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I. INTRODUCTION

The degrading effects of particulate contamination on the
components in fluid power systems have been a topic of discussion
in the fluid power world for years. Literally hundreds of papers
have been published extolling the virtues of fluid cleanliness
and dangers of fluid "uncleanliness”. Conferences and symposia
have repeatedly provided a forum for debating the value of the
multitude of particle counting equipment, patch tests, sampling
procedure, etc. The type and locations of, and even the need for,
filters has sparked frequent heated debate. Throughout all of
this, the authors, speakers, and combatants, for the most part,
have considered particles only as particles and have paid con-
siderably less attention to their sources than to their presence.

Certainly there were some who were interested in identifying
the sources of contamination. Significant advances in this area
were made through the use of both optical and scanning electron
microscopy and spectrometric oil analysis programs (SOAP). These
methods, however, were primarily concerned with identifying the
materials present in a fluid sample. Under certain conditions,

a knowledge of the materials in the sample could lead a knowledgeable
investigator to the component which was the source of the particulate.
This, in fact, is the basis of the very successful SOA Programs

which are used to provide an early warning of an impending failure

of the rotating components in jet engines.

While SOAP is concerned with the type of debris material,
and subsequently its source, it cannot provide any insight into
the mechanisms that generated the debris. The development of the
Ferrographic technique finally provided researchers the tool they
needed to examine the morphology of particles and conduct meaning-
ful studies into the mechanisms by which the particles were produced.
A natural evolution of the ferrographic concept will provide the
system operator or maintainer with the capability to accurately
predict impending component failures long before the situation be-
comes critical.

An obvious advantage is that potentially troublesome com-
ponents can be replaced at some convenient time rather than causing
costly unscheduled system downtime. While this is one of the major
benefits of SOAP, a recent Technical Memo published by the U.S.

Air Force on the results of an Air Force sponsored investigation

into the laboratory testing of aircraft actuators implied that

the ferrograph showed failure debris long before it was detectable

by SOAP [1]. This is not a wholly unexpected result. Although

there have been several attempts to apply the SOA Program to fluid
power systems, the results have never been encouraging. This stems, at

5
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least in part, from the inability of currently employed spectrum
analyzers to cope with particles larger than 2 um.

The Office of Naval Research recognized the potential ad-
vantages of the ferrograph very early in its development and has
provided contract funding for research and the development of the
ferrographic techniques by the Fluid Power Research Center (FPRC).

This report presents the results of the fourth year of
activity on the program.




TV

II. TECHNICAL BACKGROUND

The previous phases of this study have dealt with the practical
applications of ferrography to fluid power systems.

The first two phases were investigations of the 1ife improvements
of hydraulic components brought about by the removal of particulate
contamination entrained in the fluid of hydraulic systems. T'n this
investigation, two basic test mechanisms simulating mechanis~s common-
ly found in hydraulic systems - a rotary device and a line. re-
ciprocating device - were constructed. These mechanisms were operated
using hydraulic fluid which was contaminated with known quantities of
AC Fine Test Dust. The resulting debris was analyzed ferrographically.

Several important results which were obtained from these tests
are listed here:

1. The wear debris generated from rotary mechanisms is de-
tectably different from that generated by linear reciprocating
mechanisms.

2. In rotary mechanisms, the particle size distribution is
very critical at high concentrations of contaminants.

3. In linear mechanisms, the greatest wear results from some
critical size distribution which is related to clearances within the
device rather than the concentration level.

4. Significant - and predictable - reductions in wear and
the resultant increases in component life can be achieved by re-
ducing both the level and the size distribution of the particles in
the system.

5. Changes in wear rates brought about by variations in the
concentration or distribution of contaminants in the fluid are readily
detectable ferrographically.

Subsequent work extended these basic mechanism wear tests to
hydraulic gear pumps. These tests showed that the results discussed
above could be extrapolated to include the gear pump and quite
possibly other similar hydraulic components.

During the gear pump testing, it was found that the wear
debris generation from very low contaminant concentrations were
detectable through the ferrographic density values. This has two
important implications. The first is that component contaminant
sansitivity testing could be conducted on a non-destructive basis.
The second is that a routine fluid sampling program should allow




the early detection of wear debris in operating systems and facilitate
preventive maintenance actions to preclude system failure.

Throughout these phases, the processes and procedures involved
in ferrographic analysis were constantly being evaluated and revised
to produce a repeatable and viable wear debris analysis method.




II1. SCOPE OF EFFORT

This report covers the fourth phase of work under contract
number N00014-75-C-1157. This phase had as specific tasks the
standardization of the ferrographic procedure and the completion
of a comprehensive field test program to investigate the wear
debris generated within hydraulic systems in field service.

In an effort to promote an internationally accepted ferrographic
oil analysis procedure, the FPRC has established an active liaison
with the TTCP (Sub-Group P, Technical Panel 1, Active Group 4).
Significant progress has been made. A highly advanced draft procedure
is now available for presentation to the appropriate SAE sub-committee
for advancement to the national standard stage.

When this project was proposed, it was the intention of all
involved to select an appropriate hydraulic system of interest
in Naval application to use for the field test program. Unfortunately,
this could not be accomplished. However, the FPRC was able to con-
duct some brief field tests on some non-Naval equipment. The re-
sults of those tests are presented herein.




IV. THEORETICAL ASSESSMENT OF THE FERROGRAPHIC PROCESS

Since the introduction of the ferrograph in 1974, numerous
questions have arisen concerning the particle dynamics and the
behavior of nonmagnetic particles in the fluid stream. During
the past year, the FPRC has expended considerable effort in pro-
ducing theoretical analyses to answer these questions. The results
of these analyses are presented in Appendices A, B, and C. By using
the mathemetical models developed in these papers, the behavior
of any given particle can be predicted.

One of the most significant points brought out by these
papers is that the probability of a magnetic particle's not being
deposited on the slide is extremely low. This has been verified
experimentally at the FPRC by collecting the fluid used to make
a ferrogram and using it to make a second ferrogram. This has
been accomplished numerous times, and no appreciable number of
magnetic particles has ever been found in the second ferrogram.

Appendix C discusses the behavior of non-magnetic particles
and their effect on densitometer readings. It concludes that these
particles can cause erroneous readings, especially when real-time
monitoring is used.

10
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V. CONTAMINANT WEAR

One of the primary objectives of this contract phase was
to concentrate on the study of wear in complete hydraulic systems.
This was to have been done by selecting candidate hydraulic systems
(with guidance from the Navy sponsors) which would be operated
under various conditions. Fluid samples would be extracted on
a predetermined schedule and analyzed on both a particle size dis-
tribution and a ferrographic basis. Unfortunately, arrangements
could not be made for the program as originally planned. However,
to demonstrate the applicability of the ferrographic process to
hydraulic systems, the FPRC conducted test programs on several
non-Naval systems. The results of these programs are presented
here. Work on the assessment of contaminant wear in gear pumps
was completed during this phase. The results from that work are
also included in this section.

Gear Pumps

The pump is rconsidered by fluid-power engineers to be the
heart of the hydraulic system. Therefore, forces and influences
that tend to degrade the performance of hydraulic pumps are of
great concern. A common occurrence that has a deleterious effect
upon a pump is the presence of particulate contamination entrained
in the fluid of the system. In the case of a pump, these particles
are forced into the critical leakage paths between mating surfaces,
which many times are in relative motion. Once these particles have
entered this area, wear will probably occur. Two events occur
as a result of this wear. First, the enlargement of the critical
leakage paths will cause a decrease in the output flow of the
pump. Second, the wear process will remove material from one or
both of the surfaces. This material will become wear debris en-
trained in the circulating fluid.

Previous efforts to study the influence of various particle
size distributions and contaminant concentrations have relied upon
flow degradation measurement alone. There were several reasons
for this dependency upon flow degradation data. A primary reason
is that flow is the only performance parameter of importance asso-
ciated with fixed-displacement pumps. Therefore, the use of flow
degradation is directly related to performance degradation, which
is the sole criterion in field applications. A second reason stems
from the problems in attaining any other wear-related measurement—
direct measurements of dimensional changes are impossible. In
addition, there was no proven method of measuring the wear debris
generation, and the weighing of entire pump parts was shown to be
fruitless.

1




The use of flow degradation data to evaluate the contaminant
wear of a pump presented several problems. The most important
drawback was associated with contamination levels at which the
test pump was exposed to several particle size ranges. To obtain
a measureable flow degradation at the smaller particle size ranges,
a fairly high concentration was used. However, the use of such
a high contaminant level many times results in considerable pump
wear at the larger particle size ranges. Therefore, to obtain
the needed data at small size ranges but not destroy the pump, a
more sensitive wear parameter was needed. One paramount requirement
of such a new parameter was that it must correlate with flow de-
gradation data at the higher contamination levels. This would
permit the use of standard interpretation techniques such as the
algorithm developed to calculate a contaminant tolerance profile [2]
and the nomograph to determine an Omega rating for the pump [3].

With the introduction of the Ferrographic Qi1 Analysis System
[4, 5, 6], evaluation of a wear process through an analysis of the
generated debris became a practical consideration. In fact, the
measurement of wear debris through Ferrographic techniques is much
more responsive to the severity of the wear process than flow
degradation and therefore may represent the key to pump contaminant
sensitivity testing at a reduced contamination level. Ferrographic
analysis can be used effectively for contaminant wear studies of
most fluid components. This is particularly important when a
single critical performance parameter is difficult to identify.
For example, in the case of hydraulic valves, several parameters
could be selected, where each is extremely critical in some given
application. However, using them all to assess contaminant wear
would be difficult, if not impossible.

This section presents the results of a study on the con-
taminant wear of pumps. The pumps were tested at various particle
size ranges and contaminant concentrations. In addition to the
flow data normally recorded during such testing, samples were ex-
tracted for Ferrographic analysis. The objective of the program
was to assess the capability of the Ferrographic technique not
only to produce useful data at contamination levels much lower
than the 300 mg/litre used in the Standard Contaminant Sensitivity
Test [7] but to correlate at various concentrations so that stan-
dard intrepretations methods could be employed. The results obtained
should significantly advance the understanding of pump contaminant
wear and will open the door to desirable improvements in contaminant
sensitivity testing.

Experimental Methods
To keep the initial investigations of Ferrographic analysis
of contaminant wear in hydraulic pumps to a manageable level, a

12




typical gear-type, fixed-displacement pump was selected. To explore
the debris generation characteristics of these pumps, tests were
conducted over a broad range of contaminant concentrations and sizes.
The contaminant concentrations selected were 25, 150, and 300 mg/%.
Particle size ranges of 0-5, 0-10, 0-20, 0-30, 0-40, 0-50, 0-60, 0-70,
and 0-80 micrometres obtained by classification using air elutriation
from AC Fine Test Dust [8] were used in these pump tests.

Basically, the Standard Pump Contaminant Sensitivity Test [7]
was used for testing with the exception of the contaminant concen-
trations that were employed. A1l test pumps were subjected to a
break-in period based on rated conditions of 2500 rpm and 172 bars.
In the wear tests, the pumps were operated at gOOO rpm and 138 bars.
The test temperature was held constant at 65.5 C. The initial
flow of the pump was accurately measured and then the pump was
exposed to the desired concentration of contaminant (25, 150, or
300 mg/1itre) that had been classified to a particle size range
of 0-5 micrometres. The pump was operated at this entrained con-
tamination level until the flow remained constant for 10 min or
until a total of 30 min had elapsed. At this time, a fluid sample
was extracted from the system for Ferrographic analysis, and the
control or background filters were valved into the main system. The
filtering system was used for 10 min after which the filtering
subsystem was removed and the next particle size range was injected.
The procedure was repeated sequentially for 0-10, 0-20, 0-30, 0-40,
0-50, 0-60, 0-70, and 0-80 micrometre particle size ranges or until
the flow of the pump had decreased a total of 30% or more,

The samples extracted from the test system were analyzed
Ferrographically. During preliminary Ferrographic analysis
studies [9, 10] of samples from pump contaminant sensitivity tests,
the optical density at the 54-mm Tocation was found to be the most
responsive to the wearing process accelerated by the entrained
contamination. Therefore, Ferrograms were made from each sample,
and the optical density was measured at the 54-mm position. This
value was then normalized to reflect the concentration of wear
debris in 1 me of sample fluid. When a sample is only slightly
concentrated with debris, several millilitres of the fluid may be
utilized in preparing the Ferrogram. On the other hand, for heavily
laden samples, only a fraction of a millilitre is required. There-
fore, the normalization to a unit volume of sample fluid is necessary
for comparison purposes.

Flow Degradation Test Results

Because output flow after each contaminant exposure was
accurately measured during the testing program, the results could

be modeled both as a function of particle size range and concentration.

The flow readings were made using a turbine-type meter carefully

13
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calibrated.

TABLE I. SUMMARY OF FLOW DEGRADATION DATA.

COVEL|  FLOW DEGRADATION AFTER INDICATED EXPOSURE, AQ (£pm)

(mg/?) | 05 0-10 0-20 | 0-30 0-40 050 | 0-60 0-70 0-80

25 — - — - 0.76 1.02 | 1.59 2.04 2.76
150 - - 0.83 | 261 5.34 7.34 11094 |13.40 | 16.12
300 e —_ 1.93 | 5.90 10.86 | 13.82 | 19.68 | — -

The flow degradation data obtained in the various tests are summarized
in Table 1. The numbers within the table are total flow

change after the particular exposure. For example, after exposure

at 150 mg/2 of 0-40 particle size range, the flow rate from the pump
was 5.34 ipm less than it was before any contaminant had been injected
into the system. The numbers represent total flow loss and not the
loss for the particular exposure under consideration.

TABLE 1l. SUMMARY OF EQUATIONS FOR FLOW DEGRADATION.

Cont. Level
(mg/) Equation
25 AQ = 6.81 x 104 p1.88
150 AQ = 454 x 103 p1-88
300 AQ = 9.46 x 103 p1-88




The flow degradation data shown in Table 1 can be reduced to
a functional relationship by a least-squares data-fit program, pro-
ducing the flow degradation equation, Table 2. The general relation-
ship that describes flow degradation as a function of the particle
size range is the classical power function. The variable represented
by D in the equations shown in Table 2 is the particle size range
where D is the upper limit of the range. For example, for a particle
size range of 0-20 micrometres, D would be 20.

Note that the coefficient of the power function is obviously
some function of the concentration. The general power function
used for the equations of Table 2 can be written:

AQ =bD* (1)

where: AQ = total flow degradation, b = coefficient (some function

of concentration), X = exponent = 1.88, D = uppcr limit of the particle
size range. A plot can be made to evaluate the coefficient, Fig. 1.
This figure illutstrates that the coefficient of the flow degradation
equation is an excellent linear function of the concentration. the
best-fit equation (least squares) for the function can be written:

b=3.2x10°°C (2)

where: C = contaminant concentration (mg/litre).

