostatic Feed to
support hydrostatic support
pocket pocket

Figure €.4.26 Portplate of A70 pump.
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leakage. Because the groove appeared in pump number

4, which ran on graphite, the wear cannot have been
abrasive. It was more probably due to silting of the
hydrostatic support pocket shown in figure 6.4.26.

This would destroy the force balance on the portplate,
and could allow wear to take place. The groove 1is

also probably responsible for much of the increased
pump leakage observed. This is because it was the only
drastic change which occurred in all the pumps which
suffered a significant fall in output flow.

The surface finish traces indicate that, once the
groove had been worn, the surface effective clearance
at the outside land of the portplate would have
increased from around 5 microns to 30 microns.
Modelling the land as a pair of parallel plates, the
leakage flow would be given by qp, where

qp = ﬁi . EEE 6.4.9.7

b 12y
where w is the bearing width, b is the bearing
depth , and Pi the pressure at the hydrostatic pocket.

Assuming (realistically) that the A70 pump was
designed to operate at 5 microns clearance, and that
Pi in the tests would be around 1400 psi, this would
imply an increase in leakage from 1.17 x 10f3 gpm
to 0.25 gpm. This last figure represents 7% of the
nominal pump output, and is of the same order of
magnitude as the measured reduction 1n pump output
flow.

The presence of the groove can also explain
other findings. Once the groove was worn, two things
would tend to happen.
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(a) Any increase in groove depth would not tend to
increase leakage, because this portplate area
would already offer little resistance to flow
and leakage would then be determined by the
restrictor in the hydrostatic support. This
could explain why, even though pump 7 suffered
most damage (see table 6.4.8 and figﬁre 5.4.8.)
it exhibited no significantly bigger reduction
in pump output flow than pumps 3, 5 and 4.

(b) Once the clearance in this area had risen to
25 microns, the majority of potentially damaging
particles would pass through the portplate without
producing wear. This would explain why, once
a pump had been damaged in this way, it seemed
to be immune to further operation on contaminated
fluids (but see the Ferrography results
quoted below).

It seems fairly clear that the cylinder block/
portplate bearing is one area of the A70 pump sensitive
to fluid contamination. A final attempt was made to
verify this suggestion by rebuilding and retesting
pump number 5. This work will now be described.

6.4.10 Pump component changes
An attempt was made to identify through performance

measurements those pump components which had experienced

wear which could be detected as a decrease in pump
delivered‘flow. The approach adopted was to run

pump number 5, which had undergone two tests at

100 mg/l of 0-50 ACFTD, and replace various components

by parts from pump number 1, representing a nominally

undamaged pump.
- 192 -
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The results of the exercise are summarised 1in

table 6.4.9. . It would be unwise to make too many

deductions on the basis of these results, but they

do indicate that the main sources of increased leakage

in damaged pumps lie in the cylinder-block and thrust

plate. This agrees with the results and discussion

of section 6.4.9. It will also be remembered that

pump number 4 (run on graphite) experienced no
significant thrust-plate wear compared to that suffered

by pump number 5, (See figure 6.4.5.), and that

pump number 5 underwent a greater reduction in output
flow, so it seems probable that extra leakage in pump

5 was largely from the thrust-plate/swashplate bearing.

6.4.11 Conclusions on the effects of contamination

on the A70 pump.

On the basis of the work described above, it 1s

possible to state that:

(i) Operation on 100 mg/l of fresh contaminant produced
severe damage in the A70 pump, except where this
contaminant was of a small size (0-5 micron).

(ii) At least some of this damage could be detected
as a reduction in pump delivered flow.

(iii) The major areas of damage seem to be the port-

plate face of the cylinder block, and the lower

face of the thrust-plate.

(iv) The portplate bearing 1s damaged by operation oﬁ
both hard and soft contaminants of a Stoke's i %
diameter above 5 microns; the thrust-plate face |
seems to be affected only by operation on abrasive

contaminants.

(v) Damage seems to occur primarily in areas which it
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COMPONENT (S) PUMP QUTPUT FLOW (UNITS) AT

REPLACED 1500 RPM INPUT SPEED
NONE 84.8
CYLINDER BLOCK 85.8
THRUST PLATE 86.1
PISTON/SLIPPERS 85.0

CYLINDER BLOCK

THRUST PLATE 88.4

PISTON/SLIPPERS

Table 6.4.9 Performance of pump number 5, after
exposure to two tests on 100 mg/1l
0-50 micron ACFTD, with component
replacement from pump number 1.




rely on hydrostatic lubrication.

(vi) Damage to the cylinder-block face is sufficiently
severe to suggest that major seizure might follow
operation on high levels of contaminated fluids.

6.5 Ferrographic Analysis

Although the analysis described in sections
6.4.9 and 6.4.10 gave valuable information about the
effects of contaminants on the A70 pump, it left
several questions unanswered. For example, did
operation on graphite produce the same type of wear
as was produced by operation on ACFTD? In addition,
the drawbacks of dismantling pumps for examination
have also been mentioned. These problems are made
worse _when the pump is in service rather than under
test.

One way to obtain more data is to analyse wear
particles from fluid samples. This approach has
several potential advantages foriequipment in service.
It can be used with operating equipment, is fairly
cheap, aﬁd can give advanced warning of impending
failures.

To assess the usefulness of the approach, and to
obtain test data, samples of fluid taken from tests

3.1, 4.1, 5.1, 5.2 and 6.1 were analysed

) 3

1.1, 2.1
by Ferrography. Ferrography is described in appendix

A, but it is basically a means of preparing a micro-

scope slide of wear particles (with some other particles

as well). An experienced operator, examining such a
slide, can determine, from the size, number and
characteristics of the particles present, what types

of wear have been occurring in the system from which
- 168 .



the sample was taken. He can also estimate the

severity of the wear.

Because neither CHL nor Aston University had

—_—

much experience in this field, the author took fluid

samples to the Tribology Centre at the University

College of Swansea, where he assisted staff in pre-

paring and analysing Ferrography slides. There would

be litttle point in describing the appearance of every

slide examined. Instead, several specific findiangs

will be presented and discussed.

(i)

(ii)

Without prior knowledge of the test conditions
relating to a specific fluid sample, the staff

at Swansea reported a change in the appearance of
a Ferrogram whenever there had been a correspon-
ding change in experimental conditions. This
finding supports the usefulness of Ferrography

as a diagnostic tool. It also suggests a possible
use of pump contamination tests. This would be

to build up a reference library of Ferrograms
relating to known conditions. These could then

be used to diagnose contamination-related problems
in service.

In all cases, fluid samples taken later in a test
showed a higher concentration of wear particles

than did samples taken in the initial test period.

(iii)Samples from test 5.1 showed a higher concentration

of wear particles than did samples from test 3.1,

which in turn showed a higher concentration than

did samples from test 2.1. This agrees with the
levels of output flow reduction produced in each

test.
- 196 -
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(iv) Samples of fluid from all tests run on ACFTD
showed the presence of silica particles. The
majority of wear particles present were indicative
of "cutting' or '"abrasive" wear. Typical particles
are seen in plate 6.5.1.

(v) Particles taken from test 1.1 were of a lower
concentration and generally of a different type
to those from tests run on ACFTD, and were
indicative of normal "running-in" wear. Plate
6.5.2 gives an indication of the concentration of
particles in samples from tests 1.1, 2.1 and 5.1.
(The majority of fluid samples showed some
"running-in" wear particles, suggesting that the
test running-in process should be extended in
any future work.)

(vi) Plate 6.5.3 shows slides taken during tests
3.1, 5.1 and 5.2, all of which were run on 100 mg/1
of 0-50 micron ACFTD. The slides show the
repeatability of the Ferrography technigue. They
also show that substantial wear was taking place
in test 5.2, even though pump output flow 1in this‘
test did not fall below the level of test 5.1.

The conclusion to be drawn is that output flow
is not a reliable indicator of the degree of
wear which is taking place in a pump.

(vii)Plate 6.5.4 shows slides prepared from samples
taken in tests 6.1 (0-5 micron ACFTD), 4.1
(100 mg/l graphite) and 3.1 (0-50 micron ACFTD).
The differences are obvious. Significantly,
wear particles produced by the graphite were
completely different to the majority of those
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produced by ACFTD, belng indicative of a

nsurface-fatigue" type of failure. The majority

of particles from the test run on 0-5 micron

ACFTD were, again, not typical of abrasive wear.

As shown above, Ferrography can certainly give
improved insight into what has been happening during
& pump contamination test, and it must have considerable
potential for use as a valuable diagnostic aid t&
monitor equipment in service. It can also give
increased understanding of the general effects of fluid
contamination. For example, the wear particles shown 1in
plates 6.5.1 to 6.5.4 are predominantly metallic.
Examination of plate 6.5.2 shows that wear particle
concentrations in samples from tests run oOn contaminated
fluids are much higher than in samples from test 1.1,
run on ''uncontaminated fluid". As these particles are
metallic, they cannot have come from the artificial
contaminants added, and the conclusion to be drawn
is that contamination is both a cause of wear, and a
symptom of it. Of course, if new particles produce
wear themselves, an unstable condition can develop.
Using the symbols of chapter three, this can be
expressed as

R = R' + @ (4) 6.5.1

Looking at plate 6.5.2, which shows particle
concentration produced at different contaminant
levels, it is feasible that

R = R' + pgA(t) 6.5.2
where R' is particle ingression from the environment

and p is a constant for the pump's generated contaminant.
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If this relation 1s substituted in the analysis

of chapter 3 the result obtained is that:

—-
"(an-p>t —(an—c>
Ko+ - 1 R g
A(T) B 1 - e v + A e v
an—p 6.5.2

Unless an>p, +he contamination level in such a .
system will never stabilise.

