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PREFACE 

This thesis is concerned with a topic fundamental to 

both tribology and contamination control :· the investigation 

of the time-dependent performance degradation process caused 

by contaminant particles in most tribe-mechanical components 

which work under fluid film lubrication. The component is 

sensitive to particulate contaminants since such a three-

body abrasive wear process does 

jeopardize the service life of 

occur and can critically 

the component, even the 

system. To solve this problem -- to be able to predict, 

prevent, and diagnose the degradation process -- requires a 

comprehensive base, 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 Researeh Center, Oklahoma State University, 

where he initiated the Basic Fluid Power Research Program 21 

years 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. Fitch, 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 guidance 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 

o f Dr • P • M. Mo r e t t i , Dr . D • G. L i 1 1 e y , and Dr • M. J • F o 1 k , I 

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. 
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CHAPTER I 

INTRODUCTION 

Basically, any component with internal surfaces that 

move relative to one another, and particularly on these sur­

faces minimal wear and friction 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 include most modern machines, such 

as hydraulic and pneumatic power, lubrication, fuel, and 

coolant type systems. It is known that the great majority 

of failures of tribo-mechanical systems occur as a result of 

a deterioration process. In many cases, when hydraulic or 

lubrication components contain two metal surfaces in 

relative motion that are separated by a fluid film, three­

body abrasive wear due to contaminant particles in the fluid 

is the predominant failure mechanism. In this situation, 

component performance degrades because of deterioration of 

critical 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 

factor in the life and reliability of hydraulic and 

lubrication systems (2-7). 
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Until now, there were two ways 

particulate-induced wear. The first 

to investigate 

was to study 

2 

the 

the 

fundamental wear· mechanisms through ex per imen t s on various 

laboratory wear testers. This traditional research approach 

in the field of tribology provided basic understanding of 

three-body abrasion. The second approach, on the other 

hand , i s t o r e s ear c h t he con t am i nan t t o 1 e r an c e o f f 1 u i d 

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 which has been 

widely accepted by the military and the fluid power 

industry. 

A thorough 1 i terature survey 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

t ami nan t wear and sys tern performance degradation could not 

be analyzed theoretically in the past because of the lack of 

basic understanding of particle effect and the difficulty in 

identifying the wear-dependence of sensitivity coefficient. 
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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 characteristics 

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 

performance 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-fl':'id-particle-metal" 

concept of component performance 

tribo-system. A generic 

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-mechanical 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 
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I I I 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 specific 

con c 1 us i on s r e s u 1t i n g f rom t h i s r e s ear c h i n v e s t i g a t i on • The 

appendices contains typical test data and experiment 

procedures. 



CHAPTER I I 

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 

pub 1 i shed i n 19 6 6 ; t h i s r e p or t b rough t wear to a 

recognizable level of technology. One branch of wear 

technology, the research of three-body abrasive wear under 

fluid film lubrication, has been more active recently 

because of the ever-increasing demand for contamination 

control in industries. In this chapter, research in two 

contaminant-related aspects wear analysis and 

contaminant 

detail. 

tolerance of components, will be reviewed in 

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 amount of wear in industrial machinery. 

Traditionally, abrasive wear processes are divided into· two 

groups: two-body and three-body abrasive wear, depending on 

5 



HARD ABRASIVE 

•HARD• SURFACE 

(a) 

•soFT" SURFACE 

\ISOFT" SURFACE 

(b) 

•HARD• SURFACE 

Fig.l Three-body(a) and Two-body Abrasive Wear 
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b) Closed Three-body Abrasion 

{b) Open Three- body Abrasion 

Fig.2 Closed (a) and Open (b) Three­
Body Abrasive Wear (36)(1979) 

7 



whether the wear is produced by hard asperities or by hard 

particles which cut or groove one of the rubbing surfaces 

(Fig.1)(12). According to Misra (36), the three-body case 

can be further divided into "closed" 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 

8 

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. 

During the first period, relatively few papers were 

published on this subject (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, Khrushchov, Rabinowicz, 

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 directly 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 increase with 
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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 using a four-ball machine. They confirmed the 

influence of particle hardness. Softer abrasives like metal 

powder do not penetrate into the contact surface but 

accumulate at the front of the contact area and disturb the 

formation of an oil film in point contact, causing a slight 

amount of abrasion. On t he o t her hand , h a r de r par t i c 1 e s 

such as quartz powder are easily introduced into the contact 

area, causing marked increase in abrasion. The effect of 

particle hardness on ball wear is presented in Fig.3. The 

effect of particle size is shown in Fig.4. From this figure 

it is seen that the intermediate size #500 gives the highest 

wear value (impression area A-A0), 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 particle concentration, as depicted in Fig.4. 

Toporov (15) conducted one of the earliest experiments 

for closed, dry three-pody abrasive wear on cast iron. 

Afterwards, a more detailed study of this problem was 

carried out by Rabinowicz et al (16). By using 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 

a 1 urn i n a par t i c 1 e s ( F i g • 6- a ) but non 1 i n e a r f o r quenched and 

tempered steels (Fig.6-b). To explain the lower wear 

resistance of harder surfaces, Rabinowicz (17) concluded 

t h a t b r i t t 1 en e s s rna k e s 

groove size. 

wear debris larger than the wear 

The particle size effect was also investigated by 

Rabinowicz and his colleagues (Fig.7). They verified the 

phenomenon of critical 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 critical size. They explained that the 

reduction of wear with decreasing size is due to the 

interruption of an adhesive wear process. 

A similar critical 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 

precision. 

to define this relationship with greater 

According to Kh r usc h o v , the wear rate i s v e r y 

low when metal is harder than abrasive (Hm/Ha > 1). As the 

ratio decreases, the wear rate starts to increase 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 

could occur 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 

silicon particles into the oil mixture. 

particles was observed at various places 

bushes. They concluded that a soft metal 

guarantee low shaft wear. 

by introducing 

Embedding of 

in the softer 

bush does not 

Both Larsen-Badse (27) and Wright (29) analyzed the 

effect of surface plastic deformation on cutting efficiency 

in abrasion. They estimated that only 15 to 20 percent of 

the groove volume is 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 

fluid film thickness under 

between particle size and 

lubricated condition was 

discussed by Scott (32). He concluded that particles smaller 

than the minimum oil film thickness have no serious effect 

on bearing performance but larger particles might become 

embedded in the softer material or be crush~d. 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 to contaminant and studies of both dry 

and wet abrasive wear were initiated. Important factors 

revealed 

abrasive 

were surface 

hardness, grit 

hardness, surface deformation, 

size, and particle concentration. 

Some transition phenomena, such as the critical size and 

critical hardness, were observed. However, none of these 

explanations for the above phenomena is satisfactory, since 

the physical basis is unclear. No theoretical model of 

three-body abrasive wear under fluid film lubrication was 

proposed. This situation has changed since 1978, as many 

systematic investigations on three-body abrasion have been 

published in the second period. 

Tessmann (33) and Fitch (34) summarized wear studies 

conducted _in 1977 for The Naval Research Office by the Fluid 

Power Research Center of Oklahoma State University. The 

effects of particle size, particle concentration, and 

material combination on contaminant wear in two different 

fundamental mechanisms -- a rotating device (Fig.9-a) and a 

linear reciprocating apparatus (Fig.9-b), were analyzed. 

Wear was evaluated using the Ferrographic Oil Analysis 

Technique and represented by the 054 reading (optical 

de n s i t y a t 5 4mm 1 o c a t i on on f e r r o g ram) , s h own i n F i g • 1 0 . 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 pm ACFTD particle). 

However, the same wear was generated with both metal 

combinations when using coarse particles (0-80 urn). In 

linear mechanisms (Fig.10-c), the highest wear occurred with 

intermediate size, (0-30 urn). This result agrees with the 

previous study and is normally attributed to a wedging 

action of critical size particles that are close to the 

clearance dimension. Abrasive wear tests on realistic 

hydraulic pumps and cylinders were also carried out 

(Fig.11). 