Thus, the complete equation describing the flow degradation data
requires that Eq. (1) and Eq. (2) be combined:

AQ=3.2 x 10°% p'°® (3)

Fig. 2 is a graphical illustration of Eq. (3) as well as
all of the data shown in Table 1. The flow degradation model as
represented by Eq. (3) is an excellent fit to the measured data.
However, to develop a function that relates Ferrographic density
to flow degradation, an equation similar to Eq. (3) must be de-
veloped for the Ferrographic data.

Ferrograhic Density Test Results

In conducting a contaminant sensitivity test, the pump is
subjected to the various particle size ranges of contaminant on a

15
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sequential basis. Therefore, the total wear of the pump is the
summation of the wear caused by each and every particle size range
that has been injected. After each exposure, the pump wear as
expressed by flow degradation is the result of not only the most
recent exposure but every preceding injection. For example, the
change in clearances of the pump after it has been exposed to, say,
0-20-micrometre particle size range is the sum of the increases
due to 0-5, 0-10, and 0-20. Because the flow degradation will be
a function of the total clearance change, the Ferrographic data
must be related in a similar manner to obtain a meaningful
correlation.

If the amount of wear debris generated during the test is
proportional to the increase in pump clearance, the Ferrographic
density must be summed over particle size range to be on the same
basis as the flow degradation. Furthermore, to obtain the most
accurate Ferrographic density data, various fluid volumes were
utilized, depending upon the debris concentration in the sample [10].
Therefore, the Ferrographic density values must be divided by the
volume used to be comparable. In this case, all Ferrographic data
have been normalized to 1 me of sample fluid.

TABLE lll. SUMMARY OF FERROGRAPHIC DENSITY DATA.

Eontl. Ferrographic Density After Indicated Exposure, E D54/me
eve

(mg/?) 0-5 0-10 { 0-20 0-30 0-40 0-50} 0-60 0-70 0-80

25 1.75 4.28 8.21 11.46 | 16.18 19.58 1 28.30 | 48.20 ] 34.40

150 8.40 ]19.00 |47.67 77.17 {118.34 | 141.17 {174.47 | 201.30 1236.63

300 19.20 |[42.75 |87.00 ]152.40 |218.40 | 304.65}37882 | —— | ——

The Ferrographic data obtained from these pump tests are
presented in Table 3, where the D54 density values have been
accumulated over particle size range and normalized te 1lme, as
indicated by © D54/mz. The data shown in Table 3 can be reduced
to a functional form in a manner similar to that used for flow

g =




TABLE IV. SUMMARY OF EQUATIONS FOR FERROGRAPHIC DATA.

Cont. Level
{mg/¢) Equation
25 ZDSMML = 0.25D113
150 Zosum. = 1570113
300 ZDSMML = 3.2901-13

degradation data. Preliminary efforts [11, 12] have indicated the
Ferrographic density is also best described by a power function.
The best-fit (least squares) equations for the Ferrographic data
are shown in Table 4. Here again, it is easy to see that the
coefficient of the power function that describes the Ferrographic
data is some function of the contaminant concentration.

Fig. 3 shows a plot of the coefficient from the power
function describing the Ferrographic data vs the contaminant con-
centration used. This coefficient is as good a linear function of
concentration as one would hope to find. The equation produced by
a least-squares curve fit to the data graphically illustrated in
Fig. 3 can be written:

a=.011C ' (4)

where: a = coefficient of the Ferrographic power function.

Substituting Eq. (4) into the equations given in Table 4 pro-
duces a single relationship for the Ferrographic data:

"$054/mi=0.01cD" " (5)

Fig. 4 is a graphical representation of Eq. (5) as well as all
of the data given in Table 3. As was the case with the flow de-
gradation model, the Ferrographic model given by Eq. (5) is an
excellent fit to the recorded data. Now that a model for both
flow degradation and Ferrographic density has been derived as a
function of both contaminant concentration and particle size
range, a relationship for flow degradation as a function of
Ferrographic density can be derived.

19




CORRELATION aQ vs zD54/me

Both Eq. (3) and Eq. (5) can be solved for particle size

range D: _1
1/1.88 ‘
o= a0 _ ] (6)
3.2x10 “C
Dg[ 2 D54/ml ]'/1-'3 (7)
oonc
Then, these two equations, Eq. (6) and (7), can be equal:
1/1.68 /113
[ AQ _[ Z054/mi
- - (8)
32x10°% 0.01C
Reducing Eq. (8) produces the following relationship:
1
£Q=0061C **4Z psa/mi)'*® (9)

Eq. (9) is the correlation that will provide the breakthrough
necessary to conduct pump contaminant sensitivity tests at any
contaminant level but still refer the data back to a 300 mg/2 base.
Fig. 5 graphically illustrated the functional relationship as given
by Eq. (9). In addition, the corresponding data from Tables 1

and 3 are shown to indicate the exactness of the model fit.

There has always been criticism of the pump contaminant
sensitivity test because of the relatively high concentration
required. Now, for the first time, a way has been found to reduce
the contamination level of the test without losing any of its
sensitivity.

Probably the greatest advantage that can be attained by
low concentration contaminant sensitivity testing of components,
lies in the greatly reduced destruction. In examining Table 1,
note that the test had to be stopped after 0-60 exposure when
300 mg/% was used: and, at that point, the leakage had increased
by 19.68 2pm. However, when using 150 mg/%, the total leakage
increase was only about 16 ¢pm after 0-80. Furthermore, when

20




Eadfiacs s

r——r

COEFFICIENT OF FERROGRAPHIC EQUATION

CONTAMINATION LEVEL (mg)

Fig. 3. Coefficient of Ferrographic Function vs. Contamination Level.




FERROGRAPHIC DENSITY —ZDM/ML

100

10

1.0

Y,
2_DsamL 0011 ¢ p113 5;,/ | Ci ;
¥ il
y A :
// — % M —
P
V
74
/| )
y.4 »
4 -
/
4
B/
/r 5 IR
1
10 100 ' 100.0

PARTICLE SIZE RANGE (0-D) — uM

Fig. 4. Ferrographic Density vs. Particle Size Range for Various Concentrations




3
a0 = 0.061 C068 ( ) psamL)"66 1 /é k ]
10 b
—~/— l
§ IE]’ I‘ 3
1 2/
] A V4
. ]
. 2 7
Q
<
g / i
8 / {
Z 10 : /
3 7
w X 4 7
/
/ y R
[ 4
N N
& £
ol 1T
3
o1
1.0 10 100

FERROGRAPHIC DENSITY -~ D54/ML

Fig. 5. Flow Degradation vs. Ferrographic Density Data at Various Contaminant Concentrations.

il e )

23




25 mg/% concentration was utilized, only about 3 2pm increase had
been observed after the 0-80 exposure. Almost seven tests through
0-80 cound be conducted on one pump at 25 mg/2 to reach the same
total flow degradation at 0-60 in one test at 300 mg/%. Thus,
several tests could be conducted using one pump at the reduced
concentration.

Hydrostatic. Transmission

The objective of this project was to evaluate a hydrostatic
transmission. In certain applications, the wear rate in this system
was apparently sufficient to cause premature failure. Examination
of the internal surfaces of a failed transmission revealed disastrous
wear at the cylinder block/backplate interface and the piston shoe/
swashplate area. Therefore, a plan of attack was devised in which
wear information and duty cycle data were collected while the vehicle
was operating in three different environments.

It was felt that the three test conditions would provide
data which could be used to assess the severity of the terrain,
the contamination levels of the transmission system, and the con-
centration of wear debris generated within the pump/motor system.
Two of these tests were conducted with the vehicle operating in
an actual field application. The difference between the two
test runs was that one was considered "level" terrain operation,
while the other was deemed to be "rough" terrain. The third test
was conducted on a test track.

Each of the three tests had a duration of ten hours. Fluid
samples were extracted every hour during each of the tests. These
samples were analyzed to obtain the contamination level through
the use of an automatic liquid particle counter calibrated per ISO
approved procedures. In addition, the samples were evaluated
Ferrographically to obtain wear data.

The operation of the unit during the track test is shown
in Fig. 6. According to this driving procedure, the vehicle makes
two 540°0turns - one to the left and one to the right. In addition,
four 180~ turns arge executed - two left and two right. Finally,
there are eight 90~ turns - four left and four right. The terrain
is level, and the surface is hard-packed gravel.

Ferrographic Results

The results of the Ferrographic analyses performed on samples
extracted from the case drain of the pump which supplies oil to the
right-wheel motor are given in Fig. 7, while that for the left-wheel
drive pump is shown in Fig. 8. The numerical data are tabulated in
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Appendix D. Both of the figures illustrate the graphical relation-
ship between the Ferrographic density at the 54mm position on the
Ferrogram and the test time when the samples were taken.

In general, it must be concluded that the wear in the trans-
mission while operating in rough-terrain is only slightly higher
than observed during level terrain operation. On the other hand,
the amount of wear debris entrained in the case-drain oil was
significantly higher during the track test than either rough or
level operation. The density at 54 mm was chosen for this in-
terpretation because other tests have shown that this value correlates
well with the actual wear process. It is felt that the rapid in-
crease in density reading during the track test after about eight
hours is indicative of an imminent failure, probably in the left-
wheel drive system.

The system was such that the leakage oil from the left pump
actually flows into the right pump case and is relieved from there.
This means that the wear debris from either system will be entrained
in the case drain o1l taken from the right-wheel drive pump. There-
fore, the wear debris observed from the right pump should be higher
than that from the left pump. In reviewing the data shown in the
figures, it can be seen that the debris measurements from case drain
0il of the right pump are not significantly different from those
of the left pump. This could mean that most of the wear debris
is generated from the left drive system or that the fluid communication
obscures the differences between the two systems.

The results of the tests presented in this report reveal
very little difference between what was termed level - and rough-
terrain operation. The duty cycles are not significantly different,
nor is the wear rate significantly higher in one than the other.
The Ferrographic density values were slightly hiygher in the rough-
terrain operation, but the difference was not of a sufficient mag-
nitude to be impressive.

The closed-loop pressures during the test track operation
were considerably different than those for field operation. The
maximum pressure observed was very high indicating the severity
of the turns. However, the system pressure level was below 500 psi
for a large percentage of time, indicating the level, hard-packed
characteristic of the track. The case drain temperature during
the track test showed that some very high temperatures were en-
countered. Depending upon the characteristics of the hydraulic
0il, these high temperatures could account for the increase in
wear rate observed during track testing.

The particle count data revealed excellent control of the
contamination level. The system filter was able to clean up the
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system rapidly following the 0il change and the system failure.
The magnitude of the particle counts after the component failure

was quite high. It would probably be good practice to initiate
a system cleanup following any failure and subsequent to actually
placing the system in service.

Overall, it is felt that the data acquired during these
tests are excellent. They reveal the duty cycle which can be ex--
pected when operating the transmission in field service and provide
a comparison of that duty and the test track operation. In general,
the wear rates are useful from a comparative standpoint. That is,
little data are available on actual wear debris concentrations
from hydrostatic transmissions. However, the values of density
measured can be compared between types of operation and on a trend
basis to indicate potential failures. For example, the rapid
increase in debris concentration after eight hours of track operation
definitely indicates a disastrous change in the wear rates. This
can be observed from trend analysis.

Other Selected Systems

Evaluations were conducted on five different selected systems,
which included two complete vehicle systems, one steering system,
one auxillary hydraulic functions system, and one transmission
lubrication system. Each will be discussed individually, with the
figdings and conclusions from all five studies resummarized at the
end.

System One - Complete Vehicle Hydraulic System

System One involved analysis of a complete agricultural
tractor hydraulic system. Such functions as power assisted steer-
ing, transmission cooling and lubrication, and hydraulic 1ift assist
are included, as well as numerous other auxillary hydraulic sub-
systems inherent to the particular vehicle design. 0il samples
were taken just upstream of the main filter to allow collection of
wear debris generated throughout the system. The sampling period
for this vehicle encompassed approximately the first 1000 operating
hours after assembly completion. Thus, close data inspection should
also indicate field break-in characteristics of the vehicle.

Figure 9 indicates the Ferrographic D54 density values.
Most obvious in Fig. 9 is the extremely high initial density reading.
Initia) vehicle shake down was conducted prior to this reading,
and would account for the high results. Many normal rubbing wear
particles (1-10 um in size) and severe wear particles (approximately
20 um) were present in this Ferrogram. However, with a filter
replacement made prior to the second sample, the magnitude of the
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density value recorded dropped substantially.

The second pronounced peak in density readings occurs at
approximately 700 hours. This sample was recorded during a sub-
stantial increase in vehicle loading, with approximately 50% of
the operating hours between 600 and 700 hours occurring at 100%
load and the remaining 50% at 70 to 80% vehicle load. Again,
heavy amounts of severe wear particles are present in the Ferrogram.
However, numerous metallic spheres were also recorded throughout
with the majority near the exit end (indicating very small and/or
high alloy material). The combination of severe wear and spherical
particles is indicative of fatigue cracks located in rolling'bearings,
and in this case, most likely made of a high alloy material.

Investigation into the type of debris present throughout
the evaluation period indicates several system changes. Evidence
of oxidation through the presence of black and orange colored
particles, and surface heating were evident generally after 500
hours. At approximately 800 hours,fibrous particles began appear-
ing on the Ferrograms. The presence of corrosion or o0il breakdown
due to heat is again evident at 950 hours, with increasing severity
noted at the final sampling (approx. 1020 hours).

In an overall assessment of the hydraulic system state,
the Ferrographic analysis indicates the degradation of some com-
ponent part consisting of a fibrous material in contact with
ferrous particles, possibly brake or clutch disk facings. Secondly,
the presence of an increasing number of tempered, oxidized, and
corroded particles in the last three samples could possibly be
identifying a breakdown of the hydraulic 0il, and more specifically
the additive package for that particular oil specification. Finally,
the application of heavy system loading (80-100%) generates large
amounts of spherical severe wear particles identifying the presence
of fatigue cracks in rolling bearing surfaces. Recommendations
for system maintenance would include replacement of system fluid
and filter, and inspection of clutch or brake disk facings.

System Two - Complete Vehicle Hydraulic System

Vehicle System Two again involves the evaluation of an
agricultural tractor hydraulic system. As in System One, all on-
board hydraulic functions as well as any remote connect systems
were analyzed by samples taken just upstream of the main filter.

The time period for sampling encompassed 500 hours, with the first
sample taken approximately 50 hours after initial vehicle shakedown.

Fig. 10 is the Ferrographic D54 density reading for each
sample. Much in evidence is the extremely high density readings
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obtained for this vehicle.

As in System One, high initial D54 density readings were- -;‘
measured during the first 100 hours of operation. Again this would |
seem to show the effects of vehicle break-in during initial operation
at typical field contaminant ingression levels. Fig. 11 indicates
the per cent of total operating time at 60, 70, and 90 per cent
vehicle load. These curves indicate that approximately 90% of
the total operating time (after 200 hours) occurred between 60
to 70 per cent of full vehicle loading. In relation to D54 read-
ings, a dramatic increase in wear debris at this time is also ob-
served. Particle inspection indicated moderate to heavy amounts
of fatigue chunks present (typical gear surface fatigue). Thus,
the gears used for 60 to 70 per cent vehicle loading during field
operation most likely are the source of the wear debris generation.

