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CHAPTER 1

INTRODUCTION

It has long been recognized that contaminant wear in fluid power components is a

primary factor in the life and reliability of hydraulic systems. Except in the case of castas-

trophic failure (such as valve spool st ickage) , contaminant wear in such components is

characterized by a gradual degradation in external performance. For example, a f ixed-

displacement pump will exhibit a gradual but persistent loss of output flow at a given

rotational speed and pressure when subjected to a critical contamination level. Since the
purpose of such a pump is to supply the hydraulic system with a given flow, the flow

degradation is a measure of the amount of service life which has been used due to the

contaminant wear that has occurred.

In general, there are two critical aspects in determining the acceptability of a hydraulic

system. One factor is concerned with the initial performance of the system. That is, wil l

the system accomplish the desired task in a stable, controllable manner? The second consid-

eration is associated -Nith the life and reliability of the system. Performance , life, and reli-

ability of all systems are inter-related , in that the ability of a system to perform the desired

tas ks adequately is the ultimate measure of its life and reliability. It is convenient when

considering contaminant wear to lump these parameters together in terms of survivability.

The survivability of a hydraulic component can be thought of as the probability that com-

ponent performance degradation due to contaminant-accelerated wear will be acceptable

after a prescribed operating period at specified operating conditions expressed as a percentage.

A h ydraulic system is normally comprised of a series or set of individual components.

Like a chain , the survivability of a fluid power system is no better than its weakest component.

The major problem in determining the survivability characteristics of a system is the

_ _  _ _
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identification of this weakest or most failure-prone component . However , even when the
identification can be accomplished , the suspected component is usually so complex in design
and operation that an orderly approach to improvement is very d i f f i cu l t .  Fortunately,
hydraulic components consist of a relat ively complicated arrangement of fairly simple
mechanisms. Therefore, the most obvious solution to the probler.i of improved component
mortality lies in the investigae~on of the most common and critical mechanisms and the influ-
ence of the various operational parameters upon their performance.

In attempting to increase the service life of a hydraulic system without specific know-
ledge of the wear modes which are dominant , designers wil l — more often than not — choose
a more efficient fi lter than would normally be utilized. In so doing, he assumes that, if the
remova l of some of the contaminant present in the circulating fluid of the system is good,
then if more is removed it must be better . Since he does not understand the survivability

characteri stics of the system components, he has no way of relating the better filtration
provided to an increase in life. The program reported here is designed to provide information
relative to the survivability characteristics of hydraulic components. The primary goal of the
overall effort is to investigate the improvement in service life which can be expected by the
removal of the part iculate contaminants entrained in the fluid of a hydraulic system.

Through the work of the Fluid Powe r Research Center at Oklahoma State University
[11, it has been shown that hydraulic components are sensitive to both the particle size and
the concentrat ion of particulate contaminant. In reducing the contamination leve l of a hy-
draulic system through filtration, both of these parameters will be altered. Therefore, in

order to assess the reduction in wear which is associated with lower contamination levels, it
is r:cessary to include both contaminant size and concentration as parameters in the investi-
gation.

This report covers the first year of effort under the program designed to explore the
relationships between component life and the contamination level to which it is exposed.

2
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In order to include as many aspects o contaminant-accelerated wear as possible in the study,

it was deemed impractical to conduct lengthy tests on relatively expensive components.

Instead , two of the basic mechanisms associated with fluid power components which were

available at the Fluid Power Research Center were adapted for use in this effort. One

mechanism consists of one rotating surface and one stationary surface. This arra r’2ement

closely simulates the action between the wear plates and the sides of the gears in a hydraulic

gear pump or the valve plate/cylinder block in a piston type pump. The second mechanism

was designed to duplicate the relative motion of the spool-bore design of a hydraulic valve

or the piston-cylinder block arrangement in a piston type pump.

A major problem which has st y m i ed work in contaminant wear of fluid components K 15

been the inabi lity to explore the processes taking place in the wear region. With the advent

of the Ferrographic Oil Analysis Technique L 2] , this problem has been overcome. While it

is still not possible to view the contaminant wear process directly , a study of the wear debris

which result can provide the necessary information. Ferrography is a relatively new technol-

ogy wh ich, at the initiation of this program, had not been widely used to study hydraulic

component wear or contaminant-accelerated wear processes. Therefore , it was necessary to

include in this study an effort to determine the capability of Ferrographic analysis in regard

to contaminant wear.

This report presents the background from which this investigation originated and outlines

the scope of effort both for the overa ll program and the first year ’s activities. In addition,

the nature and extent of the testing program which has been completed during the reporting

period as well as the results obtained fro m the tests conducted are presented and discussed.

3
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CHAPTER II

TECHNICA L BACKGROUND

The term survivabi lity as used in this report is meant to imply that characteristic of
a fluid power component which is associated with its inherent ability to resist contaminant

attack. Abrasive wear is one of the most critical and costly problems faced by an industrial

economy [3]. This statement was written by E. F. Finken in 1969; and, while considerable

research has been conducted in the area since that time, totally adequate solutions have not

been advanced. In a classical sense, abrasive wear encompasses three different phenomena —

two- body, three- body, and erosive wear. Two-body abrasion refers to the case where there

are only two surfaces involved and micro-cutting takes place due to surface asperities. Three-

body abrasion (now more commonly cal led con ta’ninant wear) is meant to imply the presence

of a third member in the process — namely, a defi ling particle. The erosive wear phenomenon

is characterized by the collision of free-moving contaminant particles with a critical component

surface.

In a fluid power system, contaminants will become entrained in the circulating fluid
from several sources. Since the source of such entrained contamination is irrelevant in this

project, no further discussion of possible sources will be presented. The presence of these
contaminant particles will result in what has been termed t/,ree-/ ~odt ’ abrasion and erosive

wear. The amount of contaminant entrained in the fluid is presented in terms of a con-

tamination level, which usually consists of both a particle size distribution and a concentra-

tion. Thus, in order to realistically describe the abrasive wear which occurs in fluid power

components subjected to a contaminated fluid, both the particle size distribution and the

contaminant concentration must be considered.

5
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Many of the previous investigators [4,5,6,7,8,9,10,11,12] who chose to study the
abrasive wear phenomenon did not consider enough aspects of the problem. That is, the
tests were conducted using greatly simplified mechanisms controlling only particle size or
only contaminant concentration, or they were conducted in an unlubricated environment.
These deficiencies were spotlighted at a friction and wear interdisciplinary workshop hosted
by NASA, Lewis Research Center, Cleveland, Ohio, in 1968. In the report from Working
Group II, Unlubricated and Lubricated Wear, transmitted by D. G. Fiom, Group Leader,
it was stated, “One of th e biggest interdisciplinary deficiencies in wear studies is inconz~lete

c/K/rae! cr1 zation. ’ A classic example of this is illustrated by the different ways in which
researchers view the same experiment. The lubrication investigator knows in great detail the

composite and structure of his oil; but, when asked about the metal used, he may answer

“Ii ’s some kind of steel ”  The metallurgist, on the other hand, knows precisely what kind

of metal or alloy he is using; but, when asked about the lubricant, he is liable to say “Ii

((flue out of th is bott le.

Although the incomplete characterization has always been a problem in an interdisciplin-

ary area such as tribology, the real problem is that the more “classical” wear research could
not be translated to a complex component nor interpreted in terms of performance degrada-

tion. When it is realized that the life and reliability of a fluid power component are only

meaningful when evaluated in terms of performance, the dilemma becomes obvious. In light
of this situation, the Fluid Power Research Center (FPRC) at Oklahoma State University
took an entirely different approach to the study of contaminant-accelerated wear in fluid

power components. In this work , which has spanned some 14 years, the entire component

was subjected to various contro lled contamination levels while operated at fixed conditions.

The performance of the component was monitored to determine the degradation caused by

each contaminant exposure 1151 .

The test procedure developed as a result of the work at the Fluid Power Research

Center was called a contaminant sensitiv ity test and sought to appraise contaminant-accelerated6



wear in terms of component performance. Obviously, since a sufficient amount of contamin-
ant was used to produce a measurable performance degradation, the test must be classified

~s destructive. In addition, the component was operated at the “rated” conditions, which

dictated I’arge power demands cn some cases. However, based upon a contaminant wear
model advanced as a resul t of th is work and presented in Ref . [11 for a fluid power pump,

the results of a contaminant sensitivity test can be used to estimate contaminant service life
of a given component under the contaminant protection provided by a given f i lter [14,151 .

