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PREFACE

This thesis is concerned with a topiec fundamental to
both tribology and contamination control { the investigation
of the time-dependent performance degradation process caused
by contaminant particles in most tribo-mechanical components
whiech work under fluid film lubrication. The component is
sensitive to particulate contaminants since such a three-
body abrasive wear process does occur and can critically
jeopardize the service life of the component, even the
system. To solve this problem -- to be able to prediet,
prevent, and diagnose the degradation process -- requires a
comprehensive ba§e, both theoretical and experimental, upon
which new concepts and useful techniques can be developed.
I truly feel fortunate that I can work with Dr. E.C.Fitch at
the Fluid Power Research Center, Oklahoma State University,
where he initiated the Basie Fluid Power Research Program 21
yeérs ago and the Tribological System Fluid Program 8 years
ago. It is these programs that have provided an excellent
research base upon which to build this thesis.

It gives me great pleasure to acknowledge my gratitude
to Dr. E.C. Fitech, my major advisor and graduate committee
chairman, whose personal efforts made my formal education

feasible. His contagious enthusiasm for engineering
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endeavors, his guidanece based on his rich engineering
experience, and his support through my doctoral program are
extremely appreciated.

To the other members of my graduate committee, composed
of Dr. P.M. Moretti, Dr. D.G. Lilley, and Dr. M.J. Folk, 1
extend my sincere thanks for their guidance, critiques,
and patience during my research.

I am very grateful to Dr. I.T. Hong, Technical Director
of FPRC, who unselfishly shared his time to discuss the
Omega theory and give other help.

I want to thank my other colleagues at the FPRC, OSU,
for their willing cooperation and help in this research.
Mr. J.G. Eleftherakis, Dr. Gabriel Silva, Mr.Ibrahim Khalil,
Mr. David LeNorman, Mr. Mark Torbett, Mr. Pat Nealon, and
Mr. Rueben Brown, deserve thanks for their assistance in
pump test preparation and particle counter work. Thanks are
also to Ms.Stacey Sanderlin for her editing of this disser-
tation. '

To Ms. Ruo-Ling Hh, I extend my appreciation for her
assistance in typing part of this final manuscript and for
her encouragement during this research.

In addition, I want to acknowledge the support received
from various organizations as follows

To Shanghai University of Technology who has supported

the initial expense for my doectoral study;

To sponsoring companies of the Basic Fluid Power
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Research Program and the Tribological System Fluid
Program who have furnished financeial support during my
research.

Finally, I must thank my parents. The confidence and
encouragement shown by my mother, Mrs. Ci Jia Xuan, and my
father, Mr. Sun-Tung Xuan, have provided great incentive. To
my two brothers, Mr. Jiaji Xuan and Mr. Xiang Xuan, [ extend
my thanks for their encouragement. Most of all, I would like
to thank my wife, Xing Zhou, and my son, Lan Xuan, for their
sacrifices, encouragement, and- understanding during my

graduate study at OSU.
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CHAPTER I
INTRODUCT ION

Basically, any component with internal surfaces that
move relative to one another, and particularly on these sur-
faces minimal wear and fricetion should occur, can be
classified as a tribo-mechanical component. A system con-
sisting of such components is a tribo-mechanical system.
Tribo-mechanical systems ineclude most modern machines, such
as hydraulie and pneumatiec power, lubrication, fuel, and
coolant type systems. It is known that the great majority
of failures of tribo-mechanical systems oceur as a result of
a deterioration process. In mény caseé, when hydraulie or
lubrication components contain two metal surfaces in
relative motion that are separated by a fluid film, three-
body abrasive wear due to contaminant pafticles in the fluid
is the predominant failure mechanism. In this sifuation,
component performance degrades because of deterioration of
ecritical surfaces and change of clearance (1). Therefore,
wear of components in a contaminated environment has been
widely recognized as a serious problem and as a primary
faector in the 1life and reliability of hydraulie and

lubrication systems (2-7).



Until now, there were two ways to investigate the
particulate-induced wear. The first was to study the
fundamental wear mechanisms through experiments on various
laboratory wear testers. This traditional research approach
in the field of tribology provided basiec understanding of
three-body abrasion. The second approach, on the other
hand, 1is to research the contaminant tolerance of fluid
components. By conducting contaminant sensitivity tests on
actual components, this method illustrates the wear-induced
performance deterioration process in a component exposed to
a contaminated environment. This approach leads to the
theory of particulate contaminant control whieh has been
widely accepted by the military and the fluid power
industry.

A thorough literature éurvey shows that although many
researchers have attempted to investigate the process of
abrasive wear, theoretical analysis of three-body abrasion
under fluid film lubrication is very limited.. It has only
been in recent years that this subject has become attractive
in tribology. The effect of entrained contaminant particles
on surface wear needs to be studied when modeling tribo-
systems (8). Furthermore, the relationship between con-
taminant wear and system performance degrédation couldrnot
be analyzed theoretically in the past because of the lack of
basiec understanding of particle effeet and the difficulty in

identifying the wear-dependence of sensitivity coefficient.



Recently there has been a growing demand from the users of
fluid tribo-mechanical systems to develop an effective
method which can be applied to estimate the characteristiecs
of performance degradation for a component subjected to an
environment with known contamination level. It is clear that
in order to achieve such a goal, fundamental theories of
processes of both lubricated three-body abrasive wear and
per formance degradation are necessary.

The purpose of this research is twofold : to develop a
theoretical model for simulating the lubricated three-body
abrasive wear process, and to establish a three-body
abrasion sensitivity theory for analysis of system relia-
bility, contamination control, and component design. In this
research, the wear mechanism is investigated with emphasis
on the effects of particle properties and the interactions
in a "metal-fluid-particle-metal" tribo-system. A generic
concept of component performance degradation is presented
based on "wear-leakage-~degradation" analysis. By incorpor-
ating the wear model with degradation analysis, the three-
body abrasion sensitivity theory is formulated to predict
the contaminant tolerance of a tribo-mechaniecal component
under fluid film lubrication. Experimental tests are con-
ducted to validate these theoretical models.

The next chapter provides background about three-body
abrasive wear and component contaminant tolerance ( or

sensitivity ) and outlines previous investigations. Chapter



IIT is devoted to the development of the wear model and
component sensitivity theory. Chapters IV and V delineate
the results of the experimental programs to evaluate the
wear model and contaminant sensitivity theory, respectively.
Finally, in chapter VI the significance of the research is
discussed and recommendations for further studies are
presented. Chapter VII is a summary along with specifiec
conclusions resulting from this research investigation. The
appendices contains typical test data and -experiment

procedures.



CHAPTER II
BACKGROUND

Previously, wear research was dominated by phenomeno-
logical studies. The cost of wear was rarely appreciated by
researchers and workers (9) until the Jost Report (10) was
published in 1966; this report brought wear to a
recognizable level of technology. One branch of wear
technology, the research of three-body abrasive wear under
fluid film 1lubrication, has been more active recently
because of the ever-increasing demand for contamination
control in industries. In this chapter, research in two
céntaminant-related aspects -- wear analysis and
contaminant folerance of components, will be reviewed in

detail.
Three-body Abrasive Wear Investigation

General View of Abrasive Wear

According to a recent survey by the Canada Associate
Committee on Tribology (11) abrasive wear is responsible for
the largest ambunt of wear in industrial machinery.
Traditionally, abrasive wear processes are divided into’ two

groups: two-body and three-body abrasive wear, depending on
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whether the wear is produced by hard asperities or by hard
particles whieh cut or groove one of the rubbing surfaces
(Fig.1)(12). According to Misra (36), the three-body case
can be further divided into "eclosed" and "open" three-body
abrasion as presented in Fig.2. Most of the abrasive wear
problems that arise in industrial and agricultural equipment
are caused by closed three-body abrasion, either lubricated

or unlubricated.

Development of Three-body Abrasion Research

The historical development of research related to
three-body abrasion can be divided into an initial period
(before 1978) and a period of fast development after that.

IDuring the first period, relatively few papers were
published on this subjeet (12-32). Most of the papers that
were published discuss experimental research concentrated on
identifying basic wear parameters. Based on the fundamental
works by Archard, Scott, Hirano, Khrushehov, Rabinowiecz,
Richardson, and Halling, et al., some important observations
were obtained.

Among those early studies, results from Khrushchov's
pin-on-disc tests (13) are significant because he found that
wear resistance is direetly proportional to the material
hardness for pure annealed metals and some alloys while
different relations apply for hardened and tempered steels.

In addition, this resistance is found to inerease with



carbon content. But these observations are basically
applicable to two-body abrasion situations.

An early systematic investigation on closed three-body
abrasive wear under wet condition was performed by Hirano
and Yamamoto (14). They studied tne effects of hardness,
size, and concentration of particles and viscosity of oil on
wear by wusing a four-ball machine. They confirmed the
influence of particle hardness. Softer abrasives like metal
powder do not penetrate 1into the contact surface but
accumulate at the front of the contact area and disturb the
formation of an oil film in point contaet, causing a slight
amount of abrasion. On the other hand, harder particles
such as quartz powder are easily introduced into the contact
area, causing marked increase in abrasion. The effeet of
particle hardness on ball wear is presented in Fig.3. The
effeect of particle size is shown in Fig.4. From this figurg{
it is seen that the intermediate size #500 gives the highesé
wear value (impression area A-Ao), while the finest
particles #1000 shows much less abrasion. Particles #120 are
presumably too coarse to be introduced into the rubbing
surfaces. A straightforward relation is found between wear
and partiecle concentration, as depicted in Fig.4.

Toporov (15) conducted one of the earliest experiments
for closed, dry three-body abrasive wear on cast iron.
Afterwards, a more detailed study of this problem was

carried out by Rabinowiez et al (16). By wusing the
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apparatus shown in Fig.5, they found a similar relationship
exists between wear resistance and metal surface hardness:
linear for "technically pure" metals annealed and abraded by
alumina particles (Fig.6-a) but nonlinear for quenched and
tempered steels (Fig.6-b). To explain the 1lower wear
resistance of harder surfaces, Rabinowiez (17) concluded
that brittleness makes wear debris larger than the wear
groove size.

The particle size effeect was also investigated by
Rabinowiez and his colleagues (Fig.7). They verified the
phenomenon of eritical size. If particles tested are smaller
than this size, wear strongly depends on the particle sizes.
However, wear is almost constant when the test particles are
larger than the ecritical size. They explained that the
reduction of wear with decreasing size is due to the
interruption of an adhesive wear process.

A similar ceritical phenomenon of particle hardness has
been known since Wahl (18) reported his wear results
(Fig.8). Khruschov (19) and Richardson (20,21,24,25) had
attempted to define this relationship with greater
precision. According to Khruschov, the wear rate is very
low when metal ‘is harder than abrasive (Hm/Ha > 1). As the
ratio decreases, the wear rate starts to inerease and
reaches a maximum value when Hm/Ha < k, where k lies between
0.6 and 0.7. Nathan and Jones (22) indicated k to be about

0.5. Richardson quoted a higher k value of 0.8 based a fully
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strained hardness Hu. Tabor (23) observed that abrasive wear
ecould ocecur only if the particle was at least 20 percent
harder than the worn surface.

Broeder and Heijnekamp (28) experimentally studied
abrasive wear in a plain journal-bearing by introducing
silicon particles 1into the o0il mixture. Embedding of
particles was observed at Qarious places in the softer
bushes. They concluded that a soft metal bush does not
guarantee low shaft wear.

Both Larsen-Badse (27) and Wright (29) analyzed the
effect of surface plastiec deformation on cutting efficiency
in abrasion. They estimated that only ?5 to 20 percent of
the groove volume 1is actually removed during a single
abrasive passage. This estimation agrees with results of
Mulhearn and Samuels (30) and Stroud and Wilman (31) for
cold-drawn steels. However, for silver the percentage of
metal removal increases up to 40.

The general relationship between partiecle size and
fluid film thickness under lubricated condition was
discussed by Scott (32). He concluded that particles smaller
than the minimum oil film thickness have no serious effeect
on bearing performance but larger particles might become
embedded in the softer material or be crushed. He suggested
an increase of abrasive wear when lubricant is present in
comparison to the dry condition; however, no experiment

details or further explanation was provided.
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Basically, researchers in the first period were aware
of wear failure due to4contaminant and studies of both dry
and wet abrasive wear were initiated. Important factors
revealed were surface hardness, surface deformation,
abrasive hardness, grit size, and particle concentration.
Some transition phenomena, suech as the critical size and
eritical hardness, were observed. However, none of these
explanations for the above phenomena is satisfactory, since
the physical basis is wunclear. No theoretical model of
three-body abrasive wear under fluid film lubrication was
proposed. This situation has changed since 1978, as many
systematie investigations on three-body abrasion have been
published in the second period.