A fibrous material of some sort begins appearing after
approximately 200 hours. The increasing frequency and magnitude
of these as operation continues would seem to indicate a growing
ineffectiveness of the system filter element.

A general assessment of the internal system state indicates
an impending failure. The areas of concern would be in the trans-
mission for the gearing that supplies the 60 to 70 per cent power
range. Also, any fiber containing components (ciutch and/or brake
disks) are suspect to failure. It is also recommended that the
system filter and 0il be replaced as soon as possible.

System Three - Hydraulic Steering System

The third system to be analyzed limits its size to include
just the hydraulic steering sub-system of a field test vehicle.
This system is independent of the hydraulic functions provided
on the vehicle, therefore allowing the hydraulic fluid to possess
the characteristics of only the wear debris generated and contaminant
ingressed into the steering system itself. Samples again were
removed just upstream of the filter element and taken over a period
of approximately 1000 hours. The initial reading was recorded
at 300 hours.

Fig. 12 shows the D54 density readings obtained from this
system. Since no vehicle load history was available, only correlation
to servicing and noted failures will be possible. First, the ex-
tremely low density readings are justified by the high safety and
reliability factors involved in a steering system. Therefore, minor
density increases (1 to 2 units per m1) in this system could mean
impending failure. This fact is illustrated by the rise and peak
between 400 and 500 hours. A failure was recorded at approximately
500 hours, and with component(s) replacement and system clean-up
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(filter and o0il change) the readings declined. Particle analysis
prior to this failure indicated the presence of fairly high alloy
metal wear particles in moderate amounts. Also observed were crystals
(silica possibly) of all sizes and colors, again in moderate amounts.

The second prominent peak at 800 hours was characterized by
heavy amounts of laminar particles and spheres, with some approxi-
mately 20-25 micrometres in size. This suggests possible bearing
fatigue beginning within the system. Indications of some sur-
face heating due to the presence of iridescent particle coloring
were also noted throughout the period.

Observed throughout the entire monitoring period was the
presence of web-like or jelly-like substarces within the samples.
This is a possible indication of a breakdown in the hydraulic
fluid additive package or the presence of water within the system
thus affecting a barium additive.

Assessment of System Three suggests the wearing rate to
be leveling off as indicated in the density readings after 1000
hours (Fig. 12). Points of possible concern are parts with high
alloy metals and the problems associated with breakdown in the
0il additive package. Recommendations are for replacement of the
hydraulic fluid and improvement of the contaminant ingression level
(check system sealing).

System Four - Transmission Lubrication System

The fourth system analysis was conducted on a vehicle trans-
mission lubrication system. As with the hydraulic steering system, f
this lubrication system is also independent of the other hydraulic
functions present on the vehicle, thus allowing isolation on the
wear debris generated by the transmission and related lubrication
circuit. The evaluation period ran from 300 to 1350 hours, with
samples drawn approximately every 50 hours just upstream of the
filter j
’ i

Fig. 13 indicates the D54 density data recorded during L
the evaluation. Again, no vehicle load history is available. {
Therefore, discussion of the wear generation will be centered
around the type of particles present. The pronounced drop of D54 ;
density values after 500 hours is due primarily to a filter re-
placement and oil change at this time. Prior to 500 hours, initial
exposure to field ingression produced a "field break-in" period
which resulted in initially high wear rates. The filter and oil
replacement removed most of this debris, allowing the system to
operate at a "normal" wear level as indicated after approximately
600 hours.
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The type of wear observed indicates a heavy amount of severe
wear particles (due to rubbing) throughout the entire sampling
period. These particles are ferrous in nature and appear both
with striations and pitting. Early samples (before 700 hours)
show the presence of a non-ferrous material, possibly aluminum.
However, the frequency decreases after 700 hours. Similar to
the steering system, a web-1ike or jelly-like substance is present
in readings after 600 hours. The magnitude of this material varies,
but is consistently observed.

Evaluation of the wearing condition in this transmission
lubrication system would seem to identify a normal wear mode en-
countered by vehicle transmission. The relatively constant D54
density readings around two units per millilitre, as well as the
presence of the same type and magnitude of particles throughout
the sampling period, verify this. Abnormal rises in future samples
would warrant inspection of transmission components. It is suggested
that an analysis of the web-like substance in these samples be con-
ducted. A decrease in filter life due to this material is quite
possible, as well as its effect on wear rates if this is a break-
down in a wear additive.

System Five - Auxillary Hydraulics System

The final system to be analyzed involves the auxillary
hydraulic functions available on a field operated agricultural
tractor. Again separated from the other vehicle hydraulic functions,
the samples taken for this analysis reflect the wear debris gen-
erated throughout these functions as well as the pumps supplying
the power. The initial sample was taken at 300 hours, with periodic
sampling conducted for the next 1000 hours.

Fig. 14 illustrates the recorded D54 density data for the
testing period monitored. As has been typical of each system so
far, the range of density magnitudes for this system is different
from the other system levels. Thus, comparison of different
hydraulic systems in relation to their wear status is generally
difficult to obtain. The indicated extreme density readings re-
corded after 600 hours are somewhat misrepresented. Large amounts
of the same web-like (jelly-1ike) substance, which were also
present in Systems Three and Four, are located throughout these
Ferrograms dnd are significantly altering the measured density
readings. However, through visual analysis of the debris present,
a moderate increase from the early readings (before 600 hours)
is evidenced, approximately to the extent shown by the dashed line
in Fig. 14.

The effect of this webbed substance on filter efficiency
is most pronounced by the high recorded D54 density readings as
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well as the particle counts. A replacement element was installed
at approximately 900 hours, and the resulting system clean-up is
shown in Fig. 14. Suspecting this substance is due to a break-
down in the o0il additive package, its affect on lubrication within
the system is also observed by the presence of corrosive particles
(mostly rust) and extreme surface heat which were present through-
out the sampiling period. '

The main type of wear debris monitored during system operation
indicates periodically heavy amounts of severe wear particles
present. However, except for a short period of moderate amounts
of laminar particles (indicating wear in rolling bearing devices),
this seems to be a normal operating condition for the system.

The observed internal state for System Five definitely in-
dicates the need for a complete 0il and filter change. Due to
the repetitive nature of the suspected additive breakdown in three
evaluated systems, it is recommended that this oil be analyzed
for the true nature of the webbed substance. The presence of severe
surface heating and rust particles are most likely due to to the
failure of the oil to adequately protect the system. However,
an inspection for possible pump scoring and system exposure to
water is suggested.

Summary of System Findings

System One - Complete Vehicle System

The presence of fibrous material in these samples indicate
a possible breakdown of brake or clutch disk facings. Also ob-
served were a number of tempered, oxidized, and corroded particles
in the final three samples, suggesting a breakdown of the oil
lubricating characteristics. And finally, the presence of large
amounts of spherical severe wear particles during system loading
at approximately 80 to 100% suggests fatigue cracks generating
in rolling bearing surfaces. System evaluation suggests re-
placement of system oil and the filter element be made, with vehicle
brake or clutch disks cited as possible source of impending failure.

System Two - Complete Vehicle System

The presence of fatigue chunks in large amounts occurring
during operation at 60 to 70 per cent of vehicle loading suggests
possible failure of gearing for that operating range. As in the
previous system, the fibers present warrant an inspection of clutch
and/or brake disks. Recommendations include system clean-up through
oil and filter replacement as soon as possible.

40




System Three - Hydraulic Steering System

Assessment of system indicates a generally constant wear
condition after an initial failure. Some presence of high alloy
metal wear was observed, as well as problems associated with a
possible breakdown in the 0il additive package. It is suggested
that the oil be removed, replaced, and analyzed. An improvement
of the contaminant ingression level is also recommended by checking
for possible system sealing problems.

System Four - Transmission Lubrication System

Evaluation of this system indicates a relatively constant
wearing process at a fairly low density magnitude. At present,
no immediate failures are indicated. However, if dramatic density
increases are indicated, the probable cause would most likely be
the transmission gearing due to earlier evidence of severe rubbing
wear particles with striations and pitting. Indicated web-like
substance (possible oil additive package breakdown) in samples
warrants an analysis of this oil for causes. A possible decrease
in filter efficiency may also be occurring due to clogging by
this substance. Both o0il and filter element replacement are
desirable.

System Five - Auxillary Hydraulic System

The presence of the web-like sutstance in large amounts
is the dominant characteristic. The suspected additive package
breakdown accelerated the amount of severe surface heating and
rust particles observed in the system due to the loss of adequate
system lubrication. It is suggested that possible pump scoring
has occurred. Inspection is also recommended for possible points
of system exposure to moisture. Again, recommendation for a complete
oil and filter element replacement and implementation of an analysis
of the oil breakdown is suggested.

Conelusions

The five system evaluations have very clearly indicated
the capabilities available through Ferrographic Analysis Techniques.
In addition to identifying the magnitude and type of wear debris
generation occurring, correlation with system operation data (load
history, service records, and system description) allowed isolation
of the possible source(s) and cause of wear without visual inspection
of the entire system assembly.

It has also been shown that the Ferrograph has the ability to
record the presence of non-metallic particles (fibrous material)
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and breakdowns in hydraulic fluids (or fluid additive packages)
which may occur during system operation. While these conditions may
not be directly related to system wear, they do signify abnormal
operation of some component or aspect of the system. Identification
of their cause and source may prove to be just as valuable in the
prevention of system failure due to non-wear sources.

The results have indicated that direct system analysis is
possible and feasible for in-field evaluations. As the Ferrographic
potential is realized, the possibility of manufacturer installed
system sampling ports and scheduled vehicle oil sampling and analysis

may become a standard maintenance procedure for future hydraulic
power systems.
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‘ SYSTEM CONTAMINATION CONTROL CONCEPTS

From the preceding sections, the severe component degradation
which results from the presence of particulate contamination is
obvious. The implication, therefore, is that control of the par-
ticulate contamination - and subsequently the control of wear debris
g production - provides a simple solution to the problem of contamination
5 initiated premature component or system failures. This seemingly
‘ simple solution seems to become rather complex, however, when the
interaction of the contaminants, the components, and the system
parameters are considered.

Contamination Control Balance

Figure 15 is a pictorial presentation of the interactions
mentioned in the preceding paragraphs. The concept presented in
the figure is based on the premise that the primary reason for the
interest in contamination control is to increase the contamination
service life of a component or system. A natural result of increased
service life is increased reliability and availability and, perhaps,
some maintainability advantages. These factors are depicted simply
as hours in the middle of the figure.

The contaminant service life is ultimately dependent on
just two factors. The first of these is the system contaminant
level. The contaminant level, in turn, is a function of the system
filtration. Obviously, higher filtration ratios (8) and flow rates (Q)
are conducive to better filtration and lower contaminant levels,
while higher rates of ingression of particles (Ri) have a detrimental
effect on those levels.

The second factor affecting the contamination service life
is the contaminant tolerance of the component (w). Intuitively,
it can be said that w is a function of the wear resistance (WR)
designed into the component by judicious use of materials and con-
figurations. This can be demonstrated readily by standard contamination
tolerance of components in general. These two elements, coupled with
the system operating parameters of pressure (P), temperature (T), and
speed (N), are the principal determining factors of w.

- It is now possible to demonstrate very simply from Fig. 15
that higher flow rates, better filtration ratios, better fluid

2 lubricity, and more wear resistant materials combined with better
E methods for preventing the ingression of contaminants and less
severe operating conditions will automatically result in increased
component service life,
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Debris Concentration in Terms of Wear Rate

There are three sources of particulate matter in most fluid
- systems, Contaminant particles can be ingested by the system from
the external environment, such as through seals and breathers. In
addition, even with extreme care, manufacturing residue can be
left in the system during fabrication. Finally, the wear of com-
ponents will introduce particles into the system - normally called
gemerated contaminant.

Because a constant contamination addition from one or all
of these sources would cause a progressively increasing contamination
level, a filter is used in a hydraulic system to control the particle
concentration. Therefore, the system filter is a controller, just
as a relief valve is a pressure controller. The amount of con-
taminant present in a hydraulic system is a function of the material
being introduced and the material being removed.

By assuming that the only particles being added to a fluid
system are produced by wear, a mathematical relationship can be
derived for the concentration of wear debris. Such an analytical
expression is based upon a fundamental material balance (11, 12].
On an idealistic basis, such a balance could be written.

6,1V, =6,V, +[ g, dt - gt (10)

where: G_(t) = debris concentration at any time, t, upstream of
the filteP (mg/litre). V_ = system volume, G_ = initial debris
concentration, (mg/litre); g, = wear rate (mg?min), and 9p = debris
removal rate (mg/min).

Eq. (10) can be simplified, however, because the debris ,
removal rate is a function of the efficiency of the filter.

Therefore:

n= (6, (1) -G4(1)Q (11)

where: G, = debris concentration at any time, t, downstream of
filter (m§/1itre), and Q = flow through filter (litres/min).

and:

G (1) = (1-€)G (1) (12)
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Substituting Eq. (12) into Eq. (11) and simplifying produces:

9p=€ QG (1) (13)
Then, substituting Eq. (13) into Eq. (10) yields:
Gyt =6V, +[g,dt- [eQG,(t)at | (14)

Dividing through by the system volume, V_, integrating, and re-
arranging produces the differential equaiion that describes the
wear debris concentration in a hydraulic system:

dG (1) Q 9
L i = =X
at TV, Gult) v, (15)

Assuming the parameters of Eq. (15) are time invariant, a closed-
form solution can be obtained:

9 - €,
G.(f)=?a-[1—e Ve ] (16)

This equation shows that the final debris concentration achieved

after the system has reached equilibrium is directly proportional
to the wear rate and inversely proportional to the product of the
filter efficiency times the flow. The speed at which the debris

concentration attains a steady value is a function of the filter

efficiency and the ratio of flow divided. by the system volume or

the turnover rate. Thus, two hydraulic systems that have exactly
the same wear rate would exhibit different debris concentrations

if their filter efficiencies were different.

Eq. (16) can be graphically represented, Fig. 16. Here,
it was assumed that the system was initially filled with "clean"
fluid. Therefore, the initial concentration, Go’ was taken as
zero. In cases where the system fluid contains significant amounts
of debris so that the initial concentration cannot be ignored,
the differential equation - Eq. (15) - will still apply; but, the
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solution given by Eq. 16 will not be accurate. The curve shown ‘ i
in Fig. 16 has assumed a constant wear rate for the system of ‘
interest. In some cases, such an assumption is not correct.

" For example, new systems will exhibit a break-in period during
which the internal surfaces of the components are aligning them- !
selves. The wear rate may be quite high at the beginning of this
period and decrease exponentially throughout the break-in phenomenon.
Here again, the differential equation - Eq. (15) - applies, but

g sglutzon)under this constraint will be different than that given

y £q. (16).