A semi-quantitative analysis on three-body wear was 

presented by Suh and his colleague (35} at the Massachusetts 

Institute of Technology. They explained why using 

Rabinowicz and coworkers' (17) two-body wear model of a 

rigid conical asperity would predict a three-body wear 

coefficient of one or two orders higher than experimental 

values. The reason is that the subsurface deformation causes 

less material to be removed. They further postulated that 

the three-body wear coefficient is a function 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 wilJ decrease with smaller 

grits accordingly. 

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

California, Berkeley, systematically compared two wear 
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cases: low-stress, open, three-body abrasion, and two-body 

abrasion under dry condition. Misra (36) made. two major 

o b s e r v a t i on s • One i s t h a t t he c r i t i c a 1 s i z e i s abo u t 1 0 0 urn 

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, Rabinowicz (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 topics 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. 
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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 Ikraov (62) based on a 

systematic concept of "material/lubricant/abrasive/material" 

and considered from forces acting upon the friction 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 is 

included. 

Actually, 

filtration and 

because of the continuous 

ingression of abrasives in 

processes of 

the field, a 

c e r t a i n con t ami nan t l eve 1 or d i s t r i b u t i on ( p a r t i c l e n urn be r 

vs. size) corresponds to each application; 

t a k e s the form of i n c rea s i n g n urn be r w i t h 

rather than the uniform size assumed 

this level often 

decreasing size 

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). 



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 di might 

be defined as the difference between two consequential 

inversely cumulative values, the model of total accumulative 

wear volume at time t is Equation (2.1), 

t 

V(t) = ~O 

where N d. =concentration of particle greater than d. c' 1 1 

kd = constant 

( 2 .1) 

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

studied the dependence of cutting depth on particle size to 

calculate· wear on a journal surface, shown in Fig.13. A wear 

equation similar to Eq.(2.1) was developed, which takes into 

account hydrodynamic lubrication, indenting and cutting 

mechanisms, and particle concentration-size effect. 

Contaminant Tolerance Investigation 

Contamination Control 

Contamination control is a developing engineering 

science (72) and it is receiving more attention today (73-

77). In order to improve efficiency and accuracy, machines 
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today have much closer component tolerances, making them 

more vu~nerable to contaminants. Contaminant-induced wear 
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has been reported in various machineries, such as 

hydrodynamic bearings (78), cylinder 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 

reliability and service 

is becoming more important in 

life assessment (85,86). However, 

contamination control does not only mean monitoring methods 

but a 1 s o i n c 1 u de s a 11 t e c h n i que s i n con t ami nan t an a 1 y s i s , 

removal processes, and ingression prevention. Most 

importantly, however, it includes developing fundamental 

theories that direct those techniques (1,87). Fitch 

i n i t i a ted t he r e s ear c h o f con t ami n a t i on con t r o 1 f o r f 1 u i d 

power systems in the early 1960s. Based on experiments 

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 Fitch (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 

function 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 

28 
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TABLE I 

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 

Mi sal ignmen t 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 called Onega) 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 persistent deterioration of 

critical surfaces and changes of clearance within a 

component. Accordingly, these contaminants lead to 

degradation in a responsive performance parameter (flow­

degradation for a pump, speed-degradation for a motor, etc). 

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 occurs when a 
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component is exposed to a specific contamination 

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 f i r s t con t ami nan t s ens i t i v i t y t e s t a t t he F PRC 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 Associ at ion) in 1976 and from ISO/TC-131/SC-

6/WG-6 in 1979 (104). 

As 

things 

regards the interpretation of 

are important. The first is 

test results, 

how to define 

two 

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 Fitch (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 critical 

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 ). 
]. 

( 2 • 2) 

This set of sensitivity coefficients is determined from 

the pump test. By further assuming 

proportional to a wear coefficient 

derived a pump life model: 

t max 2 L a .. nf . 
i=l ]. ']. 

i ' 

that each s. 
1 

is 

Bensch and Fitch 

( 2 • 3) 

where t = service life or operating time 

Q0 = initial flow rate 

Qt = flow rate at time t 

nf,i= particle concentration at size interval 

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 Fitch (99,100) superimposed the 

contaminant tolerance profile of the pump on the standard 

filter (Beta Ten) profile (Fig.16). Thus it is very clear 

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 protect it. This result has signi.ficantly 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, cylinders, 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.~.3), Hong 

and Fitch (107) found that a linear particle concentration 

relationship should be adopted as the analytical base. Their 

linear pump life model is expressed in Equation (2r4), 

where 

t = 
ln( Qo/Qt > 

max 
L S .· nf . 
i=l ~ '~ 

( 2. 4) 

S. =contaminant sensitivity coefficient at size 
1 

interval i 
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Contaminant Abrasivity 

As one of the two degradation factors, 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. Fitch (72) emphasized the significance of developing a 

technique to differentiate the abrasivity of different 

con t am i nan t s f o r t he u 1 t i rna t e pur p o s e o f con t am i nan t 1 i f e 

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 s. 
1 

on particle 

properties. They introduced a concept of relative 

contaminant sensitivity, which includes the effect of 

abrasivity. However, the resultant coefficient S . is not r , 1 

available until the involved abrasivity coefficient is 

solved. 

Fundamental investigations 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 th.eoretically analyze the effects of critical 



38 

particle parameters and to establish proper test proceduies. 

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 understanding 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 functions of metal, fluid, and 

particle. 

I n add i t i on , t he r e s ear c h o f con t am i nan t t o 1 e r an c e i s 

also incomplete since 

sensitivity coefficients 

the 

has 

physical meaning of those 

not been well interpreted .. 

Therefore, the contaminant sensitivity of a component has to 

be de t e r m i ned ex per i menta 11 y , as i t s s ens i t i v i t y 

coefficients can not be obtained through analysis. Also, the 

data of particle abrasivity are seriously 

to inaccurate estimations of wear 

degradation. 

lacking, leading 

and performance 



CHAPTER III 

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 

debris in the lubricant 

loose abrasive particles or wear 

roll, indent, and cut metal 

surfaces. Many papers (63-71) have shown that material is 

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 

(size, shape, hardness, and toughness), and 

abrasive hardness ratio are most important. 

Particle Size Effect 

properties 

metal-to-

Fluid film lubrication is found in the cylinder bores 

and valve plates of axial pistons or radial pumps (or 

motors), in the vane cavities of vane pumps (or motors), in 

40 
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the shell bearings, and between pistons and walls of jacks. 

In this lubrication mode, the particle size effect is much 

d i f f e r en t f r om t h a t u n de r d r y con d i t i on s s i n c e a 1 o ad-

carrying fluid film is created between two metal surfaces, 

and the film thickness is directly related to the size of a 

particle which can indent and cut the critical 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 Eq.(3.1), 

a 3 a P'~'~ R 2 a 3 a P* 
':).a< (l+EcosfJ) -~a> + <-c ) · -( (l+Ecos{3) - ) 
OfJ 0~ ar 0 r} 

-EsinfJ (3.1) 

* where p = non-dimensional local pressure in 0 i l film 

R = journal radius ( in) 

L = journal axis length ( in) 

l = bearing eccentricity 

fj,Y = non-dimensional coordinate 

The load W supported by the fluid film can be 

calculated by Eq.(3.2), 

w R 2 1 
D·L·N·~·(-) ·(-) c s ( 3 • 2) 



JOURNAL 
_....,..,__g 

FLUID VELOCITY 
DISTRIBUTION 

Fig.l8 A Finite Journal-Bearing under Fluid 
Film Lubrication 

43 



44 

where W = load (lbf) 

D =bearing diameter (in) 

N = journal rotation speed (rev/sec) 

p = 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- € bearing characteristics curve (Fig.19) 