Tessmann (33) and Fiteh (34) summarized wear studies
conducted in 1977 for The Naval Research Office by the Fluid
Power Research Center of Oklahoma State University. The
effeects of partiecle size, particle concentration, and
material combination on contaminant wear in two different
fundamental mechanisms,—; a fotating device (Fig.9-a) and a
linear reciprocating apparatus (Fig.9-b), were analyzed.
Wear .was evaluated using the Ferrographiec Oil Analysis
Technique and represented by the D54 reading (optical
density at 54mm location on ferrogram), shown in Fig.10. A
comparison between Fig.10-a and 10-b reveals that in rotary
mechanisms, more wear was generated with the brass-steel

combination than with the aluminum-steel at all
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concentration levels of small size (0-5 um ACFTD partiecle).
However, the same wear was generated with both metal
combinations when using coarse partiecles (0-80 um). In
linear mechanisms (Fig.10-c¢), the highest wear occurred with
intermediate size, (0-30 um). This result agrees with the
previous study and is normally attributed to a wedging
action of eritical size particles that are close to. the
clearance dimension. Abrasivé wear tests on realistie
hydraulie pumps and ecylinders were also carried out
(Fig.11).

A semi-quantitative ahalysis on three-body wear was
presented by Suh and his colleague (35) at the Massachusetts
Institute of Technology. They explained why using
Rabinowiez and coworkers' (17) two-body wear model of a
rigid conical asperity would prediet a three-body wear
coefficient of one or two orders higher than experimental
values. The reason is that thé subsurface deformation causes
less material to be removed. They further postulated that
the three-body wear coefficient is a funetion of cutting
energy, plowing energy, and subsurface deformation- energy.
Because with a conical particle model, the cutting energy
will decrease with decreasing width-to-depth ratio in
indentation (Fig.12), the wear wil] decrease with smaller
grits accordingly.

In 1979, Misra and Finnie (36-41), at the University of

California, Berkeley, systematically compared two wear



Energy

Subsurface
Deformation

|

!

Plowing

l

)
Cutting

0 - ¥ 1
o) 100 200 300

Grit Diameter, um

Fig.12 Schematic of Energy Components in Abrasion
(35) (1978)



24

cases: low-stress, open, three-body abrasion, and two-body
abrasion under dry condition. Misra (36) made two major
observations. One is that the critical size is about 100um
for both cases. Another is that the wear rate depends on the
metal-to-abrasive hardness ratio Hm/Ha' Wear rate is a
constant for Hm/Ha<0'8 and is very low for Hm/Ha>1'2'

In the "Wear Control Handbook" published by ASME in
1980, both Peterson (42) and Archard (43) pointed out the
importance of dirt or solid particles in wear research.
Based on experiments, Rabinowiez (44) estimated that the
wear coefficient is typically about 0.001 for dry three-body
abrasion and 0.002 for lubricated conditions. He believed
that this coefficient is determined mainly by the sharpness
of the abrasive.

In the last five years, a number of papers (45-71) have
been published, covering various topies in particle-induced

three-body abrasive wear from the effects of wearing surface

properties -- microstructure (46,47); shear strength
(48,49); alloy composition (50); and hardness (51) -- to
influences of particulate parameters -- size (52,53,54);

shape(55,56,57); hardness (58,59); and toughness (60,61).
Studies in the later category were reviewed by Hong (65) in
1982 and by Xuan (71) in 1987. It is found that the present
knowledge is inadequate for predicting three-body abrasive
wear under fluid film lubrication. The dependence of wear on

particle properties needs to be further investigated.



Lubricated Three-body Abrasion

As stated in preceding sections, this problem has long
been addressed and studied experimentally; however, actual
analysis of the wear mechanism is very limited. It is only
in recent years that some theoretical models have been
developed for the purpose of wear prediction.

One such model was developed by lkraov (62) based on a
systematic concept of "material/lubricant/abrasive/material"”
and considered from forces acting upon the frietion surfaces
and abrasive particles. However, this model is still too
simple to simulate the field wear process since neither the
particle concentration nor the size distribution vis
included.

Actually, because of the continuous processes of
filtration and ingression of abrasives in the field, a
certain contaminant level or distribution (particle number
vs. size) corresponds to each application; this level often
takes the form of incecreasing number with decreasing size
rather than the uniform size assumed in most earlier
investigations. The inaccuracy in control and prediction of
this distribution has been a major obstacle in wear studies.
In the last twenty years, the FPRC succeeded in identifying
and controlling the particle size distributions. therefore,
theoretical analysis on lubricated three-body abrasive wear

can be performed quantitatively (63-71).

25



26

Hong (66) correlated the wear rate with the filtration
ratio, which determines the concentration-size distribution
of particles in the field. Based on a discrete distribution
concept such that the number of particles of size d; might
be defined as the difference between two consequential
inversely cumulative Qalues, the model of total accumulative

wear volume at time t is Equation (2.1),

t -]
2
V(t) = ; : E CNg g = N go41 kg di (2.1)
= di=0 1 1

where Nc di concentration of particle greater than di

K4

Subsequent to this model, Ito, Khalil, and Hong (67,68)

constant

studied the dependence of cutting depth on particle size to
calculate wear on a journal surface, shown in Fig.13. A wear
eqdation éimilar to Eq.(2.1) was developed, which takes into
account hydrodynamie lubrication, indenting and ecutting

mechanisms, and particle concentration-size effect.
Contaminant Tolerance Investigation

Contamination Control

Contamination control 1is a developing -engineering
science (72) and it is receiving more attention today (73-
77). In order to improve efficiency and accuracy, machines
today have mueh closer component tolerances, making them

more vulnerable to contaminants. Contaminant-induced wear
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has been reported in various machineries, such as
hydrodynamiec bearings (78), eylinder lines (79,80),
turbomachinery oil systems (81), paper and pulp components
(82), jet engines (83), and aircraft hydraulic systems (84).
According to Peterson's (75) &estimation of «cost and
frequency attributed to each item in field maintenance,
contaminant-caused wear costs the most (Table I). Therefore
contaminant monitoring is becoming more important in
reliability and service life assessment (85,86). However,
contamination control does not only mean monitoring methods
but also includes all techniques in contaminant analysis,
removal processes, and ingression prevention. Most
importantly, however, it includes developing fundamental
theories that direect those techniques (1,87). Fiteh
initiated the research of contamination control for fluid
power systems in the early 1960s. Based on experimgnts
conducted at the FPRC in the past two decades, basic
theories on major contamination phenomena have been
established, and a number of assessment methods developed by
the FPRC have gained the approval of NFPA, SAE, ANSI, and
ISO (88). According to Fiteh (63), the basic consideration
of contaminant wear in a fluid component can be-expressed in
Fig.14, where he shows the wear caused by contaminants is a
funetion of three factors: the system contaminant level, the
contaminant abrasivity, and the lubrication mode, which in

turn depends on the fluid and component applied. Fitch
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TABLE 1

COSTS OF CORRECTIVE MAINTENANCE (75) (1982)

Wear $ 1,420,513
Contamination Given Corrosion 2,373,797
Leaks . 505,590
Viberation 579,756
Corrosion 973,820
Broken 481,922
Contamination Given Wear 3,674,622
Misalignment 282,482
Design Faults Given Wear 32,930
Viberation Given Wear 33,549
Contamination Control 565,939
Calibration 88,802

Total $ 11,013,722
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further explained the wear control theory by using an
operational compatibility nomograph, shown in Fig.15. In a
fluid system, the filter (its efficiency rating called Beta)
and the fluid (its anti-contaminant rating called Gamma) are
two protection factors, whereas the component (its
contaminant sensitivity rating ecealled Omega) and the
contaminant (its abrasivity rating called Zeta) are two
factors that cause performance degradation. Therefore, the
service life of a component is determined by the balance
among the four factors and would be predictable if the four
ratings were known. Because theories on the protection
factors have been well established (89-119), studies
regarding the two degradation factors will be reviewed in

the following parts.

Component Sensitivity

It is recognized that the presence of particulate
contaminants cause gradual but pérsistent deterioration of
critical surfaces and changeé of eclearance within a
component. Accordingly, these contaminants lead to
degradation in a responsive performance parameter (flow-
degradation for a pump, speed-degradation for a motor, ete).
Therefore, all tribo-mechanical elements are sensitive in
some degree to particulate contaminant entrained in the
system fluid (1). The term "contaminant sensitivity" refers

to the degree of performance degradation that oeccurs when a
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component is exposed to a specifiec contaminétion
environment. The inverse of contaminant sensitivity is the
contaminant tolerance, or resistance, Which reflects the
maximum contaminant level above which performance degrades
significantly. Based on these concepts, the sensitivity or
tolerance of a component could be experimentally determined.
The first contaminant sensitivity test at the FPRC was
conducted by Wolf (91) on pumps in 1964. Ten years later, 69
pumps had been tested and a repeatable and reproducible
method developed (92-97). The pump contaminant sensitivity
test procedure was one of the early documents on the Army's
priority list. It also gained approval from NFPA (National
Fluid Power Association) in 1976 and from ISO/TC-131/SC-
6/WG-6 in 1979 (104).

As regards the interpretation of test results, two
things are important. The first is how to define the
sensitivity and'how to determine it from the degradation
test. The second is how to correlate the sensitivity rating
with contaminant control.

Bensch and Fitech (94) postulated a sensitivity model
based on the premise that for every critical size particle
that passes through the component, there is a measurable
amount of damage which degrades the performance. Under
similar conditions, component exposure to identical critieal
size particles produces the same amount of performance

damage. With this background, they suggested that the pump
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flow degradation rate (dQ/dt) directly depends on a
contaminant sensitivity coefficient (Si) of the pump to each
particle size interval (i) and the particle concentration
(n;(t)), as
in(t) (2.2)
45— = - Si. Qi(t) . ni(t)'
This set of sensitivity coefficients is determined from
the pump test. By further assuming that each Si is
proportional to a wear coefficient i Bensch and Fiteh

derived a pump life model:

t = ma}];n( QO/jt) (2.3)
= @i i
where t = service 1ife or operating time
Q, = initial flow rate
Q, = flow rate at time t
nf,i= particle concentration at sfze interval i

Equation (2.3) is used to establish a pump tolerance
profile based on a given t.

In order to make the sensitivity results more
meaningful, Inoue and Fiteh (99,100) superimposed the
contaminant tolerance profile of the pump on the standard
filter (Beta Ten) profile (Fig.16). Thus it is very eclear
that any Beta Ten.filter below the pump tolerance profile

can provide an environment required by the pumps, but the
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optimal one is the one most closely below or tangentially
contacting the pump tolerance profile. The value of this
optimal Beta Ten filter is termed the "Omega rating"™ of the
pump. A pump with a higher Omega rating is thus more
sensitive to particulate attack and requires a better filter
to proteet it. This result has significantly promoted the
application of theoretical research on component contaminant
sensitivity and system contaminant control.

From 1974 to 1984, research on contaminant sensitivity
of major hydraulic components -- such as pumps, servovalves,
relife valves, spool valves, ceylinders, seals, motors, gear-
transmissions, and bearings, =-- has been comprehensively
carried out at FPRC (108-110). More than three hundred pumps
from twelve different countries have been tested. After
comparing these data with the previous model (Eq.2.3), Hong
and Fiteh (107) found that a {inear particle concentration
relationship should be adopted as the analytical base. Their
lineaf pump life model is expressed in Equation (2.4),

In( QO/Qt )

= Tax i (2.4)

igl Si'fe,1

where Si = contaminant sensitivity coefficient at size

interval i
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Contaminant Abrasivity

As one of the two degradation faetors, the particle
~abrasivity is important since contaminants in the field are
often different from AC Fine Test Dust (ACFTD), which is
commonly used in standard sensitivity tests. The service
life of a tribo-mechanical component, therefore, also
depends on the type of contaminants the component is exposed
to. Fiteh (72) emphasized the significance of developing a
technique to differentiate the abrasivity of different
contaminants for the ultimate purpose of contaminant life
prediction.

Inoue (119) addressed this problem and suggested that
the abrasivity of field contaminants be measured relative to
the abrasivity of ACFTD.

Hong and Fitch (88) briefly discussed the dependence of
the contaminant sensitivity coefficient Si on particle
properties. They introduced a concept of relative
contaminant sensitivity, whieh includes the effeect of
abrasivity. However, the resultant coefficient Sr,i is not
available wuntil the involved abrasivity coefficient s
solved.

Fundamental investigafions on the particle abrasivity
rating (Zeta rating) have been conducted at the FPRC in the
last two years by Xuan (70,120) and Eleftherakis (61). Xuan

attempted to theoretically analyze the effects of critical
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particle parameters and to establish proper test procedures.
‘During the preliminary stage, more than fifty tests were
carried out to qualify the sensitivity and repeatability of
an abrasivity test system designed to provide required fluid
film condition. Eleftherakis carefully examined the numbers
per milliliter for ACFTD and Carbonyl Iron Powder (Grade E).
He indicated that the particle abrasivity rating should be a
dimensionless quantity on a per particle basis. In this way,
he rated that iron powder has an abrasivity of 0.371

compared with one for ACFTD.
Summary of Literature Review

The thorough literature survey shows. that contaminant-
induced performance degradation in tribo-mechanical
elements under fluid film lubrication is a typical three-
body abrasive wear phenomenon. The study of wear is
necessary to the theory and practice of particulate
contaminant control.