No further Ferrography analysis was conducted,
but one more pump test was Trun, to examine a suggestion
presented in section 6.2.2.

6.6 “The Effect of Contamination Build-up oOn Test

Results.

In section 6.2.2. 1t was shown that, if the 0OSU
theory about particle degradation 1s correct, then
the manner in which a contamination level 1is achieved
will partly determine the effects of that contamination.
‘This was felt to be important enough to reguilre testing.
Pump number 2 was therefore subjected to & test (2.2)
on 100 mg/l of 0-50 micron ACFTD. However, instead
of injecting the test contaminant in one batch, the
final level was achieved gradually, by injecting
patches of contaminant a2t two hour intervals. The
theory was that the output flow drop produced by
such a procedure would be less than that produced
by a single addition of centamination.

The test results are shown in figure 6.6.1 and
it can be seen that the expected result was obtained.
The degradation of output flow exhibited by pump 2
was less_than'that shown by pumps 3 or 5. However,
the difference may not be significant. It would be

worth extending this aspect of the work in future.
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6. 7 General Conclusions about the use of Pump

Contamination Testing.

The experimental work described in this chapter
could easily have‘been extended. For example, pump
surfaces could have been examined by electron
microscope to obtaln more information about the type
of wear which had been taking place. However, enough
information had been gathered by this stage to satistfy
the research objectives. These were described at the
beginning of this chapter, and will now be considered
in relation to the results of the work.

(i) How should a pump contamination test be conducted?

The work shown in this chapter leads to the
conclusion that a pump contamination test must be
a relatively short, multipass procedure. It should
be conducted at a contamination levél of 30-300 mg/1,
and must be run on artificially contaminated fluid.
The contaminants used must be selected to produce
the type of frobhﬁxto be studied, or to allow useful
deductions to be made about the effects of different
contaminants.

(ii) What output data can be obtained from a pump
contamination test?

The amount and types of data obtained are limited
only by the experimental techniques available to the
researcher. There is no doubt that some contamination-
induced damage can be detected as a drop in pump
performance. However, such external parameters can
(only give limited information. Fluid analysis and
the examination and measurement of pump components

can greatly increase understanding of the effects of
- 201 -




fluid contamination on a pump. One must also

choose any external performance parameters to monitor

the most likely cause of pump failure. For example,

pump output flow would not identify a potential
bearing failure. It has also been shown that output
flow is an unreliable indicator cf pump component
wear.

(iii) For what purposes may pump contamination test

results be used?

There are five possible uses.

(a) Predicting pump "1ife" or reliability.

This is not feasible. The work described in this
chapter merely reinforces the conclusion of chapter
five.

(b) Assigning pump contamination ratings.

This possibility was considered at some length
in section 6.4.7. The overall conclusion reached
was that it is not yet feasible, but that it could
become so with further work.

(¢) To identify pump areas susceptible to fluid
contamination and to suggest improvements in
these areas.

The work described in this chapter indicated
fairly clearly that this is a feasible use of
contaminétion test results. The A70 pump can suffer
damage to the cylinder—block/portplate bearing through
operation on high levels (100 mg/l) of both hard and
soft contaminants. In addition, the lower face of the
thrust-plate is affected by abrasive contaminants.
Possible improvements would be to redesign the

portplate and use & much harder thrust-plate material.
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(d) To improve general understanding of the effects
of fluid contamination.

The work presented in thils chapter has certainly
helped to increase general knowledge of fluid
contamination and of its effects.

(e) To determine the priorities of future work.

Again, this is a practical use of contamination
test results. If more basic theoretical and experi-
mental work were to follow from this research, it
should probably be concentrated on situations similar
to the A70 portplate outer land and hydrostatic support
pad.

The overall conclusion to be reached is that
pump contamination tests can give useful output data.

It must be mentioned that it is not possible to

devise a2 completely realistic test and it therefore
remains to be shown that the effects produced 1in
such a test are those most frequently encountered in
service. The question to be answered Dy CHL is
whether or not the type of test described in this
chapter can provide enough useful information to
make a test programme on CHL pumps economically
worthwhile. This question 1is considered in chapter

9.
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7 0 CONTAMINATION TESTING FOR A SPECIALISED APPLICATION

7.1 Introduction

Two of the limitations of the Type€ of generalised
pump conﬁamination test described in chapter 6 are that
the test contaminants used, and the test profile in terms
of pump speed, pressure, flow, etc. are unlikely to repre-
sent any one, specific pump application. This does not
invalidate the results of such tests and it can still
be very useful to know, for example, that a particular
design of pump 1s 1ikely to suffer severe portplate
damage if the pump 1is operated on fluid containing
abrasive contaminants. However, a pump manufacturer
will often supply a large proportion of his éutput for
use in one type of system. In these cases, a more
specialised contamination test may be both desirable
and feasible.

CHL were in this position at the start of this
research, when the company's maln product was a hydros-
tatic steering transmission for a military vehicle.
Information was required on the 1ikely'effects of fluid
contamination on the steering unit, and a specialised
contamination test was therefore devised and implemented.
The main considerations involved in setting up the test
were the level of contamination likely to be encountered
in service, the nature of this contamination, and the test
profile. These aspects of the work will be considered in
turn, but the chapter will commence with a brief des-
cription of the hydrostatic transmission, and of the
reascns why a fluid contamination problem was anticipated.
The chapter also contains a section (7.4) describing a

series of filter tests conducted in connection with the
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work. The chapter closes with a discussion of the
iest results obtained, and of the usefulness of this
overall approach.

7 9 (Closed-Circuit Hvdrostatic Transmissicns

In many mechanical engineering devices, & variable-

speed drive must be obtained from the output of a prime
mover . Where the prime mover :1is a petrol engine, output
speed can be varied by a throttle. However, this does

mean that, even with a gearbox, the engine usually

operates away from its most efficient speed. If the

prime mover 1s an electric motor, the equipment required

to vary the motor speed will be both expensive and

bulky.

In many cases it is preferable to use a hydrostatic

transmission, such as the one shown in figure 7.2.1.

The prime mover drives the main hydraulic pump at constant
speed. However, the pump output flow can be varied over
an infinite range from zero to maximuquelivered flow,
simply by varying the pump swashplate angle. As the
hydraulic motor is of fixed displacement, variations

in the flow through the motor will cause the motor to

rotate at different speeds, and an infinitely variable

output speed 1s thereby obtained.

The system shown is a closed-circuit transmission,
in which fluid from the hydraulic motor is returned to
the main pump inlet. However; some fluid is lost from

the main circuit by leakage in both the main pump and

motor, and this fluid has to be replenished by the

boost pump. The boost pump also raises the pressure at

the main pump inlet, and this improves the system

per formance.
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Figure 7.2.1 Simple hvdrostatic transmission.

(This circuit 1s very similar to

CHL's steering transmission).
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The transmission designed by CHL was used to steer
& tracked, military vehicle, and, as 1in many military
applications, TwO of the main design constraints were to
keep overall size and weight to the minimum acceptable
levels. These constraints were responsible for the two
design features which created a potentially serious fluid
contamination problem.
(i) To save space, the steering transmission used the
same fluid, from the same sump, as was used for the

vehicle's main gearbox and transmission. It was

suspected that this fluid would be heavily contaminated,

mainly with particles worn from the 'wet' brake

and clutch plates used in the vehicle.

(ii) Again because of space limitatlons, 2ll circuit
filtration was installed 1n the boost circuit.

Very little volume could bhe devoted to the system

filters, so the dirt capacity and the performance

of the filters used were fairly low.

The situation was therefore one in which the hydro-
static transmission would draw its fluid from a relativeiy
dirty supply, and where the fluid could probably not
be filtered to a recormended level. Both the customer and
CHL weré anxious to know if the expected fluid contami-
nation levels would be such as to seriously impair the
reliability or performance of the steering unit. The
customer was also looking for an estimate of the expected
unit "1life" in the vehicle.

It was decided that a serieé of tests would be
conducted to simulate, as closely as possible, the
contamination conditions which would be encountered by
the hydrostatic transmission. The first step was to
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determine how fluid contamination levels in the vehicle
would vary with time, and to estimate the maximum contami-
nation level likely to be experienced.

7~ 3 Fluid Contamination Build-up in a Closed-Circuit

Hydrostatic'Transmission

In chapter three, an expression (eguation 3.2.1)
was deriVed for the variation with time of the contami-
nation level in & simple hydraulic circuit. The circuit
model used was shown in figure 3.2.1.

The hyvdrostatic transmission shown in figure 7.2.1
will have a more complex contamination behaviour than
that of the circuit considered in chapter three. This is
because any particles generated within the main system
circuit, or introduced to that circuit from the boost
circuit, can only escape through the leakage paths in the
main pump and motor. In the boost circuit, particles can
and will be removed by the installed filter. These
features imply that contamination levels in the main and
boost circuits need not be the same.