(123), the film thickness h with its two extremities is 

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

h = C ( 1 + E COS {J ) 

h . 
ml.n C(l-E) 

h = c max 1 + E ) 

( 3 • 3) 

( 3 • 4) 

( 3. 5) 

In general, dust from the environment and wear debris 

from a system exhibit particle dimensions that are 

approximately equal; that is, length, width, and thickness 

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 which presents 

the percentage of the total number of particles larger than 

each subsize range. The effect of particle size depends on 
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the thickness of the fluid film, since these extremities of 

t he f 1 u i d f i 1m t h i c k n e s s can s p e c i f y t he p o s s i b l·e s i z e s o f 

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 h represent m1n max the minimum and 

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 microcutting 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 increasing harmful size up to the 

maximum fluid film thickness, and then decrease since larger 

particles cannot enter the clearance. Experiments using 

different size ACFTD particles were conducted. Fluid film 

thickness ranged from 12 urn to 27 urn. It is seen from Fig.21 

(also, Hirano and Yamamoto (14)(Fig.4); Tessmann and Fitch 

(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 

t h i c k n e s s and d i f f e r en t f rom t h a t u n de r d r y con d i t i on • To 
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determine the harmful size range, the effect of particle 

shape is also to be considered. This will be discussed in a 

later part of this section. In general, the size limits can 

be expressed in terms of film thickness and shape factor, 

Upper Limit 

Lower Limit 

D = K h 
max max max 

h 
min 

where kmax , kmin = shape factors 

Hardness Effect in Three-body Contact 

' 

( 3. 6) 

( 3 • 7) 

The effect of particle hardness or surface hardness in 

three-body abrasion has never been well understood. In this 

case, the Hardness effect 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 

(Hm/Ha). 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 crushed if it is too soft. Therefore, usually a 

r a the r s o f t rna t e r i a 1 i s c h o s en f o r bus h e s • The h a r d n e s s 

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 among surface wear and surface hardness ratio. It 

is seen that when the hardness ratio is smaller than a 

critical value He, the wear will be independent of the metal 

hardness rat i o but dependent on the hard n e s s o f the so f t e r 

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 

He is estimated to be about 0.7 to 0.85 and the Hmax is one. 

The hardness ratio of surface-to-abrasive is more 

significant since it determines if the surface will be 

abraded or not. Based on previous experiments (18)(Fig.8), a 

similar hardness ratio effect is shown in Fig.24. Below He, 

surface wear is independent of hardness ratio but dependent 

on metal hardness; above He, wear decreases with increasing 

He until Hmax· The wear behavior can be formulated using 

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

1 0 <. H ~ H 
I c 

I 
H - H 

F(H) 
max 

= H <. H ~ H ( 3 . 8) 
H - H c max 

c max 

0 H <.H max 

Here both He and Hmax vary in a wider range depending 

on the rna t e r i a 1 s • From F i g • 2 4- a , i t i s e s t i rna ted t hat H c i s 

about 0.4 to 1.0 and Hmax is about 0.5 to 1.4. 
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TABLE II 

ENGINEERING PROPERTIES OF MAJOR TYPES OF ROCK 

UNCONFINED HARDNESS YOUNG·s 

ROCK TYPE COMPRESSIVE SHORE SCIIMIOT MODULUS 

STRENGTII IMPal SCI.EROSCOPE HAMMER I• .103 MPal 

MOUNT SORREl 11!1.4 77 54 60.6 
GRANITE 
ESKDALE GRANITE 198.3 80 50 56.6 

DAlBEATLIE GRANITE 147.8 74 69 41.1 

MARK F1ELDITE 186.2 78 68 56.2 

IGNEOUS AND GRANOPHYRE 204.7 85 52 84.3 
METAMORPHIC ICUMBRIAI 

ANDESITE ISOMERSETI 204.3 82 67 77 
ROCKS 

BASALT IDER8YSIUREI 321 86 61 93 6 
I' TESTED NORMAL 

TO CLEAVAGE OR 
SLATE' 96.4 41 42 31.2 
!NORTH WALES! 

SCHISTOCITYI SCHIST' B2.7 47 31 35.5 
IABEROEENHSIREI 
GNEISS 162 68 49 46 

HORNFELS 303.1 79 61 109.3 
ICUMBRIAI 

FEU SANDSTONE 74.1 42 37 32.7 
!ROTHBURY I 
CIIATSWOATII GRIT 39.2 34 2B 25.8 
!SANDSTONE IN PEAKI 
BUNTER SANDSTONE 11.!1 18 10 6.4 

ARENACEOUS 
IEDWINSTOWEI 

SEDIMENTARY KEUPER WATEASTONE 42 28 21 21.3 
IEDWINSTOWEI 

ROCKS HORTON FLAGS 194.8 67 62 67 4 
IHElWITH BRIDGEI 

BAONLLWYN GRIT 197.1 81 54 51.1 
ILLANOERISI 

CAR80NIFEROUS 10!1.2 53 51 66.9 
LIMESTONE IBUICTONI 
MAGNESIUM 64.6 43 35 41.3 
LIMESTONE IANSTONI 

ANCASTER FIRESTONE 28.4 38 30 195 
CARBONATE 

lANCASTER I 

ROCKS 
BATH STONE 15.6 23 15 16.1 
ICORSIIAMI 
MIDDlE CIIAI.K 27.2 11 20 30.0 
IIIILLINGTONI 
UPPER CHALK 5.5 8 9 4.4 
INORTH-flEETI 

GYPSUM 
ISHERBUM IN ELMETI 27.& 27 25 24.8 

ANHYDRITE 97.1 38 40 63.9 
EVAPORITIC 

ISANOWITHI 

ROCKS 
ROCK SALT 11.7 12 8 3.8 
IWINSFORDI 
POTASH 25.8 9 II 7.9 
llOFTUSI 

MUDSTONE 45.1 32 27 25 

SILTSTONE 83.1 49 39 45 

COAL SHALE 20.2 - -c ".. - 5.2 

MEASURE BARNSLEY 54.0 - - 26.5 
ROCKS 

HAROSCOAL 

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. 

Char t s for hardness con v e r s i on a r e a v a i lab l e i n the 

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

Particle Shape Effect 

The shape of abrasive particles is also found to affect 

abrasion significantly. As might be expected, angular 

particles will produce more wear than round ones. Sharp 

angular particles 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 large 

variability in wear mechanisms. Several shapes (sphere, 

ellipsoid, spheroid, cylinder, cube, square, prism, pyramid, 

and paraboloid) have been proposed as particle models. 

Generally, abrasive parqcles 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 levels of degree of roundness 

angular, subangular, subrounded, rounded, and well rounded -

- a r e i ll u s t r a t e d i n F i g • 2 6 ( 1 2 7 , 1 2 8 ) • Mo s t k i n d s o f d u s t 

particles can be expressed in terms of one of these shape 
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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 the abrasive 

particle in the development of the wear model. The shape ·of 

ACFTD particles is assumed to be a prism square with two 

rhombic 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 rhombic plane to the shorter axis is 

chosen. Since the 

and ( rr - 28 ) 

two opposite angle 

respectively, the 

pairs 

value 

have values 28 

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 

corresponding to 

27 0 < . 
8 < 63° 

( 3 • 9) 

(3.10) 

Fig.27-b illustrates a more realistic particle shape. 