But this wear study is incomplete at this stage since
the wear process in a "metal-fluid-particle-metal" system is
so complicated that there is no theoretical model which can
estimate three-body abrasive wear behavior based on
available information of surfaces, fluid, and particles. One
major obstacle in the development of wear theories is

inadequate data and a lack of underétanding of the particle
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property effects on wear under lubricated conditions.

Another obstacle is the lack of a system method which can

properly correlate the funetions of metal, fluid, and
particle.

In addition, the research of contaminant tolerance is
also 1incomplete since the physical meaning of those
sensitivity coefficients has not been well interpreted.
Therefore, the contaminant sensitivity of a component has to
be determined experimentally, as its sensitivity
coefficients can not be obtained through analysis. Also, the
data of particle abrasivity are seriously laeking, leading
to inaccurate estimations of wear and performance

degradation.



CHAPTER ITI

DEVELOPMENT OF THEORETICAL MODELS

Model of Three-body Abrasive Wear

under Fluid Film Lubrication

Under conditions of fluid film lubrication, three-body
abrasive wear occurs when loose abrasive particles or wear
debris in the lubricant roll, indent, and cut metal
surfaces. Many papers (63-71) have shown that material 1is
removed in this process by abrasives indented into the
softer surface and supported by this surface to cut the
harder surface. Only strong particles larger than the local
fluid film thickness (as shown in Fig.17) can indent and
cut. Other particles just roll between the surfaces and do
not remove material from surfaces. For this type of
abrasion, the actual film thickness, abrasive properties
(size, shape, hardness, and toughness), and metal-to-

abrasive hardness ratio are most important.

Particle Size Effect

Fluid film lubrication is found in the ecylinder bores
and valve plates of axial pistons or radial pumps (or

motors), in the vane cavities of vane pumps (or motors), in
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the shell bearings, and between pistons and walls of jacks.
In this lubrication mode, the particle size effect is much
different from that under dry conditions since a load-
carrying fluid film is created between two metal surfaces,
and the film thickness is directly related to the size of a
particle whieh can indent and cut the ecritical surface.
Therefore, the actual thickness of the fluid film needs to
be considered first.

The fluid film thickness depends upon both the geometry
of surfaces and the operating condition. For a finite
journal-bearing configuration, shown in Fig.18, the
governing differential equation is the Reynold's equation

(121,122). Its non-dimensional form is Eqg.(3.1),

g%((1+ecosﬁ)3—%§§ + (—%—)% g%((1+ecos3)3—%§§) = -esing (3.1)
where P* = non-dimensional local pressure in oil film

R = journal radius (in)

L = journal axis length (in)

€ = bearing eccentricity

B,Y = non-dimensional coordinate

The load W supported by the fluid film can be

calculated by Eq.(3.2),

 DeT.New.( B 2.1
W= DeLe-Nei-(—g=) (=) (3.2)
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where W = load (1bf)
D = bearing diameter (in)
N = journal rotation speed (rev/see)
= lubricant viscosity (eSt)
C = journal-bearing radial clearance (in)
S = non-dimensional Sommerfeld number

Here the Sommerfeld number S is a known value for a
given journal-bearing under specified operating conditions.
Thus, by the S-c¢ bearing charaecteristies curve (Fig.19)
(123), the film thickness h with its two extremities 1is

known from Egs.(3.3), (3.4), and (3.5)

h=C (1l +e€cosf) ‘ (3.3)
hin =C (1 -€) (3.4)
hmax =C (1 +e) (3.5)

In general, dust from the enQironment and wear debris
from a system exhibit particle dimensions that are
approximately equal; that is, length, width, and thiceckness
are approximately the same, with one dimension no more than
two or three times larger or smaller than another dimension.
Thus, the size of a particle can be given by a single
number, Furthermore, for a given quantity of the same kind
of particle, a size distribution can be found whieh presents
the percentage of the total number of particles larger than

each subsize range. The effect of partiecle size depends on
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the thickness of the fluid film, since these extremities of
the fluid film thickness can specify the possible sizes of
particles that may entrain into the journal-bearing
clearance and cause abrasive wear. The particles that will
contribute to abrasion are those within a certain size
range, indicated as the "harmful particle range" in Fig.20.

In this figure, h and hmax represent the minimum and

min
maximum film thickness. It shows that if a particle has a
longer diagonal or maximum dimension within that size range,
it will very likely cause contaminant abrasion wear.
Theoretically, in order to satisfy the balance
requirement for forces and momentums in mierocutting and
indenting, the minimum size of a harmful particle should be
larger than the minimum film thickness, and a larger
particle is supposed to make a deeper groove. Thus, the wear
rate will increase with an inereasing harmful size up to the
maximum fluid film thickness, and then decrease since larger
particles cannot enter the clearance. Experiments using
different size ACFTD partiecles were conducted. Fluid film
thickness ranged from 12 um to 27 um. It is seen from Fig.21
(also, Hirano and Yamamoto (14)(Fig.4); Tessmann and Fiteh
(34)(Fig.10); Odi-owei and Roylance (54)(Fig.22)) that the
prediction of a reduction in wear due to particles larger
than the film thickness is correct. Particle size's effect
on wear under fluid film lubrication is dependent upon the

thickness and different from that under dry condition. To
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determine the harmful size range, the effeet of particle
shape is also to be considered. This will be discussed in a
later part of this seection. In general, the size limits ecan

be expressed in terms of film thickness and shape factor,

Upper Limit D = .
max Kmax hmaX (3.6)
Lowef Limit D . = .
* min Kmin hmin (3.7)
where kmax , kmin = shape factors

Hardness Effect in Three-body Contact

The effeet of particle hardness or surface hardness in
three-body abrasion has never been well understood. In this
case, the Hardness effeet is much complex than in two-body
abrasion and the hardness ratio is more important. There are
two hardness ratios : the ratio of harder surface to softer
surface (Hm/Hf) and the ratio of harder surface to abrasives
(H /H ). The former can affect the ratio of cutting depth to
indenting depth. This phenomenon is easy to explain; when
this ratio approaches one, the abrasive particle will indent
into both surfaces the same depth if it is hard enough, or
will be ecerushed if it is too soft. Therefore, usually a
rather soft material is chosen for bushes. The hardness
ratio of shaft-to-bush must be above three to reduce cutting

damage on shaft surface (17). Fig.23 illustrates the
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relations amoné surface wear and surface hardness ratio. It
is seen that when the hardness ratio is smaller than a
cpitical value He, the wear will be independent of the metal
hardness ratio but dependent on the hardness of the softer
surface. When the hardness ratio is above the critical value
but below a maximum value, the wear damage will decrease on
the softer surface but increase on the harder surface. Above

Hmax’ the wear damage will be the same on both surfaces. The
H, is estimated to be about 0.7 to 0.85 and the Hp,. is one.

The hardness ratio of surface-to-abrasive 1is more
significant sinece it determines if the surface will be
abraded or not. Based on previous experiments (18)(Fig.8), a
similar hardness ratio effecet is shown in Fig.24. Below ﬁc’
surface wear is independent of hardness ratio but dependent
on metal hardness; above ﬁc’ wear decreases with incereasing
H until H . The wear behavior can be formulated using

c max
Eq.(3.8) and is illustrated in Fig.24-b,

1 , 0 < H g H
{ c
H-H
max _ _ _
F(H) = , H < H ¢ H (3.8)
T _F c S “max
Ho- H
max
0 ' , H <H
max

Here both ﬁc and ﬁﬁax vary in a wider range depending
on the materials. From Fig.24-a, it is estimated that'ﬁc is

about 0.4 to 1.0 and Hmax is about 0.5 to 1.4.
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ENGINEERING PROPERTIES OF MAJOR TYPES OF ROCK

TABLE II

54

UNCONFINED HARDNESS YOUNG'S
ROCK TYPE COMPRESSIVE SHORE somwor 1 Mmoouus
STRENGTH (MPa) | SCLEROSCOPE | HAMMER | (x 103 MPa)
MOUNT SORREL
MOUNT S 176.4 7 54 60.6
ESKDALE GRANITE 108.3 80 50 566
DALBEATLIE GRANITE 1478 7 8 v
MARK FIELDITE 186.2 78 56 562
IGNEOUS AND GRANOPHYRE 2087 a5 o P
METAMORPHIC (CUMBRIA
ROCKS ANDESITE (SOMERSET) 2043 82 67 77
\* TESTED NORMAL | _BASALT (DERBYSHIRE) 321 36 81 336
TO CLEAVAGE OR S OmEn WALES) 9.4 “ 42 3.2
SCHISTOCITY) SCRIST
(ABERDEENHSIRE) 82 47 n 355
GNEISS 162 8 T 6
TIONNFELS
(CUMBRIA) 303.1 9 61 1093
FELL SANDSTONE
(ROTHBURY) 741 2 » 327
CHATSWOR TH GRIT
(SANDSTONE IN PEAK) 3.2 3 28 258
BUNTER SANDSTONE
ARENACEOUS (EDWINS TOWE) 1n.e 18 10 6.4
KEUPER WATERSTONE
SEDIMENTARY R e a2 8 2 213
ROCKS HORTON FLAGS
{HELWITH BRIDGE) 1948 67 62 67.4
BRONLLWYN GRIT
(LLANBERIS) 1976 L 54 511
CARBONIF EROUS
LIMESTONE (BUXTON) 108.2 53 51 66.9
MAGNESIUM
LIMESTONE (ANSTON) 548 3 38 413
ANCASTER FIRESTONE
CARBONATE ANCASTER £ 8.4 8 0 195
BATH STONE
ROCKS RATH STON 156 2 15 16.1
MINDLE CHALK
(HILLINGTON) e 7 20 300
UPPER CHALK
(NORTH.FLEET) 55 8 9 44
GYPSUM
(SHERBUM IN ELMET) 216 L4 % 248
ANHYDRITE :
EVAPORITIC (SANDWITH) 978 38 10 63.9
ROCK SALT
ROCKS WINSFORD) " 12 8 38
POTASH
(LOFTUS) 58 9 n 79
MUDSTONE 455 32 2 25
SILTSTONE 83. 49 39 a5
COAL SHALE 202 - . - 52
MEASURE BARNSLEY
ROCKS HARDS COAL 54.0 - - 265
DEEP DUFFRYN
COAL 18.1 - - -
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Table II shows the engineering properties of major
soils and rocks. The relative hardness of a kind of particle
can be determined on the basis of its chemical composition.
Charts for hardness conversion are available in the

technical literature; an example chart is given as Fig.25.

Particle Shape Effect

The shape of abrasive partieles is also found to affeect
abrasion significantly. As might be expected, angular
particles will produce more wear than round ones. Sharp
angular partiecles result in more chips, whereas spherical
particles lead to more plastic deformation (36). Since the
dust from the environment is a major cause of abrasive wear,
the differences among contaminants result in the 1large
variability in wear mechanisms. Several shapes (sphere,
ellipsoid, spheroid, eylinder, cube, square, prism, pyramid,
and paraboloid) have been proposed as particle models.
Generally, abrasive particles found in hydraulic_ and
lubricating systems have angular shapes with sharp wedge
angles that are abrasive to sliding surfaces (64,66,126).
Often people use the degree of roundness to refer to the
sharpness of a particle. The five stages of shape
transition, or five 1levels of degree of roundness --
angular, subangular, subrounded, rounded, and well rounded -
- are illustrated in Fig.26 (127,128). Most kinds of dust

particles can be expressed in terms of one of these shape
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Fig.26 Particle Shape Stages (Roughness
Degrees) (127) (1969)
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stages, each roundness level is represented by a wedge angle
range. In this study, ACFTD, which has been universally used
as a standard test dust, is selected as fhe abrasive
particle in the development of the wear model. The shape of
ACFTD particles is assumed to be a prism square with two
rhombiec side planes as shown in Fig.27-a. According to
Iwanaga's observation, a 1.5 normal length ratio for the
longer axis of the rhombie plane to the shorter axis is
chosen. Since the two opposite angle pairs have values 260
and ( m -260 ) respectively, the value of the angle
corresponding to the 1.5 axis ratio is 33.7. By further
assumption, if the axis length ratio has a normal
distribution, then the variation range of particle shape can

be determined as

1 < Ly/L, < 2 (3.9)

corresponding to
27°< 9 < 63° (3.10)

Fig.27-b illustrates a more realistic partiele shape.
When the cutting depth t is much smaller than the height of

the particle itself, Eq.(3.11) is valid:
B' = B (3.11)

Therefore, the approximation of the model in Fig.27-a
to that in Fig.27-b is ec¢lose and reasonable. The shape

factors are calculated as
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L1 max '
Kmax “ h = 2.24 (3.12)
max
L1 min
min

The size distribution of ACFTD particles is shown in
Fig.28. A suggested fluid film and corresponding size range
of harmful particles are also illustrated in this figure for

modeling purposes.