Fluid Sampling

Without a doubt, fluid sampling is the most important and ?
often overlooked aspect of fluid analysis. To obtain a meaningful
interpretation of a wear situation through ferrographic analysis
or any other fluid analysis technique, a representative sample
is necessary. In this case, representative means that the con-
tamination level in the sample is the same as the system fluid
during operation. Basically, there are three critical considera-
tions in acquiring a representative fluid; the condition of the
container into which the sample is placed, the time the sample
is taken, and the place from which it is removed.

The degree of cleanliness required of the sample containers [13]
js associated with the contamination level of the system fluid.
That is, if a high concentration of contaminant is in the fluid,
then a small amount in the container will never be noticed. In
addition, the degree of cleanliness of the sample containers de-
pends upon the type of analysis that will be conducted. For example,
because the Ferrograph is capable of separating component wear
debris from environmental dust, some of this dust in the sample
container is of little concern. However, if a particle count is to
be made, such a container would produce erroneous results.

Basically, the International Organization for Standardization
(1S0) has defined two simple types of sampling methods - dynamic
and static. Dynamic fluid sampling is the extraction of a sample
of fluid from a turbulent section of a flow stream. Conversely,
static fluid sampling is the extraction of a sample of fluid from a
fluid at rest. Although a representative sample can be obtained
through static sampling of the reservoir fluid, great care must be
taken to insure against particle settling. A device for acquiring
a reservoir sample is shown in Fig. 17. The ISO recommends that
the dynamic sampling method [14] be employed to obtain a represen-
tative sample. A typical field-type sampling device is shown in
Fig. 18 from the ISO standard.
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Fig. 16 Debris Concentration as a Function of Time for a Filtered System
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Fig. 17 Hand Operated Vacuum Pump Bottle Sampler _ i
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Wear Debris Recovery

In most hydraulic systems, the amount of extraneous material
entrained in the 0il far exceeds the concentration of the wear debris.

Therefore, if a conventional laboratory membrane is utilized to filter

the contamination from a sample of fluid extracted from a hydraulic
system, the extraneous particles (environmental dust filter fibers,
friction polymers, bits of rubber) would cover the wear debris,
making any analysis difficult if not impossible. As another example,
the contaminant sensitivity of hydraulic components is a critical
consideration in their selection and use [7]. To determine the
contaminant wear resistance of a hydraulic pump, a test is conducted
using a controlled contaminant level of 300 milligrams-per-litre of
various particle size ranges of test dust obtained through the
classification of AC Fine Test Dust. To analyze the contaminant
wear process induced during this test, the wear debris must be
adequately separated from the test dust.

Ferrographic oil analysis has been successfully applied
to examine the contaminant wear of hydraulic pumps. Typical results
from these studies are shown in Fig. 19 and 20 [15]. Fig. 19 shows
the results of using the same gear pump tested at various contamination
levels, whereas Fig. 20 shows the data acquired using various pump
outlet pressures. The most important aspect to note from these
figures is that the Ferrographic analysis method was sufficiently
sensitive and discriminatory to show small changes in wear rates
caused by parameter variations.
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VII. FERROGRAPHIC STANDARDIZATION

The early life of any newly introduced piece of analysis
equipment is normally filled with controversy about its accuracy,
repeatability and reproducability. The ferrograph is no exception.
Certainly, no such equipment can provide worthwhile and reliable
data unless the analysis results can be repeated within a very
small tolerance percentage each time a given sample is analyzed.
Likewise, if the results cannot be reproduced from one machine
or laboratory to the next, there can be no universal acceptance
of the equipment because there will be little confidence in it.

A commonly used method for investigating the repeatability
and reproducability of equipment is a round robin program in which
several laboratories are provided with identical samples which
they analyze. The results of these analyses are compared statistic-
ally to determine if there are any significant differences.  If so,
there may be equipment modifications, operator training, procedure
refinements, etc., to attempt to reduce the differences and another
round robin program initiated. This iterative procedure may be
repeated several times until either the desired results are obtained
or it is determined that the equipment is not satisfactory.

The Case for Standardization

During the summer of 1979, a round robin ferrograph analysis
program was sponsored by the Naval Aircraft Engineering Center (NAEC).
The purpose of the program was to investigate the repeatability
and reproducability of the ferrographic analysis process. Four
laboratories participated in the program - NAEC, FPRC, Michigan
Technological University (MTU), and The Foxboro Company, the man- .
ufacturer of the ferrographic equipment. Details of the program
will be reported by NAEC at a later time, but a brief description
is given here.

At the beginning of the project, each laboratory (except
Foxboro) prepared several sets of ferrograms from oil samples which
they had in their own laboratories. (The ferrograms in each set
should have been statistically identical because they were pre-
pared from a common 0il sample.) Ferrograms from each set were
then distributed to each of the other laboratories where each
ferrogram was analyzed three different times using four different
methods. The results of these analysis were forwarded to NAEC
for evaluation.

NAEC sent a partial tabulation of the results to the FPRC.
A detailed statistical analysis using the Analysis of Variables
technique was performed on these data. The analysis showed that,
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almost without exception, there was a statistically significant
difference among the results on any given sample set whether com-
pared by laboratory, method, or a combination of variables. In
some cases, there were even significant differences within a
laboratory on consecutive analysis of the same sample. The results
showed statistically that the ferrographic technique was neither
repeatable or reproducable enough to be used as a decision-making
method for analyzing oil samples.

At first sight, this appeared to be rather damning evidence
that ferrography is not the beneficial tool it was originally thought
to be. However, a further analysis of the entire program and the
ferrographic equipment itself revealed a number of problems which
probably contributed to the differences in the results.

Several of these problems were procedural and pointed out
the absolute necessity for a rigidly followed procedure which in-
cludes details on sample agitation and dilution. Such a universal
procedure is required for any scientific analysis method if comparable
results are to be achieved. It is not at all unusual for a new
analysis tool to be poorly received at its introduction because
of procedural differences in its use.

Other causes of problems were found with the ferrograph
itself. One of these is the very common problem of trying to
determine a fixed point from a variable reference, in this case,
finding the D54 reading. It has been determined that the most
significant indication of the debris level of the sample is found
at the point which is 54 mm from the exit end of the ferrogram.
This is based on the premise that the distance from the point at
which the o0il first contacts the ferrogram is always the same dis-
tance from the point at which the o0il exits the ferrogram. This
premise fails, however, because of two purely mechanical problems.

The first is that when the clean glass slide is placed on
the ferrograph, its fixed end is the entry end. This means that
any variation in the nominal slide length of 60 mm--and such variations
are common--causes a like variation in the distance from the entry
point to the exit point. Consequently, the significance of the D54
reading can be distorted by the variance in its actual location.

The second problem is the possible variation of the initial
point at which the oil contacts the slide. This can occur because
there are no mechanical stops which limit either the length of
the feeder tube protrusion from the tube holder or the amount of
travel of the tube holder itself. In normal practice, the tube
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is simply lowered until it “contacts" the slide. The angle, location,

and force of such contact is not defined, although it is obvious
from the analysis of the trajectories of magnetic particles shown
in Appendix A that all three are significant to the deposition
pattern.

Fortunately, these problems are fairly easily overcome by
ignoring the original meaning of "D54", i.e., the density reading
obtained 54 mm from the exit end of the slide, and using a position
based on the observed entry point of the oil. This entry point
is readily identifiable visually by the relatively large (in both
diameter and depth) deposit of debris. By measuring 2 mm toward
the exit end from the observed center of that deposit, the truly
significant "D54" position can be located.

The fact that repeatable and reproducable ferrographic re-
sults can be obtained by carefully repeating a well-formulated
procedure has been demonstrated numerous times by the FPRC. The
curve shown in Fig. 21 is typical of the repeatability of the
results normally obtained at the FPRC. In this case, a sample
of fluid was taken from a hydraulic system in which contaminant
wear had been induced. Three ferrograms were made from each of
the following sample volumes--0.25, 0.50, 0.75, 1.0, 2.0, and 3.0
millilitres. The density readings (D54) for each of the 18 ferro-
grams are shown. The maximum coefficient of variation exhibited
by these data is about 5% (using the range to estimate the standard
deviation). [16]

NOTE: The change in the slope of the curve at a density reading

of about 40 indicates that some type saturation occurs at that
point. Consequently, for a ferrogram which has density readings
greater than 40, the fluid sample should be diluted and reprocessed.
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Fig. 21 Repeatability and Saturation Characteristics

of Ferrographic Techniques
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TTCP Participation

i During the period covered by this report, the FPRC has fully

‘ and actively participated in two meetings of the Technical Coop-

| erative Program (TTCP), Sub-Group P, Technical Panel 1, Action

: Group 4. The purpose of this participation was to help solve the
operational and interpretation problems of ferrographic analysis
and to promote the formulation of an internationally accepted
analysis procedure. Significant progress has been made toward

: these goals. A comprehensive procedures document has been assembled

- and interpretative techniques have been developed.

Although valuable technical work has been done, by the
Group, the promulgation of International Standards is not con-
sidered to be within the pervue of the Group. Therefore, it
will be necessary to promote the standardization through other
channels. The mechanism for this promotion has already been set
up through the Society of Automotive Engineers, (SAE), ORMTC/Sub-
Committee 4/Working Group 6/Task Group 3. A Task Group has been
organized with Mr. Dick Dietrich and Mr. Peter 0'Donnell of the
Naval Air Engineering Center as co-chairmen. A highly advanced
first draft document is available to this Task Group as a re-
sult of the TTCP activities.

Once the document has been approved by SAE, it will require
sponsorship through the American National Standards Institute
(ANSI) and the International Standards Organization (1S0).

Because of the work already accomplished by the FPRC
and because of the positions held in all three of the standards
organizations cited above by Dr. E.C. Fitch, FPRC Director,
continued FPRC participation in this activity is highly desireable.
However, such participation will depend upon the securing of
sponsorship for the FPRC which will provide the funding necessary
for attendance at meetings, participation in survey and round
robin activities, etc.
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VIII. SUMMARY AND CONCLUSIONS

The behavior of particles--both magnetic and non-magnetic--
in the fluid stream can be accurately predicted. These predictions
indicate that few magnetic particles are lost from the ferrogram.
These predictions have been experimentally verified.

Wear in pumps is easily detected. The predictions of
pump life and contaminant sensitivity can be made with signifi-
cantly less degradation than through the normal contaminant sensi-
tivity test methods. This means that a single item can be used
in several different tests.

System health can be successfully monitored by periodic
sampling and ferrographic analysis.

Ferrographic analysis can be acceptably repeatable and
reproducable, but careful adherence to standardized procedures
will be required before the ferrograph will be suitable as a
critical decision-making tool.

The TTCP activities have provided a well advanced draft
of the required standardization document for the ferrographic
procedures. However, this document now needs to be progressed
through the appropriate SAE, ANSI, and 1SO committees to be-
come recognized nationally and internationally.

The FPRC should receive additional sponsorship from the
ONR to support the promotion of the ferrographic procesures
through SAE, ANSI, and I1S0.
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ABSTRACT: Ferrography has become an important tool for the
tribologist in identifying the degree and mode of wear in a
machine. Now that the technique is beyond the curiosity stage,

an snalytical base must be ished which /]

its operation. Such a base is needed to make improvements in
design and dural hodo) for the de of
world standurds.

This paper has attempted to strip away the mystical aspects
of the process and look at the physics which govern deposition

on the Ferrogram. Although the math tical model d to
represent the process ia for an ideal case, it is a powerful tool for
kin d calls on which exist during the

A paper ing the Direct Reading

Ferrogzaph has also been written which should also prove

bile to those d in this subj

KEY WORDS: F. F hy, b iesl model,
analytical itivity, y of read-

ings, wear reduction

INTRODUCTION

Ferragraphy [1. 2| is a relatively new technique
developed to sepurate wear debris from lubricating and
hydraulic oils, primarily by means of magnetic separa-
tion. A high gradient magnetic ficld separates the wear
particles from a fluid sample flowing over a glass sub-
strate and arranges them more or less according to size.
After the entire sample volume has been pumped over
the substrate, a fixer solution is passed over the slide and
wear particles which remain fixed to the slide are used
for further analysis by optical or other technigues.

The information obtained from the slide (the Ferro-
gram) has been extensively used for studying wear
phenomena and for diagnosis and prognosis of wear
situations in machines {3, 4, S{. The Fiuid Power
Research Center at Oklshoma State University has
extended the utilization of the Ferrograph to study the
wear in hydraulic systems {6, 7. 8]. Quantitative in-
formation obtained from these studies is primarily in
terms of the optical densities at or near the entry point.
Optical densities at other locations also have been
utilized for evaluating the Severity Index [28]. Quali-
tative information on particles is obtained by direct

microscopic examination or heating of the Ferrogram
along with other chemical processes.

Ferrography has been shown to be an extremely good
analytical toot for studying wear situastions in machines.
Occasionally, small amounts of data scatler are seen in
the density readings of the Ferrogram. 11 would be
helpful for a complete and realistic analysis of the wear
process if the Ferrographic process was properly unders-
stood from a1 analytical point of view. Kitzmiller [9]
has reported an extensive study on the Fersograph and,
based on a number of controlled experiments, proposed
an operating procedure. Similar studies on the subject
are dealt with in Ref. [10). [11], and [12]. This paper
presents an analytical development of the expressions
and functions which control (the Ferrographic process.
The purpose of the effort was 1o identify and isolate
those parameters which are influential and to evaiuate
their effectivencss. Based on this information, a discus-
sion is advanced for the consideration of parametric
control of the Ferrographic technigue. In this manner,
an analytical foundation can be formed for the standard-
ization of Ferrographic  analysis and interpretation.

IDEAL FERROGRAPH

For tormulation purposes, it is convenient to con-
ceive an idealized Ferrograph. Deviation of any para-
meter from ideal situation can be studied by its effect on
the Ferrographic process. The following assumptions are
made for the modeling of the Ferrograph:

{. The sample fluid consists of evenly distributed
particles. (The particles may be ferrous, non-
ferrous, or any other contaminant.)

2. The particles are spherical in nature.

3. The peristaltic pump delivery onfo the slide is at
a uniform rate and free from pulsations.

4. The flow over the slide is steady, one-dimensional
laminate flow from entry to exit of the sample on
the slide. (There is no initial disturbance to the
flow at the entry.)

Cooyright © 1979 by the Fiuid Power Resesrch Canter, Oklshoma State University, Stillwater, Oklshoma
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S. The particle concentration is fow enough that the
Mow propertics are unatfected by the presence of
the particles.

6. The fluid is Newtonian

7. The ferrous particles in the sumple do not interact
with one another and do not join together Lo form
“larger” particles,

X. Brownian forces do not act on the particles and
their motion can be idealized based on funda-
muental fluid mechanics and magnetic phenomena.