When the cutting depth t is much smaller than the height of 

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

to 

B' .!: B 

Therefore, the approximation of the model 

that in Fig.27-b is close and reasonable. 

factors are calculated as 

(3.11) 

in Fig.27-a 

The shape 
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Ll min 
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60 

(3.12) 

(3.13) 

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 

l~ast 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 characteristics of a 

particle depend on particle's toughness which can be 

represented by a time constant to reflect 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 wear process in the "metal-fluid-particle-metal" 

tribo-system ca.n be analyzed a.s follows. If a. particle ha.s a 

longer diameter D within the harmful size range, it will 

very likely cause three-body abrasive wear. Once a. particle 

ha.s entrained into the narrow ga.p, forced by the moving 

lubricant, it will go forward a.nd rotate simultaneously 

until it reaches a. critical location where the a.ctua.l 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 Hma.x' no 

abrasive wear occurs on the surfa.qe since the particle will 

be crushed(if both surfaces a.re hard) or completely indented 

into the softer surface. On the other hand, if Hm/Ha. is 

below the Hma.x' 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 ca.n indent 

into both surfaces under a. normal force. Also, the particle 

undergoes a tangent ia.l force. Fig.31 shows that the 

indenting a.nd cutting forces a.re balanced along the diagonal 

in a.n equilibrium state. In addition, the algebraic sum of 
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the force moments about point o must be zero. Thus, the 

force and moment equilibrium equations for the free-body of 

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

Fx = 0 (3.14) 

F = 0 (3.15) y 

Mx(O) = 0 (3.16) 

where F = acting force 

M = force moment 

subscripts 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 force 

required to achieve cutting on the moving surface is 

F = 2·H · t · B cot( 7T + "Y t -1 IJ.m) mx m m · 4 -2- - an -2- (3.17) 

and on the fixed surface is 

(3.18) 

where F = cutting force 

H = surface hardness 

t = cutting or indenting depth 

B = cutting width 

ll = friction coefficient 
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subscripts m and f stand for moving and fixed 

surfaces, respectively. 

Using Eqs.(3.17) and (3.18), the moment balance 

Eq.(3.16) can be approximately written as 

or 

where c1 = a constant for approximating the acting 

point for force Fmx' 0.6 to 0.7 

(3.19) 

(3.20) 

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 friction 

coefficient (130). In add i t ion, since i t is in an 

equilibrium state, the resultant force along the diagonal 

should be equal. That is, 

Using Grum.zweig' s method (131), the force required to 

achieve the present unbalanced indentation can be estimated 

as 

p (3.22) 



68 

where P = pressure on the wedge 

ks = shear yield strength, ks = k1 Hf 

The wedge pressure P is plotted in Fig.32 as a function 

of wedge angle and friction coefficient • Now Eq.(3.21) is 

rewritten: 

A (3.23) 
cos ( c/J + (J - 1fl 2 ) 

with 

2 · P ·A· sin 8 = 1 (3.24) 
cos"' 

p 
(3.25) 

Thus the indenting depth is 

(3.26) 

with 

cos (</>+6-
cp + 6 -1t/ 2 

Jt Jt --)·tan(-- + -
2 4 2 

-1 JL 
tan - 2-}sin6 ( 3 • 27 ) 

kl. f ( IJ. ' 6 ) • cos cp 

Luo (69) analyzed the interaction between cutting and 

indenting. He defined R as the ratio of the required cutting 

force (parallel to the moving direction) to the required 

indenting force component (parallel to the moving 

direction). He found that R depends on the inclination 

angle. When R is larger than one, no cutting, only 

indenting, occurs. Thus, if the wedge angle and friction 



Cll 
~ -p... 

5~----~------~----~------~----~~----~ 

1~-----+------~------+-----~------~----~ 

0 10 20 . 30 

() (0) 

40 50 60 

Fig.32 Relationship between Wedge Pressure and 
Wedge Angle and Friction Coefficient. 

(131) (1954) 

69 



70 

co e f f i c i en t are e s t i rna ted , t he c r i t i c a 1 i n c 1 i n a t i on an g 1 e 

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, 

tm + 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 corr~sponding to 

a particle of size D is obtained: 

D ·sin~ 

(H /H )F 2 + 1 - c1 m f 1 

(3.29) 

Since the cutting depth (Eq.(3.29)) is derived based on 

the assumption that the particle is harder than the harder 

surface, a modification can be made to include the effect of 

hardness ratio as analyzed before. That is, 

(3.30) 

where 
1 

' 0 c:. H ~ H 
c 

H - H 
F2 

max 
= H c:. H H 

He- H 
·-· ' c ~ max 

max (3.31) 

0 if c:. H max 
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H = H I H m a 
(3.32) 

From the calculated cutting depth, the location where 

the particle contacts with both surfaces,· and thus the 

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

. (3.33) 

h - h . 
X = X m~n 

0 hmax- hmin 
(3.34) 

where x0 = the length of clearance from hmax to hmin 

In regard to the toughness effect of a given type 

abrasive, a destruction function is introduced here: 

0 ( t ~ r 

(3.35) 
r ( t 

where r =destruction time of a given particle 

kt = destruction coefficient 

This function is to reflect 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: 

v. 
1. (3.36) 

where k = constant reflecting the ratio of cutting width 

to depth 

It is noted that this per particle wear model is 

strongly depending upon three dimensionless functions which 

represent the effects of particle parameters as illustrated 

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

v. 
1. 

[( Fl((J), Fz(Ha)• F3(T )) (3.37) 

Finally, the mathematical model of total wear volume in 

a period t is built up: 

v 

0 max 

Q. t·L 
0 . 

m1.n 

V.· n. 
1. 1. 

where Q = fluid flow rate 

t = duration 

(3.38) 

ni =number of particles of size Di per unit volume 

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 increase in clearance based on material 

vo 1 ume: · 

Wear Volume 
c = 

Area of Wear Surface 

v 
=T ( 3. 39) 

Certainly, such a change of flow path will result in 

several forms of degradation in the performance of a fluid 

tribe-mechanical element, such as the flow degradation in a 

pump, speed degradation in a hydraulic 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 kept· 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 depicted in Fig.36-a. Let QT represent the 

constant upstream flow, ~ the main flow, and Q1 the leakage 



Ql (t) I 
Tribo-Mechan 

ical Element 

(a) 

Q(L/m) 

Q 1 t - - - - - - -:-:_:-::,_::::;..;:::...:::=o------

(b) 

Fig.36 Flow Degradation in a Tribe­
Mechanical Component 

77 

t 



78 

flow. It is seen from Fig.36-b that both the ~ and the Q 1 

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 

sen s i t i v i t y , the rna i n f 1 ow de grad a t i on has been cons i de r e d 

(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, 

as expressed in Eq. ( 2 • 2) • Since the s. 
1 

implicitly 

reflects the abrasive-cause.d wear damage, the contaminant 

sensitivity of a component cannot be predicted 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 soma degree to 

particulate contaminants entrained in the system fluid, 

mainly due to the fact that the critical 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 in terms of 

leakage flow: 

where ~(t) = flow caused by three-body abrasive wear 

in time interval dt 

(3.41) 

Let A be the area of flow passage, and B the passage 

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

where 

B = -v·V A 

v = relative velocity between two surfaces 

V = three-body abrasive wear volume in time 

interval dt 

(3.42) 

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

Ql(t+dt) 
D 

B max 
= Ql(t) +---A V·Ql{t)·dt ~ v ·ll 

L...J i i 
D . 
m~n 

{3.43) 

Rearranging Eq.{3.43) into a differential form and 

integrating it from the initial leakage flow to the flow at 

time t 

= {3.44) 
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Thus the flow degradation represented dy leakage flow 

is derived: 

D max 

= ( ~ vL: 
D . 
m~n 

V .. n.) · t 
~ ~ 

(3.45) 

Also the flow degradation can be expressed using the 

main flow: 

QT 
ln( 

QT 

where QT 

Qmt 

~0 
On the 

component is 

D 

Qmt 
max -

( ~ v L: 
~0 

= V. · n.) · t - ~ ~ 

D min 

= theoretical upstream flow 

= main flow at time t 

= main flow at initial 

other hand, the contaminant-tolerant 

determined by 

QT - Qmt 
ln( 

QT - QmO 

Eq. ( 3. 4 7) : 

t =--------
0 max 

( ~ v L: Vi" ni) 
D . 
m~n 

(3.46) 

life of the 

(3.47) 

By introducing a three-body abrasion sensitivity 

coefficient can be simplified: Z i , Eq. ( 3. 4 7) 

ln( QT - Qmt 
QT - QmO 

t =--------D 
max 

L: 
D . 
m~n 

Z •• n. 
~ ~ 

(3.48) 
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where 

(3.49) 

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 function of these 

coefficients and it is theoretically predictable now since 

the calculation of Zi is available. 