To investigate this possibility the hydrostatic
transmission was modelled as in figure 7.3.1, showing a
continuous interchange of particles between main and boost
circuits. For particles of diameter smaller than leakage
path dimensions in the main pump and motor, tgy will equal ty
For larger particles,tb-will have a finite value, but ta
will equal zero. A1l contaminant addition and removal
was assumed to take place in the boost circuit and,

under these conditions it was calculated that:

B(t) = B,ef1’ + Bzeth + R/

1 U
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A(t) = thleglt . + p.eB2Y + Rt

b2 b 7.3.2
(g, Vy * tg) (goVy 7 t) T80
where g€,,89 are the roots of
e Qgn * Yy Vsl g+ 3B =0 7.3.3
ta 'ta VA VA
and B, ,B, are constants. The same assumptions were

1072

made about the system ingression rate R, and filter
performance 7, as were used 1n the analysis of chapter
three.
These formulae could not be used without some quanti-
tative estimate of the parameters involved. This data
was easy 1o obtain, except in the case of filter efficiency.
The work conducted on this problem 1s described in the
next section, but, even without quantitative data, the
equations give useful information. They indicate that:
(i) Boost circuit contamination levels will stabilize
at a level R/(QBni.
(ii) Main circuit contamination levels will stabilize
at a level R/(QBn) when t, = ty (for small particles).
(iii)Contamination levels for larger particles will not
stabilize (ta = 0) in the main circuilt.
(iv) Contamination levels in the main and boost circuilts
will not be the same.

7.4 Determining Filter Performance

Some of the problems involved in determining filter
performance have already been briefly mentioned. Although
the subject of filter testing may seem to be outside the
scope of this research, it had to be considered in the
work. This was partly to allow quantitative use of the

eqnation in section 7.3, and partly to help in the
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selection of the best available filter for use 4n the

vehicle.

y £ y
A survey of filter manufacturers! catalogues showed
that no manufacturer publishes efficiency dats for his

product. Instead, filter performance is usually speci-

fied as a "micron rating", which is a Very approximate
measure of the pore sizes in the filter medium. Two

such ratings are in common use. The first is the
'nominal’ rgting of a filter. This ig variously des-
cribed as the mean pore size, or as the particle size

at which the filter is 98% efficient, Neither definition
is of much value. A mean pore size is of little use
without some knowledge of the standard deviation about
the mean, and it is}impossible to accurately determine
efficiencies above 85% due to the limits on the attainable
accuracy of particle counts.

Some manufacturers use an 'absolute' filter rating,
which is usually defined as the diameter of the largest,
hard glass sphere which will pass through the filter.
Absolute filter ratings are typically 2 to 3 times an
equivalent nominal rating, and this may be one reason
why they are not so popular with filter manufacturers as
are nominal values,

Although published filter performance data cannot
be used to determine filter efficiencies, it was thought
that this might be possible if more information was
available on the ways in which filters were tested. A
questionnaire was therefore prepared and circulated to
most of the major UK filter manufacturers, to determine

how they assessed the performance of their products. The

questionnaire is shown in appendix B.
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i)f'y Filter manufa
‘to determine filt
sizes.
No two filterlmanﬁ,iéfu

guestionnaires test

filters were tested, to assess both their efficiencies

at different particle sizes,’aﬁé/their;dirt+holding

‘ twail papt1C

‘1Weﬁld’bégm:i

gradually 'clogged' with cont

drop across the element rises. ‘The‘testx

terminated when this pressure drop rethes o

the filter's dirt-holding capaéifY‘
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Liaso: adlviiil e Ul COFT
time.

Table 7.4.i,sh

techniques.
For example, consider a filter with a true.e'7

of 5% at a certain particie size:’ Because of the

particle size respe

while at OSU, that the standa~d

affect the overall
test considered a

particles, the actual dow,s




FILTER ;
- o _
A 10%* 3.5 5.1 =
20% 9.7 23.2
40% 2.4 3.2
B 10% 15.8 26.2
40% 6.6 13.8
C 10% 10.7 28.4
20% 9.6 16.4
40% 5.4 12.9
D 10% 12.7 11.1 8.5.. | 7.6 By
20% 18.9 21.8 43.5 253.0 ‘-—48.6
40% 5.0 8.7 10.0 | 108 29.5 )
E 10% 0.5 8.1
20% -6.5 -5.3
40% -5.8 0.4

Table 7.4.1

data.

Filter efficiencies calculated directlylfroﬁ upstréém‘"

and downstream particle cou

nts for BHRA filter test

* These values vepresent the
pressure drop acroms the
filter as a % of the
maximum allewable pressure;‘
drop (usually 40 p51) ‘
See figure 7.4.2,
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pLiiilat PLODIEMS are encoy

filter efficiencies,
by the very low downstream_partio

BHRA recommended, :
series of single-pass filter tests to give more a’

values of filter efficiency,

results were not quite ready in timefto be used in this

project. The author therefore attemptedltoiéierCOme the
problem of count accuracy in the avaiiéblé détﬁ’by
calculating the expected variation with time of the
upstream contamination level in a multipass/filter test.
This problem was considered in chapter 3, where it was

shown that

A(t)

R 1 - e Qent/v |, Aoe"Qf“t/V 7.4.1
nQ

Knowing final contamination levels, and R and Qf,

it was possible to estimate n. When fiifé/;p idrmances,
were calculated on this basis, it was found Ehaf, f&r

the majority of elements tested, filter efficiencies
were so low that contamination levels in the tests would

not have stabilized at their final values. This problem

was overcome by plotting values of A(t)Q,/R against time

for various values of filter efficiency. This allowed

filter efficiencies to be determined as an upper limit.

The calculated values of filter efficienc;;
shown in table 7.4.2, and these values werejgééd in the

analysis described in section 7.5 below. It must be

. At the
emphasised that these values are still suspect due to

800 to 1) used to make particle

dilution ratios (around

ilable
counts, although they represent the best data aval

during the project. (v
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rFILTER FILTER
REF.
)
A 0.0
B 0.0
. C 0.0
D 0.0
Table 7.4.2

Filter efficiencies calculated from equation 7.4.1 for
BHRA filter test data.
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those shown in table 7.4,2;  This i a

made by BHRA, that the multipass filteyp f*s

for testing coarse filters. .

maximum contamination levels likely tO*bgexpetiehced
by the steering unit in service. It was aééﬁ&éd thatv
filter efficiency would be zero for particles of a
diameter below 10 microns, and 0.2% for ‘particles
above this size. The calculations showed the followingﬁnu
results.
(i) The steering transmission wouldibé;pngggteCted

against particles below 10_micron dia@éte:,

concentration of such particles

(ii) The concentration of larger pf ;‘

long time to reach stable valuég

(iii) The concentration of larger part

boost circuit.
If a series of fluid samples could have been taken

: been
from an operating system in the field, it would have
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possible to estimate fing:

and to devise a tegt progl"?i!‘lm’e

this could not be done,

(1) Fluid sampling points hag not been lnco-wp

in the vehicle Steering transmlsczlor at f

stage and it was not possmle to h
during this broject.

from an Operating unit,
designed and installed Sampling po,i.n,,f
only have given misleading -results,
have been dangerous,. as in operation fIuid tem

peratures exceeded 100°C.

(11) The point was made, in chapter three, tha‘t‘.filui‘d"..

contamination is as much a problem of managément
communication as it is g technical problem.q The
| long lines of communication in this projié/c-'t/ﬁ/{ade :
almost impossible to obtain,.ré:lifab’ e
contamination levels,

Only one sample was eventually made aﬁzé"i’lab-le’ *for_

analysis, and this sample was taken from the fluid drained

from -a vehicle's sump. The contamination level measured
i1s shown in figure 7.5.1, and it can be seen that the

indicated level is very high compared, for example‘ ﬂt?‘;

Thermal Control class 6, which is one recomm: d

for hydrostatic transmissions. However, thec sample wa
. e which

bProbably unrepresentative, due to the manner:;{l_ -

it was taken, and, as it was effectively drawn from the

»

ed in
boost circuit, it would be below the level expecte

the main pump and motor. e

. ) > data
Whilst making a recommendation that much more

. . 618, it was
was needed on typical system contamination lev
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still necessary to proceed w

decided that tests w

ould be conducted at g

contamination levels to assess the severi:

produced at each level,

The next ‘problem wa

a suitable test contaminant.

7.6 Test Contaminants

Two approaches were adopted in- attempts to find a3

.sultable test contaminant. The first;

of the vehicle customer, was to use Su-pplie_s*o'f oil

drained from vehicles which had run on test:

This approach was tried, but without any‘gre.at.-s-u-c..ce-s;sk.\’

The problems of using supplies of "old" fluid were

discussed in section 6.2.3 and they will not be re‘it‘eratedm

here, Suffice it to say that these problems were

discovered during this section of the work. One possible

way to circumvent some of the pr'obrlems;;wc‘}u»ld*ah-_ave; been

to remove the contaminant from supplies of old oil, and

to then wash and dry the particles to obtain a powder.