While this contaminant sensitivity work overcame many of the disadvantages of earlier
work (inability to relate to performance), it did not provide insight into the actual wear

processes affecting survivability of fluid power components. The legacy of these efforts,

however, is overwhelming ev idence that even low concentrations of small particles in the

system fluid can seriously reduce the service life of hydraulic components. Unfortunately,

all of the con tam inan t sensi tivity work has been done on entire componen ts usi ng external
performance measurements as an indication of contaminant wear. No effort has been

expended in determining the actual wear processes involved. Therefore, it is difficult to

extrapolate the results to very high or very low contamination levels. Only throu9~ a study

of the active contaminant-accelerated wear in fluid power components can the validity of

this work be shown.

The major problem which has stymied efforts in contaminant wear has been the in-

ability to explore the action taking place in the wear region. Fortunately, there appears

to be a bright ray of hope in respect to this problem. While it is still impossible to view

the contaminant wear r ‘ocesses directly because of the enclosed nature of fluid power

components, a study of the debris generated dur ing the wear process can provide a wealth

of information. A new technology area has evolved which now makes wear debris analysis

a viable approach. This area is Ferrography [16] . Through the use of this technological
brea kthrough, the debr is which originates because of the wear process can be evaluated

independent of the contaminant introduced to create the contaminated env ironment. Such

an analysis has not been possible in the past , since the wear particles could not be separated
fro m the wear catalyst — contamination.

7
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In an actual fluid power system, a filter is provided to remove contaminant which is
entrained in the circulating fluid. Since at this time it is impossible to procure a filter
which will remove all such contaminant, a system designer must select the filter that will
provide what he considers to be adequate protection. If, in operation, the life and reli-
ability of the system are not sufficient, it is common to replace the filter with one which
will remove more of the entrained contamination. Then, the question becomes an econ-
omical one. The cost of the new filtering system must be weighed against the improvement
in system life. While contaminant wear is a major cause of performance degradation in
fluid power components, it is obviously not the only one. Therefore, this program was

initiated to evaluate the magnitude of increase in life which results from reduced contam-

ination levels. The remainder of this report will discuss the scope of effort for the overall

program and present the results of the first of the proposed three phases.

8

_ _ _ _  

--- - — —  -- ~~~~~~~~~~~ - - --— - . .



CHAPTER I l l

SCOPE OF EFFORT

In a fluid power component, contaminant wear is influenced by several parameters.
The particle size and concentration of the entrained contaminant will act jointly to cause

destruction of critical surfaces and fluid passages. The type of material used for critical
surfaces will influence the contaminant wear rate as will the loading which prevails between

surfaces in relative motion. While there are many more such influential parameters, it
should be obvious from those pointed out that a program intended to evaluate improvement
in survivability characteristics of fluid power components must be separated into carefully
planned phases of effort.

This program consists of three phases. Each phase is designed to provide quantitative

information that has immediate value and can be used to guide and focus further investiga-

tions. The major objective of the overall program is the development of data and informa-

- tion which can be used to evaluate and/or accurately estimate the survivability of fluid
power components. From a technical standpoint, it would be a horrendous task to
approach a fluid power component as a black box, not knowing or caring what occurs
internally during the contaminant-accelerated wear process. In order to produce useful
survival data with such an approach, it would be necessary to evaluate every configuration
of every component under a~l operating conditions. Thus, the first phase of this program

was directed toward the basic mechanisms which are the building blocks of fluid power
components and determine the characteristics of the debris produced by contaminant-
accelerated wear of such mechanisms.

9 
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The second phase is intended to utilize the information derived fro m the f irst phase
and extend it to the entire component. In this way, useful data can be acquired from the
mechanism tests and verified from work on actual components. The third phase of the
overall effort would consider the entire hydraulic system to demonstrate that the informa-
tion derived during the first two phases will correlate with actual system operation.

The basic mechanisms which were used in the testing effort of the first phase consist
of a rotary device and a linear device. The rotary mechanism was made up of one rotating
and one stationary disc with hydraulic fluid forced to flow radially between the two discs.
This arrangement closely duplicates one of the critical wear areas in all types of fluid power
pumps. The linear device (so named because of the linear reciprocating motion) consists

of a spool moving back and forth throu~jh a bore. The arrangement of the linear mechanism
si mula tes the configura tion fo und in piston pumps and many types of valves. By using these

mechanisms in tests where the contaminant environment is carefully controlled and measuring
the resulting wear debris with Ferrographic and particle counting techniques, it was possible
to evaluate the influence of several critical parameters. The actual test procedures followed
and the results obtained are delineated in later sections of this report.

In addition to conducting and analyzing the results of contaminant tests on the two
basic mechanisms, the first phase also evaluates the characteristic of the Ferrographic tech-
nique. The importance of this task lies in the fact that a test contaminant is introduced
into the test system to produce the controlled contaminant environment. In theory, this
contaminant (AC Fine Test Dust ) will not influence the Ferrographic results, since it is
non-metallic. However, it was felt that this assumption must be verified in order to have
faith in the analysis of the mechanism tests.

10
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The next section of this report discusses the evaluation of the Ferrographic oil analysis
- technique and presents the results obtained. This is followed by a section which reveals the

extent and results of the rotary mechanism work and a section dedicated to the effo rts on
the linear device. The final part of the report will consist of a summary and will present
the conclusions which can be drawn from the work to date.

11



CHAPTER IV

TEST DATA ANALYSIS TECHNIQUES

Test samples taken, as ou tli ned i n the previous section, were analyzed by two methods

— particle counting and Ferrography. The particle counts were accomplished using a HIAC

Particle Size Analyzer, Model PC-320 calibrated per ANSI/B93.28-1973 [17] . Ferrographic

analysis was carried out on a FoxborofTrans- Sonic Duplex Ferrograph Analyzer in conjunc-

tion with a Foxboro/Trans- Sonic Ferroscope and Ferrogram Reader. Contamination level

analysis by particle counting has been a fluid power industry-wide accepted method of con-

tamination analysis for a number of years. A late model particle counter (such as the

Center’s PC-320) has proven itself to be an accurate and valuable tool in contamination

analysis when properly calibrated. Since this method of analysis has been so widely used

in the f luid power industry, a lengthy explanation of its operation would, in all likelihood,

be superfluous. In general, however, it may quickly be stated that an optical particle counter

moves by some method, in th is case air pressure, a predetermined volume of sample fluid

through a counting chamber. It is in this chamber, as the particles pass through, that they

interrupt a beam of light from a light source to a photo-cell pickup. The amount of light

bloc ked by the particle is measured and transformed electronically into a corresponding

part icle size. The instrument sums the number of particles greater than each pre-selected

size; and, when the sample has passed through the counter , the results are presented in

number of particles per millilitre greater than the given size. (See Fig. 1 for a schematic.)

The particle count data as used in this report are averages of three counts made from each

fluid sample. Unlike particle counting, Ferrography is not a widely used method of analysis

in the fluid power industry. This is not to imply that Ferrographic results are viewed with

suspicion by the industry, for such is not the case. It rather stems from the fact that

Ferrography is not in w idespread use only because of the small number of machines in

existence (approximately 25 at the time of this writing). in accordance with its newness,

the authors will devote considerably more space to its explanation.

13
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The basis of the immediate success

~~~~~~~~~~~~ 
(and high promise for the future) is the

ability of the Ferrograph to separate metallic

- 
wear debris from the particulate contaminant

~ which is added to a system in order to

accelerate the wearing process in laboratory

evaluations. In the past, analysis by micro-

‘

~

‘

~~~~ 

—

~~ 

scopy of wear debris has been frustrating

- at best and a complete failure at its worst.

P’s. 1. Schem&UC of Optlc.J Partlds Coo~t.r. 
The need to remove extraneous contaminant

particles from a filter membrane used to

collect wear debris is evident from the first moment of viewing at high magnification. In

order to allow the study of the wear debris from an accelerated test, it is necessary to separ-

ate the metallic wear debris from the (usually crystalline) contaminant particles. In the

Ferrographic technique, this is accomplished by passing an oil sample across a glass slide

which is fixed in a magnetic field. Metallic particles are captured by the magnetic field as

they pass down the slide. The preparation is completed by passing a fixer across the slide

(after the entire oil sample has been passed) to wash the slide, now called a Ferrogram, free

of oil and to affix the captured particles to the Ferrogram. Figure 2 shows the steps necessary

to prepare a Ferrogram. In truth, the magnetic

field is not alone in retaining the particles, as

there are three basic capture mechanisms.