Particle Toughness Effect

The toughness or shear strength of abrasives is the
least discussed among those major particle parameters. There
has been little information in the literature about
analyzing or testing for this effect. However, this property
is important to particles that undergo multipass abrasion
processes, such as pump contaminant sensitivity tests
(Fig.29) (104). The destruction characteristies of a
particle depend on particle's toughness which can be
represented by a time constant to refleect the break-down
period of the particle. This constant is to be determined
experimentally for analysis. Based on previous data, the
destruction time of ACFTD particles at all size intervals is

estimated to be about nine minutes.
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Wear Model

The wearl process in the "metal—fluid-particle—metal"
tribo-system can be analyzed as follows. If a particle has a
longer diameter D within the harmful size range, it will
very likely cause three-body abrasive wear. Once a particle
has entrained into the narrow gap, forced by the moving
lubricant, it will go forward and rotate simultaneously
until it reaches a critical location where the actual fluid
film thickness is too thin to let it pass. At this point,
because of the roughness of the metal surfaces, one of the
particle's wedge angles that contacts the fixed surface will
stop motion, whereas the other end,' in contact with the
moving surface, will continue to be driven forward. Thus, if

the hardness ratio Hm/Ha is above the maximum value ﬁﬁa no

X’
abrasive wear occurs on the surface since the particle will
be crushed(if both surfaces are hard) or completely indenfed
into the softer surface. On the other hand, if Hm/Ha is
below the ﬁﬁax’ three-body abrasive wear occurs.

A steady microcutting process is illustrated in Fig.30.
Here, the cutting depth is of interest for calculating the
rate of material removal on the wearing surface. Since the
particle is harder than the harder surface, it can indent
into both surfaces under a normal force. Also, the particle
undergoes a tangential forece. Fig.31 shows that the

indenting and cutting forces are balanced along the diagonal

in an equilibrium state. In addition, the algebraic sum of
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the force moments about point o must be =zero.

66

Thus, the

forece and moment equilibrium equations for the free-body of

a particle are Eqgs.(3.14), (3.15), and (3.16)

F, =0
F_ =20
y
MX(O) =0
where F = acting force

M force moment

(3.14)

(3.15)

(3.16)

subseripts x and y are Cartesian coordinates

To solve these balance equations, the indenting force

and the cutting force need to be calculated separately.

According to Ernst-Merchant's theory (129),

the forece

required to achieve cutting on the moving surface is

= 2.1 .+ . R. T Y -1 H#nm
me 2 Hm tm B cot(—Z—+ —5 - tan 5
and on the fixed surface is
e 2H.o-t  Becot(T— 4+ Y_ _ -1_Hf
Fee = 2 Hf te B-cot( 2=t % tan 5-)
where F = cutting force

H = surface hardness
t = cutting or indenting depth
B = cutting width

u = frietion coeffigient

(3.17)

(3.18)
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subseripts m and f stand for moving and fixed
surfaces, respectively.
Using Eqgs.(3.17) and (3.18), the moment balance

Eq.(3.16) can be approximately written as

1

H
2 £ .2 3.19
Cl .t h-t_ + te tn © H te = 0 ( )
m
or
me'( Cl t + h + tf ) = fo' tf (3.20)
where e, = a constant for approximating the acting

point for force Fm 0.6 to 0.7

x’

To figure the presumed indentation on the softer
surface, the total normal stress on each side of the
indented wedge of the particle is expressed in terms of the
mean normal pressure. This pressure is a function of the
wedge angle, yield strength of the material, and frietion
coefficient (130). In addition, since it is in an

equilibrium state, the resultant forece along the diagonal

should be equal. That is,
(3.21)

Using Grumzweig's method (131), the force required to
achieve the present unbalanced indentation can be estimated

as

P =KgECO,M) (3.22)
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where P pressure on the wedge

k
S

shear yield strength, ks = k1 Hf
The wedge pressure P is plotted in Fig.32 as a function
of wedge angle and friection coefficient . Now Eq.(3.21) is

rewritten:

tf-B
cos(d+ @ - 7/2 )
with
2-P-A-sing¢ = F__- 1 (3.24)
mx cosé :
P =k.H.-
kyHe £C 6, 1) (3.25)
Thus the indenting depth is
Hm
with
P+ -n/2
T n -1H .
o . cos (Pp+g- 7 »tan( it 5 - tan —E—>31n0 (3.27)
1

kl-f( by 0)-coso

Luo (69) analyzed the interaction between cutting and
indenting. He defined R as the ratio of the required cutting
forece (parallel to the moving direction) to the required
indenting force component (parallel to the moving
direction). He found that R depends on the ineclination
angle. When R is larger than one, no -cutting, only

indenting, occurs. Thus, if the wedge angle and friction
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coefficient are estimated, the critical inclination angle
can be obtained from Fig.33. Then the function-F1 may be
calculated by Eq.(3.27).

From Fig.31, the geometry condition for three-body

abrasion is derived as,

€+ tf+h-D-sin¢ =0 (3.28)

Substituting Eq.(3.26) into the geometry -equation
(3.28) and the moment equation (3.20) and combining these
two balance requirements, the cutting depth corresponding to
a particle of size D is obtained:

D-sin¢

t = (3.29)
m 2
(Hm/Hf)Fl +1 - C1

Since the cutting depth (Eq.(3.29)) is derived based on
the assumption that the particecle is harder than the harder
surface, a modification ecan be made to ineclude the effect of

hardness ratio as analyzed before. That is,

.83 F

¢ = DS”2‘¢’ 2 (3.30)

m .

,(Hm/Hf)Fl +1 - Cy
where
1 s, 0 < H g H
c

H-H

F max — _ -

2 = — — s Hc< H < Hmax
He- Ho % (3.31)
0 H H
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H=H / H (3.32)

From the calculated cutting depth, the location where
the particle contaets with both surfaces, and thus the

cutting length, are also obtained by Eqs.(3.33) and (3.34):

h = D-sing - (1 + (H /H)-F )t ©(3.33)
h - hygy

X = Xg=pr—p- » (3.34)
max min

where X, = the length of clearance from h . to h ..

In regard to the toughness effeet of a given type

abrasive, a destruction funetion is introduced here:

1
_ ’ 0<t\<\f
3 (3.35)
kt 0 f<t
where r = destruction time of a given particle
kt = destruction coefficient

This funetion is to refleet the relative life of the
abrasive particles based on the destruction time obtained
experimentally.

Therefore, the material volume removed from the harder

moving surface by one particle can be estimated by assuming
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the groove width is the same order of the magnitude as the

groove depth:

2
Vi = Kt Xyt Fy (3.36)

where k constant refleeting the ratio of cutting width
to depth

It is noted that this per particle wear model is
strongly depending upon three dimensionless funetions which

represent the effects of particle parameters as illustrated

in Fig.34. This relation is expressed by Eq.(3.37):

Vi = f¢( Fl(e), Fz("a)’ F3(r )) (3.37)

Finally, the mathematical model of total wear volume in

a period t is built up:

D
. max .
V:Q.t. V‘.n_ (3-38)
jz: i i
D_.
_ min
where Q = fluid flow rate
t = duration
n. = number of particles of size Di per unit volume

i
fluid at upstream

The computational flow chart for total wear volume is

shown in Fig.35.
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Model of Three-body Abrasion Sensitivity

Wear-Leakage-Degradation Analysis

Under abrasive wear conditions, the increasing wear
volume will result in an increasing leakage flow path. It is
logical to assume that this increase in flow path is
equivalent to an incfease in clearance based on material
volume:

Wear Volume v

C = = (3.39)
Area of Wear Surface

Certainly, such a change of flow path will result in
several forms of degradation in the performance of a fluid
tribo-mechanical element, such as the flow degradation in a
pump, speed degradation in a hydrauliec motor, or pressure
degradation in a spool valve. In general, the performance
defined by a parameter P is tightly related to three-body
abrasive wear, while the degradation rate is related to the

development of leakage flow path caused by wear:

dP(t)
= f( C(V) ) (3.40)

dt
For many -cases, when the pressure is képt' constant,

the performance parameter will be the flow rate; a typical
example is the hydraulic pump. It is noted that in such a
fluid component a main flow as well as a leakage flow
exists, as depiected in Fig.36-§. Let QT represent the

constant upstream flow, Qm the main flow, and Q1 the leakage
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flow. It is seen from Fig.36-b that both the Qm and the Q1
are functions of time. Usually for a component operating in
a contaminanted environment, the main flow degrades with
time and, simultaneously, the leakage flow increases with
time since the total upstream flow is a constant. Thus the
flow degradation can be described in terms of either one of
the two flows.

Most often in previous studies on contaminant
sensitivity, the main flow degradation has been considered
(94,97,104-110). According to the present contaminant
sensitivity theory, the degree of performance degradation in
any fluid tribo-mechanical element can be represented by a
lumped parameter -- the contaminant sensitivity coefficient,
Si’ as expressed in Eq.(2.2). Since the Si implicitly
reflects the abrasive-caused wear damage, the contaminant
sensitivity of a component cannot be prediected but must be
determined on an experimental base. Now with the rationale
of wear-leakage-degradation, the model of lubricated three-
body abrasion sensitivity can be developed to theoretically

evaluate the contaminant tolerance and life for a component.

Component Sensitivity Model

All fluid components are sensitive in some degree to
particulate contaminants entrained in the system fluid,
mainly due to the fact that the eceritical surfaces inside a

component are subjected to three-body abrasive wear which
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results in increased leakage. The flow degradation of a
component can be mathematically expressed 1in. terms of

leakage flow:

Q; (t+dt) = Q;(t) + Q_(¢t) (3.41)

where Qw(t) = flow caused by three-body abrasive wear
in time interval dt
Let A be the area of flow passage, and B the passage

width. The wear-induced flow is described by Eq.(3.42):

B .
where v = relative velocity between two surfaces
V = three-body abrasive wear volume in time

interval dt

Substituting the wear equation (3.38) into Eq.(3.41):

D
_ B max
Ql(t+dt) = Ql(t) t 3 v-Ql(t)-dt Z Vi- n, (3.43)
D .
min

Rearranging Eq.(3.43) into a differential form and

integrating it from the initial leakage flow to the flow at

time t

t D

].t max

dQ, (t)
1 B z :
I - s (_K.V vi.ni)-dt (3.44)

Q Q (&) 0 D

10 min
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Thus the flow degradation represented dy leakage flow

is derived:

Q
In(=tte) = (‘—B—VZ Vong)t (3.45)

Also the flow degradation can be expressed using the

main flow:

Q Q max
1n ) = (——-v V (3.486)
— Z

where QT

th

Qo

On the other hand, the contaminant-tolerant life of the

theoretical upstream flow

main flow at time t

main flow at initial

component is determined by Eq.(3.47):

Q. - Q
In( QL__m_t)
T QmO
D (3.47)
max :

(— Vi. ni)

>l

min

By introducing a three-body abrasion sensitivity
coefficient Zi’ Eq.(3.47) can be simplified:

Qr - Q¢

In(
Qr - Qo

(3.48)

min
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where

7. = 2 y.v, (3.49)
i A i

The set of coefficients Zi represent the sensitivity of
a fluid component to three-body abrasive wear since they are
derived from wear calculations. Equation (3.48) states that
the service life of a fluid component is a funetion of these
coefficients and it is theoretically prediectable now since
the calculation of Zi is available.