This might then have been added to test fluids to produce

required contamination levels. This possibility was

examined carefully, but was eventually rejected. It

is impossible to remove all the contaminant from a

large volume of hydraulic fluid. The residues ,O‘btained’ .

from filtration or centrifuging are inevitably biassed

towards the larger particies, and this makes the resuling

dust unsuitable for use in contamination tests.

as to determine the na,ture

An alternative approach w

ent in the system and then to

of the contamination pres

. powders.
model this contaminant with a suitable blend of po

' ; mentioned,
One difficulty with this approach has glready been

btain represen-

and this was that it was not possible to O



tative fluid samples frcm":‘a’n';@p
samples which were obtaineg \fromxphe' veh1
analysed by X-ray diffraction ang by ‘él;@:ct_ﬁ"
micro-analysis, but neither technique <c;;ou1'rd.;';g.i‘zé;.‘:;'k
quantitative estimate of the relative prgqégrftiionis of
different materials present as cont,aminéft~ii-5ﬁ;.‘-‘

It was suspected that g considerable priopc;rt'ivdn of the
fluid contamination would have come “from:the Sintered 7 »
bronze brake and clutch plates used in the -_Vehi‘_clje‘,.;
Spectrographic analysis of contaminant and of a clutch
plate confirmed this suspicion, and a series of powders

was therefore obtained to model the contaminant.

This proved more difficult than was anticipated.

The plate manufacturer was able to give details of the
plate materials, but not of their relative proportions,
as this latter information was a commér/cia}lj secret,
Nor was he able to supply samples of the -co’Illst’i,t;uen‘th4
plate materials, although he did suggest suitable sources
for some of these materials. These materials \ve"r"e.'ob.t;aixgédj
in powder form, and were used to blend a test co.-ntaminanh
This contaminant was not an ideal representation of what

would be found in the vehicle. However, it was composed of

materials which were likely to be experienced in SeIvice,
and it had a size distribution (verified by apnalysis on
a HiaC counter) which was similar to those of particles

found in hydraulic fluid.

. . ; SRLS nﬂ,‘n

At this stage, the contaminant was still lacking 1
. nation required

one respect. The eventual vehicle application requis

. one
that it should operate in hot, dry, dusty conditio

; 1d be
where the main system contaminant expected wou

d in 1ts

N . ; teste
Siliecs The vehicrle was never 1n fact



intended environment, so it wa
how much silica the steering fram‘-_
contend with. (The problem of Obt‘él_n’i
sample woulc have still remained. ) In th;_e’ ééb'ééh@@,"

data, an arbitrary amount of an abrasive dust. \(ab‘p
mately 7% by weight) was added to the te:

7.7 Test Circuit and Test Profile.

The main d’esign criterion for the test
that it should model the vehicle's hyd;rauzl"
system as closely as possible. The vehicle system ac_'o‘in;c;ak.i”
many components (pumps, valves, servo controls) wbi._ehz-,_mi‘,grflﬂf““
have been affected by fluid contamination, and the aim .
was to test as many of these components as possible, An’
additional factor was that it would have been impossible
to have tested the main pump without the majority of the
other components being present as well. .

One way to have modelled ‘the vehicle
system would have been to conduct the tests ir ’
vehicle. However , this would have been very difficult
because, once installed,' the steering unit is inacces-
sible and it would have been almost impossible to add
contaminant, take fluid samples and obtain useful data
on how the uhit was performing.

The solution adopted was to test a ma,ig;,piimpjf

valve rather
dropping its output pressure across 2 load V_al‘v/e;,ira,

: This Wi «:;d‘oﬁn‘e,
than across.a main hydraulic motor. This was &oR=

' i tor.
to absorb the output power from the hydraulic molol

. - uwnning.in -
As the hydraulic motor was pasically a pump T :

hich would
reverse, it was thcught that any effects whic

e identified

: b
be produced in service in the motor would
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in the pump during the tes{,_,,,

The rig was originallg‘z guiltf“
figure 7.7.1. The rig design in,c.orp:orated'mos_,
features which were described ip chapter 6, wrch '
to the test rig constructed at Acton UanGI‘S.Lty .
the circuit modelled the vehicle steerlng
shown in figure 7.2.1, it was found thé;

configuration, fluid temperatures could not be controlléd»

within the required limits., This was because in the vehlc

only efficiency losses were transferred to the fluid as
heat whereas, in the test circuit, the full output powef,
of the test pump was converted to heat as the fluid
dropped pressure across the load valve.

The problem was overcome by rebuilding the t‘e_ét_

rig with the circuit of figure 7.7.2. W¥hilst this cured

the problem of temperature control, it meant tha-_t/ -the
contamination behaviour of the test rig céa

that of the vehiele circuit. Referriﬁé{ /ftjo equations

7.3.1 to 7.3.3, the values of tgandty in the test rig
were not the same as those expected in’ the vehicle.
Without more data on fluid contamination behav_iour in t'h.e‘“_a

vehicle, there was no way to determine the possible

significance of this fact. This emphasised, again, the
need for properly designed and installed fluid :/S"a!f%Pﬁlrl-ng

points in the vehicle.

It has been shown [90 that the results of & pump

. P ; ; b
contamination test can be s1gn1f1ca,nt13 affeCted y

. d by the
the type of hydraulic fluid used 1n the test, and DY

i refore designed
fluid's temperature. The test rig was the

erature,
to run on the same fluid, and at the same temp

i vehicle.
in excess of 1OOOC, as would be used 1n the
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This required that, for operatg

built in a sealed cell, z11 instrument

to a remote control console. Fluig sample Iine

o

[=%

. . 9 . . . . = .
built into a steel case, inside which sample could be

taken without risk to personnel, Because of thé*'p"o‘\mer\

levels used in the rig, the high svstem temperatures and
pressures, and because tests were designed to run"':_fog -
long periods, the rig was instrumented for o fully
automatic shutdown. The cost of all these 'meaSur”eé,
pushecd the eventual rig price to above £15,000.
The type .of fluid used in the vehicle caused its "OW‘IJ‘-C‘J}:.‘
problems, not with running the tests but with subsequent”‘
fluid sample analysis. It was found that conventional =

solvents were not 100% effective on the fluid, and that

one solvent which did work had undesirable effects on the

membranes used for gravimetric and microsc{orp'i'/cfan/gl;‘:tsisf [
Thé fluid also turned so dark in use that a E
could not be used for particle counting. These fp;”vob,lems
were never fully resolved before the project was *
cancelled (see below).

The test profile adopted was to run the main pump‘ -
at nominal conditions of 3000 psi delivery pressure,
3000 rpm input speed and full swash angle. Every thirty

. s o :fé
minutes, swash angle and delivery pressure wer

to give some representation of what might be expect

) wiw tests for
in the vehicle. The original aim was to Iub test
50 hours, or until it was evident that some damag
been caused to the test pump.

7.8 Test Programme and Results

; ; with
A full test programme Wwas initially planned,
| but

. : ion levels,
tests at several, different contaminatlo
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only one test was actually comp’ize_ﬂ
due to a change in prioritie.s inst/i/g
manufacturer, and finally to the cancellg
customer ¢of the entire project.

The one test conducted was in two parts,
involved running the pump for ten hours on used
drained from a vehicle. (The problems with this
were detailed in section 6.2.3. However, at the tinpe
when this section of the work was conducted, these

difficulties were not fully appreciated.) The system

ran with no sign of any problems, but the rig had to be

L)

shut down after ten hours to repair some leaks. The fluid
had to be drained to allow these repairs to be conducted,
and it could not be recovered.

The second part of the test was thereforg run using
the "artificial" contaminant described ip sééfion 7,@%,
injected into the system to give a contgm vel
of 600 mg/l. After 25 minutes runningr‘;-;sf
pressure was lost and the main pump delivery bressur-e star-
ted to fluctuate wildly. The rig was immediately shut
down and the main pump was stripped for examination.

The examination showed that the pump had failed in
a catastrophic manner. Two pistons had compleﬁély

seized in their bores, and had been pulled out of thev

corresponding slipper sockets. (See plate 781) |
: | bearings
cylinder block showed scratching on the J 28e

A T o 3 o e e 5 e e T S AT P

| - and plate
and on the portplate face (see figure 7.8.2‘ and plate

i he central
7.8.3). Contaminant had been concentrated 1n t ‘

; owed that
bore of the cylinder block. Chemical tests sh

‘ discussed

the surface finish treatment of the D1OCK (
from areas
in section 4.5) had been completely WOrnh away
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Plate 7.8.1. CHL pump piston and
after test
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Plate 7.8.3.

CHL pump cylinder block

after test







of the block journal Deal 1lgS ald poriplate face,

er-plate showed scratch-marks, but, more

io]
~

The pump S1ip

2

nglv, it also showed circular marks (plate 7.8%.4,
corresponding to theposition of the slippers when the pump

wes stationary (which it was at some times during the

’,_l

1ty of slipper silting was considered

3

test). he possibi

in section 4.¢, and the marks shown in plate 7.8.4 may

be evidence that this was happening.

7.2 Discussion

It is impossible to draw any firm conclusions from
the results of the very limited test programme conducted.
It is however interesting to note that the pump failed
ultimately through piston seizures. It will be remembered
that this was not a problem in the A70 pump tests des-
cribed in chapter 6. It was also noted that the pump
slippers were still in good condition at the end of the
test, suggesting that this pump area may not be as
sensitive to the effects of fluid contamination as
CHL thought.