The foregoing concepl is used for the analysis given in
this paper. The ditficulty in developing o mathematical
model for an innovation based only on experiment is
overcome by using reasonable engineering idealization.
The influcnce af various parameters atfecting the ideal-
ized operation of the equipment is discussed in detait
and possible solutions are suggested based on the model
developed.

MODEL OF THE FLUID FLOW

Fig. |1 shows a schematic diagram of the Analytical
Ferrograph. The sample fluid is pumped onto  the
substrate by a peristaitic pump. The flow through the
pump is assumed 10 be constant. By virtue of the peris-
taltic operation, there will be fluctuations in the output
of the pump: however, this will be of minor influence at
the delivery end of the tube, where a reasonably sicady
fNlow is obtained.

HIGH GRADIENT
FIELD MAGNET

SAMPLE OiL WASTE OIL

CONTAINER CONTAINER
FPRC OSU 80 230
Fig. 1. Sch of Slide F h, (91

In an Analytical Ferrograph, according to measure-
ments, the flow rate (Q) is of the order of 0.25 to 0.5
mQ per minute. The viscosity of fluids flowing over the
slide (without fixer added) may vary from about 216
centistokes for mineral-based lubrication oil formulated
for use in aircraft engines to about 13 centistokes for
some hydrautic fluid at 20°C. Fluid densities may vary
from 0.75 to 0.9 gm/cc. Based on these data, it can be
reasonably assumed that the flow over the slide is ripple
free laminar. Appendix | shows the analytical approach
to prove this assumption.

The stide over which the sample fluid flows is made
of a rectangular thin glass sheet of about 60 millimetres
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in length. Oil enters the slide a1 about 35,5 to 56.5 mm
trom the exit end where fluid leaves the stide. The grav-
ity flow over the slide is contained in a U-shaped bound-

ary. Fig. 2 shows a slide with its major dimensions.
I o5 | -
nad DRX -]
OF OEPOSIY 7
ENTRY REGION-- bl
v
20 merd 0 e m— 45105 mm
A
U BOUNDARY
oo - GG men [ p
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Fig. 2. Major Dimensiouns of Slide and Deposit.

The sample tluid flows as a rivalet on the slide. Flow
of this rivulet is controlied by the inclination of the slide
to vertical, surface tension, fluid viscosity, and density
of the sample fluid. Towell and Rothfetd {13] have
developed the hydrodynamics of such a flow as a once-
dimensional laminar flow and have solved simple cases.
Using the theory developed by them tor the purpose of
modeling the Ferrogrigh suffers from (wo disadvan-
tages: firstly, it requires numerical techniques denying a
closed-form solt-ion: and secondly, on the Ferrogram,
the flow is not allowed to expand laterally by the
presence of the U-boundary on the slide. Since there is
no full bounding wall oa cither side of the fluid flow as
in the case of a channel, and since the width of the flow
film is not large, the Nlow is not of the “open channel™
type. Thus, the tlow lends to e somewhere in between
an open channel tlow and a fully developed rivalet flow.
Fig. 3 shows the difference hetween the cross-section of
the fluid film under these conditions. On the Ferrogram,
however, the major interest is in the central region of
the fluid flow, where the ferrous particles are deposited.
Ferrous particies in the fluid are attracted towards the
center of the slide due to the existence of lateral field
gradicent of the magnet. Thus, this central region reason-
ably represents an open channel flow.
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Fig. 3. Fluid Cross Section and R of §
In Figure:
(a) Fluid Flows as a Free Rivulet,
(b) Fluid Flows in an Open Channel Without
Surface Tension.
(c) Fluid Flows Within the Boundary on Ferro-
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Fig. 4 shows the coordinates selected tor analyzing
the fluid flow. In this Jdiagram, the positive X-direction is
measur-d vertically upwards from the slide. where fluid
contacts the substrate. The Y-direction is mceasured in
a lateral direction from the center line, while the 7-
direction is measured along the flow from the point of
entry of the ftuid on the slide.

X AXIS
JCENTER LINE OF
DELIVERY TUBE
PARTICLE - FLUID FILM
: 4
o
DIRECTION OF FLOW
) xll -
1y ot |
na 2 AXIS
b i = oanrice
e DEPOSITED
ON SLIDE

FLUID FILM-

SLIDE~
\

Y AXIS
{b}

FPRC OSU An 233

Fig. 4. Coordinate Axes and Particle Location.
(a) In the Direction of Flow.
{b) Cross Section of Fluid Film.

With the assumption of op 'n-channel flow, the
velocity profite of the fluid flow over the slide is para-
bolic. This velocity in the Z-direction can be represented
by 114, 15):

cosg

2= £e 3 O (28 x-) ("
»

where: U, = the fluid velocity along the flow direction,
Py = the density of the fluid, § = the inclination of the
slide to the vertical. g = the viscosity of the fluid, x = the
height of the streamline above the slide where velocity is
evaluated, and & = the maximum height of the flowing
film.

The maximum value of velocily, as shown by Eq. (1),
is at the interface between the air and the sample fluid
and this is obtained by substituting x = & in Eq. (1).
Maximum velocity, U, (max). is given by:

2
py 98 B (2
U,{max)s ——5——
Limited experiments at the Fluid Power Research

Center showed agreement with the theoretical maximum
velocity at the interface.
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Volume rate of flow over the slide is given hy:

p w8 c038
ot

(3)

3
where: Q = the volume rate of flow of fluid over the
slide, and W = the width of the U-boundary on the slide.

Again,  the average velocity of the fluid flow,
U, (ave). on the slide is given by:

Py qszcos B

U, (ave)= 3. (4)

Iyg. (1) through Eg. (4) show the general nature of
the flow over the stide, The flow rate (Q) is constant in
4 given situation and is controlled by the pumping sys-
tem. For g given sample, it could vary slightly depending
on the change in dJdelivery tube dimensions and its
ovality. Once the flow rate is known, the velocity profile
can be evaluated. It should be noted that, in the above
vquations, it is assumed that the section of the tluid fitm
does not change in shape throughout the flow over the
slide.

PARTICLE DYNAMICS

It vas ussumed earlier that in an ideal situation the
particles gre spherical in nature. This is far from reality
with any wear particles. Describing a non-spherical
particle by an ecquivalent sphere also poses problems
since, for example, the magnetic foree on them will be a
function of the volume of the particle while drag force
depends on the shape and projected area of the particles.
Hence, deviation from sphericity would be dealt with as
a variation from an ideal situation,

U, (max}
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Fig. 5. Effect of Lift Force in Producing Log on Particle
Velocity Profile.

The particles are assumed to be suspended uniformly
in the fluid. When they flow over the slide, they are
subjected to gravity force, buoyant force, drag force
due to fluid flow, and magnetic force. Since the flow is
of 4 low Reynolds number, laminar type, particle accel-
eration will be resisted by the fluid. However, along the
X-direction, that is, across the depth of the fluid film,




the velocity profile is parabolic: and, hence, the particle
experiences slightly higher velocity on its top surface
compared to that at the bottom surface. This. in turn,
produces a torque on the particle making it rotate. This
causes an energy transfer to the particle, resulting in a
lag in particle velocity with respect 1o the fluid velocity.
A lift force could be created by this mechanism tending
to create an upward force on the particle. Since the
.particles are of micronic size and the length of flow over
the slide is short, this effect can be neglected. (The
above “circulation™ or litt effect is shown in Fig. 5.)
Thus, it can be assumed that the particle and the fluid
have the same velocity distribution in the Z-direction.
This is given by Fq. (1). Eq. (1) is rewritten below by
replucing U, by V. giving the velocity of the particle
in the Z-direction,

g cos B
V,=—P-'—2-—— (28!,-1:) s
»

Eq. (5) gives the velocity of particles in the Z-direc-
tion. Anotaer equation in the X-direction is required to
describe the complete dynamics of the particles. Since,
the inclination of the slide to vertical (B) is approxi-
mately 907, the forces in the vertical direction can bhe
assumed to he the same as in the X-direction.

For wear particles which are heavier than the sample
fluid, a net downward force trom gravity and buoyancy
acts on them and this is given by:

D3
F'= g'G (p,"p') (6)

where: F' = the net downward torce due to gravity and
buoyancy, D = the diameter of the particle, and pp = the
density of the particle.

Since the Reynolds number is low, the drag force in
the vertical direction can be represented by Stoke's Law
as given below:

Fg=3wu DV, 48]

where: Fq = the drag force in the X-direction, and V =
the velocity of the particle in the X-direction.

In addition to the above forces, the magnetic particles
are subjected to an additional force due to the presence
of the high gradient magnet below the slide. This can be
represented by:

3
!-GD— K. H. Ty (8)

where: F, = the magnetic force in the X-direction,
K = the volume swsceptibility of the material, H = the
field strength of the magnet at the point of interest,
and dH/dx = the field gradient at point of interest.

e dH

Eq. (6), (7). und (8) can be combhined to give the net
force acting on the particle. The particle is accelerated
by the net force acting in the X-direction. This can be
represented by:

D®  av
Fo-Fg + Fu= 16—' p,'(d—’.) "

where: dV /dt = the acceleration of the particle in the
X-direction.

Substituting the various expressions for forces into
Eq. (9), we have

3
= -+ K| — 320D v,

»D? dav,
s Po o)

The particle accelerates in the fluid according to
Eg. (10), until the gravity and magnetic forces balance
the urag force. At this stage, the particle reaches its
settling velocity (V). Hereafter, the particle travels with
uniform velacity (V) in the X-direction. The settling
velocity can be computed by setting the right-hand side
of Eq. (10) equivalent to zero, and replacing Vll by V‘r-
Settling velocity (V.,) cun, then, he represented  as:

.0 . M
VT-1_8'L— glpp—pti+KH ey (0]

From Eq. (11),

18u

dH
-p J+KH—=—5 V.
o(p, Py} s 2

Substituting the above expression into Eq. (10) and
simplifying,

szp dv

x
x-—mT( ) {12)

Vy-V, <

Eqg. (12) is a linear, first-order, differential equation
in Vx. and its solution is:

V,=Vy |1-exp. (-18,: /D% p )1 )

From Eq. (13), the time required for particle velocity
to reach 98%. of the settling velocity (V) can be evalu-
ated as (4D2pp/18u). For a magnetic spherical particle
of 20 um diameter in a very thin fluid such as water
{viscosily of water is 1 centipoise), this time would be:

4(20 x 10 *cm?(8 gm/em®)

4
18001 gm/cm-sec) | X 10 seconds

Thus, the particle velocity reaches 98% of its settling
velocity in a fraction of a second: and, hence, it can be
assumed that the particle dynamics in the X-direction,
that is, along the depth of the film thickness, is con-




trolled by the settling velocity. It Xp 08 the position of
the particle trom the slide at any time, then,

dx

z - 14)
ar W (

‘The negative sign for Vq is introduced as per the sign
convention, since Voo acts in the negative Xdirection,
Lg. (5) and (14) define the dynamics of the magnetic
particles in the flowing tluid. They can be combined by
climinating the variable time (t), Dividing kq. (5) by
Ey. (14) and rearranging

Py 9 Co8 B
dz,=
J 2u

dx
—x2y—2
(23x,-x%) v
T
Integrating this cquation, we have: -

p,9 cos B
z,=- —'—Z-W;—(Bx:-x::/ 3)+C (19

where: C = the constant of integration.

The particle may enter the slide at any height above
the slide in the fluid film. Denoting this height as x g
(Sce Fig. 4.), the initial condition in the shove equation
would be: xp = x, atz,=0.

Setting this initial condition, in the above equahion,

Py Q €05 B

s

3
(Bx, % /3)

We are interested in evaluating the position of a given
particie when it is deposited on the Ferrogram slide, that
is. the position 7, when x is forced to zero. Substitut-
ing x, =0 in Fq. (I‘-) weh.lvc

py9 cos

B oay2.,3
2y (8%, ~%y/3) ()

zp:C:

Substituting the value of Vo from Eq. (11) and that
of & from Eq. (2) into Eq. (16), we have:

9 P9 cosB| (3uQ/p 0 wcosﬁf X, =X /3|
DWq(p’-p,)-b KH 2= dH

Eq. (17) defines the location of a particle on the
Ferrogram. if x, and D are known. However, this
cquation is derived assuming that the magnetic term,
KIl (dH/dx) remains constant along the Ferrogram.
The high gradient magnet used in the Ferrograph has its
field strength and field gradient, dH/dx, varying along
the length of the Ferrogram. (Variation of these para-
meters is assumed to be small along the fluid film
thickness. 8.) Accordingly, Eq. (17) should be modified
to take care of the variation of magnetic properties.
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In the Ferrogram, at is observed that large size parti-
cles (particles whose sizes are larger than 1S um in
diameter) are deposited within S mm from entry point.
It representative values are substituted for various para-
meters in kg, (16) and (17), the relative values of the
gravity term, g Py pg) and the mugnetic term,
K1l (dlljdx) cun hv: evaluated” such that a particle
of 15 gm gets deposited within 5§ mm from entry point.
Typical values of the parameters are:

fluid density . pg = 0.8 gim/fec
particle density . o, = 8 gmjee

aeccleration due !u gravity. g = Y80 em/sec?

inclination of slide with respect to horizontal,
B8y S

film thicknew, & = (3 pQ/pe weosf)t/3 = 0.1 ¢m
Lussume)

particle diameter, D= 15 x 10 4 ¢m

position of particle deposition, ‘p= 0.5¢em

Further, assume that the particle enters the slide at
the maximum tilm height location. that is, x, = 8.
With these parameters substituted into bq. (17), and
solving for KH (didjdx), Kl (ditjdx) = 1.25 x 108
dynes/ee. The value ()Ig.(pp P¢) would hcg(pp Py) =
0.07 x 103 dynes/ce.

Thus from this illustration, it can be concluded that
the contribution of the magnetic torces 1in the Ferro-
graphic process is much stronger than that from the
gravity term. This can be turther illustrated by consider-
ing the particle s nonmagnetic. In such as case, the
term, KH (dll/dx), is rsero and, using Eq. {(17), the
value of the position of deposition of the particle, 2,5,
can be evaluated. This can be caleulated as: 2, = 9 cm.

Total operating length of the Ferrogram is about 5.7
c¢m and, hence, it can be observed that this nonmagnetic
particle escapes deposition on the slide.