~~

‘ The first is simply a “settling out” process,

— ~.,
j

_ ..L1 I whereby the particles enter a flow field at

insufficient velocity to sustain their motion.

- 
~~~~~~~~~~~~~~ 

1 
The fluid velocity across the Ferrogram has

~~~ ~4\~_ ~~ — --- ,~X...... 
- ~~~~ been carefully chosen to minimize this effect.

The second capture mechanism which enters

into debris collection, unless controlled, is
Fig. 2. F.~rugzsm Ptepsxstlon Fro csd~ZS.
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“logjamming.” As the name implies, this phenomenon is simp ly the capture of moving
particles by stationary ones through mechanical interference. If sufficient particles are present,
these agglomerations may grow very large (on a microscopic scale). The last and most
significant capture mechanism is, of course, the magnetic field induced along the substrate.
The lines of flux throughout the field cross the Ferrogra m laterally and are usually traced
by “strands” of captured particles. Since magnetic field strength varies sharply with distance,
a small angle of inclination between the axis of the slide and the axis of the magnet results
in a significant gradient in the magnetic field along the length of the slide. This accomplishes
two purposes. The first is that it allows the particles to deposit themselves along the entire
length of the Ferrogram. If there were no inclination, the magnetic field would reach full
strength very near to the oil entry end of the Ferrogram, and many more particles would
be deposited in a relatively short distance and, therefore, in such a high density as to be
unsuitable for study. Incidental to this “spreading out” of particles but of extreme benefit
is the fact that now the particles are positioned along the slide according to their magnetic
size. Ferrous particles range in size from fractions of a micrometre to 50 micrometres or
larger. The larger particles are deposited first on the slide while the smaller particles trave l
some distance before precipitating. Although the vast majority of wear debris particles are
ferrous material, other metals exhibit sufficient magnetic properties to deposit along the
slide. However, since these properties are so much weaker than those of ferrous materials,
a brass or aluminum (for example) particle of a given size will usually deposit much fa rther
down the Ferrogram than an equal sized ferrous particle. Figure 3 depicts a Ferrogram.

DIRECTION OF FLOW

~~~~~~~~~~ After the Ferrogram slide has been 

1 
prepared, there are two methods of

- 

study used to analyze it. The first

- - is a strictly objective one of measuring
- the volume of debris on the slide by

- - - ta king an optical density reading -

through the use of the Ferrogram

Reader. The Ferrogram Reader
FIg. 3. lllua t raU on of a Ferrogr.m.
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operates by impinging a beam of light on the Ferrogram and electronically reading the amount

of reflected light. Metallic particles, even in the very small sizes found on a Ferrogram, are

opaque and ref lective. It is these particles which account for the bulk of the light reflected

back to the photocell. In contrast, particles of some given compound (even a metallic one)

while still opaque reflect considerably less light back to the source and crystalline particles

transmit or refract most of the light received by them, again reflecting back a relatively small

amount. Therefore, the “density” read i ng is pri mar i ly a function of the amount of metallic

debris present on the Ferrogram. Figure 4 is a schematic tracing the operation of the Ferro-

gram Reader. While the Ferrogram Reader will give quantitative results as to the amount of
metallic debris on a Ferrogram, it is unable

ELETRONI C]~~~~COI~~ITIONERJ to distinguish between different metallic
materials. In order to acquire knowledge
not only of the total amount of debris on the

PO*ER
SOURCE slide but also of the gross particle size distri-

— 

bution, ~ number of readings are taken on
- 

SOURCE 
the Ferrogram. These readings (termed

DEN, D54, D50, D30, and D10) are taken

in the region of the entry deposit, 54

F€RROGRAM millimetres from the exit end (that is

opposite the entry end), 50 millimetres,

Fig. 4. SchematIc of Ferrogram It.a~Iet. 30 millimetres, and 10 millimet res, respect-

ively. As previously explained, the debris

magnetic particle size is related to its position on the slide; however, it is also a function of

particle composition; therefore, density readings at any given position are not a prime

indicator of actual particle size. The second method of anal ysis is concerned with the

identification of individual particles on the Ferrogram. This analysis consists of a microscopic

examination of the Ferrogram by an experienced operator. His job is made easier by the

special Bichromatic Microscope. In many cases, particles in the size ranges of primary interest

~re difficult to identify based only on their appearance in reflected white light. To aid the

analyst in particle identification, the Bichromatic Microscope allows the operator to shine red

16
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from the reflected light source and green light from the transmitted light source on the

particle in question. As stated previously, metallic compound particles are opaque, with
low ref lectively, and crysta ls are translucent, again with low reflectiv ity. Therefore, particles
appearing bright red only are metallic, and particles appearing distinctly green are crystalline.
This feature, coupled with operator experience, allows rapid identification of literally hundreds
of different materials which may appear on a Ferrogram.

The last piece of Ferrographic equipment to be discussed here is the Direct Reading
Ferrograph or D.R. This again is an optical density reader; however, it allows measurement

of metallic debris in an oil sample without the preparation of a Ferrogram. The D.R. unit
accomplishes this by magnetically collecting the wear debris in a small glass precipitator tube,
where it is illuminated by a light source. Unlike the Ferrogram Reader, however, the D.R.
measures the amount of light blocked by the part icles present and converts this to an optical

density. Figure 5 shows the operation of a Direct Reading Ferrograph.

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 1
ONOITIQN(R D~GtT41  PtNc, ’,

Fig. 5. Schematic of Direct Reading Ferrograph.
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CHAPTER V

EVALUATION OF THE FERROG RAPHIC TECHNIQUE

This project was one of the two initial programs at the Fluid Power Research Center

utilizing the Ferrograph for interpretation of data. As such, it has been necessary to

thoroughly evaluate the technique in order to attain a high degree of proficiency in both

the operation of the equipment and the interpretation of the data supplied by the Ferrograph.

In tI’~ese areas, it is fe lt that great progress has been made in understanding the Ferrographic

technique with regard to its use and abuse, strengths, and limitations for eva luating wear

situations in hydraulic applications. Although a number of articles regarding Ferrography

[2, 18. 19, 20] have been published, the Center bel ieves itself to be the first to utilize

Ferrography on a large-scale basis as a fluid power analysis tool. Therefore, this project was

initiated with no preconceived concepts of the suitability of the Ferrograph for this purpose

but rather with a scientific attitude toward its results. It was felt that initially the operation

of the Ferrograph must be dictated by the guidelines set forth by the manufacturer. Later,

as the project staff became increasingly familiar with its operation, judicial investigation into

the val idity of those guidelines could be considered. As the programs using the Ferrograph

progressed, it became apparent that investigations into several areas of operation would be

beneficial. In  general , there were: (1) variations in readings, including the agreement between

the part icle densities as obtained from the Ferrogram Reader and the Direct Reading Ferro-

graph; (2) the effect of the presence of AC Fine Test Dust in the oil samples analyzed by

the Ferrograph; and, (3) the variations in readings or results of any sort from multiple “runs”

of the same oil sample.

Early in the program, a sufficient number of samples had been Ferrographically analyzed

to enable an investigation into the agreement between the D.R. unit and the Ferrogram

Reader. As noted in the previous section, the D.R. unit should register an opt ical density

19
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of 200 when the light path is completely blocked. Under similar circumstances, the Ferro-

gram Reader should register its full scale or 100. The density readings from both methods

were then plotted against one another in order to graphically depict this relationship. The

DRI and DRE (These refer to the manufacturer ’s designation of large and small, respectively.)

were compared to all the Ferrogram Reader densities (that is, the DEN, 054, D50, 030, and

010). Since the full-scale relationship was one-to-two, a slope of .50 should indicate exact

correlation. As may be noted from Fig. 6, the DRI and 054 readings give very nearly the

desired result. In fact, the slope of the line in Fig. 6 is .54. At a later date, another

correlation curve was obtained (from a study

specificall y designed to provide these data)

utilizing fewer data points but taking the

mean of three measurements for each density.

• The slope of this curve is .58. The correlation

is fairly good on this curve over the entire
054 - 0155.” *1 54.. .
OR! - ORECT *40*0 INFLOIN T

• range of readings. During this study, it was

SRI DENSITY 
~~ ~~ 0 

~ noted that the particle density reading at the

54 millimetre (D54) position on the slide was

Fig. 6. Ferrog ram Denaity (054) versus DRI. the most respons ive to the type of tests being

carried out. The density readings at 50 and

30 millimetres (050 and 030) were found to be “good” readings but were less sensitive to the

type of wearing situations induced as part of this study, while the density at 10 mill imetres

seemed totally unresponsive in a great number of cases with its variations being almost random.

The entry region (DEN) should have been a reliable indicator of the larger particles; however ,

the DEN read ings showed an in cons istency most probabl y due to the common occu rrence of

debris particles being piled one atop the other in this entry region.

At a later date, a study of the variations of multiple readings from the same sample

was undertaken. The results for three readings taken for each of four samples run through

the D.R. are shown in Table 1. The same type of test was performed with Ferrograms, and

the results are shown in Tables 2, 3, and 4. An examination of Tables 1 through 4 leaves
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TABLE 1. Repeatabi lity Ai~ lysis of Direct Reading TABLE 2. Repeatability Analysis of DEN and
Ferrograph. D54 Results.
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TABLE 3. Repeatability Analysis of DSO and D30 TABLE 4. Repeatability Analysis of D1O Results.
Results .