A detailed examination of these coefficients is 

conducted by combining Eqs. (3.30), (3.36), and (3.49). It 

shows that the sensitivity coefficient z. depends mainly on 
. 1 

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 
1 

be derived as 

B 2 r 2 z.= -·v·K·(H /H) ·X.·~·D. 
~ A f m ~ ~ 

where (=theoretical particle abrasivity 

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

the coefficient of contaminant sensitivity S. is 
1 

(3.50) 

(3.51) 

found that 

related to 



the coefficient of three-body 

transfer coefficient kq: 

z. = K · S. 
~ q ~ 

where 

Q - ~t 
K ln( T ) = 

~0 q QT -

abrasion z. 
1 

I ln( · ~O 
~t 

) 
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by a f 1 ow r a t e 

(3.52) 

(3.53) 



CHAPTER IV 

EXPERIMENTAL EVALUATION OF WEAR MODEL 

In order to validate the feasibility of the wear model 

and component contaminant sensitivity theory developed in 

Chapter I I I, 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 hydraulic 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, 

per particle wear volume, v .. 
1 

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. 

83 
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However, one problem here is that it is almost impossible to 

d i r e c tl y o b s e r v e t he w.e a r c au s e d by i n d i v i d u a I par t i c I e s 

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

be determined by three dimensionless particle property 

functions 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 

According 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-disc testers, journal-V block (Falex) testers, ball­

on-ball (Four Ball) testers, cup-on-block (Timken) testers, 

etc. 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 th~ 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 hydrodynamic 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 lbs. 

Under these conditions, this test system can provide a 

minimum film thickness of 13.2 micrometers. 

The non-linearity 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 schematic 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 is needed in this wear 

condition. The speed of the electrical motor can be 

adjusted by using a speed 

rotating speed is 3300 rpm. 

con t r o 1 s y s t em. The maximum 

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 Thick 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 repea tabi 1 i ty of the developed test sys tern. For each 

particle size, fifteen wear tests were run under identical 

operating conditions: ACFTD concentration level of 100 
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(mg/L), 2104 hydraulic 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 FigAO, 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 is the coefficient of variation, 

which is the ratio of the standard deviation to the mean 

value and is expressed by Eq.(4.1): 

where 

w = S I X 

S = standard deviation 

X = mean value 

( 4. 1) 

Since the variation coefficient w for all three eases 

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 



TABLE III 

THICK FILM WEAR TESTER REPEATABILITY TEST DATA 

Test No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Mean X 

9596 Confidence 

0-20 urn 

0.7 (rng) 
0.68 
0.66 
0.73 
0.76 
0.675 
0.68 
0.66 
0.655 
0.69 
0.683 
0.662 
0.705 
0.647 
0.658 

0.683(rng) 

Interval of X [0.66,0.7] 

Standard 
Deviation S 0.0307 

0-50 urn 

0.49 (mg) 
0.475 
0.43 
0.47 
0.42 
0.44 
0.445 
0.478 
0.435 
0.43 
0.46 
0.465 
0.455 
0.44 
0.48 

0.454(mg) 

[0.44,0.47] 

0.0216 

0-80 urn 

0.42 (mg) 
0.385 
0.41 
0.418 
0.40 
0.388 
0.39 
0.40 
0.415 
0.425 
0.387 
0.395 
0.413 
0.405 
0.395 

0. 4 0 3 (mg) 

[0.39,0.41] 

0.0131 
-~---------------------------------------------------------
9596 Confidence 
Interval of S [0.023,0.048] [0.016,0.034] [0.0096,0.0206] 

Max. Possible 
Error 3S 

Variation 
Coefficient w 

·o. 0921 

4.5 96 

0.0648 0.0393 

4.7 96 3.2 96 
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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 provides a 10 ug 

r e so 1 u t i on . Con s i de r i n g t h a t t he sur face r o ugh n e s s o f a 

standard journal should vary with the wear process, the 

journal surface roughness was also measured us.ing a stylus 

prof i lometer. 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 

urn) 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) depicts the wear 

measured by th·e roughness change on the journal surface. 

The relationship between wear in 30 minutes and 

con centra t i on 1 eve l s i s summa r i zed i n F i g . 4 2 ( 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 



0.0 ~:c::::L__._--1.___._.~.--....._-.~...__.__..L_..._~_.__J 

0.0 5.0 1 0.0 15.0 20.0 25.0 30.0 35.0 
(b) 

Fig.41 

Time (min) 

Abrasive Wear vs. Concentration 
(ACFTD, 0-50 urn) 

94 



1.0 

o.a -0> 
E -Ill 
Ill 0.6 .9 -..r:. 
a> 

~+ •• 3: 0.4 
.E 

/' .. 
0 
Ill 
3: 

0.2 + 

0.0 ~~--~--~--~--~--~------~----~ 
0.0 50.0 100.0 150.0 200.0 250.0 

(a) Particle Concentration (mg/L) 

20.0 

....... 16.0 c: ·; 
0 
a: ....... 
• 12.0 
II 
0 
v .... 
u 

..!: 
II 8.0 II 
41 
c 

.!: 
0> 
:I 
0 a: 4.0 

0.0 ~~----'--~----.1..----'---.....1----'----'-------J 
0.0 50.0 100.0 150.0 200.0 250.0 

(b) Particle Concentration (mg/L) 

Fig.42 Abrasive Wear vs. Concentratic~. 
of ACFTD Particles 

95 



96 

either the weight loss 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 urn. 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 lubricated 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 particle sizes or different types of 

particles, at the test concentration level of 100 mg/L. 

Evaluation of Particle Property·Effect 

As stated in Chapter III, the particle properties play 

an important role in the process of three-body abrasive 

we a. r. In the theoretical model, the wear volume is 

accumulated by the N. wear volumes v. at each particle size 
1 1 

Di from the smallest harmful particle size Dmin to the 

largest size D max' while the individual wear volume v. 
1 

depends upon three particle-related functions. In order to 

verify the wear model developed, some critical 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 function F 1 , Eq.(3.27), is the average wedge angle 

Actually, most types of contaminants have a. variety of 

shapes. Therefore, the parameter is sometimes hardly 

obtainable. Each inorganic particle, however, does have 

features that depict 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 

microscope. 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 co~on 

particles except the microbeads of glass. I n t he p _r e s en t 

research, the shape of glass beads of sizes from 10 - 40 urn 

were examined under a Trans-Sonics microscope 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, 

AI 2o3 , Iron Powder, and Glass beads, are selected in the 

abrasion research for their distinctive properties in 

hardness, brittleness (toughness), and shape. By adding 

Walker's average length and width data for the first three 

particles, Table IV is constructed to show the major shape 

parameters for these four particles, where the half wedge 

angle 8 is calculated by Eq.(4.2) 

( 4. 2) 

where W = Average particle width. 

L =Average particle length. 

The hardness function F 2 , Eq.(3.31), is more difficult 

to determine since i t 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 IV 

SHAPF. PARAHETERS OF FOUR TYPICAL PARTICLES 

Particle Shape Parameters 
Particle 
Type , Average Average Average 

l.J'id th Length \-ledge Angle 
VI L e· . 