Although the test provided very limited data about
the likely effects of fluid contamination on the steering
transmission, the whole exercise is a useful case study
on this approach to contamination testing. On the basis
of the work, the following points should be emphasisea.
(1) It is possible to tailor a pump contamination test

towards one, specific application. But the problems

involved should not be underestimated, particularly
those of determining and modelling the fluid
contamination likely to be found.

(ii).lt 18 still not possible to devise a completely

realistic contamination test. Some of the problems

- 2721
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CHL pump slipper plate after test
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(iii)Tailoring a test to a specific application does not

(iv)

1nvolved were mentioneg

It 2also means

that test wi ; »
a2t the test wWill be short, ang it is interesting

1O note, in this Tespect, that the test pump faileg

only 25 minutes after the injection of the artificiz]

contaminant, The Significance of the multipass pro-
cedure was not communicated adequately to the vehicle
manufacturer, with the resylt that a vehicle filter

(filter A in figure 7.7.2) was included in the test
circuit. The only reason that the test was not cut
short by this filter blocking up was that the filter
was so inefficient (see table 7.4.2) that it made

very little difference whether it was installed or

not,

remove the considerations about reliability estimation

o

which were discussed in chapter five. Life prediction

1s still impractical. Both the customer and CHL

}
£

were looking for a relation of unit life to fluid

contamination level. The author was not able to

convince them, at the time, that this is not possible.
It is vital that the objective of a test be specified
at the start of the test programme. The initial
objective of this test was to determine the predicted
"life" of the steering transmission when it was

) i . But,
operated on fluid contaminated to certain levels

no way
even if this could have been done, there was ¥

i -] ehicle
to monitor contamination levels in the v s

i e been
so that the information obtained could not hav

- 972 -



a 1 - 3 /,,
Cted upon. It mlght“have‘been | -

unit woy ‘ v ‘ , .
1d operate Successfylly if contamination

these leve] '
7S could not have been measured in service

SO the knowleg ‘oul
eage woulg have been of little use.

(v) Many, if not most, of the Problems encountered were
those of management ang communication. The discussion
of chapter three was largely baseg on the author's
€Xperiences during this section of the work. Tt
is vital that pump manufacturers communicate the
importance of fluig contamination to all other
parties involved in g hydraulics project. The
contribution of each party to the overall problem
must be clearly identified. Above all, it is important
that consideration be given to fluid contamination
in the early stages of a project. The analysis of
section 7.4 would have given advance warning of the
potential problem and; at the very least, adequate
fluid sampling points could have been provided.

(vi) It is quite plain that a great deal more work is
required into theproblems involved in measuring
filter performance.

By this stage in the project, it had become clear
that theoretical analysis and pump testwork must be
seen as part of a long-term effort to improve under-
standing of fluid contamination and its effects, and to

increase the resistance of pumps to fluid contamination.

The work described in chapters 4, 5, 6 and this chapter

represents a useful contribution to this long term

effort.

However ., this still left contamination as a short-term
b4
No way had yet

problem requiring immediate attention.
- 921233 _



been foung to determipe 'acceptablé ’L»uld contamination

levels for CHL's Pumps. The DeXT chapter therefore
deals with this Subject.

e s s
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8.0 SERVICE EXPERIENCE AND RECOMMé B
CONTAMINATION LEVELS

8.1 Introduction

e

Thi irly ' i
1s fairly bries Chapter contains a series of

recommendati a
ations for gz Programme of work to increase

t c , .
CEL's knowledge of the fluig contamination levels

encountered in Sérvice, ang about the effects of this

contamination.

The chapter commences with g discussion

of the need for the Work, and continues with detailed

recommendations as tg how the work should be conducted,

The chapter closes with a set of recommended fluiag

contamination levels for CHL's pumps, these recommenda-

tions representing the best available shortterm "answer"

to the problem of fluig contamination.

8.2 The Need to Monitor Service Experience

It was argued, in chapter three, that the problems
caused by fluid contamination could only be tackled
through a concerted effort by the entire hydraulics
industry. Pump manufacturers would contribute to such

an effort by:

i
;

é
%

[
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B
£
:
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i
i
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i
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i
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£
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£

|
|
B
!
&
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?
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i
£

(1) trying to improve the ability of their pumps to
operate on contaminated fluids and

(1ii) specifying "acceptable'" fluid contamination levels
for their products.
These would have been over-ambitious aims for a

jec stricted
single Ph.D. research project, so three more re

research objectives were selected. These were:

(i) to improve CHL's general understanding of fluid
contamination and of its effects;

(ii) to recommend acceptable fluid contamination levels

for CHL pumps;
- 235 -




iii)to 1 i ' s
( ) dentlfy_ways to improve +

umps t A ‘
pumps to Oberate op contaminated‘flulds

The puy lesi ) .
bump design and Gevelopment model shown in

figure 3. i
g 3.8.1 Suggested that the research could proceed

through 0] r t e
g ne or More of heoretical analvsis, testwor
\ S s

r th . )
or the collectiop and analysis of data on Service perfor-

mance. There gre two reasons w

hy service €xXperience was

considered last as a research Strategy.

(1) Service data is difficult to obtain, largely because
it can only be colleéted through close co~-operation
between pump manufacturers, system designers and
system users,

(1i) Service data can only be obtained relatively late

in the development of g pump, by which time it may

be of limited value in attempts to improve that

specific pump. It may still, of course, he of use

in developing new pumps.

Despite the greater attractiveness of theoretical
analysis and pump testing as research strategies, it should
be clear, by now, that they cannot provide all the data
which will be required before the problem of fluid
contamination can be fully solved. It is worth summarising
the work presented to date, to illustrate thiSApOint-

The theoretical analysis presented in chapter four
developed several ways of predicting the effects of fluid

contamination. The work is useful, but it is lacking

in certain areas:

e O

(1) Theoretical ahaIYSis cannot yet be used to determine

an acceptable fluid contamination level for a given

pump.

‘ i . It
(ii) The analysis considered only monosize particles

- 236 -




(iv)

contaminant : . .
ihant sige dlstrlbutions is open to question

LD nee 7 i i

distributi )
Oons, and of the variation between such

dlstributions in different fluids

irrelevant. More
the precise effects of

fluid contaminants, and on whether contamination is

Primarily a cause Or a symptom of Pump unreliability,

Although theoretical analysis can be used to suggest

design or materials improvements to reduce the
effects of fluigd contamination on g pump, these
suggestions represent untested hypotheses which
must be verified. This can be done either through
a-representative contamination test, or through
monitoring the service rerformance of the modified
pump design.

Pump testing can be used to improve the general

understanding of contamination. TFor example, the test

results of chapter six showed, quite conclusively, that

contamination can be a cause of serious pump damage.

They also showed that the quantity of wear debris from

a pump can be a function of the existing level of

abrasive contaminants.

(1)

(ii)

But pump testing is not without its limitations.
It is not practical to use pump tests to relate

fluié contamination lévels to pump reliability.

Pump test.results cannot be used to recommend

i ' i vels for a specific
acceptable fluid contamination le

pump design.

(iii)It was shown, in chapter 6, that a pump contamination




» and cagp 7 -
Only be, gap unrezlistic process.

I‘t S USGf ess
h pas s

on a de -
monstratiop that the effects produced

DY contamingt i ‘
Blhation in the test are Similar to those
broduced by contamination ip service

Al o . ) ]
1l the above pPOints leag to the conclusion that

N f ] 3 N
more data is héeded from the field, both on actual fluig

contamination levels,

It was not

possible, during the project, to collect fluig samples from
Operating systems, or to record data on pump reliabilities,
However, it was possible to recommencg how these activities
should be pursued, and these recommendations are given
below.

8.3 Measuring Contamination Levels in Service

It might be thought that it woulg be relatively -
€asy to obtain accurate dafa on the fluid contamination
level existing in a hydraulic fluid. This is not so.
If CEL are to obtain such data, the following actions
will be required.

(1) The company must encourage designers of hydraulic
systems incorporating CHL pumps to incorporate

fluid sampling points, at the system design stage.

(ii) CHL must train staff in the correct way to take a

fluid sample.
(1ii)CHL must make available a supply of laboratory
cleaned bottles in which samples may be collected.
(iv) CHL must secure the oo—operation of system users,

so that fluid samples may be taken from operating

systems.
If 211 these actions can be taken, then representative
a .
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m A . !
The next Problem would
of each Sample,
S . . ,
for G€termining the contamination

level of 2o flysia
Uld. Thege Were described ip chapter two
’ 3

and som 7 \ ‘
€ have been ygeq during thig WOTK. The difficulties

involved in me€asuring the contaminant content of a fluid

&re primarily those of obtainj
Wwithin a technique ang between different techniques. The
that the Hiac counter
and gravimetric analysis can both give very repeatablé
results. But Day and Saunders [ﬁS] have shown that
correlations between particle counts obtained using
different techniques, ang between results cbtained with
the same Technique usegd at different locations, are not
good. This leads to the following recommerdations.

(i) CEL should standardise its methods of contaminant
analysis., The author recommends that gravimetric
analysis and an electro-optical counter (Hiac or
Royco) should be used exclusively to measure
contamination levels.

(ii1) CHL should entrust all its fluid sample analysis

to one laboratory. It would be preferable if this

laboratory were owned and operated by CHL itself.

The cost of setting up a laboratory would be in the

region of £20,000.