010 X 010 S010 (S /X) 010

5-3

4.2 4.6 .59 13
_____________ •*0 SO~.O S-5., q  0* O~~ ~~~~~~~ 34 ____________

_ _ _ _  

2 
_ _ _ _  

16.2 5.05 31

::~ 
- _ _

“ 

~!~1” _ [.~~~ _. 

161  543 34

163

4 11.9
_— 

13.1 2. 16 21

___________ 

11 . 2 
______________________ 1

little doubt as to the variat ion of results possible in Ferrographic analysis. In these tables,

the three readings are given as well as the average reading (e.g., X0~ ) , the var iance of the

readings (e.g., S~~ ), and the normalized variance (va riance divided by the average, e.g. (S/X) 0~ ).

From Table 1, it may be seen that, in the range of values recorded, approximately the same
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confidence level may be placed in the DRI and DRE. Table 2 points out the superiority

of the D54 reading as a valid Ferrographic result in that the variations are less. Tables 3

and 4 show the 050 reading to be somewhat substandard to the D54, while the 030 and

010 readings indicate very little confidence may be placed in them. The data scatter ob-

served in these evaluations can be assumed to be present in the test results of this mechanism

wear study or in the measurement process itself. Care was taken to insure the verification

samples were run using the same procedures and under the same conditions as the day-to-day

project samples. The density readings at some positions on the Ferrogram exhibit considerable

scatter, but it must be noted that the readings at different positions essentially reflect particles

of different magnetic sizes, and it is not unreasonable to expect correlat ion between various

tests would be much better for some particle size ranges than others. In illustration, it has

been noted that, when analyzing debris from a pump contamination sensitivity test, the DRI,

DEN , D54, and 050 readings are much more responsive to performance parameter changes

than the O RE, D30, or D10 readings. The Ferrograph user should not expect any one

density number to be his prime indicator on every occasion nor should he expect every

density reading to be sensitive to changes in his test parameters. It should also be clear that,

if certain of these numbers are responsive to some type of test, it may be expected they could

be responsive to closely related tests; and, indeed , this result is borne out by the 054 results

fol lowing equally well the rotary and linear mechanism tests conducted during this study.

In assessing the effect of AC Fine Test Dust present in literally every sample analyzed

in this program, it was necessary to acquire samples of oil with known quantities of ferrous

particles in the size range of interest. This was accomplished by use of Carbonyl Iron Powder

E in known concentrat ions. The AC Fine Test Dust (ACFTD) in 0-80 micrometre single-cut

used for this evaluation was de-ironized during the cutting process. The de-ironizition is a

normal procedure at the FPRC and removes most of the ferrous material from the dust.

As may be seen in Fig. 8, a gravimetric ratio of ACF TD to Fe of 2:1 affects the DRI reading

by approx imately 10%, essentially independent of mixture concentration.” This study is

important in v iew of the fact that literally all the samples analyzed Ferrographically during

this study con ta in ACFTD. The dust has a minimal effect on the visual analysis of the
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Fig. 7. Results of Study on the Correlation Between Fenog~am Fig. 8. Result. of Study to Determine the E(?ect of
Density and D.L Unit, of AC Fine Teat Duat.

Ferrograph, since the wear particles are easily identified from the crystalline particles which

make up the bulk of the ACFTD. Any crystalline particles present on a Ferrogram are noted ;

and , as time permits, a more extensive investigation into the appearance of ACFTD m a y  be

undertaken. If the presence of these particles represents an obstacle to proper analysis, the

oil sample is diluted and a new Ferrogram made. This results in a more efficient analysis,

since large amounts of wear debris normally accompany heavy concentrations of ACFTD.

The dilution is therefore a double solution, since it allows for easier and probably more

accurate analysis. In light of the fact that it was desirable on certain occasions to dilute the

oil samples prior to analysis, it was deemed prudent to undertake a study of the effects of

this dilution on the density readings taken on both the Direct Reading Ferrograph and the

Ferrogram Reader. With no loss of accuracy, this may be termed a study of the relationship

of the concentration of particles (in a given sample) to the corresponding density readings.

Accordingly, a series of samples of known iron concentration (in clean oil) were prepared

and the densities measured by the Direct Reading Ferrogr€iph. The overall results are given

in Fig. 9, where the saturation of the instrument is unmistakable. Figure 10 shows the

portion of the same curve fro m zero to an Fe concentration of 50 mg/litre. It appears that

the most linear portion of the curve was in the range of 0 to 10 mg/litre. Accordingly, the

pract ice of diluting or concentrating samples (i.e., running a larger sample size) was instituted
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Fe POWDER CONCENTRATION
(mg/1)

FIg. 9. DRI D.nsity vessna boo Concentration. Fig. 10. DRI Density vessnc Iron Concentration for
Low Conesntr.tloos.

in an attempt to maintain the density readings in the most linear range. At a later date,

the effect of this practice on samples from systems containing both metallic wear debris

and ACFTD was investigated.

In order to study the effects of dilution or concentration on the density readings, a series

of tests was conducted utilizing multiple readings from the same sample. The results of these

tests are shown in Figs. 11 and 12. The D10 and D30 readings have noticeably more ratter

than the others. The remaining readings (DRI, D R E , DE, DEN , D54, and 050) give evidence

of good linearity in this range of values. This reaffirms the decision to attempt to dilute or

concentrate samples as necessary to remain in the linear region of the density instruments

utilized.

It is hoped that this section has accomplished its goal of familiarizing the reader not

only with the basic theory and operation of the Ferrograph equipment but also with the

problem of Ferrographic data interpretation and the operational limits of the equipment.

The results, both in terms of the project goals and familiarity with the Ferro~~aphic technique,

are sufficient to conclude that the Ferrograph is a unique tool for contaminant wear evalua.

tion. In addition, it seems evident that the Ferrograph is eminently suited to wear studies
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as conducted in this program and that further research into the operation of the equipment

is necessary to more fully understand the valuable data it provides. It is felt that this first
year of operation has proved the value of Ferrographic analysis and provided the experience
necessary to utilize the Ferrograph even more efficiently.
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CHAPTER VI

ROTARY MECHANISM TESTS

One of the most prevalent mechanisms used in the design of fluid power components

consists of two surfaces which are in relative rotary motion with a small clearance between

them. Such a mechanism is found in most types of high pressure pumps. For example,

fluid leakage past the sides of the gears in a gear type pump is controlled by plates (called

wear plates) which are pressure loaded against the sides of the gears. Relative clearance be-

tween these two surfaces is usually maintained by a critical pressure balance, where hydrostatic

and hydrodynamic forces act between the surfaces with pressure forces opposing. Therefore,

the actual clearance which would characterize this wear area will depend upon the operating

conditions as well as the fluid used. Since the gears are rotating and the wear plates are

stationary, the rotary mechanism closely simulates this arrangement.

As another example of where the rotary type mechanism is used in fluid power pumps,

consider the valve plate—cylinder block of a piston pump. The reciprocating pistons are con-

tained in the cylinder block, and the valve plate is used to time the piston action with the

inlet and out let ports. Here again, the clearance between the rotating cylinder block surface

and the stationary valve plate is controlled by a balance between spring and pressure forces

tending to reduce any clearance and hydrostatic/hydrodynamic forces tending to spread the

surfaces apart. It should be obvious that the actual clearance between these two surfaces is

dictated by operating conditions and fluid characteristics.

DESCRIPTION OF THE ROTARY MECHANISM

A schematic drawing of the rotary mechanism used in this program is shown in Fig. 13.
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As can be seen In this figure, the device
COT aRY u(CHANISM

— ..,~ consists of a rotating specimen, a station-
• 

-

~ 

• i  ary specimen, a body, and an adjusting
- 1 nut. Rotary seals are used to contain

• IL ‘ ‘  

~ the pressurized fluid, and ball bearings
carry the thrust load and maintain the
relative position of the two specimens.

• rig. ii s~.u. o *.nsy ~ ssi .n~~~ In operation, fluid is forced through the

stationary specimen and flows out be-
tween the two surfaces. By entraining a known contaminant in the circulating fluid, contam-
inant wear can be induced in the area where the clearance between the two faces is a
minimum. As contaminant wear occurs, the adjusting nut is used to maintain a constant
clearance. This was accomplished by maintaining a clearance which results in a constant
pressure drop across the mechanism at a fixed flow rate.