ACFTD 1 1.49 33.R6 

AI 2o3 1 1.43 34.0 

Iron Powder 1 1.64 31.3 7 

. 
Glass Beadr, 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 

r a t i o ( Hm I H a ) a r e c a l c u l a t e d and l i s t e d i n Tab l e s VI and 

VII, respectively. Eight tests were arranged to examine the 

wear dependence on abrasive hardness with two bearing- to­

journal combinations (Hf/Hm = 0.3 and 0.6), since it is 

known from Fig.24 that both of these hardness ratios (Hf/Hm 

and Hm/Ha) affect the wear severity. The wear was measured 

by journal weight loss in each test. Also, the actual 

particle numbers were counted. Major test results are 

illustrated in Table VIII, which shows the total wear in 30 

minutes, the initial particle concentration of the size 20 -

40 urn in the fluid, and the per particle wear on this size 

base. The data of total wear are plotted in Fig.44. I t is 

clearly seen from this figure that the effects of bearing­

to-journal hardness ratio and journal-to-ab·rasive hardness 

·ratio are significant. However, these data show that the 

wear is not linearly dependent upon the Hm/Ha ratio as 

analyzed based on earlier research, but varies geometrically 

with the Hm/Ha ratio at either Hf/Hm level tested. In fact, 

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 



TABLE V 

HARDNESS OF JOURNAL, BEARING, AND PARTICLES 

Materials Rockwell Knoop kg/rrun 
Hardness Hardness 

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 1 s 3.5 240 

Glass Beads MOH 1 s 5.2 590 
Particles ACFTD MOH Is 6. 9 1100 

Al 2o3 l10H Is 8. 5 2100 

2 

1-' 
0 
N 
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TABLE VI 

BEARING-TO-JOURNAL HARDNESS RATIO 

~ Dr ass Al Steel 

3135 Steel 0.75 0.85 1.00 

1020 Steel 0.52 0.59 0.69 

4130 Steel 0.31 0.35 0.42 

1095 Steel 0.23 0.26 0.30 
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TABLE VII 

JOURNAL-TO-ABRASIVE HARDNESS RATIO 

a ~ Iron Glass ACFTD Al 2o 3 

3135 Steel 0.83 0.34 o.1a 0. 10 

1020 Steel 1. 20 0.50 0.26 0.14 

ld30 Steel 2.00 0.82 0. 4l~ 0.23 

1095 Steel 2.75 1.12 0.60 0.31 



'.CAllLE VI I I 

TEST DATA ILLUSTRATING HARDNESS EFFECT ON WEAR 

Test 
Particle Bearing Hf/Hm H /H Total Nulilber 

Nur:~ber 
Journa Wear 20-40um m a 

Hl Iron 1095 Steel 0.3 2.75 0 mg 292 

H2 Glass 1095 Steel 0.3 1.12 0.12 237 

H3 ACFTD 1095 Steel 0.3 0.60 0.43 200 

H4 Al 2o3 1095 Steel 0.3 0.31 1. 21 70 

H5 Iron 1020 A,l 0.6 1. 20 0.72 292 

H6 Glass 1020 Al 0.6 0.50 2.05 237 

117 ACFTD 1020 Al 0.6 0.26 2.81 200 

118 Al 2o3 1020 Al 0.6 0.14 5.09 70 

Wear/ 
Particle 

0 ug 

0.5 

2.2 

17.2 

2.5 

8.6 

14.1 

72.7 

f-1 
0 
lJl 
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46, respectively. Therefore, the hardness function F2 , 

Eq. (3.31} must be modified as 

I 
1 ' 0 < 1f ~ H c 

Fz -b I H 1f < 1f < 1f ( 4. 3 ) = a·H c c max 

0 If < H ma.x 

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 

r a t i o f o r 0 . 3 H f I Hm 1 eve 1 a r e e s t i rna t e d as 0 • 3 and 1 . 2 , 

respectively; and 0.15 and 3 for 0.6 HfiHm level. 

The parameter involved in the particle toughness 

function F3 is the destruction time constant Previously, 

this value was estimated based on the flow degradation rate 

i n a pump t e s t • Using the Thick 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 Itf/Hm a b 

0.3 0.182 -1.6R6 
Total 

0. 6 . 0.85 -0.91 

Per Particle 0.3 2.687 -1.62 

(20 - 40 urn) 0.6 0.448Lj -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 

96 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 a 1 urn in urn 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 urn is shown in Fig.48, and larger than 5 urn shown in 

Fig.49. The number of larger ( > 20 urn ) Al 2o3 particles 

decreased rapidly within 6 to 9 minutes; simultaneously, the 

smaller ( > 5 urn ) Al 2o3 particles increased rapidly due to 

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, which corresponds to a short des-

truction time constant. But the number of particles was 
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TABLE X 

DETERMINATION OF PARTICLE DESTRUCTION TIME 

~ Iron Glass ACFTD A1 2o3 t 
n 

0 0 0 0 0 

3 0.35 0.45 0.54 1. 51 

6 o.so 0.51 1. 25 3.12 

9 0.63 0.78 1. 51 4.23 

12 0.65 1. 25 1.32 4.61 

15 0.68 1. 35 2.10 4. 7 3. 

30 0.72 2.05 2.81 5.09 . 

Tl (min) 4-5 13-15 10-11 6-7 
on 61+7.. Base 

T2(rnin) 9-12 21-24 17-19 -~0-12 
on 90'7.. Base 
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also found to decrease. This is probably because more 

particles smaller than 5 urn 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 predict the wear behavior for a given 

condition. 

Evaluation of Wear Model 

Upori 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 

i n to four bas i c par arne t e r g roup s as t he opera t i n g 

parameters, fluid parameters, design parameters, and 

particle parameters. During the tests, mo8t of these 

parameters were kept the same as described 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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TABLE XI 

CO.~UTATIONAL PARAMETER DESCRIPTION 

Operating 
Parameters 

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

w 
v 
Q 
T 
t 
h . 
hm1n 

max 

300 
100 
0.255 
25 
30 
15 
35 

[ gram ] 
[ cm3sec ] 
[ em /sec] 
[ c ] 
[ min. ] 
[ urn ] 
[ um ] 

-;1~1~--------~i;~~;i~;-----------~----~~~~=~-[k;=;;~~z] 
Parameter 

journal radius R 0.3167 [ em J 
Design clearance c 2.54E-4[ em ] 
Parameters journal hardness Hm ( TABLE v ) 

bearing hardness Hf ( TABLE v ) 

--------------------------------------------------------
abrasive hardness Ha ( TABLE v ) 
wedge angle (J ( TABLE IV ) 

Particle destruction time T ( TABLE X ) 
Parameters number at size o. n. ( TABLE XIII,XIV) 1 1 ( Figures 50,51 ) 

maximum size 0max ( TABLE XI I) 
minimum size 0min ( same as hmin) 
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range of harmful particles can be determined by Eq.(4.4) and 

(4.5), 

where 

D = min h min ( 4. 4) 

h .kl max w 
D = max Sin ( 90 - (J ) 

( 4. 5) 

h min = minimum fluid film thickness 

hmax = maximum fluid film thickness 

klw = ratio of particle length to width (Table IV) 

8 = particle half wedge angle (Table IV) 

The maximum harmful sizes of the four test abrasives 

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

in terms of hmax or in terms of actual size if the h is max 

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

estimated to be 35 urn. 

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 Tl, glass beads in 

test T2, and ACFTD particles 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 H6, 

ACFTD in H7, and Al 2o3 particles in HS. The actual 
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TABLE XI I 

EASTIMATION OF MAXIMUM HARMFUL PARTICLE SIZE 

Iron Glass ACFTD AI 2o3 

Wmax1hmax 1.16 1. 35 1.19 1. 21 

0max1hmax 1. 90 1. 48 1. 77 1. 79 

D (urn) 66 52 62 63 
<Wax =35) 

max 
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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 function 

of size when plotted on a log-log 2 diagram, as illustrated 

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

interval D. 1 to D. is calculated by Eqs.(4.6) and (4.7), 
1- 1 

2 
+ k2 k1·1og D. 