The method adopted to report the results of fluid

is i 1 tance. The
contamination analysis is also of some impor |

impl i d it
system adopted must be simple and unambiguous, an

i i ber.
is better if the results are quoted as a single numbe

ailable
This immediately suggests the use of one of the aval

: j ss.
systems of contamination cla
- 23¢ -




"plicateqd by the fact that

the four Common lv.

used S S . )
Ystems have Cifferent "Shapes"

when plotteg » s
I aS cumulative OVersize counts. For example
- - 3

figure 8,3 1 -
g -1 showsg Therma1 Control class 6, NaS 1638 class

AR i
7, SAE 749 class 5 ang MOD Standard class 6300. It

can be seen that the classes have different profiles,

- T N R
eSpecially below 15 Mmicrons. One reason for this is that

the Thermal Contro] and MOD standards are based on
optical microscope counts, which teng to give higher
coeunts at small particle sizes than do other techﬁiques
such as the Hige counter. It is generally thought that
this is due to eéxperimental error in the microscope
counting technique, mainly caused by the introduction of
dirt during the microscope slide preparation. However,
the author Suggests that the differences are cdue to the
characteristics of electro-optical counters.

The standard method of calibrating an electro-optical
counter is to use small, latex spheres, of known uniform
sSize to set the voltage levels corresponding to particles

of three different diametefs. The smallest of the

spheres used is about 16 microns across, and the calibration

must then be extrapolated down to three microns. It

has never been adequately demonstrated that this procedure

is valid.

An alternative approach, developed by OSU, is to

set up the counter to give a predetermined size distribution

when measuring ACFTD. This procedure helps to give

repeatability between counters calibrated on this basis.

However, the size distribution used for ACFID is the

log-logz model described in section 4.8. It was shown, in

that this model underestimates .the

the same section,
- 240 -




S PER MILLILITER GREATER THAN INDICATED SizZe

NUMBER OF PARTICLE

SAE 749/5

O0——o— NAS 1638/7
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o

w

PARTICLE SIZE , micrometers

Fi 8.3.1 Comparison of different contamination
igure 8.3.1.

class systems.
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numbers of Sma ]
eller (below 15 micron.diameter)“par'icl
| : ieter) part es
present. It is thig
¥
which produces i
prc e€s the dlfferenees hoted between counts

measur y . .
) ured by optical microscope ang electro-optical

counters,
The i . .
‘e Implication findi
1S 0f these 1indings are that:

(1) The Thermal Control ang MOD systems of contamination

class are appropriate to counts determined by optical

microscope techniques. They could also be used to

describe counts measured by an electro-optical

(Hizc) counter if the counter were calibrated on

the log-normal model of ACFTD developed in section 4.8
(1i) NAS 1638 and SAE 749 are appropriate to particle

counts determined by a Hiac counter calibrated

against the log—log2 model of ACFTD.

Sampling would also have to be done on a regular

basis and not just after a failure had occured, when

contamination levels would be expected to be unusually

high.

If all these recommendations and findings were imple-

mented, CHL would obtain reliable data on the contamination
levels experienced by its pumps in actual operation.

(More detailed recommendations will be given to the
company in a separate report 91]). The next step would

be to relate these results to pump reliability, and to

identify failure modes.

8.4 Recording Pump Reliability
in adppting an over sophisticated

There is no point
ording unit reliabilities, at least in an

programme of rec
initial approach to the problem. For example, 1t is
difficult to compare the 1ives of pumps in different systems,
s vary so much. An initial

because the pump dutie o042 -




Programme shoylg therefor con
fore concentréte«Othécérding the

ar ' ‘hi
€&s 1n which Problemg occur (pumps
ey b4

valves, fittings,

C. ) s a - . - b
3 ! p }.xOb_.emS ( "eal”, eiZLI‘

operation), , ;
) It woulg also be useful to have some ides

of the freg .
equency of Occurrence of each type of problem

Even at g 7 si
¢ Very simple Jevye] such a programme could

rodu ] a1 s ,
produce useful genersl information, 1t might, for instance

3

become clear that systems with contamination levels belox

a certain value have noticeably fewer problems than do
systems with higher coentaminant concentrations. A
demonstration that this was so would be based on non-
parametric statistics. (These are covered in Fraser [?2])
The work might also identify pump areas which are likely

to be affected by fluig contamination. If these areas
were the same as those affected during the type of
contamination test described in chapter six, then-increased
confidence could be placed in the use of such tests to

identify pump areas requiring improvements.
A programme of analysing service performance,

if it were adopted, could have one further use. If it

could be shown that one pump design was better able than

another to operate on contaminated fluids, then examples

of the two pumps could be subjected to the type of test

described in chapter six. If the pump which performed

better in service also performed better in the test,  this

would suggest that the test might be used to assign a

. b , f
contamination rating to pump designs. This would be o

considerable value, particularly if it could be used to

test pump design or materials improvements.

This discussion will not be taken any further, because,
1 it is

without implementation of this type of programme,
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impossible id -
D to decige what datg can be obtg .
/ ined, or the

a N cl :]. tOOLS \/\‘hl Ch Y b O < d O i .
S act .
Or 4 ‘ -~ - -~ = =\l
i ., .O*k V\OU, d Deed C '

co-operation between Cyy, and pump users. it o t
- = y X annot

proceed without g nmi ' ;
commitment at 4 fairly senior level in

the ~ ating orean< .
Co-Operating Organisations., This will need. in turn
1 n , ir )

* eSsessment of this work by CHL's management. It will

also require that the reality of fluig contamination as
a real problem be "sold" to pump users. It may be
difficult to convince, say, a production manager of a
large steelworks that invisible particles in his hydraulic
systems could cost him a considerable amount of money.
Although the above discussion contains firm~recom~
mendations for future work, and although the work described
in chapters 4 to 7 looks promising as the basis of a long
term approach to the problem of fluid contamination,
this still leaves fluid contamination as an irmmediate
problem requiring fairly rapid action.

8.5 Recommended Fluid Contamination Levels for CHL's pumps

An ideal solution to the problem cf fluid contamination

was given in chapter three. In such a solution, CEL

would recommend an acceptable fluid contamination level

for its pumps. It would then be the responsibility of

pump users to maintain contamination levels below this

value, although CHL should be prepared to act in an

advisory role, or even to conduct fluid sampling and analysis

on & commercial basis.
i rers specify
With rare exceptions, pump mznufactu o)
' i ired filter
protection against fluid contamination as a requ

i . l ;7 Unsa i -
g 1 - °

factory, for four reasons.
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(1) As was shown -
own i : - 4
"B 1n chapter 3 filter rforman
1 » fllter performance is
only one of gev | v |
S€Veral factors which together determine

the contamination level of 4
- [=8

LA t leve Whi i i

determinin
it 1€ the severity o¢ - '
1ty of any effects produced

by contamination,

(i1) The analysis 5 —
- of section 7.3 showed that the location

of a filter withip & hydraulic system can affect
the contamination level which the filter will maintain

in different parts of the circuit.
(11i1)The results of the questionnaire sent to filter

manufacturers, which were summarised in section 7.5

3

showed that no two filter manufacturers test and
rate the performance cof their products on the same
basis. This makes published 'fricron ratings "
of little value,

(iv) Although filter test methods are available, the
results can be very misleading, due to the limited

accuracy of particle counting techniques. This

was shown in section 7.4. It was also shown that

some of the problems involved can be overcome, and

that more realistic estimates of filter efficiency

can be derived from existing test data. However, it

must be emphasised that the performance in service

of a filter may be considerably below that which is

measured in s laboratory test, and it is service

per formance which is important.

What CHL therefore needs 1s a set of simple,
id tami-

unambiguous recommendations 0N acceptable fluid con
or the company's pumps. These can only be

consist of recom-

nation levels f
of practical use to industry if they
rather than comprehensive

mended contamination classes,
- 245 -




(and complex) particle size distribut
x i

ons;

The four common

ly-useqg <
3 G systems of contamination classes

have alread\‘ C1 ) S
Vv been mentloned and i was shown in ]
t 0own , ilgure

8.3.1, that they are not strictly Comparable

€specially
for particles below 15 p3 ’

Crons diameter. However, it will]

re nen ) ‘ ¢ i

0-% micron ACFTD produced no Significant damage to the

A70 pump. The figure of 5 microns refers to the Stoke's

diameter of the particles used, so that the longest

dimension of the largest barticle present would be around
8 microns. It is this figure which would be used in any
contamination analysis. The implication is that only par-
ticles above 8 microns diameter need be considered in
describing the contamination level of a fluid. This has
two implications: -
(1) Examination of figure 8.3.1 shows that, above 10
microns particle size, the different contamination
classes do have similar profiles when plotted as

cumulative oversize distributions. This allows an

approximate comparison between the different systems,

the results being shown in table 8.5.1.
(ii) Above 10 microns diameter, the 1og—log‘ particle
size model for ACFTD does not differ appreciably

from the alternative log-normal model developed in

section 4.8. This allows either calibration to be

used for particle count analysis, providing that

particles of 10 micron diameter and above are of

primary concern.

Several organisations (Thermal Control Company,

Hiac, the Royal Navy) publish recommended contamination

: . thor
levels for different types of hydraullc system. The au
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a " . %y :
$ CHL can derive 1ts own recommended

contaminati 1 f ‘
10n levels 1Trom service eXperience, the figures

given in table 8.5.2

represent the best available reco-

mmended contamination ; I
levels for CHL's pumps. Because not

all 'users are familigr With the Thermal Contro

(1) Thermal Control class 6.