TEST SYSTEM

The test system which was used to provide the hydraulic power and the controlled
contamination level is shown in Fig. 14. The main pump is driven by a variable speed

motor and supplies fluid directly to

H 

- 

the mechanism. To permit slight
\~~

• • 
variations in the flow to the mechanism,

‘

~ 

- 

- a bypass valve is provided. A charging
M - 

~~ 

- - pump is included in the circuit, not only

- 
-

~~~~ : to supply fluid to the main pump but

• ,, , ,•. 
- also tp provide circulation in the reser-

voir to insure adequate mixing and

prevent contaminant settling.
Fig. 14 5th.~~~~. of Tim Syd,~~.
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In order to inject precise amounts of contaminant into the flowing system once the
test conditions are established, an injection subsystem is included. This subsystem consists
of an injection chamber and the necessary valving to direct fluid from the bypass line
through the injection chamber and into the main return. The fact that the contaminant

is injected upstream of the reservoir is important in order to prevent a large slug of contam-
inated fluid from reaching the test mechanism. By injecting the contaminant into the return
line, it mixes with the clean fluid in the reservoir before reaching the mechanism.

To remove the contaminant which was added to the system, contro l f ilters are used.

The control filter circuit consists of a fll~ r assembly involving a high performance element

and a four-way valve which is used to either include the control filter in the circulating

system or valve it out. The efficiency of these filters was such that the system could be

cleaned in a m in i mum amoun t of time.

Before conducting any mechanism tests with this test system, a validation experiment
was conducted. Since the objective of the system is to maintain a constant contamination

level in the circulating fluid, tests were conducted where the mechanism was replaced by

a straight section of tubing. The control filters were removed from the system by means

of a four-way valve, and the system fluid was contaminated to a selected level. The system
was operated for a period of one hour, and samples were removed periodically. Particle

counts on these samples revealed no significant change in the contamination level of the

system for this period of time.

TEST CONDITIONS

In order to produce a contamination wear situation which was both possible and

realistic, careful consideration was given to the condit ions of the test. The decision was

made that the tests would be conducted at a constant clearance. However , the exact value

of this clearance as well as the magnitude of the flow, pressure drop, temperature, and speed
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had to be selected. In addition, the design of the mechanism made it impossible to measure

the clearance between the two wear surfaces directly. Therefore, it was necessary to establ i sh
an indirect measurement technique for this parameter.

All of the critical parameters associated with the rotary mechanism are inter-related.
That is, the flow-pressure drop relationship is dependent upon the clearance selected. In
addition, the construction of the mechanism allowed for an increase in clearance when pressure
was applied due to a spring effect. However, the mechanism was designed such that the clear-

ance was an adjustable parameter. Therefore, with the mechanism not rotating, it was possible
to bring the two surfaces into contact such that almost no flow occurred when subjected to

a given pressure drop. Then, the adjusting nut was moved in precise increments, and the
flow rate was measured while the constant pressure drop was applied. In this manner, the
flow-pressure -clearance relationship for the rotary mechanism was determined experimentally.

In order to acqu ire additional correlation, a mathematica l analysis was made of the rotary
mechanism. The analytical expressions which describe the basic relationships for the rotary

mechanism under both stationary and rotating conditions were considered. The experimental
data obtained fro m the mechanism were then compared to the analytica l results~ which revealed
close correlation between the two. Therefore, by measuring the flow and pressure drop condi-

tions exist ing on the mechanism, an accurate estimate of the clearance could be made.

Due to physical limitations, the pressure drop across the rotary mechanism was selected

at 400 psid. At pressures above this value, the torque necessary to move the adjusting nut

was excessive. The clearance for the battery of tests conducted during this first phase was

set at 20 micrometres , which produced a flow rate of abou t 2.6 GPM using a fluid conform-
ing to Mil-H-5606 at 100° F. Once these parameters were established, it was possib le to select

the size distribution and concentrations for the contaminant environments. It was felt that
the best information would be obta i ned by using three d i fferen t pa rti cle si ze ra nges — one

far below, one slight ly above, and one far above the 20 micrometre clearance. Thus, particle
size ranges of 0-5, 0-30, and 0-80 micrometres were used. The concentrations selected were
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5, 10, 20, 40, and 80 milligrams per litre, with each concentration of all of the particle size

ranges being required for the tests. The actual contamination levels used in the mechanism

tests are shown graphically in Figs. 15, 16, and 17 for the 0-5, 0-30, and 0-80 particle size

ranges, respectively.

Three types of specimen materials were selected based upon the materials commonly

used in high-pressure fluid power pumps. ln one set of tests, the rotating specimen was

fabricated from a 360 free-cutting yellow brass, while the mating stationary part was made

of 1020 mild steel. In the other set of tests, the rotating component was machined from

2024-T351 aluminum while again the mating specimen was 1020 mild steel.

TEST PROCEDURE

The test procedure which was developed and followed for all of the tests conducted

using the rotary mechanism is outlined as follows:

1. Install the appropriate test specimens in the mechanism.

2. Establish the designated flow rate through the mechanism with the

control filters as part of the system.

3. Start the rotating motion (1500 RPM) and operate until a stable

temperature of 1000 F is reached.

4. Adjust clearance until a pressure drop of 50 psid is measured across

the mechanism and operate mechanism for 45 minutes.

5. Repeat Step 4~ increasing the pressure differential by 50 psid until a

total pressure drop of 400 psid is attained.
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6. Remove control filter from circulating loop.

7. Obtain a background sample.

8. Inject 0-5 micrometre contaminant obtained from AC Fine Test Dust

stock at a concentration of 5 mg/litre.

9. Obtain samples at 2, 7, 14, 25, and 45 minutes.

10. Filter system for 30 minutes.

11. Repeat Steps 6 through 10 using

- concentration of 10, 20, 40, and
-. “. ~~~~~~ I

• - . 80 milligrams per litre.

1
, 12. Repeat Steps 6 through 11 for

- • - .,4~~Jpi~~• . -.

particle size ranges of 0-30 and
- 

. 
-

- 
080 mlcrometres

* .
. .. .

~~~~~ ~~~~~~~~~~~~~ .~~~~
‘..

13. Repeat ent re procedure for various
material combinations

:~ ~~~~~~~~~~~~~~ 1.

1 ~ ~~~~~~~~~~ TEST RESULTS
\ •  .4 . . . * ‘ • 

• ~ • . ~~~~~~~
‘ “ ~~~~~~~~~~ ~

- • ‘~‘.~~ T’
J ~~~~~~~~~~~~~~~~~~~ 

•
~~~~~—:

~~~~ i t ~-.~’. 
- • !. ~~ ~-. 

The samples which were obtained
- . • *  , t 1., . . 4 ’ .. -

, -* •.• ‘- . ~~~ •
~~~~ • - ,

~~~~~ 
‘ .~ ~~~~~ 

. from the rotary mechanism tests were

analyzed to determine the total contam-

p~ig. i& . coutaminauoe L.v.~ tot ø.~ ~~nometres P.rttci~ inant level and the amount of wear
~~$, Rang..

debris. Automatic particle counter
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techniques were employed to evaluate

- • . - 
the contamination level, and Ferrographic

• 
.,; .

• 
.~ • 

.
. - analysis was used to assess the concentra-

tion and nature of the wear debr is.

• Since the objective of the tests was to

• . 
evaluate the amount of wear produced

\ ~~~~~~~~~~~~~~~~~~~ . 
.•  ,. .. by the various contaminant environments

-
‘ 

- 

the results which are presented have been

~ 

. - . 

. 
- 

- 
. 

. 
‘.

~

. 
. 

.; , reduced to most clearly meet this objective.

\~~~~~~~~~ ~ 
The physical appearance of the test

~\ ~\ \ ‘N ~~
‘ specimens is shown in Figs 18 and 19

‘. . *. :\~: 
•:t-\ . 

~ . 

~~~~~~~~ for the brass and aluminum, respectively.
Figures 18(a ) , (b), and (c) reveal the

-
~

• ‘. - •
.. 

~~~~~~~~~~~~~~ nature of the brass surface after exposure
• S : ~~~~~~~ * ~~~~~. ~ - .

.
.‘  -

~~ ~ ~~~~~~~~~~~~~~ ; ~~~~~~~~~~~~~~~~~~ 
of the 0-5, 0-30, and 0-80 micrometre

particle size ranges, respectively; while,

Figs. 19(a), (b), and (c) depict the same
Fig. 16. Contan~nation Level fox 0-30 Miezometre Particle

Size Rang., information associated with the aluminum

test specimen. It should be noted from

these figures that, in both the case of brass and aluminum, the size of the radial grooves and

the magnitude of surface destruction increase with particle size range.