( 4. 6) N. = 10 ~ 
~ 

n. = N. 1 - N. ( 4. 7) ~ ~- ~ 

where N. 1 1- = number of particles larger than size D. 1 1-

N. = number of particles larger than size D. 
1 1 

n. = number of particles of size D. 1 to D. 
1 1- 1 

k1,k2 = concentration coefficients 

The k1 and k2 were calculated in each computer 

simulation based on two input data, the numbers of particles 

o f s i z e 1 a r g e r t han 5 urn and 2 0 urn , r e s p e c t i v e 1 y . By 

knowing the actual number of particles in the test fluid, 

the wear volume generated by individual particles and the 

total wear by all the particles can be calculated for each 

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

PARTICLE COUNTING DATA IN WEAR TEST SET ONE 

Test Number 
Size (urn) 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 90 

( unit particle number per milliliter fluid ) 
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TABLE XIV 

PARTICLE COUNTER DATA SET 2 IN WEAR TESTS 

Test Number 
Size (urn) H5 H6 H7 H8 

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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I?er second by iron I?Owder ( test Tl ) . The wear is 

calculated for !?articles of sizes from 15 urn to 66 urn. The 

I?er !?article wear is shown to be a square function of 

!?article size, as analyzed in the wear crodel. The total 

wear, on the other hand, shows a steady linear increase with 

increasing size until a critical size of about 52 urn; above 

this size, wear decreases due to fewer !?articles. Finally, 

no wear is generated if the particles are larger than Dmax 

since it is assumed that these particles cannot get into the 

clearance between surfaces. This l?rediction agrees with 

previous test results shown in Fig.21. 

According to the wear model, the total wear in a test 

I?eriod t is the summation of the wear in each time interval 

dt. Experimental data of the seven tests are compared with 

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 dest~uction 

time constants obtained in earlier tests are basically 

correct and these values have a significant effect on wear 

prediction. 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 2o3 

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

and ai?I?licable for l?erformance degradation analysis of 

general tribe-mechanical components, if all the coml?utational 
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.• 
TABLE XV· 

WEAR CALCULATION FOR IRON POWDER (TEST T1) 

Particle Size Wear Per ·Particle Total Wear 
D. 

1 
(urn) of Size Di (E-8 mg) of Size Di (E-3 mg) 

15 o.o o.oo 
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 31.7 3 
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 

T2 Glass 4.50 4.48 - 5.14 -0.5 - +14 

T3 ACFTD 1.50 1.59 - 1.82 +6.0 - +21 

H5 Iron 0.72 0.80 - 0.98 +11 - +36 

H6 Glass 2.05 2.11 ~ 2.62 +3.0 - +28 

H7 ACFTD 2.81 2.79 - 3.25 -Q.7 - +16 

H8 5.09 5.33 - 5.92 +5.0 - +16 
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parameters can be specified in the same way as described 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 critical 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 basically 

depends on both the component design and the working 

environment, which both affect the internal wear process. 

Therefore, if the verified wear model is correctly 

incorporated 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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p r e d i c t i on , t he con t am i nan t s ens i t i v i t y t e s t s on h y d r au 1 i c 

pumps, which are typical tribo-mechanical components, were 

performed for comparison. 

The pump contaminant sensitivity test procedure is a 

NFPA (National Fluid Powe~ Association) recommended standard 

and I SO proposed standard~ The required test system is 

schematically illustrated in Fig.55. Three identical piston 

pumps were tested according to the standard procedure; each 

was exposed to one of the three test abrasives, Iron powder, 

ACFTD, and Al 2o3 particles. Then the flow degradation and 

sensitivity of the pump to each kind of abrasive were 

experimentally determined. 

Wear and Degradation Analysis 

The ~ime-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 t~sted in this research has many 

parts which move relative to one ariother. These parts are 

separated by a small oil-filled clearance through which the 

working fluid leaks, forced by fluid pressure. Fig.56 shows 

the five major pump parts : the valve plate, cylinder block, 
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piston, piston shoes, and swashplate; and the associated 

four critical 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, th~refore, can be obtained and listed in 

Table XVI I. 

The exact· clearances are more di ff icul t to determine 

since it is impossible to measure them directly. It is 

generally found in practice that the areas particularly 

subject to clearance problems are cylinder-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 

efficiency under conditions of 2500 (psi) pressure, 2600 

(rpm) speed, and 150 (°F) temperature with 2104 hydraulic 

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 clearance in the pump is between 5 um 

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

12·/l·l·Q 1/3 
h = ( 

b·L\p ) ( 5. 1) 

where ll = fluid viscosity [kgf-sec/cm2 J 

1 = average leakage length [em] 

b = average leakage width [em] 
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TABLE XVI I 

HARDNESS DATA OF MAJOR PISTON PUMP PARTS 

Hr/Hm SwashQlate Shoe Piston Block 
Shoe Piston Block 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 20 3 0.314 0.28 0.28 0.157 



TABLE XVI I I 

COMPUTATIONAL PARAMETERS IN PUMP WEAR ANALYSIS 

Operating 
Parameters 

Design 
Parameter 

Particle 
Parameters 

operating pressure 
rotating speed 
fl u i d f 1 ow r a t e 
fluid tempersture 
max.operation time 
min.film thickness 
max.film thickness 

average width 
average length 
surface hardness 

abrasive hardness 
-wedge angle 
destruction time 
number at size Di 

maximum size 

p 
v 
Q 
T 
t 

hmin 
bmax 

b 
1 
H 

H 
(Ja 
T 

n. 
1 

0max 

172 
2600 
60 
65 
30 

[ kgf/cm2J 
[ re~/min] 
[ em /sec] 
[ c ] 
[ min. J 

5 
40 

[ urn J 
[ urn ] 

63 [ 
0.25 [ 
(Fig. 56) 

em 
em 

( TABLE XVI I 
( TABLE IV ) 
( TABLE X ) 
( TABLE XIX ) 
( Fig.57,58,59 
Iron 76 [ urn ] 
ACFTD 70 [ urn ] 
Al 20 3 72 [ urn ] 

) 

] 
] 
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TABLE XIX 

ABRASIVE CONCENTRATION IN PUMP TESTS 

SIZE ABRASIVE TYPE 
( UM) Iron Powder ACFTD AI 2o3 

0-20 0-40 0-20 0-40 0-20 0-40 

5 386,137 202,794 292,Q14 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 3J2 71 826 36 4,475 

50 38 111 27 294 17 3,641 
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Q = leakage flow rate 

~p = fluid pressure 

[cm3;sec] 

[kgf/cm2 ] 
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The parameters required for pump wear analysis are 

listed in Table XVIII, the width b(b="d) and length l 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 developed instrument called the "wear debris analyzer" 

was applied in pump wear analysis. This instrument was 

designed to detect the wear conditio~ by measuring the 

magnetic 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 

gravimetric method and the debris analysis method. The 

res u 1 t s a r e shown i n F i g . 61 • A good correlation is found 

betwean the gravimetric level (mg) and the concentration 

reading (ppm). It helps to ~valuate 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 a 1 so p 1 ott ed in Fig. 6 2 for ACFTD, in Fig. 6 3 for iron 

powder, and in Fig.64 for Al 2o3 particles. In the case of 

the ACFTD particles, the calculated flow data agrees with 

that from experiment very well until the 0-20 urn 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, little 

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 

prediction is within ten percent, while for the AI 2o3 

particles, the wear and flow degradation were predicted to 

increase quickly up to particle size 0-30 urn. 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 

----------------------------------------------------------
Al 2o3 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 
0-40 6.00 ----- 10.32 
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f 1 u i d j us t e i g h t minutes after the in j e c t i on of 0- 2 0 urn 

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 effect of particle size, which 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 predictions agree with the experiments. This leads 



to correct prediction of the trends of performance 

degradation. 
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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 Al 2o3 particles (predicted Omega 1.1, test 

Omega 1.3) are plotted in Figs.66 and 67, respectively. By 

examining these three cases, it is clear that the present 

model for sensitivity analysis is feasible although some 

errors exist in prediction. Basically, the theory predicts 

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 

COMPARISON OF PUMP CONTAMINANT SENSITIVITY 

Size (urn) 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 l.llE-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 l.llE-04 4.76E-05 

100 3.98E-04 1.68E-04 
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PAUICLE SIZE , mici'IIIHirM 

Fig.65 Pump Contaminant Sensitivity Analysis 
(ACFTD Particles) -



155 

PA.TIClE SIZE • micret~~elr .. 