A detailed examination of these coefficients is
conducted by combining Egs.(3.30), (3.36), and (3.49). It
shows that the sensitivity coefficient'Zi depends mainly on
the component design (material and clearance) and particle
properties. For many cases, the hardness ratio between two
surfaces is above three. Thus the resultant form of Z; can

be derived as

- _B - 2, . r.n2 (3.50)
z;= —g—Vv-K-(Hg/H )X, {-DY
where { = theoretical particle abrasivity
- e 2 .2 (3.51)
{= ( sing FZ/FI )4 Fy

After comparing Eq.(2.4) with (3.48), it is found that

the coefficient of contaminant sensitivity Si is related to



82

- the coefficient of three-body abrasion Zi by a flow rate

transfer coefficient kq:

= . 3.52
Zi Kq Sl ( )
where
Qr - Qe Qo )
K = 1n( ) / 1n¢( ) (3.53)
! Qr - o Une



CHAPTER 1V
EXPERIMENTAL EVALUATION OF WEAR MODEL

In order to validate the feasibility of the wear model
and component contaminant sensitivity theory developed in
Chapter III, a large number of experimental tests have been
conducted. The experimental program consists of two sub-
programs : the lubricated three-body abrasive wear tests and
the hydraulie pump contaminant sensitivity tests. The
experimental details of wear tests is presented in this
chapter, while the pump test results will be reported in

next chapter.
Experimental Considerations

The wear model, Eq.(3.38), states that the total wear
volume in a lubricated three-body abrasion process depends
on several parameters : the operating time, t; the rate of
flow passing through the clearance, Q; the particle size-
concentration distribution in the fluid, D. - Ni; and the

i
per particle wear volume, Vi‘ To evaluate the wear model,
these parameters need to be measured from tests and
specified in calculation. Then the validation of Eq.(3.38)
can be estimated by comparing the experimental result with

the computational result under the same wear condition.
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However, one problem here is that it is almost impossible to

directly observe the wear caused by individual particles

during a wear test. The per particle wear volume Vi has to

be .determined by three dimensionless particle property

funections as shown by Eq.(3.37). In addition, a qualified

wear test system associated with a verified test method is

required. Therefore, the wear test subprogram includes the

following three test groups

1. Tests to verify the repeatability and accuracy of the
developed test system and to qualify the required wear
measuring method and test procedures.

2, Tests to determine the three particle property
parameters.

3. Tests to evaluate the feasibility of the wear model for

specified operating conditions.
Test System and Wear Measurement

Accofdjng to the literature survey, few investigations
with test system capable of providing a desired and stable
fluid film lubrication condition were conducted before Hong
(66) developed the Gamma - tester at the FPRC in 1983.
Commonly used abrasive wear testers in previous studies were
pin-on-dise testers, journal-V block (Falex) testers, ball-
on-ball (Four Ball) testers, cup-on-block (Timken) testers,
ete. Most of these testers were originally designed for

testing anti-wear properties of lubricants under boundary or
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extreme pressure conditions, but not for simulating thick

film lubricated three-body abrasive wear condition because

1. The fluid film thickness cannot be controlled due to the
design of the contact geometry, loading mechanism,
and driving system.

2. The material of the test specimen are usually fixed and
not easily be changed.

3. The fluid circulation system is usually not available.

4. The fluid temperature is difficult to control. This leads
to an unstable fluid film condition.

Due to the lack of effective test methods for assessing
contaminant-induced wear in a lubrication system, an
increasing demand for such techniques is being voiced by
industry. Hong (66) developed the Gamma Test System on the
basis of a previous FPRC Gamma Falex System. Major
improvements for establishing a hydrodynamiec lubrication
condition include changing the specimen geometry from V
shape block to 120 degree bearing, increasing rotating speed
to 2400 rpm, and reducing the spring loading to 0.5 1lbs.
Under these conditions, this test system can provide a
minimum film thickness of 13.2 micrometers.

The nonflinearity of the spring loading mechanism in
the Gamma test system is significant under the very low
loading conditions that are needed for a wider range
simulation of three-body abrasion process; consequently, a
test system with lighter and more stable loading capacity is

necessary. This need led to the development of the Thick
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Film Gamma Machine (70). Fig.37 shows a schematiec diagram
of the wear test system. The original loading spring was
replaced by a simple dead-weight loading mechanism, as shown
in Fig.38. In this way, the load is guaranteed to be kept
constant even at a very light loading level. Another major
modification from the Gamma test system is the compact-
sized electrical motor used instead of the hydraulic motor
driving system, because only a small driving torque with a
rather higher rotating speed 1is needed 1in this wear
condition. The speed of the electrical motor can be
adjusted by using a speed control system. The maximum
rotating speed is 3300 rpm. The test specimen has the same
geometrical dimensions as that used in Gamma Test System,
Fig.39 illustrates the configuration of the journal-bearing
assembly. The detailed test procedures are listed in
Appendix A.

In last 'two years (61, 67), the validation of the
developed Thieck Film Wear Tester and the test method has
been evaluated by performing a large number of experiments.
These tests are arranged as two major parts for testing the
repeatability and sensitivity of the tester and for choosing
an accurate wear measuring method.

ACFTD particles of three different size ranges -- 0 -
20, 0 - 50, and 0 - 80 micrometer -- were used to examine
the repeatabilfty of the developed test system. For each
particle size, fifteen wear tests were run under identiecal

operating conditions: ACFTD concentration level of 100
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(mg/L), 2104 hydraulie fluid at 25° C temperature, 3000 rpm
rotating speed, and a 300 gram applied load. The test
specimen is composed of 3135 steel journal and a pair of
free cut brass bearings. Test results are listed in Table
III and plotted in Fig.40, where the wear is measured by
weighting the test journal before and after a 30 - minutes
test period. Statistical analysis on test data were
performed. The average value of weight loss, the standard
deviation, and the 95 percent confidence level intervals for
the weight loss and standard deviation are also given in
Table III. The accuracy of the test system can be analyzed
by the maximum possible error, which is three times the
standard deviation. Another important parameter in the
repeatability analysis 1is the coefficient of wvariation,
whieh is the ratio of the standard deviation to the mean

value and is expressed by Eq.(4.1):
w=28/X (4.1)

standard deviation

where S
X = mean value

Since the variation coefficient w for all three cases
is within a five percent range, the repeatability of the
tester is satisfied.

A second set of qualifying tests were conducted to
examine the sensitivity of the tester as well as the weight
loss wear measuring method. The weight loss method was

chosen as the wear measure because the weight loss of a
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TABLE III

THICK FILM WEAR TESTER REPEATABILITY TEST DATA

Test No. 0-20 um 0-50 um 0-80 um
1 0.7 (mg) 0.49 (mg) 0.42 (mg)
2 0.68 0.475 0.385
3 0.66 0.43 0.41
4 0.73 0.47 0.418
5 0.76 0.42 0.40
6 0.675 0.44 0.388
7 0.68 0.445 0.39
8 0.66 0.478 0.40
9 0.655 0.435 0.415
10 0.69 0.43 0.425
11 0.683 ‘ 0.46 0.387
12 0.662 0.465 0.395
13 0.705 0.455 0.413
14 0.647 0.44 . 0.405
15 ° 0.658 0.48 0.395
Mean X 0.683(mg) 0.454(mg) 0.403(mg)
95% Confidence
Interval of X [0.66,0.7] [0.44,0.47] . [0.39,0.41]
Standard
Deviation S 0.0307 0.0216 0.0131

95% Confidence

Interval of S [0.023,0.048] [0.016,0.034] [0.0096,0.0206]
Max.Possible

Error 3S 0.0921 0.0648 0.0393
Variation

Coefficient w 4.5 % 4.7 % 3.2 %
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specimen directly reflects the amount of material removed
from the surface. This value was precisely measured in this
study by using a precision balance, which providgs a 10 ug
resolution. Considering that the surface roughness of a
standard journal should vary with the wear process, the
journal surface roughness was also measured using a stylus
profilometer. The roughness change can be used to compare
the sensitivity and accuracy of the weight loss measuring
method.

First, four tests were run with the same size (0 - 50
um) ACFTD particles but at one of four different concen-
tration levels : 0 (mg/L), 50 (mg/L), 100 (mg/L), and 200
(mg/L). All other operating parameters remained the same as
those in previous tests. Fig.41 (a) shows the wear data in
terms of weight loss, while Fig.41 (b) depicects the wear
measured by the roughness change on the journal surface.
The relationship between wear in 30 minutes and
concentration levels is summarized in Fig.42 (a) for the
weight loss method and in Fig.42 (b) for the roughness
measure. These figures show that when using this system,
0.20 mg material was removed from the journal surface in a
30 minute period even under clean fluid conditions because
of the unexpected surface contact at the start and end of
test. If this value is taken as a base wear level, a
relative wear measurement can be made. By comparing Fig.41
(a) and 41 (b), it is found that the wear reading is

consistent up to 100 (mg/L) concentration level, measured by
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either the weight 1loss method or the roughness change
method. Above this level, the wear value becomes unstable.
Therefore, the 100 (mg/L) concentration level was
considered as an optimal operating level. The significance
of this selection was double checked by carrying out another
set of wear tests. Particles obtained from five types of
rocks classified as A, B, C, D, and E were used in five
tests. The particle concentration was 100 (mg/L) and the
size range was 0-50 um. In each test, the journal specimen
was weighed at 0, 5, 15, and 30 minutes and its surface
roughness was also measured and recorded. These results are
shown in Fig.43 and illustrate that the developed wear test
system associated with the weight measuring method is
sensitive enough to distinguish various wear situations
caused by particles of different properties, even for very
similar particles as C and D.

As a summary, the repeatability model of the Thick Film
Wear Tester is constructed based on the analysis of three
wear data sets, with a total of 54 tests. According to this
model, when a multiple number of 1lubricated three-body
abrasive wear tests are conducted under identical test
conditions, at least 83 percent will fall within a normal
distribution with a variation coefficient of 3.2 to 4.7
percent, or with a standard deviation of 0.01313 to 0.03 for
a mean value of 0.4 to 0.68. In addition, the developed

test system is able to distinguish different wear situations
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caused by different partiecle sizes or different types of

particles, at the test concentration level of 100 mg/L.
Evaluation of Partiecle Property Effect

As stated in Chapter III, the particle properties play
an important role in the process of three-body abrasive
wear. In the theoretical modgl, the wear volume is
accumulated by the Ni wear volumes Vi at each particle size

Di from the smallest harmful partiecle size D to the

min

largest size Dma while the individual wear volume Vi

x’

depends upon three particle-related funetions. In order to

verify the wear model developed, some critiecal parameters

involved in these three functions -- the shape, the
hardness, and the toughness -- need to be determined
experimentally. The parameter involved in the particle

shape funetion Fl’ Eq.(3.27), is the average wedge angle .
Actually, most types of contaminants have a variety of
shapes. Therefore, the parameter 1is sometimes hardly
obtainable. Each inorganiec partiecle, however, does have
features that depiet their origin, generating mode, and
subsequent exposure prior to being captured (1). Many
people tried to characterize particle shapes as precisely as
possible in order to <calibrate the automatic particle
counters or to improve the filtration technology (126, 133,
134). Usually, the shape of a particle is observed under a
mieroscope. Dimensions that can always be measured with

respect to any irregular particles are the maximum cord
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length (L) and the minimum cord length or width (W). Walker
(1, 134) studied the average length and width of com@bn
particles except the microbeads of glass. In the present
research, the shape of glass beads of sizes from 10 - 40 um
were examined under a Trans-Sonies miceroscope with one
thousand magnification. It was found that these glass beads
belong to the well rounded group. For simplifying the
analysis, the average length-to-width ratio is estimated to
be about 1.1. Thus four kinds of particles, ACFTD,
A1203, Iron Powder, and Glass beads, are selected in the
abrasion research for their distinetive properties in
hardness, brittleness (toughness), and shape. By adding
Walker's average length and width data for the first three
particles, Table IV is construeted to show the major shape
parameters for these four particles, where the half wedge

angle @ is calculated by Eq.(4.2)

0= tan (W / L) (4.2)

where W Average particle width.

L Average particle length.