Since, as the test surfaces wear due to the contaminant exposure, the wear debris will

become entrained in the fluid, it is possible to assess the magnitude of the wear by measuring

the contamination level. Particle counts were performed on the fluid to determine the increase

of particles of various sizes that occurred during the tests. Counts were made of the number

of particles per millilitre greater than 3, 5, 10, 20, and 30 micrometres. In order to assess -

the buildup in particle counts, the contamination level due to the injected contaminant (as

shown in Figs. 15, 16, and 17) was subtracted from the counts measured at the end of the
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test for each particle size analyzed.

~~~~~~~~ ~~~ ,‘. ~ 1 ~ The counts per millilitre greater than
3 micrometres and greater than 5

• 

• 

micrOmetres revealed a significant

increase, but the counts greater than
• 

S . 
• 

• 10, 20, and 30 indicated no sign i ficant
• 

- OGNG~L
- . • • - .. trend. Figures 20 and 21 illustrate the

‘I • 4OMG~ L • ‘ • 
. -

.1 • 
- 

• : • increase in counts at 3 and 5 micrometres,

• ~~. • • • respectively, for brass-on-steel combinat ions

• *q I ~~
‘

• . at each particle size range and concentra-
• 

• 
‘ -

~~~~~~~~~ :~~~ 
• ~~~~~~~~~ ‘-. -~ tion utilized; while, Figs. 22 and 23• 
- • Mr3/L_

• 
• 

• ‘ -  
• ‘ revea l the same informa tion for the

\ ‘
~~~‘ ‘~~~~~~~~~~~~~~~~ :~~~~~ ‘ 1

- ~. 
• • 

‘ “ ~ • ‘ ‘• . 
- • ~~~~ ‘. 

‘
~~~ aluminum-on-steel tests.

• 
~ \ •  ) • •

_
~ . 

,
. . 5

-
• ~~\ • . •  ~~~~‘ - - ~~~ • —
\~~~

•
~
‘•

~~~~ -:~~:-~~•~~~~~..:~ ‘
~~k~~~:1•‘

~~
.
•-
~~~~~

- 
~~~~~~~ 

• ‘
~~~~

‘ : ‘ it should be noted from these
• ;• . * • • •1~~_ ~ 

•
~;~ ~ ~ -? figures that, while the increase in

- C - 

particle counts in the brass/stee l tests

was large at the lower concentrations
F*. 17. ContaminatIon Levels for 0.80 Mler ometr e Size Range.

it tended to level out at the higher

concentrations. However, the shape of the curves obtained from the results of the aluminum/

steel investigation reveal an entirely different characteristic. In this case, the magnitude of

contaminant buildup was fairly constant at the lower concentrations and was much larger

at the 80 milligrams per litre concentration. In bot h cases, the partic le increase with the

0-80 micrometre particle size range was significantly greater at all concentrations than that

for the smaller size ranges used.

From the Ferrographic analysis, an interesting fact was revealed. Previous work in

contaminant sensitivity indicated that, when contaminant is exposed to a wear area on a

multi-pass basis as was done in these tests, the amount of wear would be large initially but

would decrease with time. This phenomenon is associated with the destruction of the
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contaminant during the wear actior~ which is why particle count analysis must be used with
great care. It was felt that, during these tests, this situation would occur at about the 15-
20 minute point of the test. In analyzing the Ferrographic density reading, however, it
was realized that almost all of the significant wear occurred in the first seven minutes of the
test. Therefore, the concentration of wear debris for the seven minute point and later were
fairly constant. This phenomenon is illustrated by the results of the brass/steel test using 0-30
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micrometre contaminant, as shown in

Fig. 24. Since the wear ~s revealed
ROT* Ry) 5p.4sS~~$T E E L )

~~~~~~ A by the Ferrographic densities had ceas-
554 • OPTICAL DENSITY AT 54 nn, LOCATION

A ___
~~~~—SOn,q/ I 

ad by the seven minute point in the
‘ A test, this reading and the later reading

I 
A/

f ___-_-_— 40 ng / I  

were averaged to obtain a better esti-
0 

~ 
mate of the total amount of wear.

DOag/ I
• 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
In addition, it was necessary to use

O 

T I M E . IRIS 
different amounts of fluid when pre-
paring Ferrograms due to the varying

Fig. 2& Ferrngraphic Density (D54) versus Teat Time for amounts of wear debris present. In0.3(~ Mlcrometre Inj ection Dur ing Rotary (Bxass /
Steel) Tests. -order to place density readings on a

common basis, all readings were normalized by dividing by the amount of sample fluid

used in the analysis.

ID 
R O T A R Y I B R A S S / S T E E L )
OS2 . OPTICAL DENSITY AT 34 nIA LOCAT ION ~ - ROTARY IALU MINUM/ STEEL)

ON FERROORA M DY4 . OPTICAL DENSITI AT 34n.a LOCATION
ID ON FERROGR A M

- .  

S —

~~

~
C O N C E N T R A T I O N . .SRII C0N C E NT RAT IOR .~’g/I

Fig. 25. Ferrogaphlc Density (D54) versus Contaminant Pig. 26. Ferrographlc Density (D54) versus Contaminant
Cone.ntration for Rotar y (Brass/Steel) Tests. Conc,ntratlon for Rotary lAlum inu m/Steel) Tests.

The amount of wear as revealed by the Ferrographic density measured at the 54 mm

location on the Ferrogra m is shown in Figs. 25 and 26 for the brass/steel and aluminum/

steel tests, respectively. The D54 measurement has been normalized to a consistent fluid
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volume in these figures. In addition, as was noted earlier, the density readings represent the

total amatnt of wear and were obtained by averaging the last three sample readings. In

genera l, it can be observed that the magnitude of wear increases with both particle size and

concentration of injected contaminant. Also, by comparing the wear which results using

brass/steel and aluminum/steel, it can be noted that the brass/steel exhibited more wear

when exposed to the 0-5 micrometre particle size range than the aluminum/steel combination.

However, the aluminum/steel specimens reveal a greater amount of wear than brass/steel

when exposed to the larger size range.

Through the use of the photographic accessories of the Bichromatic Microscope, pictures

were made of the wear debris collected on each Ferrogram at the 54 mm location. Figures

27 through 31 show the wear debris deposit at 100X magnification from the tests conducted

with the brass/steel specimens, while Figs. 32 through 36 reveal the nature of the same debris

taken at 1000X magnification. The pictures were all taken at the 54 mm position on the

appropriate Ferrogram. From the low power (1 OOX) figures, it can be observed that the

amount of wear debris increases with both increasing particle size and concentration. It is

felt that these pictures are a definite aid in evaluating the density readings taken from the same

position on ~he slide. The actual particle structure cannot be assessed from the low power

figures; however, the particle strin gs become much longer and heav ier as the amoun t of debr is

i ncreases, revealing that most of the debris collected came from the mild steel specimen.

Th~ high power pictures shown in Figs. 32 through 36 reveal the nature of the debr i s

in much greater detail. In general, the partic les of debris tend to become larger when larger

particle size ranges were used. Also, there is very little evidence of cutting type wear debris

(lathe type) within 0-5 micrometre contaminant exposed. However , when the mechanism

was subjected to 0-30 micro metres, many hair-like cutting wear part icles were observed. The

cutting wear became even more severe in the t~~e of 0-80 micrometre contaminant ; however,

the particles tend to be shorter and heavier than those resulting from a 0-30 micrometre

exposure. In addition, very iittle brass particles were observed on the Ferrograms , although

one of the surfaces was fabr icated fro m brass material.
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The micro-photographs for the aluminum/steel tests are shown in Figs. 37 through 41
at low power (100X) and Figs. 42 through 46 taken at high power (b OX). In general,
the same comments made in relation to the debris from the brass/steel tests can be applied

to the aluminum/steel test results. Very few aluminum particles could be identified in
the debris collected. However, the nature of the wear debris is very definitely affected by
the particle size and concentration of the test contaminant.
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CHAPTER VII

DESCRIPTION OF THE LINEAR MECHANISM

The linear mechanism used in this study simulates the type of surface contact existing

in hydraulic spool valves or the pistons in a piston pump or motor. The design used, Fig.

47, consists of a double-ended steel spool and two cast iron bore blocks, both installed in a
housing which provides proper alignment. The symmetry of the interior chamber provides a

force balance at all chamber pressures, making the spool drive hardware easier and simpler

to construct and more controllable.