Based on the results of the foregoing analysis, we can
now represent the settling velocity, Vg, in Eq. (11) as
containing only the magnetic term, that is,

y o?kH &

e te)

1t is seen from Eq. (18) that the cffect of increasing
H (dll/dx) along the Ferrogram is to directly increase
the settling velocity. But if Eq. (18) is to be modified to
this effect. then the variation of H (dH/dx) and, hence
settling velocity, Vo, should be known. As such, this
variation is not available for the high gradient magnet.
However, it should be mentioned here that 1o evaluate
the magnitude of H (dH/dx) or its variation in such a
magnet is extremely difficult, if not impossible. Even
experimental measurements may not give these values
to an acceptable accuracy because of the short range of
effective magnetic field and smalier force magnitudes on
micronic particles [17, 18, 19, 20, 21, 22, 23]. More-
over. this value can be expected to vary across the thick-
ness of the falling fluid film. The trend of the variation
of (dH/dx) along the slide is indicated by Lt. R. S.
Miller [24] as a polynomial function of x. (See Fig. 6.)
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Fig. 6. A d V. ion of M. ic Properties Along
the Ferrogram. H (dHjdx) is Assumed to Vary
sk tial Function Along Z-Directi

it is assumed that the field strength H also varies in
similar fashion: then, the product H (dH/dx) can he
approximated to be an exponential function H (d)/dx)
¢™2 along the Z-ditection (m is a constant.). Subse-
quently, the settling velocity at various locations on the
slide, that is, as 2, varies, will have an exponential
variation. This can he represented as: V, = Vo ™2

where: V. = the settling velocity of the particle as o
function of its location along the Ferrogram: Vg = the
settling vleocity of the particle as given by Eq. (18):m =
4 constant; and z = the distance ulong the Z-direction,
where V_ is required to be evaluated. (Note that the
magnetic term, KH (dH/dx), in Eq. (18) represents its
value only at or near the entry location.)

Now, the motion of the particle along the depth of
fluid film, that is, X-direction, as given by Eq. (14) must
be modified to take care of the change in settling veloc-
ity along the Ferrogram. This can be expressed as:

—L =V, = - Vylexp. mz) o

Now Eq. (5) and (19) represent the complete dy-
namics of the particles anywhere along the length of the
fluid film. Dividing Eq. (5) by Eq. (19) and rearranging,
we have:

cosf .

o P I -

o Pl (28, %) dx,
Integrating this equation between the entry point and

the point where the particle gets deposited on the slide

(that is, x,,, from x, to 0:z,, from 0 o z,).

1 pyacosf
'ﬁ(.‘")- “VT

(3x}-x,3)
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From this equation. the location of the particle, 7. is

Py COSB

1
2, in {1 +m- —-Z"T(ax:-x:/B)} (20)

Lq. (20) is similar o kq. (16).except that it includes
the effect of the variation of magnetic propertivs slong
the length of the slide. Note that 7 in the above equa-
tion is the jocation of a magnetic particle on the slide
in an idealized sitvation, presented in the beginning of
the paper.

The purpose of the derivation ol the above equation
was solely to demonstrate the effect of the varigtion of
magnetic forees on particle deposition rather than abso-
lute evaluation. Eq. (20) clearly indicates that the
effect of increasing magnetic gradient along the exit end
of the Ferrogram is to deposit the larger size particles as
close as possible to the entry location. It is seen that the
effect of various parameters like Xg. M. Q, vtc., are
masked by the cquation because of the logarithmic
function: however, this need not be true in general. This
is because, firstly, in the cuse of bigger particles, Eq. (16)
gives the correct picture of 7 since they gre deposited
near the entry. Secondly, smalfler particles get saturated
magaetically as they have only one or at best few
magnetic domains |2, 17]. Accordingly, Eq. (16) should
be valid for any magnetic particle in the sample fluid.
Hence, it could be stited that the effect of variation in
the magnetic properties, 11 (dH/dx), of particles is to
confine larger size magnetic particles to the upper
region of the Ferrogram. And finally, in the case of
particles less than 0.1 um in size, Brownian motions may
become effective and the particles will disobey the
equations derived earlier. The Ferrograph does not give
full information about such particles (for whatever they
are worth) as would be given by a spectrometric analysis.
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Eq. (17) indicates that, with a given fluid sample, it is
possible to predict the location of deposition of a known




particle it the parameter, xg (the height at which he
particle enters the shide), is kept constant. In such a case.
other parameters remaining constant., the location of the
particle is inversely proportional to the square of the
particle diameter. D, Fig, 7 shows a graph reflecting this
relation. The angle of i’nclina(ion. B. to the vertical is of
the order of about 88" A change in this value due to
improper leveling of the equipment or due Lo incorrect
fixing of a slide (by the locking pin provided on the
Ferrograph) could atfect the reading, though not too
drastically.

The strongest parameter which atfects the location on
the Ferrogrum of a particle of given diameter turns out
to be the position of the particle, x . above the slide as
it enters the Ferrogram. This needs further elaboration,
Eq. €16) which gives the position of the particle on the
Fersogram can he used to demonstrate the effect of x
on that position. This is illustrated below,

Representative values of the various parameters in
1:q. (16) are computed or assumed as follows:

Fluid density: pg = 0.8 gmjec

Acceleration due to gravity: g = 980 cm2/sec

Cosine of the inclination of slide with respect 1o
vertical: cos 8= 0,03

Viscosity: g = 0.2 poise (MIL-1{-5606 tluid)

Flow rate: Q = 0.01 cm3/sec

Width of U-boundary: W =045 cm

The value of the fluid film height, 8, is evaluated as
follows from Eq. (3).

8=| 3.0 1/3
Pe 9 cos B

Substituting the various values into the above cquation
yields

3x(.2)x(0.01)
(0 8)x(980)x(0.45)x(0.03)

z0.083¢cm

If we consider a particle of diameter 15 um (that is,
D = 15 um), then the only other parameter required in
Eq. (16) is the settling velocity, Vg, of the particle.
Settling velocity is given by Eq. (11) in which the mag-
netic term, KH (dil/dx), is unknown. Hence, an approxi-
mate evaluation of settling velocity must be performed.

The average velocity of fluid tlow is given by Eg. (4).
Substituting various values given ahove into Eq. (4)

(0.8) (980) (0.083%)x(0.03)
3x(0.2)

U lave)=
20.27 cm/sec

If it is assumed that the magnetic particle of 15 um
diameter gets deposited within the first S mm of its
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travel on the slide, then the time for which it travels in
the tluid is given by:

distance traveled in em
average velocity in em/sec

Time of travel =

5

]
-
=l

c
19

3
= .88 seconds

It the particle enters the shde at top of the film
height (that is. x, = ). then the settling velocity is:
~ film height 8

time to travel the distance

Settling velocity., Vg
= 0.083cm
.85 see

= 0.045 ¢m/sec

An alternate method to find settling velocity is to use
kq. (18) in which the value of the magnetic term,
KH (dH/dx) evaluated Tor deriving this equation is used.
This value was: KH (d11/dx) = 1.25 x 10% dynes/cc.

Using Eq. (18). settling velocity, Vg, is:

0’kn g4
Ve 18u

. 05x 1092 em? (1.25x10%gcm 2sec?)
18x(0.2 gm cm ' sec’ )

=0.078 cm/sec

Clearly. the value of settling velocity, Vo, obtained
by this method is more than the value obtained using the
average velocity. Since the exact value of KH (dH/dx) is
unknown, the value of settling velocity as 0.045 cm/sec
will be used for illustraiion purposes.

To demonstrate the effect of the initial position of
the particle, the various values evaluated above are
substituted into Eq. (16). Eq. (16) can be normalized
in terms of film height, 8, as given below:

_ P19 cos B a’l(h)z_L(h)al
P 2uVy 3

Substituting various values into Eq. (21) Yyields,
2 (0 8){980)(0.03)(0.083) ( _9_) 1 (h)‘]
»* 2(0.2)(0.045) 3'3

~075 [(3e- Jp] (e2)
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Fig. 8. Effect of Initiat Position of Particle, X_, on Final
Deposit Location, z, (For Large Pmlc?u).

Thus. if the particle enters the slide at the top of the
falling film, that is, x,/8 = 1. thenzg, = 0.5 cm or S min
from the paint of entry on the slide. The variation of 7,
as a function of x is given in Fig. . From the figure,
it is seen that a particle may be deposited anywhere on
the length of 5 mm, depending upon its initial position,
x,. It is also scen that if equal probability is assigned to
a particle to have its location, x,, then 500 ot the
particles in the sample (x°/8 € 0.5) get deposited with-
in 20% of its maximum possible travel. This explains
why a large deposit of larger particles is always observed
at the entry point. Thaus, it appears that the location of a
particle on the Ferrogram is strongly affected by its
initial height above the slide. However, as mentioned
earlier, the effect of the increasing magnetic ficld gradi-
ent is to force the particle not to travel farther from the
near-entry region. especially in case of larger particles.
In the case of smaller particles, if they are magnets by
virtue of their few domains, they may get deposited
anywhere on the Ferrogram, scattered over a larger
length of the slide.

The foregoing section demonstrated that the initial
location of the particle as it enters the slide has a strong
influence over the final location of the particle on the
Ferrogram. This, in turn, affects the other analytical
results in terms of optical density readings. The next
section covers the optical density readings as affected by
the Ferrographic process discussed so far.

OPTICAL DENSITY READINGS

The primary tool for quantitative and fast assessment
of the wear situation is measuring the optical density on
the slide {1, 2] The optical density reading is essentially
a function of the percent area covered by the wear
particle deposited on a specific locatinn on the slide and
is measured by the amount of light blocked by the wear
particles in the aperture of the optical densitometer.
Details regarding these optical methods are available
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chewhere and are not discussed in this paper. The
primary interest here is how the modeling discussed
above affects the density readings in terms of particle
deposition.

A fluid sample used in the Ferrographic process
contains different sizes of particles and, as  has been
seen carlier, they can get deposited in a random fashion
as illustrated in Fig. 8. The statistical nature of the
deposition of particles renders the analysis difficult.
However, an analy ticid expression can be derived for the
density readings (o identity and investigate the effect of
deposition of the particles as given by Eq. (16).

Let there be ny particles of digmeter Dy ng particles
ot diameter Dy, cte. so that the total number of parti-
cles, nois:

|
ns 2 n; 23}
ixt

where: k = the to 3l number of different particle sizes in
the sample.

Location of these magnetic poarticles on the slide is
governed by bq. £21). As given by kq. (16) for a given
fluid sample, the parameters which controt the location
of the particles are its initial position at then entry X,
and the settling velocity, Vg, Settling velocity is, in
turn, controllcd by the daimeter, D, and density, Py
of the particle. If the analysis is restricted to particles
of the same matenal, say, ferrous particles, then Eq. (16)
and (17) can be presented as:

(24)

A is a constant of the Analytical Ferrogram for a given
fluid and material of the particle.

Eq. (24) shows that, in an ideal case, a particle of
given diameter gets deposited from entry point to a
maximum distance of (2/3)A83/D® from the entry point.
This maximum distance is achieved when the particle
enters the slide at the maximum film height, that is,
%o = 6. It was shown eatlier that 50% of the particles
would get deposited in 20% of its maximum possible
distance as described above. If the diameter of the
various n, particles in the fluid sample as given by




bq. (23) s D,. Dy . .. (so that there are ny particles of
Dy diameter, ng particles of Dy diumeter, ete.), then
each size particle will get deposited on the slide within «
specified maximum distance corresponding to that size,
as given by Eq. (24). Fig. 9 shows an itlustration of this
situation. Alternately . it can be said that a given location
on the slide would consist of different types of particles
and number of particles of each size for that location,
decreasing as the particle size decreases. Jt should be
noted that this conclusion is hused on the assumption
that the particles have cqual probability to occupy the
initial position Xg dt the entry position as they enter the
slide.
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OF DIAMETER D, CAN TRAVEL

j=- MAXIMUM DISTANCE, PARTICLE
OF DIAMETER D, CAN TRAVEL

AREA COVERED BY D,

- ANY LOCATION CONTAINS VARIOUS
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l
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COVERED
8v D,

|

l
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Fig. 9. Maximum Particle-Travel and its Effect On Area
Covered.

Optical density readings are taken at a specified
location on the slide, say, the point upstream 54 mm
from exit end (designated as D54). Density readings
correspond to the arca covered by Lhe particles in the
aperture of the densitometer (normally 1-mm diameter).
For a I-mm length of the Ferrogram slide along the
direction of the flow, then the aperture of the densito-
meter corresponds to this length by the following rela-
tion:

% (-gzsl) (28)

where: dz, = the I-mm length considered along the
length of the Ferrogram where density readings are
taken, and b = the width of the Ferrogram deposit
measured laterally.

Fig. 10 shows how this area is represented. Also
shown in Fig. 10 is how particles of various diameters
form trajectorics to get deposited in this particular
location as given by Eq. (24). From Fig. 10, it can be
seen that a particle of diameter D, should enter the

slide within a certain specified band of height. dx,,.
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Fig. 10a. Particle D ition at Any L i At s Loca-
tion dzg, Any Particle of Diameter D, Can Get
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Band of Height dxo, .
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Fig. 10b. Measurement of Area Covered by Densitometer.
Area Covered by Aperiure = (n/4) (Area
Covered in dzplh).

above the slide it it is to be deposited within the 1-mm
distance selected, Similarly, another particle of diameter
Dy would tahe ‘mother band of height dx 4. This value
can be evaluated by differentiating Eq. (24) and setting
dzp =1 mm o 0! o that s,

dz, -;Q—DE (28x,-x.2) dx, (26)

or
8°0 %4z,
A(28x,- xoz)
Consequently,

_ 8°0%g,

= en)
o A (28xyrn )

where: i = ¥ to k gives the different particle diameters
that could get deposited in the specified location,

In Eq. 27). dzp is the length of 0.1 cm at a specified
location 7, (for example, 54 mm from exit end of
Ferrogram{ In this equation, x, should be evaluated
for the given location z, using Eq. (24). This involves




the solution of a cubic evquation in Xo amd hence s
tedious, An approximate method is to lincarize bq. (240,
It was shown carlier that 50 of the particles which
happen to arrive at the bottom half of the tilm heght
at entry (that is. xo /8 < 0.5) get deposited within 207
of the maximum dl\l.mu: a particle can travel. For
cxample, SUZ of IS pm particles will get deposited
within 1 mm of its entry, if the maximum distance
such a particle can travel is § mm. It 4 particle can travel
a maximum of SO mm in the fluid before gerting de-
posited (that is, when it enters the slide ot maximum
height, x, = 8), then SO% of those particles get depos-
ited approximately in the first 20 mm on the slide.
However, their contribution (o the optical density
readings could logically he assumed to be negligible due
10 their scatter in location and lesser diameter, Conse-
quently, it can be assumed that the particle which enters
the top halt of the film height contributes mote o the
optical density readings. Strictly, this assumption will
be more valid in a severe wear situation, wher the num-
ber of larger particles is greater. Accordingly. kq. (24)
cun he uppmximalcd us:

z,» ﬁ (22 -031),22>05 (28)

In the genceral case,

z, o—;(—-“—o 31 (280)
i

where: 7, = the location where density readings ore
tuken (say, DS4).

From this equation,
D,Z
LPY L 8(_&_ l.+ 0.3‘)
Differentiation of this equation yiclds
2
dl..' 'a—%i'- dz’ (29)

where: dz, = the length 0.1 cm at location zg where

density readings are taken, and dxg,; = the F.md of

height at entry from where particles could travel to
within the length dz,.