The hardness funetion F Eq.(3.31), is more difficult

2’
to determine since it should represent the complex
relationships among hardnesses of the journal, bearing, and
particles involved in three-body abrasion process. Four

journal metals, three bearing metals and four kinds of

abrasives were selected to simulate a variety of practical
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TABLE 1V

SHAPE PARAMETERS OF FOUR TYPICAL PARTICLES

Particle Shape Parameters
Particle
Type | Average Average , Average
Width Length Wedge Angle
W L 6° '
ACFTD 1 1.49 33.86
A1203 1 1.48 34.0
" Iron Powder 1 ' 1.64 31.37
Glass Bead1 1 1.1 42.27
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situations. These materials and their hardnesses in
Rockwell, Knoop, and Moh's scales are listed in Table V. By
using the Knoop hardness values, the bearing-to-journal
hardness ratio (Hf/Hm) and the journal-to-abrasive hardness
ratio (Hm/Ha) are calculated and listed in Tables VI and
VII, respectively. Eight tests were arranged to examine the
wear dependence on abrasive hardness with two bearing-to-
journal combinations (Hf/H[n = 0.3 and 0.6), sinee it is
known from Fig.24 that both of these hardness ratios (Hf/Hm
and Hm/Ha) affeet the wear severity. The wear was measured
by journal weight loss in eaeh test. Also, the actual
particle numbers were counted. Major test results are
illustrated in Table VIII, whiech shows the total wear in 30
minutes, the initial partiecle concentration of the size 20 -
40 um in the fluid, and thg per particle wear on this size
base. The data of total wear are plotted in Fig.44. It is
clearly seen from this figure that the effects of bearing-
to-journal hardness ratio and journal-to-abrasive hardness
ratio are signifiecant. However, these data show that the
wear is not linearly dependent upon the Hm/Ha ratio as.
analyzed based on earl{er research, but varies geometrically
with the Hm/Ha ratio at either Hf/Hm level tested. In faect,
by plotting these data on a log-log diagram, quite good
straightline relations are revealed between the wear and the
journal-to-abrasive hardness ratio, for both the total wear

case and the per particle wear case, as shown in Figs.45 and



HARDNESS OF JOURNAL,

TABLE V

BEARING, AND PARTICLES

Materials Rockwell Knoop 2

' Hardness Hardness kg/mm
3135 Rb 89 200
1020 Rc 20-24 290
Journal 4130 Rc 41-45 480
(Steel) 1095 Rc 56 660
Brass Rb 74 150
Bearing Al Rb 80 170
Steel Rb 89 200
Iron Powder MOH's 3.5 240
Glass Beads MOH's 5. 590
Parcicles ™) cprp MOH's 6.9 1100
A1203 iMOH's 8. 2100

[40)1



BEARING-TO-JOURNAL HARDNESS RATIO

TABLE VI
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1 f Brass Al Steel
m

3135 Steel 0.75 0.85 1.00

1020 Steel 0.52 0.59 0.69

4130 Steel| 0.3l 0.35 0.42

1095 Steel| 0.23 0.26 0.30
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TABLE VII

JOURNAL-TO-ABRASIVE HARDNESS RATIO

a Ha Iron Glass | ACFID A1,0,
3135 Steel| 0.83 0.34 0.18 0.10
1020 steel| 1.20 | 0.50 0.26 0.14
4130 Steel| 2.00 0.82 0.44 0.23
1095 Steel| 2.75 1.12 0.60 0.31




TABLE VIII

TEST DATA ILLUSTRATING HARDNESS EFFECT ON WEAR

Nifnit;r Particle Journa]lBearing He/H Ho/H ‘Ezzil gg?zgimPgiiiéle
H1 Iron 1095 Steel 0.3 2.75 0 mg 292 0 ug
H2 Glass’ 1095 Steel 0.3 1.12 0.12 237 0.5
H3 ACFTD | 1095 Steel 0.3 0.60 0.43 200 2.2
Hé4 A1203 1095 Steel 0.3 0.31 1.21 70 17.2
H5 Iron' 1020 Al 0.6 1.20 0.72 292 2.5
Hé6 Glass | 1020 Al 0.6 0.50 2.05 237, 8.6
17 ACFTD| 1020 .AI 0.6 0.26 2.81 200 14.1
118 A1203 1020 Al 0.6 0.14 5.09 70 72.7

0T
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46, respectively. Therefore, the hardness function F2,

Eq.(3.31) must be modified as

1 , 0 ¢ H ( H|
- b/ F T ¢ 7 ¢ ®
F, = a-H~ / H| , B, CH (H (4.3)
0 , H { H
max

where a, b = constants.

In Eq.(4.3), constants a and b can be obtained by using
the least square curve fitting method for each data set, as
shown in Table IX. The critical hardness ratio and maximum
ratio for 0.3 Hf/Hm level are estimated as 0.3 and 1.2,
respectively; and 0.15 and 3 for 0.6 Hf/Hm level.

The parameter involved in the particle toughness
funetion F3 is the destruetion time constant . Previously,
this value was estimated based on the flow degradation rate
in a pump test. Using the Thiek Film Wear Tester, the
abrasive destruction time can be determined by  using
inexpensive specimens. Four tests were run for this purpose.
In each test, the journal wear was measured every three
minutes for a total of 15 minutes; at the same time, a fluid
sample was collected and the number of particles in the
fluid was counted. 1020 steel journal and aluminum bearings
were used. The particle counting results are illustrated in
Appendix B. The wear data is shown in both Table X and

Fig.47. Various criteria can be applied here to determine
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TABLE IX

DETERMINATION OF CONSTANTS A AND B

Wear Hf/Hm a b
0.3 0.182 | -1.686
Total
0.6 . 0.85 -0.91

Per Particle 0.3 2.687 | -1.62

(20 - 40 um) 0.6 0.448ﬂ -3.11
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the destruction time constants depending on each application
(as shown in bottom of Table X). However, it can be seen
that the nine minutes destruction time for ACFTD particles
used previously equals the value in the wear test on the 64
% base. It takes the time when the total wear increased up
to 64 percent of the maximum wear as the destruction time of
the abrasives tested. Nevertheless, the destruction time
constant of ACFTD will extend to 17 to 19 minutes if based
on the time at 90 percent maximum wear. From these data, it
has been shown that the glass beads have the longest
destruction constant; while both the aluminum oxide
particles, which is extremely hard and brittle, and the iron
powder, which is rather soft but tougher, have almost the
same short destruction time. The correctness of these time
constants are supported by the particle counting data for
each test. The variation of numbers for particles larger
than 20 um‘is shown in Fig.48, and larger than 5 um shown in
Fig.49. The number ofllarger ( > 20 um ) A1203 particles
decreased rapidly within 6 to 9 minutes; simultaneously, the

smaller ( > 5 um ) Al 03 particles inereased rapidly due to

2
the generated wear chips and breakdown of larger particles.
After 12 minutes, the particle number became stable. For
iron powder, a similar rapid decrease in number of larger

particles was found, whieh corresponds to a short des-

truction time constant. But the number of particles was



 DETERMINATION OF PARTICLE

TABLE X

DESTRUCTION TIME

article
Iron Glass ACFTD A1203
Time(min
0 0 0 0 0
3 0.35 0.45 0.54 1.51
6 0.50 0.51 1.25 3.12
9 0.63 0.78 1.51 4.23
12 0.65 1.25 1.82 4.61
15 0.68 1.35 0 2.10 4.73.
30 0.72 2.05 2.81 5.09
- |
7 (min) 4-5 13-15 10-11 6-7
on 647 Bgse
Ty(min) 9-12 21-24 17-19 | ~10-12
on 907 Base

112
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also found  to decrease. This 1is probably because more

particles smaller than 5 um were generated or because of the
fast deposit of iron powder in fluid and the sampling error.

For the other two abrasives with longer destruction
time, no significant changes in the number of larger
particles were observed.

Basically, the method applied here to obtain the
destruction time constants of the four test abrasives has
been shown correct. The time constants were determined and
can be used to prediect the wear behavior for a given

condition.
Evaluation of Wear Model

Upon the three particle-related variables obtained, the
wear for a given condition can be estimated and the wear
model, thus, can be evaluated. According to the wear"
calculation flow chart, Fig.35, the required computational
parameters are listed in Table XI, where they are arranged
into four basiec parameter groups as the operating
parameters, fluid parameters, design parameters, and
particle parameters. During the tests, most of these
parameters were kept the same as deseribed in Table . XI,
except the journal-bearing assembly and the abrasives, which
were specified in each computation and comparison test.

From the analysis of particle shape effect, the size
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COMPUTATIONAL PARAMETER DESCRIPTION

Operating
Parameters

applied load
relative velocity
fluid flow rate
fluid tempersture
operation time
min.film thieckness
max.film thickness

a3 0< S

30
10
0.
25

15
35

Fluid
Parameter

Design
Parameters

journal radius
clearance
journal hardness
bearing hardness

ng:()w

Particle
Parameters

abrasive hardness
wedge angle

destruction time
number at size Di

maximum size
minimum size

S NOom
. [+

(w ]

max
min

0 [ gram ]
0 [ emfsec ]
255 [ em“/seec]
[ C ]
[ min. ]
{ um ]
[ um ]
8E-7 [kg-s/cmz]
3167 [ em ]
54E-4[ cm ]
TABLE V )
TABLE V )
TABLE V )
TABLE 1V )
TABLE X )

TABLE XIII,XIV)
Figures 50,51 )
TABLE XII)

)

same as hmin
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range of harmful particles can be determined by Eq.(4.4) and

(4.5),
Dmin = hmin (4.4)
hmax'klw
max . sin ( 90 -0)
where h i, = minimum fluid film thickness
hmax = maximum fluid film thickness
klw = ratio of particle length to width (Table IV)
) = particle half wedge angle (Table IV)

The maximum harmful sizes of the four test abrasives

are listed in Table XII, where the Dma is expressed either

X

in terms of hm or in terms of acetual size if the hmax is

ax
known. For the case of the thick film tester, the h is

ax
estimated to be 35 um.

Two sets of wear tests were conducted for the purpose
of wear model evaluation. The first set comprises three
tests, all using the 3135 steel journal with the brass
bearings. Iron powder was tested in test Ti1, glaés beads in
test T2, and ACFTD barticles in test T3. The second test set
consisted of four tests with the 1020 steel journal-bearing

combination, and iron powder  in test H5, glass beads in HS6,

ACFTD in H7, and Al,0

903 particles in H8. The actual
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EASTIMATION OF MAXIMUM HARMFUL PARTICLE SIZE

max

Iron Glass ACFTD A1203
' Wmax/hmax 1.16 1.35 1.19 1.21
Dmax/hmax 1.90 1.48 1.77 1.79
D (um) 66 52 62 63
(BaX =35)
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concentration level in each test was carefully examined by
counting the number of particles in the test fluid. The
particle number larger than each size interval is shown in
Table XIII for test set one and in Table XIV for set two.
These particle numbers can be expressed as a linear funection

of size when plotted on a log~log2 diagram, as illustrated

in Fig.50 and 51. Thus, the particle number at a size

interval Di—l to D, is calculated by Eqs.(4.6) and (4.7),

2
k.+log™D. + k
N, =10 1 &5 2 (4.6)

n, = Ni-l - Ni (4.7)
where N, , = number of particles larger than size D; 1
Ni = number of particles lafger than size D,
n; = number of particles of size D;_; to D;
kl,k2 = concentration coefficients
The k1 and k2 were calculated in each computer

simulation based on two input data, the numbers of particles
of size larger than 5 um and 20 um, respectively. By
knowing the actual number of partiecles in the test fluid,
the wear volume generated by individual partiecles and the
total wear by all the particles can be caleculated for each

case. Table XV and Fig.52 present the calculation of wear
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TABLE XIII

PARTICLE COUNTING DATA IN WEAR TEST SET ONE

Test Number

Size (um) T1 T2 T3
3 -——- --- 15,087
5 17,873 789 8,295
10 8,210 545 792
15 --- --- 354
20 1;849 435 162
30 374 298 33
40 120 168 --
50 49 30 --

( unit : particle number per milliliter fluid )
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TABLE XIV

PARTICLE COUNTER DATA SET 2 IN WEAR TESTS

Test Number

Size (um) H5 H6 H7 HS8
5 7,331 3,210 5,940 2,728
10 2,385 938 1,414 628
20 310 283 224 148
30 65 119 82 96
40 18 46 25 80

50 7 17 9 58
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'per second by 1iron powder ( test T1 ). The wear |is
calculated for particles of sizes from 15 um to 66 um. The
per particle wear is shown to be a square function of
particle size, as analyzed in the wear model. The total
wear, on the other hand, shows a steady linear increase with
inecreasing size until a critical size of about 52 um; above
this size, wear decreases due to fewer particles. Finally,
no wear is generated if the partiecles are larger than Dmax
since it is assumed that these particles cannot get into the
clearance between surfaces. This prediction agrees with
previous test results shown in Fig.21.

According to the wear model, the total wear in a test
period t is the summation of the wear in each time interval
dt. Experimental data of the seven tests are compared wigh
theoretical predictions and shown in Table XVI. By plotting
the data on Fig.53 for the first test set and on Fig.54 for
the second set, it can be clearly seen that the destruction
time constants obtained in earlier tests are basically
correct and these values have a significant effect on wear
preaiction. The maximum relative error of the wear model is
18 to 36 percent for iron powder, 14 to 28 percent for glass

beads, 16 to 21 percent for ACFTD, and 16 percent for Al,O

273
particles. However, the wear model is shown to be effective

and applicable for performance degradation analysis of

general tribo-mechanical Egiboﬁenis;'if'éii the computational
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TABLE XV -

WEAR CALCULATION FOR IRON POWDER (TEST T1)

Particle Size Wear Per Particle Total Wear

Di (um) of Size D, (E-8 mg) of Size D; (E-3 mg)
15 0.0 0.00
30 1.4 3.54
32 3.8 8.05
34 7.4 12.50
36 11.9 16.75
38 ©17.5 20.52
40 24.1 23.73
42 31.7 26.37
44 40.2 28.46
46 49.5 30.02
48 59.7 31.08
50 70.5 31.73
52 81.9 32.01
54 ) 93.8 31.97
56 106.0 31.67
58 118.7 31.14
60 131.6 30.44
62 144.5 29.60
64 157.6 28.65

66 170.7 27.61
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TABLE XVI

COMPARISON BETWEEN EXPERIMENTAL DATA
AND THEORETICAL PREDICTION

Test Particle Test Data Wear Model Error
No. in Test (mg) (mg) (%)

T1 Iron 2.51 2.06 - 2.56 -18 - +2
2 Glass 450 4.48 - 5.14 -0.5 - +14
I ACFTD  1.50  1.59 - 1.82 +6.0 - +21
“Hs  fron  0.12 0.80 - 0.98 +11 - +36
T Ee Glass  2.05  2.11 = 2.62 +3.0 - +28
CEr ACFTD  2.81  2.79 - 3.25 -0.7 - +16
Hs AL,O,  5.09  5.33 - 5.92 +5.0 - +16
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parameters can be specified in the same way as deseribed in

this chapter.