L I N E A R  ~SECHANISM The mechanism housing has four

ports, equally spaced around the mid-
~~~~~~~~~ -

~i\ ~~~ 

~~~
j -  - _[ 

~ 
- • 

- I ~~ - i  diameter, of which two opposing ports
—- 

I 
were used for inlets and the remaining

— 

~~~~~ 
-.

~~ 1
i ~~~~L ,~~~~-LJ two ports for outlets This selection of

port usage created yet another force

balance, this time on the lateral axis of
Fig. 41. Sch m*tf c of Un.sr M.chanlsm - -the space, eliminating the side loading

that would have been experienced with

asymmetric porting.

The end caps of the mechanism are used to clamp the bore blocks to the housing. The

end caps were constructed in such a way as to provide a closed-space leakage collection

chamber, which could be piped back to the system reservoir. This allowed for maintaining
a constant volume in the test system as well as providin9 a convenient means of measuring
the leakage flow rate.
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Spool cycling was accomplished by an eccentric driven linkage connected to the spool

through two linear bearings. The linear bearings were essential to maintain a smooth cycling

action with the consistency that was needed. The drive units cycling rate could be varied
from five cycles per minute to 85 cycles per minute.

The test specimens were manufactured in matched sets, consisting of a stee l spool and

two cast iron bore specimens. The bore pieces were machined from the same stock and
then parted and the faces ground perpendicular to the hole. The bores were honed together
to a nomina l .500” diameter. The steel spool was then constructed from 1020 mild steel.

I t was cylindrically ground to match the bore specimens but with the spool diameter being

25 micrometres less than the bore diameter .

The fluid test system used was the sa me as that for the rotary mechanism tests but
with one modification. A valve was installed immediately downstream of the test mechanism

to allow pressure adjustment under constant flow condition. This meant that the pressure

could be adjusted to any level up to the 1000 psi limit of the test system itself.

TEST CONDITIONS AND PARAMETERS

As men tioned , the clearance of the spool and bore d iameters was made to be 25 micro-

metres. This clearance was arrived at after considerable experimentation with the mechanism

and the physical limitations of it. It was found that a 25 micro metre clearance was the

minimum that could be obtained with adequate repeatability of both the fabrication and

the performance of the mechanism. The 25 micrometres is comparable with the clearance

used in the rotary mechanism tests.

There were several parameters that were bounded in scope by the test system, and it -

would have required massive modifications to extend the parameter ranges. The cycle rate

was limited by the driver’s maximum rate of 85 cycles per minute. The maximum was
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- - ------ - --- —- --—— -- ----- .----- 5- -- - - - - - _ _ _ _ _ _ _  A



- - - - — - -
~

- —
~ -.- —~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

chosen because it was approaching operating velocities found in spool valves and also for the

increased number of cycles that would be obtained in a reasonable length of test. One
thousand psi was chosen for the test pressure, since it was the upper limit of the test stand’s

performance and because it approached typical component parameters. One other considera-

tion in pressure setting was the leakage rate, which needed to be large enough to measure.

The flow rate maintained through the fixtures was 2.5 to 3 GPM. It was found that

this flow rate was adequate to keep the injected contaminant in suspension. Operating at
the above flow rate and pressure, unfortunately, posed a minor limitation on the system
temperature. The characteristics of the system and the water temperature were such that

it was necessary to maintain a system tempera ture of 120°F. Other than the above-mentioned

parameter, the tests were similar to the rotary in all respects, including length and sample
point.

TEST PROCEDURE

The following is an outline of the test procedure used in the linear mechanism tests:

1. Install test specimens in fixture , taking care in assuring proper alignment.

2. Circulate f luid through fixture with control filters (0 > 3 GPM) in the

circuit and maintain 1000 psi pressure in the mechanism until system

temperature reaches 120° F.

3. Start spool cycling at 85 cycles per minute.

4. Measure the leakage flow every ten minutes and continue cycling until -

fou r flow read ings rema i n constan t or un ti l four hours have passed.
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5. Block system filters from circuit, continue cycl ing at 85 cycles per minute,

1000 psi, and more than 3 GPM flow through the mechanism. Inject desired

amount of contaminant to establish 5 mg/litre concentration.

6. Obtain samples and record leakage flow at 2, 7, 14, 25, and 45 minutes.

7. Return system control filters to the Circuit and operate for 45 minutes to

clean system fluid.

8. Repeat Steps 5-7 for 10, 20, 40, and 80 mg/litre concentrations.

9. Repeat Steps 1-8 for particle size distributions and 0-80 micrometre dust

classified from AC Fine Test Dust.

TEST RESULTS

As was the case with the rotary mechanism tests, samples obtained during the linear

mechanism tests were anal yzed w it h both particle counting techniques and Ferrographic

methods. Particle counting was accomplished with an automatic counter , which was cali-

brated to measure the number of particles per millilitre greater than 3, 5, 10, 20, and 30

micrometres in accordance with the “American National Standard Method for Calibration of

Liquid Automatic Particle Counters Using AC Fine Test Dust (ANSI B93.28-1973)’ [17] .

The increase in the particle concentration was obtained by subtracting the particle concen-

tration of the injected contaminant from the counts measured at the conclusion of each

test. The particle size distributions of the various particle size ranges used in these tests
were identica l to those of the rotary mechanism tests.
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The increase in particle concentration during the tests using 0-5 micrometre contaminant

is shown in Fig. 48 for sizes greater than 3, 5, and 10. The increase in particLs greater than

20 and 30 micrometres was insignificant. The particle concentration increase during the 0-30

and 0-Ba micrometre tests on the linear mechanism are shown in Figs. 49 and 50, respectively.

•un UNEAR WECHAIIISU (0-30)
AN NO OF FAITICLOS > x p 9 454. — IC OF PART~ LL5 > ~~ ~f l 

AN NO O~ PARTICLES > X pN 13)454.

NE AR HECHANISA (0 -5 )  
— NO OP PARTICLES > p INJ ECTED

:

C ON C ( N T N A T I O N . .~~fl
C O N C E N ? I A Y I 0 N . f l/ I

FIg. 48. Par ticle Count Analyuti of Linear Mechanism Teat, FIg. 49. Particle Count Analyst, of Linear Mechanlam Tests
(0.5). (0-30).

AS. NO OF PARTICLES )  0 —  1345~ — a- 00 PARTI CLE S > OF INJ ECTED
I N E A R  MFC SA NISU 0 SO)

• It should be noted from these figures that
the trend of contaminant concentration

- 
- 

~•• buildup during the 0-5 and 0-80 micrometre

I - tests were very similar.
- fl—

1’ -

O S I 5
~~~

A S O S . q  
5° ° From previous work in valve contamin-

Fin. 60. PartIcle Count Anal4’aia of Linear Mechanis m Teats ant sensitivity, the fact that the particle size
(0.80).

range which had an upper size limit close
to the actual clearance produced vastly different results from those observed for other size

ranges is not surprising. For example, in a spoo l valve, the force required to move the spool

will be influenced by the concentration and particle size distribution of any entrained contam-

inant. When measuring this relationship, it normally will be found that one particular size

range will have a more significant effect than smaller or larger sizes. Since this is usually

attributed to a wedging action of critical size particles which are close to the size of the

clearance, an increased wear rate should be expected at that size.
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The normalized density reading obtained from Ferrograms of the linear mechanism

tests are shown in Fig. 51. Of particular interest here is the fact that a significant amount

of wear debris was measured during

the 0-30 test over that observed in

- - 1 LINEAR MEC HANISM ~~~~~~~~~~~~ either the 0-5 or 0-80 tests. In fact,
- 054 OPTICA L DANSITS MEASIJR(D AT 54

-

i 

- - -
~~~ the 0-80 results were only slightly higher

-  - than those obtained during the test us-
- 

— o !~_~ 
- 

~~~~~-~~
---—— ing 0-5 micrometre particle size range. 