I equal probability is assigned to n; particles of

diameter D; in the sample liquid to enter at any height
Xo4 then the number of particles which enters the band
of height dxg;. designated as Py, is

P (dngi) n

Substituting for dx,, from Eq. (29) in the above ¢qua-
tion yields

0;?
P.-T n‘ dl. (”‘
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If there is no overlapping ol the deposited particles
on the Ferrogram, then the ares covered, S, by these
particles is given by:

»D;?
S=P, —1'—-

Substituting for Py from Lq. (30) gives

S=7 D n; dz,

Total area covered by all the particles of difterent
diameters in the particular focation selected is

D n, dz n

541\ ’

where: S = total area covered by the particles in loca-
tion selected for optical density reading, 1), = the parti-
cle diameter, ni = the number of particles of diameter
D,. and d/ 0.1 ¢m corresponds to aperture of the
dcn\alonulc

If the particles are deposited unitormly in the width,
b, of the Ferrogram deposit, then the area covered under
the densitometer will be:
* S
S*2

'y
16Ab 2 0/ n, (dz, ) (32)

where: S, = the area covered by the particles in the
aperature of the oplical densitometer,

At a given location away from the entry region
(say. D30), the maximum size of the particle which can
be deposited is agiain governed by Eq. (24). So in finding
the total arca covered by particles as given by Eq. (32),
only those parlicles which can get deposited there
should be considered instead of all sizes of particles,
In other words, the sutfix " in kEq. (32) varies from
some intermediate number ¥ Lo k instead of 1 to k like
in the near-entry region.

Eq. (32) indicates that the optical density readings
are directly proportional to the number of particles and
1o the fourth power of diameter of the particles. Thus,
in a severe wear process, when large particles are greater
in number, the influence of small particles near the entry
region (DS54, DSO. etc.) is insignificant. This makes
Ferrography a powerful tool in analyzing a serious wear
situation,

From the foregoing modeling of the Ferrogram, it
could he stated that optical density readings near the
entry are the most accurately measureable quantity
since the diameter of the particles is larger and the
trajectory of the particles is smaller, From experience
at the Fluid Power Research Center at Oklahoma State
University, the position DS54 has heen found to be the
best location for taking a fairly accurate density reading.
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This position avoids the entry deposit congestion and
the high statistical dispersion towards the ¢xit end. The
measurement of D50 is subjected to more scatter than
154, In any case. an average of three readings, including
two other close locations on either side of the desired
location, could be used to identify the corresponding
optical density readings. Density readings at the Jower
end of the Ferrogram are subject to high statistical
variations which diminish their usefulness.

VARIATION FROM IDEAL
FERROGRAPHIC PROCESS

So far the Ferrographic process has been analyzed
considering it as an ideal case. In an actual situation, u
number of parameters are uncontrollable. For example,
wear particles are rarely spherical. Magnetic particles
interact with onc another and, accordingly. the dnalyti-
cal concept presented on an individual particle basis
needs  realistic  interpretation. Variations from  ideal
assumptions and their effect on the process will now be
discussed.

Filow Properties

The flow, as it enters the slide, is not fuily developed
laminar flow. In this unsteady condition, particles which
move downward duce to the momentum of entering
fluid, may not move up (owards the fluid surfuce even if
the fluid has a component velocity in that direction.
‘This is due to the opposition from the magnetic forees.
The result could be that the lower portion of the flm
height can have a higher particle density than the higher
portion. This would tend to change the particle deposi-
tion nearer the entry location.

Magnctic Properties

The magnet used in the Ferrograph uses a high gradi-
ent field to obtain sufficient forces to attract the parti-
cles. The force on the particle is governed by Eq. (8).
Apart from the volume of the particle, the other para-
meters are the volume susceptibility of the material of
the particle (K), field intensity (11), and the rate of
change of field strength with respect to vertical distance
(dH/dx). The value of susceptibility is dependent on the
field intensity (1), composition of the particle, mechan-
jcal process and residual stress during the wearing opera-
tions. ete. {17]. The permeability and hence volume
susceptibility of the material (permeability, = (K - 1)/
(4 m) in C. G. S. units) is found to change with aging
and thermal cycting. The particles in a sample kept for
long periods may have a decreased permeability. An iron
particle, for example, with all the effects mentioned
ahove, may have its susceptibllity changed by a factor of
more than 100%. In such a case, density readings near
the entry region of the Ferrogtam may be subject to
varlations.

One of the methods to produce a high gradient field
is to infroduce small magnetic material in a magnetic
fietd [20. 21. 22|. The higher gradicat produced near
this magnetic mateial is used to trap other smaller
particles in a flowing .luid. Based on this, it is reasonable
to expect that. in a Ferrogram, larger size particles

“catch hold™ of smaller particles, However, such “to-
getherness™ may not affect the density readings appreci-
ably.

Spherical particles as in “fatigue wear™ and plate-like
particles as in normal wear form strings or flux patterns
in the direction of magnetic field, as seen on a Ferro-
gram. It could be assumed that the strings are formed
while the particles are travelling in the fluid where they
have more mobility. This could result in a higher equiva-
lent diameter of the particle and may amount to an
increased settling velocity and a forward speed which is
lagging behind the fluid velocity [ 25]. The net result
would be tor the string of particies to settle earlier on
the slide. In the case of spherical particles [25). they
can move on the Ferrograph due to the slightest fluid
disturbance and duce to the component of magnetic
forces on the forward direction of motion. In case of
rolling fatigue wear particles, density readings could be
affected by this movement of particles over the slide.
Formation of strings could be expected to reduce this
effect. However, since particles can form layers when
they are in strings, this could alter the density readings
al a given location,

Eftect of Shape of the Particles

Particles exhibiting a fluky or plate-like shape, when
they settle under the influence of magnetic or gravita-
tional forces, can experience a change in drag forces by
a ratio of three or four times if they fall on the edge.
Irregularly shaped parsticles like large chunks or curled,
propeller-type particles with random shape as developed
in cutting wear processes would rotate as they travel in
the fluid |26} and muay show more drag than otherwise
possible. They could settle in any fashion on the Ferro-
gram since hydrodynamic forces would be a predomin-
ant factor and they could travel well beyond the entry
focation. In general, non-spherical particles exhibit more
drag and such particles settle at locations further down-
stream than if they were spherical in shape.

Efrect of Fluid Flow and Viscosity

Viscosity of the fluid samples used in Ferrographic
analysis cannot be standardized to a constant value due
to the wide variety of fluids in systems of interest.
Also, in preparing the sample for running a Ferrogram,
dirty oil from the machine is mixed with a solution
primarily to obtain a uniform distribution of particles in
the sample. Such solutions added tend to reduce the
viscosity of the sample drastically. Thus, it is worthwhile
to investigate the effect of viscosity on the density
readings.

Eq. (32) was shown to be representing the area
covered by the particles at a given location. In this

equation, the constant of an Analytical Ferrogram, A,
is given by Eq. (24).

95,98%m 8
A e S
g(Pp-P' J+KH dx

e d b
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Substituting for 53 from kq. (3),

27u0
- gH
w[g(p. py HKH dJ

Substituting the value of A into Eq. (32) yiclds the
area covered by particles in the aperture of the densito-
meter, S, as

k
5.= ) 4-'%5 [g (py=p)+KH %E-] E'Di‘ n;(dz)
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See Eq. (33).

if an experiment is conducted with particle distribu-
tion and sizes known, it appears from Eq. (33) that the
arca covered and, hence, the optical density is inversely
proportional to uQ. Anywhere along the Ferrogram,
where H (dH/dx) is higher (say, beyond 20-25 mm from
exit), the variation in uQ will not have an appreciable
effect on density readings, since the particles are mag-
netically saturated. Hence, the locations mostly affected
by changes in viscosity and flow are the few millimetres
from the entry point. Fig. 11 shows the effect of uQ on
the density readings at various locations on the Ferro-
gram. The nature of the curve is, however, strongly
affected by the particle distribution in the sample.
When a combination of various sizes and numbers of
particles is present in the sample, the area covered will
still be controlled by the largest particles and, hence,
the above arguments hold good. It follows that in a
severe wear process when the viscosity is low, as in some
hydraulic fluids (for example, MIL-H-5606). the particle
deposits are subjected to less scatter and readings at the
DS4 and DSO points will be more accurate. When
experiments are conducted with different fluids, the
total areas covered over a certain initial length, say.
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first 10 mm from enatry, could be selected for compari-
son purposes. When the viscosity increases, flow through
the peristaltic pump decreases. If these changes are
small, it could be assumed that gQ remains constant.
Hence such changes need not be considered.

When the viscosity is low, however, the flow Rey-
nolds number would increase and, consequently, there
would be more disturbance at the entry region. This
causes the entry and DS54 readings to increase and
D50 or lower readings to be reduced. In this respect, the
dilution of less viscous oil with solvent could cause
problems. A qualitative assessment of this situation is
difficult due to the random nature of the motion of the
particles in the initial entry location.

Ltyect of Delivery Tube

The fluid sample is delivered to the slide through a
tube of about [.5-millimetres diameter which is fixed Lo
a turret tube arm. It is reasonable to believe that the
position of the fluid exit from the tube has a strong
influence over the “‘quality™ of the Ferrogram. If the
pipe end is not touching the fluid flowing over the slide,
fluid may drip onto the slide and the flow will be un-
scttled in the initial region of the slide. If the pipe end
is immersed in the fluid, or “just touching”™ the slide,
the initial value of x, for the particles in the fluid is
small. Subsequently, a higher density reading at the
entry and DS54 could be expected. Further, due to
low velocity of fluid near the tube wall, the entry
deposit would be more in the periphery region of the
tube, primarily towards the U-end of the slide. If a
bevelled edge is used at the tube end. then one large
entry deposit ne.ar the U-end and a statistical distribu-
tion of the initial height of the particles could be the
result., Further experiments are necessary to determine
whether an optimum tube configuration and a method
for a controlled purticle entry are possible.

Effect of Sample Volume and Concentration

From an ideal Ferrogram point of view, sample
volume and particle concentration have no effect on the
location of the deposition of a particle on the slide.
However, a large concentration or uneven distribution of
particles in the saumple promotes particle agglomeration
and subsequent deposition at an earlier location on a
Ferrogram. They may decrease the density of the
Ferrogram by forming layers and by a shift of position.
Increasing the concentration or sample volume further
may make the densitometer reading saturate due to the
property of the instrument (271 hence, the volume of
the sample is adjusted by diluting the fluid so that the
density reading is in between 10 and 40. Details regard-
ing the dmsltomctcr and its fumuomng are available in
Ref. |1, 2,9].

DISCUSSION

1t has been pointed out that there are a number of
variables associated with the flow particles in the fluid
film. It has been mentioned that the position near D54
would be the best position (based on experiments men-




tioned in references and based on the theory presented
here) for a quantitative appraisal in terms of density
readings. DSO readings are subjected 1o more scatter
than D84, However. when the wear situation hecomes
critical, particle size and number increase and. accord-
ingly. the density readings. A definite relation between
the increase in density readings and particle concentra-
ton is difficull 10 predict. But, based on the increased
deasity readings, the wear aituation can be assessed,
Qualitative examination by means ot optical and clec-
tron microscopes and odther methods, like heating the
Ferrogram  for adentifivation of particles, cte., would
further expand the study of wear phenoinena. Further,
if a method o conirol the initial positon of the particle
on the Ferrogram could bhe devised. that would help
decrease the scatter of density readings,

ft may he worthwhile o investigate the degradation
rate of the magnet used in the Ferrograph, I is possible
that there may be aging™ of the magnetic material us
function of ume, especially if it is subjected to 1empera-
ture variations. Handling ot the cquipment has to be
extremely carcful in that if 4 weight or other objects
accidently fall on the magnet, its magnetism may deteri-
orate. In any such circumstance, 1t should be noted o
cnsure that density readings at a jocation are not af-
fected by the magnet,

In view of the scatter possible on the density read-
ings. the concept of Severity [ndex poses some problem.
Severity Index (Ig) as proposed in Ref. | 29] is given by:

2 2
IS'AI. -Ao

where: Ag and A are the pereent area cavered at 54
and 50 mm from the exit end, respuectively.

Considering the scatter in densily readings, as the
state-of-the-art of Ferrography stands today, it seems
more reasonable 10 have a Severity Index which inte-
grates all density readings in between a certain distance
over the Ferrogram (say. from D50 to entry) with due
weighting for ncar entry locations. Such an index can
he represented as:

oniry
Iy= 2 (Dxx)R
030
where:
L=z xx-49
For example, at §3 mm from exit, € would he $3 - 49
= 4. Such a description of Severity Index will tend to

nulify the effect of scatter in density readings.

CONCLUSION

A detailed analysis of the physics of an Analytical
Ferrograph was presented in this paper. Various faciors
affecting the density readings in a Ferrogram were dis-
cussed. A different Severity Index approach was sug-
gosted.

Ferrography remains the best method available for
wear  debris analysis in spite of the various factors
involved for its efficient operation. Development ot g
new method to conrtrol the initial position of the particle
in the falling film has the best promise in reducing the
scatter and making Ferrogruphy more of a science than
an art. ‘
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APPENDIX-FLOW REYNOLDS NUMBER

The model developed in the paper was derived on the
assumption that laminar ripple free flow existed. The
flow will he ripple free laminar, if the Reynolds number
is less than 4. (According to Ref, [ 14]. flow is ripple
free laminar when Reynolds number is less than 4-25))

Reynolds number, R, is given by | 141,
43U (ave)-p,
73

where: § = the maximum film height as given by Eq. (3),
pg = the fluid density, p = the fluid viscosity, and
U, (ave) is given hy Eq. (4).

Substituting for 8 and U (ave) from Eq. (3) and (4),
respectively. into the above equation,
4p,Q
. m

The following values are assumed for the variables in
the above equation.

Q=0.0] c/sec
pg= 1 gmjce
u=0.01 poise

The value of Q sclected is higher than normaily
occurring in the Ferrograph. pog and  are that of water,
so that these values give a conservatively high
Reynolds number. Substituting these values into the
equation for R,,

_ 41 (.01
Re——on

As stated at the beginning of the Appendix, when
the Reynolds number is around 4, the flow over the
Ferrogram is ripple free laminar.

L
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ABSTRACT: The Direct Reading (DR) Ferrogruph was injtially
conceived as & means (or sereening (luid sumples in order to
identify threse which should be studied by the Analytical (glass
slide) Ferrogram. ln pneuet the DR unit has been plagued with
a host of op and an ind analysis of it

future ! was Y.

This paper represents the results of a significant effort at
the FPRC w lhe et usbiased nnpuual of uw DR system. To

a mode! of an
l‘cnllud uum was formulated, lmd upon this modei and
of “d an insight wax

Asined with directi for which could not be
sammered by any other way. Thix paper represents the full repore
of the study.