CHAPTER V

EXPERIMENTAL EVALUATION OF THREE-BODY

ABRASION SENSITIVITY THEORY
General Consideration

The time-dependent performance degradation processes
that occur in many mechanical components are mainly caused
by the working fluids <containing abrasives. These
particulate contaminants make the situation of fluid film
lubricated three-body abrasive wear possible, which results
in deterioration on internal eceritical surfaces, increase of
clearances, and degradation of major performance parameters.
These components are called tribo-mechanical components
because they are usually lubricated in operation in order to
reduce friction and.avoid wear . damage. However,the tolerance
of most of these components is limited. The sensitivity of a
tribo-mechanical component varies widely but Dbasically
depends on both the component design and the working
environment, which both affeet the internal wear process.
Therefore, if the verified wear model is correctly'
inecorporated with the analysis of performance degradation,
the sensitivity, or the tolerance life, of a component will

be predictable. In order to evaluate the sensitivity

132
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predietion, the contaminant sensitivity tests on hydraulic
pumps, which are typical tribo-mechanical components, were
performed for comparison.

The pump contaminant sensitivity test procedure is a
NFPA (National Fluid Power Association) recommended standard
and ISO proposed standard. The required test system is
schematically illustrated in Fig.55. Three identical piston
pumps were testéd according to the standard procedure; each
was exposed to one of the three test abrasives, Iron powder,
ACFTD, and A1203 particles. Then the flow degradation and

sensitivity of the pump to each kind of abrasive were

experimentally determined.
Wear and Degradation Analysis

The time-dependent wear process inside the pump should
be estimated in order to predict the pump flow degradation
and pump contaminant sensitivity-under each condition. As
stated in the previous chapter, a set of computational
parameters are required for wear analysis. In the case of a
piston pump, two parameters are important : the clearances
between critical surfaces and the hardness ratio of the
surfaces.

The axial piston pump tested in this research has many
parts which move relative to one another. These parts are
separated by a small oil-filled clearance through whiech the
working fluid leaks, forced by fluid pressure. Fig.56 shows

the five major pump parts : the valve plate, ceylinder block,
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piston, piston shoes, and swashplate; and the associated
four eritical clearances between these parts.

The hardness of each part was tested and shown in
Fig.56. The surface hardness ratio and the surface-to-
abrasive ratio, therefore, can be obtained and listed in
Table XVII.

The exact clearances are more difficult to determine
since it is impossible to measure them direectly. It is
generally found in practice that the areas particularly
subject to clearance problems are eylinder-to-valveplate and
shoe-to-swashplate (Fig.56). These clearances are
relatively bigger than others and they are the main paths
for internal leakage flow. From Silva's (112) experiments,
it is known that the test pump has a 96.3 percent volumetric
efficienecy under conditions of 2500 (psi) pressure, 2600
(rpm) speed, and 150 (°F) temperature with 2104 hydrauliec
fluid. This means that there is an internal leakage flow of
60 milliliters per second corresponding to a total flow rate
of 26.4 gallon per minute. By measuring the dimensions of
each part, the average clearanée in thé pump is between 5 um

to 40 um, estimated from Eq.(5.1),

el .1 1/3
ho= (l2:#-1-Q,

(5.1)
b-Ap
where p = fluid viscosity [kgf-sec/cmZ]
1 = average leakage length [em]

K=2
1]

average leakage width [em]
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TABLE XVII

HARDNESS DATA OF MAJOR PISTON PUMP PARTS

Hf/Hm Swashplate Shoe Piston Block
Shoe Piston Bloeck Valveplate
0.28 0.3 0.3 0.6

Hm/Ha

Iron ©2.75 2.45 2.45 1.375

ACFTD 0.6 0.54 0.54 0.30

Al,O 0.314 0.28 0.28 0.157
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TABLE XVIII

COMPUTATIONAL PARAMETERS IN PUMP WEAR ANALYSIS

172 [ kgf/em’]

operating pressure p
rotating speed v 2600 [ rey/min]
fluid flow rate Q 60 [ em"/sec]
Operating fluid tempersture T 65 L C ]
Parameters max.operation time t 30 L min. ]
) min.film thickness hmin 5 L um ]
max.film thieckness h 40 L um ]
................................... s S
Fluid viscosity K 0.13E-7[kg-s/cm2]
Parameter
Design average width b 63 [ em 1
Parameter average length 1 0.25 L em 1
surface hardness H (Fig.56)
. abrasive hardness Ha ( TABLE XVII )
-wedge angle 6 ( TABLE IV )
Particle destruction time L4 ( TABLE X )
Parameters number at size Di n ( TABLE XIX )

( Fig.57,58,59 )
maximum size Dmax Iron 76 [ um ]
. ACFTD 70 [ um ]

A1203 72 [ um ]
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ABRASIVE CONCENTRATION IN PUMP TESTS
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SIZE ABRASIVE TYPE
(uM) Iron Powder ACFTD A120
0-20 0-40 0-20 0-40 0-20 40
5 386,137 202,794 292,014 236,415 891,093 41,060
10 83,299 80,946 71,154 61,429 477,693 17,618
20 7,193 9,525 5,443 8,554 23,556 5,835
30 1,071 1,540 963 2,376 589 5,557
40 261 372 71 826 36 4,475
50 38 111 27 294 17 3,641
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leakage flow rate [cm3/sec]

Q

AP fluid pressure [kgf/cmz]

The parameters required for pump wear analysis are
listed in Table XVIII, the width b(b=#d) and length 1 of
main leakage paths are indicated in Fig.56, and the particle
number-size distributions are shown in Table XIX and
Figs.57, 58, and 59. With this information, the pump.wear in
a test period can be calculated. The total wear volume is
used to calculate the increase of clearance by Eq.(3.39).

Consequently, the leakage flow and the degradation of main

flow are also obtained.
Wear Measuring Method

One difficulty in evaluating pump wear and performance
degradation is that the weight loss method previously used
in wear tests is not practicable in pump tests. Therefore, a
newly deyeloped instrument called the "wear debris analyzer"
was applied in pump wear analysis. This instrument was
designed to detect the wear condition by measuring the
magnetie particle concentration in fluid samples. To
qualify this method, first, fluids containing mixtures of
Iron powder and ACFTD particles were tested. The results
shown in Fig.60 reveals that this instrument is insensitive
to the presence of ACFTD particles and that the amount of
magnetic powder <can be linearly «correlated with the

concentration reading (ppm). Thus, this method is suitable
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to sense the pump wear. Also, fluids containing different
amounts of pure Iron powder were tested using both the
gravimetrie method and the debris analysis method. The
results are shown in Fig.61. A good correlation is found
betwean the gravimetric level (mg) and the concentration

reading (ppm). It helps to evaluate the pump wear analysis.
Evaluation of Abrasion Sensitivity Theory

The results of pump contaminant sensitivity tests are
listed in Table XX, where the theoretical flow degradation
and wear volume are compared with the test data. These data
are also plotted in Fig.62 for ACFTD, in Fig.63 for iron
powder, and in Fig.64 for A1203 particles. In the case of
the ACFTD particles, the calculated flow data agrees with
that from experiment very well until the 0-20 um size
interval. But above this size, the actual flow rate drops.
more rapidly. In the second test, since the iron powder is
much softer than both the valve plate and the swash plate,
the wear predicted is very low; therefore, littleA
degradation in flow rate was expected. In this test, both
the wear data and the flow data are compatible with test
results. The maximum relative error in flow degradation
predicetion is within ten percent, while for the A1203
particles, the wear and flow degradation were predicted to
inerease quickly up to particle size 0-30 um. Actually, the

pump was worn out, as revealed by the fast reduction in flow

rate and fast increase of magnetic particles found in the
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TABLE XX

COMPARISON OF WEAR AND FLOW DEGRADATION

Abrasive Size(um) Wear (mg) Flow Rate (gpm)
Test Model Test Model

ACFTD 0-5 0.72 0.07 26.71 26.51
0-10 0.83 0.116 26.67 26.40

0-20 0.93 0.19 26.35 26.20

0-30 1.27 0.588 24.32 25.18

0-40 1.45 1.16 21.10 23.70

Iron 0-5 0.21 0.004 26.28 26.27
0-10 0.25 0.008 26.27 26.26

0-20 0.236 0.024 26.26 26.22

0-30 0.241 0.072 26.25 26.10

0-40 0.26 0.20 26.24 25.78

A1203 0-5 1.91 0.096 25.30 26.10
0-10 2.48 0.346 24.80 25.45

0-20 4.62 1.34 18.50 22.85

0-30 ——== 3.36  ===-- 17.60
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fluid just eight minutes after the injection of 0-20 um

particles.

From these comparisons, the following four points
related to the lubricated three-body abrasion sensitivity
theory are clarified:

1. The method of incorporating the wear calculation with
the performance analysis is correct. The pump flow
degradation has a good correlation with the internal
three-body abrasive wear severity.

2. The prediction of wear and degradation is close enough to
the experimental data if the test specimen has a higher
metal-to-abrasive hardness ratio, such as in tests using
the Iron powder. In cases of using harder abrasives, the
pump degrades faster than predicted for two possible
reasons : One is the effect of wear debris generated. In
tests with harder particles, more material is removed
from the harder surfaces and these debris in turn acce-
lerate the process of wear and performance degradation.
Another reason is the effeet of particle size, whieh is
more important in pump wear analysis. Since the internal
geometry of a piston pump is much more complex than the
wear test specimen, the harmful particle size range is
wider than expected, therefore, flow degrades even when
smaller particles are injected.

3. The effect of hardness ratios and destruction time are
shown to be correct since in all three pump tests the

wear predietions agree with the experiments. This leads
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to correct prediction of the trends of performance
degradation.

4. Based on the flow degradation analysis with ACFTD
particles, the contaminant sensitivity of the piston pump
can be determined.

From the flow data obtained by calculation and by tests
for ACFTD abrasives, two sets of coefficients representing
pump contaminant sensitivity were calculated using the
method described in (106) and shown in Table XXI. Based on
the coefficients, two tolerance profiles, each representing
. an one-thousand hour service life for the pump tested, were
also constructed and plotted in Fig.65. By superimposing
these curves on the standard filter profile, as shown by the
broken line in Fig.65, it is found that the developed
sensitivity theory does provide a close estimate of the pump
sensitivity to ACFTD abrasives. The predicted sensitivity
rating (Omega value)is about 1.02 while the experimental
Omega value is 1.04. The pump tolerance profiles for
conditions of Iron powder (predicted Omega 1.00444, test
Omega 1.005) and A1203 particles (predicted Omega 1.1, test
Omega 1.3) are plotted in Figs.66 and 67, respectively. By
examining these three cases, it is eclear that the present
model for sensitivity analysis is feasible although some
errors exist in predietion. Basically, the theory prediects -
an upper tolerance bound, or less sensitivity, for harder

abrasives; whereas a lower tolerance bound will be given by
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TABLE XXI
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Size (um) Test Model

5 0 5.09E-16
10 0 1.52E-14
20 6.38E-13 1.17E-12
30 2.71E-10 1.39E-10
40 8.19E-09 3.84E-09
50 1.11E-07 5.01E-08
60 9.21E-07 4.09E-07
70 5.57E-06 2.44E-06
80 2.71E-05 1.17E-05
90 1.11E-04 4.76E-05
100 3.98E-04 1.68E-04
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the model for cases with softer partiecles. That s,
specifically when ACFTD particles are presented in the
system fluid, a tribo-mechanical component would have a
longer predicted service life. In order to avoid unexpected
wear damage, the lower tolerance bound always needs to be
specified. In practice, this value can be estimated from the
upper bound analyzed under the similar operating conditions.
For the present example, the standard sensitivity (to the
ACFTD abrasives) of the pump can be estimated from about
Omega 1.04 (lower bound) to Omega 1.02 (upper bound). This
difference is also an evaluation for the abrasion

sensitivity theory.



CHAPTER VI

APPLICATIONS AND EXTENSIONS

OF THE RESEARCH

Most tribo-mechanical components whieh work under fluid
flow lubrication conditions are sensitive to particulate
contaminants in the fluid because the three-body abrasive
wear process occurs on internal critical surfaces and can
jeopardize the service life of the component and even the
system. Preventing this problem requires fundamental know-
ledge as well as effective anafysis methods, which are
partly provided in the present research.