_ This phenomenon again agrees with

- - 

~~~~
:- - - --- the logic that a critical size contaminant

-- -~~~~- will cause more wedging action and
0 0 2” 50 40 SO 50 70 50

C O N C E N T R A I I O N ..R2 hence more destruction than smaller

FIg. 51. Ferrographle Densities (DM) from Linear Mechanism or larger contaminant sizes.
Teats.

Micro-photographs of the Ferrograms associated with the linear mechanism tests are

shown in Figs. 52 through 56 at a magnification of 100X and in Figs. 57 through 61 at

1000X. In general, the low power (100X) figures show the nature of the debris. There

are definitely more cutting wear particles in evidence on the Ferrograms made from samples

taken during the 0-30 micrometre exposure. The particles which deposited at the 54 mm

location appear to be slightly larger in the 0-80 tests than in the 0-5 micrometre test,

but neither of these is as large as those obtained when the mechanism was subjected to

0-30 micrometres.

When the results ot the linear mechanism tests are compared to those of the rotary

mechanism tests, it can be seen that more debris was generated with all particle size ranges

at 5 mg/litre in the linear than in the rotary. This same trend can be observed from the

plots of Ferrogram densities versus concentration at the other particle size ranges.
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CHAPTER V II I

SUMMARY AND CONCLUSIONS

This report covers the activities of the first year of a program whose primary goal is
the investigation of life improvements & hydraulic components brought about by the re-
moval of particulate contamination entrained in the fluid of hydraulic systems. There is
no doubt that contaminant wear in fluid power components is a critical factor which influ-

ences the life and reliability of hydraulic systems. The most logical answer to the problem

of reducing contaminant wear and improving component life is to remove the entrained

contaminant. Such removal is accomplished by the addition to the system of a filter.

The contamination level in a hydraulic system must be considered on a dynamic basis.

That is, contaminant particles are continually ingested into the system fluid through ingres-

sion and generation, and the filter is continually removing such particles. A filter, by nature,
is a proportional device in that it removes a given percentage of contaminant presented to it.

Thus, the higher the system contamination level is, the more contaminant a given filter will

remove. Therefore, the contamination level of a hydraulic system will stabilize at a value

which forces the filter to remove the same amount of contamination that enters the system.

It fo llows, then, that a more effic ient filter will produce a lower contamination level in the

system than a less efficient one.

The decision to incorporate a highly efficient filter into a hydraulic system requires
some consideration. Generally speaking, a more efficient filter as compared to a less eff i-

cient filter will exhibit less contaminant capacity and a larger pressure drop. A reduced
contaminant capacity will result in a shorter filter change interval, and a greater pressure

drop will produce increased horsepower losses. In addition, the more efficient filter will

usually have a higher initial cost. Thus, it should be obvious that there is added cost

77 

- - --——-•--------—-----— —- 5- -- --- - -  —--—---- -- - - - -  - - - --5- 



~_F-~5-_~ _5-5- -5-—--- - -

involved in removing more of the contaminant. However, if the improvement in life and

reliability of the system components is sufficient , this added cost can be offset. Therefore ,

the ultimate objective of this program is to determine the factors involved in life improve-

ment through filtration of the system filter.

Since the number of factors involved in the study of contaminant wear of entire

hydraulic components would become unmanageable, the approach taken here is first to

investigate critical wear mechanisms of hydraulic components. The information derived

through the study of such mechanisms could then be extrapolated to the component.

Two such mechanisms were selected. A rotary device incorporating a stationary disk and

a rotating disk are used to simulate one of the crucial hydraulic wear mechanisms, and a

linear reciprocating device is used to simulate another. Each of these mechanisms was sub-

jected to var ious particle size ranges and concentration of a test contaminant produced from

AC Fine Test Dust stock. The results reported here are for a given surface clearance and a

designated operating condition for the devices.

In extrapo lating the results of the tests to hydraulic components, it must be kept in

mind that the surface clearances were maintained at a constant value. Such constant

clearance is not representat ive of a hydraulic component over its entire life but is sufficient

to discuss the contaminant wear in some interva l of life. As data are produced at other

rIl’arances , the characteri stics of the components over their whole life will become lucid.

I h~se test s will be run during the next year.)

- - . r i s u l t s  of the rotary mechanism tests indicate that , at higher concentration, the

- - . -  I. s ? r ib utio n is very critical. The relation between particle size range and wear
I - H.’ w par debris density becomes non-linear at concentrations greater than

- - - i r s _ S that , if a system contains 80 mg/litre of contaminant , more life

- ~S I ~~ 4~ Sri n”lucing the particle size distribution from 0-30 micrometres

-~ - t~~’ qained by going from 0-80 micrometres to 0- 30 micrometres.
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This is true for both the brass/steel and the aluminum/steel combinations. Reducing the
contaminant concentration decreases the amount of wear produced by the contaminant at
all particle sizes with the rotary mechanism.

The data obtained during the testing of the linear mechanism revealed a considerably
different wear characteristic than the rotary device. The 0-30 micrometres particle size
range exhibited significantly more wear than either the 0-5 micrornetres or 0-80 micrometres.
These resul ts are cons istent wit h perfo rmance tests wh ich have shown that the force to move
such a mechanism will exhibit a maximum at some critical particle size distribution which
is related t’) the clearance. This implies that reducing the particle size range (at a given
concentration) of the entra ined contaminant to which this type of device is subjected may

not decrease the wear. To the project staff’s knowledge, this is the first time that such
data have been obtained for reciprocating elements.

Experience with hydraulic systems has revealed that , in most cases, the pump is the
most sensitive component to the attack of contaminant. The two mechanisms utilized in
this program are representative of the wear mechanisms found in the majority of hydraulic
pump designs. In addition, the linear device also simulates the critical wear surfaces found
in hydraulic valves. Therefore, the results of these tests can be reasonably projected to a
hydraulic system (realizing the parametric constraints of the effort) .

In general, if a system filter is replaced by a more efficient element to reduce contamin-
ant wear, both the particle size distribution and the contaminant concentrat ion will be
decreased. Therefore, by assuming a change in contaminant leve l which might be achieved
through a filter retrofit , some general statements concerning component life improvements

can be formulated. Consider the three following hypothetical filter elements, which could

be used to protect critical hydraulic components: Filter 1 products a contamination level
of 80 mg/litre with a particle size distribution of 0-80 micrometres ; Filter 2 achieves a level
of 40 mg/litre and a distribution of 0-30 micrometres; while, Filter 3 is capable of stabilizing
the system contaminat ion leve l at 10 mg/litre of 0-5 micrometres. The contamination levels
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produced by these hypothetical filters are depicted in Fig. 62. From the results of the
tests presented in this report, hydraulic systems which incorporate three different types of
wear mechanisms can be evaluated — rotary using brass/steel material, rotary using a ium inum/

steel, and a linear motion device.

- 
• 

- 
- 1. 5 - .  ~ j [ ~~~~ coNrIMIS, arIos, - 

- In a system where the primary

- 
- 

- . wear process can be characterized by

- ~ - - - : - rotary motion with one brass and one

~
- - - - 

- :. 
- stee l surface, the test data reveal that

- - 
-

. - ~~~~-
, -

-p.-

• ; 
- 

changing from Filter 1 to Filter 2
5- 

FIL~1~* t - - 

.- -:~
-- -- -- - - would reduce the wear by 133% or

c - ‘ - ‘ -

could improve life by the same amount
• 

- ‘ 5- 
. 

-

- Thus number can be found from Fig 25 
-
‘ - - . - - -i: ‘,-.._ : 

by subtracting the wear debris density

-~ at 40 mg/litre 0 30 micrometres which
- i

_ -
~~~~

- - 
~

- - - I ‘ - 
- 

- - 
, 

- - is about 4.2 from the density at 80
F’M.u~~~. mg/litre and 080 micrometres (9 8)

Table 5 summarizes this type of inform

I -‘ ation for the three mechanisms tested

- -: ~~~~~~~ ~~~~ ~ ~~
- -

~~
- • . The data for the rotary (aluminum/steel) 

- 

~~~~ tests can be found in Fig. 26, while the

results of the linear mechanism tests are
FIg. 62. ContaminatIon Levels Produced By Hypothetica l

FIlter. 1, 2. and 3. presented in Fig. 51. In addition, Fig.

63 graphically illustrates the wear reduc-

tion in the various mechanisms produced by the three hypothetical filters. In this figure, the

number of particles per millilitre greater than the ten micrometres obtained from Fig. 62 is

used to identify the contamination levels achieved by the three filters. This contamination

level is plotted against wear as measured by Ferrographic densities to show the influence of

each filter on the wear of the mechanisms.
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TABLE 5. Summary of Wear Debris from Wear TABLE 6. Summary of [Afe Improvem ent
Mechemsms with Hypothetical Filters. Estimates for Hypothetical Filters.
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Table 6 summarizes the life

improvement estimates for various

filter wear mechanisms used for these

tests. It cannot be emphasized
E

o I ~~~~~~~~~ 
enough that these estimates are

-

~~ .
‘° based upon tests at only one clearance

~~~~~~~~~~ 

/ 

and one set of operating conditions,

// / and they should be used with caution.

~ IO~ // / As the test program proceeds and
z / /

// ,“ more data are obtained, these estimates

// ,/‘ can be and will be reconsidered. In
0’ // /‘ MCC ;~~~

o I ~~~ oa LCVCL addition, the hypothetical filters used
o 

/ 

in obtaining these estimates are j ust

d 
~~~~~~~~ 

that — hypothetical. No attempt has
a—eaass

0 10 - 
s —.s,t t. - been made to incorporate actual filter

2 4 6 S ‘0

W EA R — .- FERROGRAPHIC DENSITY data nor to include a rigorous analysis
of system ingression characteristics. -

:
YI~. 63. Pirtiel. Conc.ntrat*on Produced by Hypotb ttcal -

Filter, versu. M.chanlama Wear. It is felt that mechanism clearance,
operating cond it ions , ingression charac-

teristics, and actual fil ter performan ce could alter the est i mates. However, based upon past

-~~~~~~ 
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experience of the project staff , it is felt that the trend of life improvement is correct -

and the estimates substantiated by the test results. -
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