(11) NAS 1638 class 9.

(1ii) SAE 749 class 6.

-(iv) MOD standard 05-42 class 6300.

(v) ISC contaminant code 20/13.

(vi) Sperry-Vickers' contaminant code 5/12.

(vii) A gravimetric level of 3.5 mg/l to 12.0 mg/1,

depending on the system contaminants present.
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M
B

| RECOMMENDED CONTAMINA-
TION LEVEL (THERMAL
CONTROL CLASS).

—_—

Small, high—pressure control

1 to 3
,Systems, such as missile control

Systems.

Small/medium capacity, medium/ 4 to 5
high pressure Svstems. e.g. air-
craft controls, machine-too]

hydraulics.

Medium/large capacity, medium/ 6 to 7
high pressure systems. e.g.
hydrostatic transmissions, any
System with high pressure pumps,
commercial airecraft hydraulic

systems.

"Industrial systems'. Winches, 8 to 9
elevators, surface ship systems,

low pressure systems.

(Data collated from recommendations published by the

Thermal Control Company, Hiac Inc., and the Royal Navy).

Table 8.5.2 Recommended Contamination classes for

different types of hydraulic system.
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9.0 PROJECT REVIEW AND CONCLUSIONS

9.1 Introduction
\

& brief review of the

res i} n
€arch describeq 10 the thesig. The work ig first

pPlaced into the context of gp overall programme of
research into flyig contamination apg its effects

The conclusions of the work are then Summarised and

relateq to CHL'S neegds and to the original project
Objectives. The chapter concludes with g discussion

of possible future work,

9.2 Fluig Contamination Research

Any industrial broject oriented towards the
solution of a problem can be divided into five stages.
These are:

(1) Precise problem definition.

(ii) Definition of the qualities of ap acceptable
problem solution.

(iii) Identification of research strategies which
might lead to a solution.

(iv) Feasiblity studies to assess the viability of

- each possible strategy. |

(v) Implementation of viable strategies to achieve

a problem solution.

Of course, not all projects proceed through all
five stages. Many are terminated early in their
lives becanse it becomes clear that the potential
benefits of a problem solution cannot justify the

expense involved 1in achieving that solution.

The work described in this thesis was dominated

~n

a

by the fact that fluid contamination represented

h was therefore
CHL. The researc
new field of study for
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structureqg 1 L
d to take the COmpany tnrough;fhé‘fifqt
four Stages described a o

(v).

The chi
ef value Of the WOrk, both to the Sponsoring

COMPany, and to Other bump Danufactyrery

the thesis, ig as g feasibility Study into work on

fluid Ccontaminatiop, This ig quite normal with work ip
& new area of Study. As Twiss [9%] Says:

stages of an R and D programme

"The early
can be thought of

as an investment of resources to determine the

viability of the Project", Thig Teésearch should be
regarded as the first step along a (potentially) very
long road, rather than as 2 completed project. A
partial solution to the problem of fiyig contamination
has been Suggested, but this solution could be refined
in the future if the potential benefits were worth the
cost of the work.

The conclusions of the work can be summarised in
terms of'the five project stages described above.

9.3 The problem of Fluid Contamination

The initial project objective, as perceived by
the company, was to determine whether or not it is

possible to rate the ability of a pump to operate on

contaminated fluids. In fact, a solution to this

problem, although inherently worthwhile, only has
true value within a broader context. This was shown

in chapter three, where the basic problem of fluid

. : ine and
contamination was identified as being to determin

hydraulic system.
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1t was possible to identify an 'idegal Solution! Thi
. s

was shown in figure 3.6.1. Withinp such g solution

1t 1s the task of CEL (ang Other manufacturers of

hydraulic €quipment) to-

(1) Determine acceptable contamination levels for
their equipment .

(i1i) Strive to improve the ability of their products
to operate on contaminated fluids (and hence
increase the levels Trecommended for their
eguipment).

The work described in this thesis has been
largely directed towards the initial stages of these
tasks. But the research will only make complete
Sense in the context of an industrial approach to
thé problem. This therefore requires that CHL press
its views on all other parties involved in the design,
Operation and construction of hydraulic systems. A
third aspect of the problem solution was therefore
that CHL must:

(iii) Improve its own knowledge of fluid contamination
and its effects. This knowledge must now be

disseminated to users of hydraulic pumps.

9.5 Research Strategies

Three possible research strategies were identified

in chapter three. These were to pursue the project

: : um
objectives through theoretlca} analysis of pump

or on
design; testwork (either on complete pumps
ialised rigs), or by the collection and analysis
Specia ,
ork,
of data from the field. At the start of the w
a
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could bpe Conducteq ip complete

isolation
from the Other two.

While this wag 4 useful concept in

helping to bring Some form of order to g confused

rocess, it ; . _ .
o) ) 1S now clegy that it 1s an oversimplification,

A complete Programme of WOork must yse each approach.

For example, mych of the theoretical work conducted

could not Proceed without more data as to what conditions

were expected in service. This problem also arose

when trying to relate an essentially unrealistic

Pump contamination test to field experience. Each
research strategy is feasible in pursuit of some, but
not all objectives of the work. The next section will
therefore consider the potential uses of each approach.

9.6 The uses of each Research Strategy

9.6.1 _Theoretical pump design analysis

Design analysis of an axial piston pump can be
used to indicate the sizes of contaminant particles
likely to produce damage. However, it was shown in
chapter four that such knowledge is of limited value,

especially in relation to the problem of filter

specification. The value of design analysis is in

suggesting pump design or materials improvements to

reduce the effects of fluid contamination. At present,

such work is hampered by the lack of a realistic

: i istri ions
mathematical model for contaminant slze distribut :

is lack
although a suitable model was suggested. This

field and
suggests the need for more data from the fie

' counting.
for more work om the accuracy of particle

To summarise: | )
termine
(i) Design analysis cannot be used to de
i e
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acceptable fluig contamination le
axigl Piston pump,
(1i) Theoretica) analy

S1S8 can pe used to suggest

design i .
lgn 1mprox,ements to reduce the effects of
L

flui ' ' ¥
1d Contaminat 10n on g3 Pump.  Rowe €r, more
s 3

WO ] ‘ j i
Tk is needeg in this field, ang Oone must

also rem o . ,
ember thgt any suggestegq improvement must

be verified ip Some way. Thig problem is
considered inp Section 9.6.2 below.
(1ii1) Theoretical analysis has helped to improve

CHL's knowledge of fluid contamination and of

its effects.

©9.6.2 Pump testing

The problems of pump contamination testing were
considered in chapters S5, 6 and 7. One important
conclusion reached was that it is not possible to use
pump tests to estimate pump reliability. This is a
conclusion with widespread implications outside the
bounds of this research. It means that a manufacturer
of an engineering product cannot be absolutely

confident, when releasing a new product onto the

market, that his equipment will have an acceptable

reliability in service. This is an unpalatable

conclusion, but it must be faced. It has two major

implications. The first is that the early service

performance of any new product must be carefully

monitored to identify problems and take remedial

i hat the
action where necessary. The second is t

i be the
objective of development testing should not
i ! igbility. It
estimation of equipment 'life’ or relia y
entify equipment failure modes

must instead be to id
- 254 -




products. Thi

immediate ip . '
provementS, OT 1t may bpe used to determine
L

the prioriti 1 '
priorities gang Glrection of theoretical analysis

Or more basic research,

The pump te€sts describeg in chapters 81X and seven

demonstrated both the feasibility and limitations of

& pump contaminatiop test. Such tests can be used

to improve the general understanding of the effects
of fluid contamination, They can also be useq to
study effects such as abrasive wear, However, a
pump contamination test can only be an unrealistic
process, and the doubt still remains that the results
may not be relevant to what will happen in service.
Future work will have to deal with this problem if
tests are to be used to predict what will happen in
service.

The question of a pump contamination rating was
considered during the work. The prime value of such
& rating would be to verify the beneficial effects of

any design improvements made to reduce the effects of

contamination on a pump. In this role, a pump contami-

nation test would be a powerful -and useful tool.

However, this use is not yet feasible. Although a

i F this
Suitable test can be suggested on the basis of t

work, two problems remain:

isti ' d have
(i) The test would be unrealistic and it woul

hich
to be clearly demonstrated that a pump W

form
formed well in the test would also per
per

in service.
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fluig contamination in seryj

Pum
P tests cannot be used to determine ap acceptable

Tluid contamination level for 4 given pump

(ii) Pump tests can be used to suggest design

on a pump, although it isg difficult, at present,
to verify the benefits of any such improvement .

(1ii) Pump tests have helped to improve CHL's knowledge
of fluid contamination and of its effects.

9.6.3. Service Experience

The true test of the performance of an industrial
product is the performance of that product in service.
All other design and development work is an attempt
to obtain an early prediction of that performance and

to improve it wherever possible. The conclusions of

this work are that:

(i) Service experience is the only way to determine

acceptable contamination levels for a given

type of hydraulic pump.