Fig.66 Pump Contaminant Sensitivity Analysis 
(Iron Powder) -· 



PARTICLE SIZE • micrometre• 

Fig.67 Pump Contaminant Sensitivity Analysis 
(Al 2o3 Particles) 
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the model for cases with softer 

specifically when ACFTD particles 

system fluid, a tribo-mechanical 
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particles. That is, 

are presented in the 

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. 0 4 (1 ower bound) to Omega 1. 0 2 (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 which 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 analysis methods, which are 

partly provided in the present research. 

One d i r e c t a p pI i c a t i on o f t h i s 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 tribe-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 hydraulic 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 d_egradation is able to be 

predicted. For components abraded by abrasives other than 

the ACFTD particles, the three particle property functions 

should be analyzed. Comparing the.ACFTD and Al 2o3 particles, 

the Al 2o3 particles are almost twice as har.d as that of 

ACFTD (Tab 1 e V and Fig. 45) but have a shorter des true t ion 

time (Table X and Fig.47). The average shape parameters 

(Table IV) are similar for both particles. Therefore, for 

the same concentration level in the system fluid, the pump 

will be less tolerant to the Al 2o3 particle. The sensitivity 

ranting increases from Omega 1.02 for ACFTD to about 1.08 

for Al 2o3 particles, as shown in Fig.68. This analysis 

indicates that the hydraulic pump will not keep operating 



I'AIITICU SIZE , micromelrn 

Fig.68 Effect of Abrasives on Pump Contaminant 
Sensitivity 

160 



~61 

for one-thousand hours under the attack of Al 2o3 abrasives 

although, theoretically, it is reliable when subject 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 control 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 of two hardness ratios is significant to 

abrasive wear and this information is directly 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 

abrasive conditions. 

3. Based on these experimental data, more accurate 

coefficients involved in the shape function, hardness 

function, and destruction time function 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 

r e sea r c h i s to de v e 1 o p a the o r e t i c a 1 mode 1 for s i rn u 1 a t i n g 

the contaminant-induced three-body abrasive wear process and 

to establish a three-body abrasion sensitivity theory for 

an a 1 y s i s of s y s t em r e 1 i a b i 1 i t y , con tam i nan t con t r o 1 , 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 particulate contaminants present in the 

fluid, which can bridge the surfaces originally separa-ted 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 

predict, 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 lubricated 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 tribe-mechanical component 

with known internal surface geometry and under constant 

operating conditions, the thickness of the fluid film is 

determined. This value limits 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 particle is proportional to the square of the 

cutting depth, which is a function of many variables 

including the particle size, particle shape, metal surface 

hardness ratio, and metal-to-abrasive hardness ratio. These 

parameters directly affect the per particle wear volume, 

while the total wear damage within a specified time interval 

is the summation of all the individual wear volume. The 

particle toughness and brittleness affect the total wear 

amount by reducing the particle number after a specified 

destruction time of the particles. 

Under abrasive wear conditions, the increasing wear 

volume will result in an enlarged leakage flow path. The 
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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 critical 

clearances, the main flow degradation in a specified 

environment is analyzed. This prediction leads 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 conducting 

wear tests on the Thick Film Wear Tester, which is modified 
• 

from the Gamma machine. The contaminant sensitivity model 

was verified through three pump tests subject to three 

different abrasive conditions. 

Conclusions 

The accomplishments of this research effort have 

contributed significantly to the areas of abrasive wear and 

con t ami nan t con t r o 1 . P r i or to t h i s work , the the ore t i c a 1 

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 which 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 force 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. 

2. Three particle property functions were developed to 

reflect the effects of particle shape, hardness ratio, 

and particle destruction time on three-body abrasion. 

3. A generic concept of performance degradation was 

presented based on the wear-leakage-degradation analysis. 

4. The contaminant sensitivity model was developed which 

incorporates the wear model with the degradation analysis 

to theoretically analyze the tolerance of a component 

under. a specified environment. 

5. 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. 

6. 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 in 

hardness function F2 ~ere experimentally determined and 

used in wear calculation. 



7. The destruction time constants of four abrasives, Iron 

powder, glass beads, ACFTD particles, and Al 2o3 

particles, were experimentally obtained. Thus, the 

particle toughness function F3 was constructed. 
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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 critical 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 data. The 

model provides a lower tolerance bound for cases of 

higher metal-to-abrasive hardness. ratio, and provides an 

upper bound fo~ harder particle cases due to the effects 

of generated wear debris and complex internal geometry of 

the test pump. 

lO.The applications of this research in reliability 

analysis, contaminant control, and component design were 

discussed. 
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THREE-BODY ABRASIVE WEAR TEST PROCEDURE 
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Procedure of Lubricated Three-body Abrasive Wear Test 

1. Clean the fluid resevoir and circulating system. 

Remove all oil and water residue from the system. 

2. Clean the test journal and bearings. 

2.1 Rinse journal and bearings with petroleum ether. 

2.2 Put journal in oven at 80 degree centigrade for 

6 minutes. 

2.3 Put journal in cooling jar to remove moisture for 

6 minutes. 

3. Weight and record the initial weight of the journal 

to the nearest micrograms. 

180 

4. Measure the journal surface roughness in micrometers. 

5. Install test journal and bearings. 

6. Fill the resevoir with 350 milliliters of test fluid.· 

This amount of fluiod will cover the load jaws so that 

the journal and the bearings are completely submerged. 

7. Heat the test fluid and adjust temperature to the 

specified level plus or minus 2 degrees centigrade. 

8. Circulate the clean test fluid through the test 

circuit while heating. 

9. Put the specified amount of test abrasive particles in 

a clean glass container and inject into test fluid. 

10. During test, circulate fluid in test circuit to 

maintain constant contaminant distribution throughout 

test fluid for the duration of the test. 
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11. Rotate the journal at 3000 revolutions per minute. 

Apply the desired load and maintain the test condition 

constant. 

12. 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. 

13. Clean the test journal according to step 2. 

14. 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 
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TABLE XXII 

PARTICLE COUNTING DATA IN TEST USING ACFTD 

~ 
0 3 6 9 12 15 30 

(min) 

> 5 5940 6065 6141 6396 6902 6849 7022 

> 10 1414 1438 1460 1583 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 

>so 9 12 16 12 11 6 12 

5-10 4526 4603 4681 4813 5284 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 XXII I 

PARTICLE COUNTING DATA IN TEST USING IRON POWDER 

~ 0 3 6 9 12 15 30 

> 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 

> so 7 7 10 8 10 9 10 

5-10 4946 4441 4198 4263 4145 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 

~ 0 3 6 9 12 15 30 

> 5 3210 4065 4808 4925 5083 5386 6382 

> 10 938 1065 1077 1178 1208 1243 1398 

> 20 283 268 279 316 319 330 299 

> 30 119 108 112 127 130 132 105 

> 40 46 38 29 49 so 48 41 

> 50 17 14 10 12 24 23 16 

5-10 2272 3000 3731 3747 3875 4143 4984 

10-20 655 797 798 862 889 913 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 2: 
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TABLE XXV 

PARTICLE COUNTING DATA IN TEST USING A1 2o3 

~ 0 3 6 9 12 15 30 

) 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 80 90 62 53 44 38 

) so 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 so 

30-40 16 19 17 8 9 10 10 

40-50 22 22 18 13 12 10 10 
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