One direet application of this research is the
reliability analysis for a given component and its working
environment. From this analysis, the tolerance of the
component within that environment can be predicted. In
addition, in order to maintain the required service life at
this specified sensitivity level, the necessary sealing
devices and filtration techniques can be selected based on
the predicted critical contaminant level. Furthermore, with
the fundamental knowledge of various parameters that affect
the wear and performance degradation, the selection of

material combination and clearance of a component may be
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modified in the design stage to improve the performance and
to extend the safe operating period. -

The analysis of component reliability can be described
as follows: For a tribo-mechanical component with all the
design parameters specified, it is desirable to find out how
fast its major performance parameter will degrade. Or for a
component with an unknown design but with a known standard
contaminant sensitivity rating (the Omega value subject to
ACFTD particle test), it is interesting to find out how
tolerant this component will be if it is under the attack of
a different abrasive contaminant. The first problem is
demonstrated by the analysis of the hydraulie pump. By
knowing those computational parameters shown in Table XI in
Chapter IV, the time-dependent wear volume can be computed;
then the rate of performance degradation is able to be
prediected. For components abraded by abrasives o;her than
the ACFTD particles, the three particle property functions
should be analyzed. Comparing the ACFTD and A1203 particles,
the A1203 partiecles are almost twice as hard as that of
ACFTD (Table V and Fig.45) but have a shorter destruction
time (Table X and Fig.47).. The average shape parameters
(Table IV) are similar for both partiecles. Therefore, for
the same concentration level in the system fluid, the pump
will be less tolerant to the A1203 particle. The sensitivity
ranting increases from Omega 1.02 for ACFTD to about 1.08
for A1203 particles, as shown in Fig.68. This analysis

indicates that the hydraulic pump will not keep operating
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for one-thousand hours under the attack of A1203 abrasives
although, theoretically, it is reliable when subjeet to
ACFTD particles. Consequently, in order to protect this pump
to operate for one-thousand hours, a better filter of at
least BETATEN 1.08 will be necessary.

The pump performance also can be improved by modifying
the design. When comparing the pump tested with a pump
designed by another manufacturer, which is supposed to have
the identical design except for softer metals for the
swashplate and the valve plate, the metal-to-abrasive
hardness ratio is reduced and a shorter service life is

expected because of the higher wear damage, see Figs.45 and

46.
Recommendation for Further Study

The research provides valuable technical knowledge as
well as a generic analysis method for tribological wear
research and the contamination ceontrol theory. In order to
continue the advancement of this field, the following
related investigations are recommended for future study:

1. Further experimentation should be conducted to determine
the three particle property parameters for other
abrasives. These experiments should help finalize ‘the
abrasivity rating for major particles.

2. The effect ofﬁtwo hardness ratios is significant to
abrasive wear and this information is direetly related to

the material selection in component design. Therefore,
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more experimental tests should be carried out to test a
wider range of material combinations under different
abrgsive conditions.

3. Based on these experimental data, more accurate
coefficients involved in the shape funetion, hardness
function, and destruction time funetion can be obtained
and then a tribological wear database should be
established to help the wear analysis.

4, Tribo-Mechanical components of various design structures
should be tested and analyzed to be able to specify the
relationship between wear and performance parameters
other than flow degradation.

5. A contamination control database should be established
based on the particle abrasivity ranting and performance
analysis methods suitable for different component

structures.



CHAPTER VII
- SUMMARY AND CONCLUSIONS
Summary

This thesis is. concerned with a fundamental topic in
both the areas of tribology and contamination control: the
investigation of the time-dependent performance degradation
process caused by abrasive particles in most fluid tribo-
mechanical components. The overall objective of this
research is to develop a theoretical model for simulating
the contaminant-induced three-body abrasive wear process and
to establish a three-body abrasion sensitivity theory for
analysis of system reliability, contaminant control, and
component design.

Tribo-mechanical components - include many modern
mechanical elements which are designed to work under fluid
film lubricated condition to reduce friction and to avoid
wear on internal critical surfaces. However, in many cases,
the performance of a component degrades much earlier than
the expected design life because of the deterioration of
critical surfaces and the change of clearances. This damage
is often caused by partfculate contaminants present in the

fluid, which can bridge the surfaces originally separated by
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a fluid film and thus make the three-body abrasive wear
possible. In order to solve this problem, i.e. to be able to
prediet, prevent, and diagnose the degradation process, the
wear process should be analyzed and the correlation between
wear and performance degradation should be established.

The severity of the 1lubricated three-body abrasion
basically depends on four types of parameters: the operating
parameters, the fluid parameters, the design parameters, and
the particle parameters. For a tribo-mechanical component
with known internal surface geometry and under constant
operating conditions, the thickness of the fluid film is
determined. This value 1limits the maximum size of a
specified abrasive particles which may enter the surface
clearance. The wear is caused by part of these entrained
particles. Fundamentally, the wear volume produced by an
individual parkicle is proportional to the square of the
cutting depth, which 1is a function of many variables
including the particle size, particle shape, metal surface
hardness ratio, and metal-to-abrasive hardness ratio. These
parameters difectly affeect the per particle wear volume,
while the total wear damage within a specified time interval
is the summation of all the individual wear Qolume. The
particle toughness and brittleness affect the total wear
amount by reducing the particle number after a specified
destruction time of the partiecles.

Under abrasive wear conditions, the 1increasing wear

volume will result in an enlarged leakage flow path. The



165

increase in leakage flow causes the degradation of major
performance parameter of a component. Different tribo-
mechanical components have different performance measures.
In the case of a hydraulic piston pump, the degradation of
main flow directly results from the increasing leakage flow.
By expressing the leakage flow in terms of the wear volume
due to three-body abrasion occurred at pump ecritical
clearances, the main flow degradation in a specified
environment is analyzed. This prediction 1leads to the
theoretical estimation of pump contaminant sensitivity. The
tolerance of the pump in a contaminanted environment other
than the standard ACFTD abrasives can also be determined.
The theoretical wear model was validated by condueting
wear tests on the Thieck Film Wear Tester, which is modified
from the Gamma machine. The contaminant sensitivity model
was verified through three pump tests subjeect to three

different abrasive conditions.
Conclusions

The accomplishments of this research effort have
contributed significantly to the areas of abrasive wear and
contaminant contppl. Prior to this work, the theoretical
analysis on three-body abrasive wear under fluid film
lubrication had not been successfully achieved. Also, only
experimental technique was available in determining the
contaminant sensitivity of general tribo-mechanical com-

ponents. From the research work described in the preceding
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Chapters, several noteworthy contributions can be outlined

as follows:

1.

The model whieh simulates the three-body abrasive wear
process was developed. This model includes four types of
parameters involved in a metal-fluid-particle-metal
tribo-system. The cutting wear occurs under forece and
moment balance conditions. The per particle wear volume
varies with the square of cutting depth. The total wear
is a sum of the individual wear volume.

Three particle property functions were developed to
reflect the effects of particle shape, hardness ratio,
and particle destruction time on three-body abrasion.

A generic concept of performance degradation was
presented based on the wear-leakage-degradation analysis.
The contaminant sensitivity model was developed which
incorporates the wear model with the degradation analysis
to theopeticaily analyze the tolerance of a component
under a specified environment.

Experimental activities were performed to verify the
developed particle property functions and the wear model
by using a Thick Film Wear Tester which provides stable
and light loading. |

The metal-to-particle hardness ratio was found important
in the analysis of abrasive wear. Wear varies geome-
trically with the Hm/Ha ratio. The coefficients iﬁ
hardness function F, were experimentally determined and

2

used in wear calculation.
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7. The destruction time constants of four abrasives, Iron
powder, glass beads, ACFTD particles, and A1203
particles, were experimentally obtained. Thus, the
particle toughness funetion F3 was constructed.

8. Seven wear tests were conducted. The model prediction was
close to the test data in that for a known film thickness
the total wear linearly increases with the particle size
up to a eritical value, then decreases. For different
metal combinations tested, the maximum prediction error
is between 14 to 36 percent.

9. Piston pump tests were conducted and the wear debris
analysis method was qualified and used to measure the
pump wear. Test results showed that the contaminant
sensitivity model is feasible. The prediction of wear and
flow degradation is in agreement with test dat?. The
model provides a lower tolerance bound for cases of
higher metal-to-abrasive hardness. ratio, and provides an
upper bound for harder particle cases due to the effects
of generated wear debris and complex internal geometry of
the test pump.

10.The applications of this research in reliability
analysis, contaminant control, and component design were

discussed.
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Procedure of Lubricated Three-body Abrasive Wear Test

10.

Clean the fluid resevoir and circulating system.
Remove all oil and water residue from the system.
Clean the test journal and bearings.

Rinse journal and bearings with petroleum ether.

Put journal in oven at 80 degree centigrade for

6 minutes.

Put journal in cooling jar to remove moisture for

6 minutes.

Weight and record the initial weight of the journal

to the nearest mierograms,

Measure the journal surface roughness in micrometers.
Install test journal and bearings.

Filf the resevoir with 350 milliliters of test fluid.’
This amount of fluiod will cover the load jaws so that
the journal and the bgarings are completely submerged.
Heat the test fluid and adqut temperature to the
specified level plus or minus 2 degrees centigrade.
Circulate the clean test fluid through the test
circuit while heating.

Put the specified amount of test abrasive particles in
a clean glass container and inject into test fluid.
During test, eirculate fluid in test ecircuit to
maintain constant contaminant distribution throughout

test fluid for the duration of the test.



11.

12.

13.

14.

181

Rotate the journal at 3000 revolutions per minute.
Apply the desired load and maintain the test condition
constant.

At the desired time interval or the end of 30 minutes,
decrease the load to zero, stop the drive motor and
pump, drain the test fluid, and remove the journal and
bearings.

Clean the test journal according to step 2.

Reweigh the journal according to step 3. The weight
loss of the test journal represents the amount of

abrasive wear in 30 minutes.
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PARTICLE COUNTING DATA IN TEST USING ACFTD

TABLE XXII

Time 0 3 6 9 12 15 30
Size (min)
(um)
> 5 5940 | 6065| 6141 6396| 6902) 6849| 7022
> 10 14141 1438 1460| 15831 1618| 1640| 1634
> 20 224 285 227 243 238 215 237
> 30 82 85 88 94 95 70 84
> 40 25 27 29 26 33 13 22
> 50 9 12 16 12 11 6 12
5-10 4526 | 4603 | 4681 | 4813| 52841 5209| 5388
10-20 1190} 1211 1233} 1340} 1380) 1425} 1397
20-30 142 141 140 149 143 145 153
30-40 57 57 58 68 62 58 61
40-50 16 15 14 14 22 8 10
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TABLE XXIII

PARTICLE COUNTING DATA IN TEST USING IRON POWDER

Time
min 0 3 6 9 12 15 30
Size
(um)
> 5 7331] 6316} 5842 5956| 5805] 5917 6120
> 10 2385] 1875 1644 1693 1660| 1608 1675
> 20 _310 225 206 206 204 188 214
> 30 65 48 54 54 47 47 53
> 40 18 17 18 22 19 18 22
> 50 7 7 10 8 10 9 10
5-10 4946 | 4441 4198 4263 41451 4309] 4445
10-20 2075 1651 1438| 1487]| 1456] 1420 1461
20-30 245 177 153 151 157 141 161
30-40 47 30 35 32 28 29 31
40-50 12 10 9 14 10 10 12
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TABLE XXIV

PARTICLE COUNTING DATA IN TEST USING GLASS BEADS

Time

(min 0 3 6 9 12 15 30
Size
(um)

> 5 3210| 4065| 4808| 4925 5083| 5386] 6382

> 10 938| 1065| 1077] 1178| 1208f 1243] 1398

> 20 283 268 279 316 319 330 299

> 30 119 108 112 127 130 132 105

> 40 46 38 29 49 50 48 41

> 50 17 14 10 12 24 23 16

5-10 22721 3000| 3731| 3747] 3875 4143 4984
10-20 655 797 798 862 889 9131 1099
20-30 164 160 167 189 190 198 194
30-40 73 71 83 78 79 85 64
40-50 25 23 20 37 26 25 25
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TABLE XXV
PARTICLE COUNTING DATA IN TEST USING A1203
Time
min 0 3 6 9 12 15 30
Size
(um)
>5 2728 | 3413| 3765 3528] 3342 3157| 3673
>10 628 803 819 641 631 622 702
>20 148 166 172 117 105 94 98
>30 96 98 107 69 61 53 49
>40 80 801 90 62 53 44 38
>50 58 58 72 48 41 33 29
5-10 2100 | 2610 2946 2887 2711} 2535|2974
10-20 480 637 647 524 526 528 604
20-30 52 68 65 48 45 41 50
30-40 16 19 17 8 9 10 10
40-50 22 22 18 13 12 10 10
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