(ii) Much more service data is needed on the effects

. , r
of fluid contamination on pumps. In particular,

data is needed on the levels of contamination to
ts
which CHL's pumps are exposed, and on the effec

' can
of this contamination. Only with such data

i

blems.
pro - 256 -




d in thig Project, byt this was

to derive recommended
contamination levels for CHL's pumps

9.7 Project Outcomes

It has already been stated that the usefulness

of this work to CHL is Primarily as 5 feasibility

Study for work on fluid contamination, However, the

work has had more Specific outcomes. s 3 result of

the research, CHL have:

(1) A much improved knowledge of fluig contamination
and of its effects. This knowledge is held
partly in this thesis, partly in reports to
the company, and will be summarised in a booklet
to be prepared in the near future. (This will
be discussed below.)

(i1) The company has a set of practical, recommended
contamination levels for its products. These
levels should be included in the company's
sales literafure and in its operating and
maintenance instructions for users.

(iii) The company has a set of theoretical design
approaches which it can apply to its products.
However, more service data is required before

i 11ts.
these methods can give truly worthwhile result

iati uses and
(iv) The company has an appreciation of the

ination

limitations of pump contamina |

much better understanding of
a

test methods.

(v) The company has
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i1+ o g |

ter testlng and specification
9.8 Future Work
———=- = Work

CHL's Mmanagem

following should be the Priorities of any future worg

both for CHL ang for any other pump manufacturer contem-
plating research in this areg,
(1) Education ang customer service.

Many of the broblems cayseq by fluig contamination

have their root Cause in ignorance of the damage that
fluid contaminants can cause. Where the danger is
appreciated, system users often neeg help in identi-
fying specific problems and taking remedial actions.
As a result of this research, CHL has a great deal of
expertise in this field, and it is now in the
company's own interests to aisseminate this knowledge,
and to provide service and assistance to its customers
to help them with contamination-related problems. This
is so for two reasons:

(a) "Good communications" and "after-sales-service' are
major factors influencing hydraulics users in their
choice of suppliers. (See reference[:lj ).

(b) The work conducted to date only makes sense in the
context of an 'industrial approaChfvtO the problem
of fluid contamination. For this research to be truly

] . 7 raulics
ul CHL must now preSS ltS J1ews Oon h h}d
usef s W V w the
Y oncerted
i ndustry as a WhOle, with a plea for some ¢

action. | k
merge from this wor

The chief educational point to e
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‘anged;%A pump

r his Product.

k of the USEr, with the aCtive assist
—"F ance

0of the unm £
pump manu*acturer, to monitor and maintain this

level. ror this approach tg be feasible

System

designers Must provide correctly-located fluid
Sampling Points.,

Of course, g Ph.D. thesis is not anp acceptable vehicle

for a process Of industriaj education. The author will
therefore prepare ga booklet, describing fluig contam-
‘inaijjl, its effects ang the ways to reduce them. The
booklet will be written for an audience of Practical
engineers and skilled fitters.

(i1) Service experience.
The next priority must be to obtain more data from
the field. Without such data, it is not possible to
direct theoretical analysis and testwork towards the
most pressing problems, simply because the hydraulics'

industry does not know what these problems are. CHL

needs to know:

(2) What contamination levels do the company's pumps

experience in service?

(b) What arevthe effects of fluid contaminants on CHL's

i nd
pumps? The company needs to know the types an

i and also
location of contaminant-induced damage,

i ther than a
how often contamination is a symptom, rat

This latter work could be usefully

cause of problems. |
h investigation of

TOug
extended to include a more tho

| » hy.
the potential usesS of Ferrograph]
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(¢) If the COmpany Wishe

model wg ;
as Suggesteq 10 sectiop £.8, this model must be

erified against the Size distributi

J

on of contaminants
from Opeérating Systems.

tests on CHL Pumps, or on more basic research rigs to sim-

ulate one pump area. It is the author's Opinion that this
type of work should, for CHL at least, take second place to

the priorities outlined above.

It is clear that the entire field of fluid contami-
nation research is too great to be adequately investigated
by one company, and CHL may prefer to engage, in futui*e,‘ in
a collaborative programme of research. Alternatively, the
company may concentrate on a few aspects of the problem
which are deemed to be of over-riding importance. Possibly
the most useful outcome of this work is that CHL are now

able to make a rational and well-informed choice of future

Programmes.
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APPENDIX 4

Ferrography

n

la C .
place inside hydraulic or lubricating SysStems On
. e

common ' aini
Oon method of g€alning sych information is to

dismantle the plant involved ang €xXamine component

parts for wear,

While this approach can give useful information,
i1t does have limitations,

(1) Dismantling plant is inherently expensive, ang
costs are also incﬁrred due to lost production
While equipment is being examined.

(11) Physical examination of equipment components
can only give information about their condition
at one instant of time. Selecting a time for
examination is difficult and plant is usually
studied only after it shows signs of problems.
By this stage it is often both too late to
prevent failure, and too late to identify the
original problems.

(iii) Components often have to be cut up or prepared

in some way before they can be analysed for wear.

This is expensive.

' loathe
(iv) Maintenance engineers are quite naturally 1

to dismantle plant that appears to be ©

This makes it difficult to

perating

satisfactorily.

itutes
obtain information as to what constitu

er be
‘normal wear'. Also, plant can Dev
state that 1t was in

reassembled in the same
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before examination

equ—i bPhent w

What i i
S needed ig g4 Means of diagnosing wear

without dlsmantling €quipment, Qpe Obvious approact

is to exam

the membrane under an optical microscope. However,

the numbers of wear particles tend to be small
compared to other contaminants from the system
environment. They also tend to be randomly distri-
buted as regards their size, and this makes it diffi-
cult to detect trends in wear particle size and/or
concentration.

Ferrography is one way to overcome these diffi-
culties. The technique of Ferrography is simply a

method of preparing a microscope slide of ferrous

wear particles classified into a size order. The

procedure is illustrated in figure Al. A small sample

of contaminated fluid (usually 2 mls) is mixed with

a solvent. The sample is forced, by a peristaltic

[11 ‘ s
L y dow W W n

: i ron vertical,
inclined microscope slide placed 1n & strong,

magnetic field. The fluid, and the majority of nonmd
ferrous particles, flow down the slide, are collected,
and pass to waste. FerrouS particles are pulleii fz:n
onto the slide surface, larger particles towards

upper end of the slide, smaller Ones lower down.

- A2 -




CONTAMINATED
FLUID SAMPLE
MICROSCOPE

SLIDE /
CONTAMINATED
FLUID

/

/ /
A uacNET

2 7
72
7, /

/ //:v / ///'47//
WASTE Vi /////

s

i tion.
Figure Al. Ferrography slide prepara
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1s washed and the Particles are

chemicgl.

Ferrography slides cap be €Xamineg using
a

number of techniques, although the most common g
Y re

cptical and electrop microscopes. The aim of syep

analysis is tg determine the size
3

diagnose the type(s) of wear which has been taking place

in the system from which the Sample was taken. He

can also give some indication of the severity of the
wear and, most importantly, he can give advance

warning of an impending failure. It is this latter
feature which makes Ferrography a potentially valuable
tool for use in industry. (Further details of Ferrography

are given in references [44] and [36] ).
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APPENDIX lest ] +
X B Questlonnaire O filter testip

Durin
g the course of the research, information

Was needed on the perf

filters.

a questionnaire

was prepared andg distributeg TO most of the major

UK filter manufacturers, of whom nine returned comp—

leted forms. The questionnare isg reproduced below:

IHD questionnaire on testing ang rating hydraulic filters

Would you please complete as much of this
questionnaire as you are able and/or willing to do.
Most questions require only short answers, but please
amplify any points that you wish.

1. Which types of filter do you manufacture?

(Please tick as appropriate).

High pressure (To . psi)

Return line

Suction line

2. Please indicate the range of fluid flows covered

by your products.

3. Do you apply a 'mominal' rating to your products?
4, Is this rating based on a test method?

S. How do you define a nominal rating?

6. Do you apply an aheolute' rating to your products?
7. How do you define an absolute rating?

8. Are you aware of work being carried out at

i i i f filter
Oklahoma State University 1n the field o

testing?
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10.

11.

12.

12,

12.
12.
12.
12,
12.

12,

12.

12,

13.

14,

S filter test? (ANSI Bg3. 15-1973)

If your g
answer to i
dquestion 9 wgg "ves"  do you

publish i
betalo Tatios for your products?

A
reé you aware of WOrk on filter testing being

carried ' iti
1ed out at the British Hydromechanics

Research Association?

If you have an "in-house" test procedure, would
you please answer the following: -

What test contaminant do you use?

Alr cleaner fine test dust.

Latex spheres.,

Glass spheres.

ther. (Please Specify).

Do you test at constant pressure®?

How do you select this pressure?

How do you select test flow rates?

Do you conduct tests at pulsating pressures?

Do you-conduct tests at pulsating flows?

At what fluid contamination levels do you conduct
your tests?

What hydraulic oil do you use in filter testing?
If you test over a period of time, at what point
do you measure filter performance?

How do you measure fluid contamination levels?

Hiac counter Royco Counter ;

Coulter counter : Optical microscope ;

Gravimetric
If you use a Hiac/Royco instrument,

g Air cleaner fine test dust?

do you
calibrate it usin

- B2 -




15.

Which definition of Particle sige dozyou use?

Longest dimension.
Martin's diameter.
Feret's diameter,
Projected Arega (Hiae),

Equivalent Sphere (Coulter).

Other.