KEY w : Direct Reading (DR) F. n, infl -
ters, L model, analytical readings, wear

srediction

INTRODUCTION

Momtonng luhncating ol for wear particles has been
accepted as o reddistic: and  economic nondestructive
method Tor diagnosis and prediction of machine mal-
function [1. 21. Among the many methods avaifable,
the Direct Reading (DR) Ferrograph. developed by
Trans-Sonics, Inc., provides rapid monitoring of wear
without the aced for time<consuming analytical pro-
cedures (3], In operation, the DR Ferrograph magacti-
cilly precipitates the wear particles from a repeesentative
fluid sample and provides digital readings of both large
> S um) and small (1 0 2 gm) particles present in the
fluid. These numerical readings und their relative values
indicate the condition of the wearing machine, When the
DR Ferrograph indicates an ahnormal wear situation,
detaited analysis for size. shape and material of the wear
particles can be done on an Analytical Ferrograph [41].

Fig. 1 shows a schematic diagram of the DR Ferro-
graph. Sample oil in the vial fows under gravity (by
siphoning) through a precipitator tube. Magnetic wear
particles are deposited on the bottom wall of the tube
under the action of a high gradient magnet. The particles
are deposited on the tube according to their size with
larger particles near the entry side ol the precipitator
tube. Two fibre-oplic sensors are provided in the equip-

- SAMPLE FLUD

| " SAMPLE VIAL FIXED TO HOLOER

SRECIMTATOR TUBE

il :

:",,,.1'0\'-:"’ ;, DR BuLs g
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Fix. 1. Schematic Diagram of DR Ferrograph.

ment to measure the optical density readings. The first is
focated near the entry of the precipitator tube where
large, L, particles (& 5 um) are located, and the second
beam crosses the tube where the smaller, S, particles
(1 to 2 um) are depostted. An clectro-optical system
senses the attenuation of light by the wear particles and
indicates the attenuation in terms of DR units on a
digital display. Fig. 2 gives a schematic of the optical
system. Absolute and relative values of L and S are used
to interpret  the wear situation in the machinery.
More information can he found on the system in
Ref. [3.5.6.7].

A great advantage of the DR Ferrograph is the speed
and case of analysis of a wear situation. Additionally, it
requires little specialized training for operation, Predic-
tion of incipient failure by the DR Ferrograph or de-
cision to go for delailed analysis depends on the accu-
racy and reliahility of the instrument. The Fluid Power
Research Center at Oklahoma State University has used
the DR Ferrograph for analyzing the wear in hydraulic
systems since August, 1975, During this period, it was
observed that large variations were present in the DR
readings from the same sample. An analysis of this
Ferrographic process will assist in defining the nature of

Copyright © 1979 by the Fluid Power Resesrch Center, Okishoma State University, Stillwater, Okishoma.
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Fig. 2. Schematic of the Oplical System,

the variation by adentilying critical paramcters which
control the behiivior of the analysis system,

Ref. (81 describes the effect of the fuid sample
volume on DR readings, In this paper, an analy tical
approach to the DR Ferrographic process will be pre-
sented. Based on the model developed. discussions are
advanced on the effect of various parameters on (he
DR readings and on improvements possible for reducing
the scatter in the readings,

BASIC PROCESS OF THE DR FERROGRAPH

The bhasic DR Feerogruphic process cin be s
marized as:

L. Preparation of sample.
3 Flowing the fuid through the precipiietor tube,

3. Precipitat.on of particles under the action of a
high gradient magnetic ficld.

4. Measusement of the wensity as DR anits by the
clectro-optical system.

For the analysis presented here, itis assumed that the
sample is prepared according (o the procedure given
in Ref. |S1. 1 is further assumed that the sample has a
uniform and even distribution of particles and there ix
no agglomeration ol particles. Normally. the “dirty
fluid™ from the system is mixed with a solvent solution
to reduce viscosity and to reduce the agglomeration of
particles. The solvent would further heip in dissolving
some of the unwanted contaminant of non-wear origin,
The sampling process will not be discussed further in
this paper. However, the flow process and the particle
dynamics will be snalyzed in detail and the effect of
these parameters on the electro-optical system outpul,
that .. DR readings, will be investigated.

BASIC ASSUMPTIONS

The toltowmg assumpions are mgrde to derive the
mathemitical maodel, This feads 1o an idealized sitwation,
Any deviation from the assamptions made and s efect
on the Ferrographic process will fw considered in detail.

The flund s Nestonian,

the particles m the sample are spherical in shape,

Patticle concentranom is low enough not to atlect

the thitid How ot By viscosily

B The parnddes i the sample do not inferact under
thie preseitee ol the magnetic bield,

8 Browntn Iorces are acghigible and the pariicle

motion G e wdealized ined on tandamenial

urd mechanics and magnelic propertics.

Fhe asumpnion that the pariickes are spherical in
srape s far frome seabies D tlect of particle shape and size
will be dealt wath an detat i the discussion part ot the
paper

MODEL OF FLUID FLOW

Sample fuid o sphoncd tloough o capsllary to the
precipitator tube and then to the waste hottle through
an exhaust tube, The flow of the flaid is normally
about § cofmmute, bul measurements have shown large
Now varation. Since the low s low, the Reynolds
number is far less than 2000 and, hence, it is laminar,
For example, with MIL-H-5006 petroleum Raid, the
Reynotds aumber, R, in the precipitator tube will be:

.8)x01
L 3=(0 xO015 5 56
p \A 01 60wi).15)
ry

where: g = density of fluid = 0.8 gmject d = diameler
of the precipitator tube 0.15 ¢m: Q = flow through
the precipitaton 5 co/minute; p o= cosilty of the
sumple fluid ~ 0.1 pose: and, A = area of the precipita-
tor tube = 7374

In the cupillary tube tinternal diameter of the capil-
lary is approximately 0.5 mm on the average). the
Reynolds number would he ahout three times that in
the precipitator qube, 1V we take into account the
influence of solvent added to the huid, assuming the
same flow rate, Q. the Reynolds numher would be
double the value as mentioned carlier (assuming solvent
reduces viscosity by half). In any case, the flow in the
tube is o low Reynolds number laminar type,

The puath of the fiaid flow is shown in Fig. 1. It
consists of a capillary tube section, precipitator tube and
& delivery section. H the capillary tube is assumed to be
circular in cross-section and uniform in diameter, then
the flow under gravity through the system with the help
of the Hagen-Poiscuifle eguation can be  predicted.
However, since the effect of losses at entrance and exit
of the tube sections must be considered, this makes it
4 tedious effort to obtain an analytical expression. In
principle. the system works like a Rankine visco-




meter O] used 1o measure viscosity of Huids, with the
jor head Joss being in the capillary portion of the tlow
path. Anaother parameter which controls the flow s the
reduction of gravity head as sample tuid is empticd
trom the vigl. Finally, the crosesection ol the capitlary
is not perfectly circwlar and may vary along its length,
With all these eftects, the How does not repiin inversehy
proportional to the fluid viscosity ay would be expectedd
from the lagen-Poiscuille cquation.

An alternate methad could he to calibrate the system
with knowp 1luid viscosity and  Tind the cahibration
constant. This constant could be used for other samples
assuming averape” dimensions o the capitlary fube
remain constant, (ARer a sample is run, the used tube
asembly s reected ) In Nuther analysis, the assumption
is made thar the How, Qs inversely propartional to the
viscosity of the fluid, or:

: &
Q=4 "

where: € = constant.

At thas point. a word of caution aboul very oy
Reynokds number flow  should  be given. Ref. [10]
proposes that the effect of higher order terms of vis-
cosity o the flow rate, Q. will be more predominang
when the Reynolds number is Jess than 0.5 In such
vases, a8 with highly viscous lubricating oils. the Rey-
nolds number shouhd e checked to avoirl erroncons
resulls.

Fluid entering the precipitator tube from the capil-
lary is decelerated since the precipitator tebe is larger in

A-ar®
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TUBE

Fig. 3. Coordinate Axes.

MAGNET ASSEMBLY

crossssechion. 1os assumed that the Now will e fully
developed minar when the wear particles come under
the influcnee of the magnetic Neld. Faran approsimale
evaluation of the length requared 1o deselop the laminar
tHow. the value given ain Rel. [ 11 can be wtopied. That
. the length required for fully descloped Taminar flow,
lo.ivgiven by

L¢=0.035 d R,.

where: d = the diameter of precipitator wbe, and R, =
the tow Reynalids number in the precipitator jube.

Using the values for « amd Ry given carlier in the
paper.

L.=0.035 {0.15cm) (5.6) ~0.03 cm ~ 0.03 cm

Clearly. this o smaller length compared 1o the
length of the precipitator tube outside the magnetic
issebly . (See Figo 1) Thas Tully  developed laminar
How exnts al the section where the particles become ir-
fHluenved by the magnetic Neld,

At this point, a set of coordinate axes is established
1o detine the tiuid flow and Tater the motion of 1he wear
particles, Fig. 3 shows the coordinate axes chosen, The
arigin chosen is the junction of the tube bottom inner
surface and end of the magnetic axsembly with the
N-axis perpendicular 1o the axis of the wube and Z-axis
along the direction of flow, The Y-axis is selected later-
afly.as shown in Fig, 3,

Using classical analysis. the velocity distribution in
the pipe crossection is parabaolic 1], with maximum

X-axis

|

CROSS SECTION OF THE TUBE
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velocity @t the center ol the pipe, as shown in Fig. 4.
The velocity in the Z-direction. U, at any point in the
tuhe crosssection is given hy:

U2 Uy [1- (a-f ] (2

VELOCITY CAN BE
ASSUNMED TO BE

o e—
CONSTANT N
T8 REGION

“-PARTICLE VELOCITY
PROFLE

L]
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Fig. 4. Fluid and Particle Velucity Profile.

where: Utav) = average Muid velocity in the precipitator
tube, r = radius at any point where velocity is measured,
and R = the radius of the precipitator tube,

The average veloeity, Utav), is given by,

U‘")’% . )]

where: Q = flow rate through the precipitator tube, and
A = arca of the precipitator tube = 7K2,

The purpose in developing the maodel is to find how
the fluid flow affects the wear particle deposition in the
precipitator tuhe under the influence of the magnet,
The next section discusses these aspects of the particle
dynamics.

PARTICLE DYNAMICS

Magnetic particles entering the “magnetic region™
travel toward the hottom of the precipitator tube under
the action of the magnetic forces. The forces acting on
the particle are gravity force, magnetic force, fluid drag,
and lift frces. Reference is made to a companion paper
hy the author on the analysis of an Analytical Ferro-
graph (12] in which ua detailed discussion of these
vacious forces is presented, In Ref, [12), it was shown
that the gravity forces are much smaller than the mag-
netic forces and these forces can be safely neglected for
the analysis. In other words, in the ahsence of a4 power.
ful magnet. there would be very few wear particles
deposited inside the precipitator tube. 1t is further
shown later in this section that, in the absence of a
magnet. the chance of any particle getting deposited is
nil due to lift forces acting on the particles.
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Fig. S siows the varous farces acling on o magnelic
particle, Neglecting gravity and buoyaney. the various
torees acting on the particles are discussed  below:

PARTILL MOTATES
Pyt Ao
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Fig. 5. Forces on the Magnetic Particle.

Magnetic foree, F L is given by:

3
_ w0 n.GH
F"'-—G K-H Ty (@)

where: D = diameser of the particle, K = volume sus-

ceptibility (of the particle, 1t = field intensity of the
magnet, and dii/dx = ficld gradient of the magnet in
the X«direction.

At any cross-section of the tube, the values of 11 and
dH/dx chunge. however, it can be assumed that this
value remains constant along a givea cross-section, The
magnet in the DR Ferrograph has its value of H idli/dx)
varying along the direction of tluid flow,

The drag force acting on the particle can be divided
into two components one in the Xdirection and the
other in the Z-direction. The drag forces for the low
Reynolds number flow are given by Stokes Law.

Drag in the X-direction by Stokes Law is:

Fdy=3wu OV, ]

where: kd, = the drag force on the particle in the
X-direction, g = ahsolule viscosity of the fluid, and
V. = velocity of the particle in the X-direction (towards
the magnet). :

Another force acting in the X-direction is the hydro-
dynamic lift, which will he small compared to (he
magnetic forces. It will be shown that the hydrodynamic
lift on the particle has a strong effect on the initia)
entrance of a particle in the tube.

in the Z-direction, the forces acting on the particles
are the component of gravity trying to move the particle
against the flow and the fluid drag trying to move the
fluid along the flow. In practice, these forces are small
enough so that the particle velocity is approximately




the same as the fluid velocity. This assumption stems
from the hasic flow visualization technigues in fluid

echanics surements | 13]. Consequently. in
kq. €2). we cun replace fluid velocity. U,. by the particle
velocity, V,. Thus, the particle velogcity in the Z-dirce-
tion at any point in the fuid can he given hy:

V, *2Uen 1-(-(;)‘ ®

Differences in Muid velocitivs on top and  bottom
surfaces of the particle (due to parabolic velocity pro-
file) cause it to rotate, deriving energy from the fluid
stream. Subscquently, particles lag hehind the fluid
velocity, lag heing maximum near the walls due wo o
higher velocity gradient. This difference in velocity is
shown schematically in Fig. 4. Even though this velocity

difference is small, it develops lifting forces on the
f

particles.

tig. (6) gives the motion ol the particle in the Z-
direction. Expressing Lg. (6) in terms of Cartesean
coordinates, (See Fig. 3)).

Vs :—,'-z- %l‘-'il [R’-(x-n )’-y‘] n

from which

& 280 par-2yY

Eq. (7) defines the velocily of a particfe at any point
in the precipitator tuhe in the Z-direction, One more
cquation (assuming no  particke  dynamics in the Y-
direction) is needed in the X-direction to define the
particie motion, From Eq. (4) and (5) by Newton's
Law,

3
!g-’xn%-smov,- T4 w

where: Py = the density of the particle, and dV = dt =
acceleration of the particle in the X-direction,

According to Eq. (8), the particle accelerates toward
the bottom of the tube: however, the resulting increase
in velocity. V. increases the drag monotonically. After
a lapse of time, the drag force becomes equal to the mag-
netic force, and the particle can no longer accelerate.
From there on, the particle travels in the X-direction
with a uniform velocity, V4 (known as the settling
velocity). It can be shown that the time required to
achieve this settfing velocily is a minute fraction of a
second (121 and, hence, the motion of foc particle in
the  Xafirection can be completely defined by the
setthing velovity.

Ver -g- vy ®

The negative sign for Ve is due fo the downward
motion of the particle. The magnitude of Vg in kg (9
is obtained by forcing the aceeleration, dV /dt = Q. in
Fq. (%) and replacing V by Vo, Subsequently, from
Fuy. (8),
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2
vy--,%;x-u'-g% o)

Substituting Fq. (10) into Fq. (9) yields:

g%....g:_‘KH..SE_ ‘ )

Now L. (7) and (11) define the complete motion of
the particle in the fluid. The parameter time, 1, can he
climinated from kyg. (7) and (11). Dividing Fq. (7) by
tq. (1) and rearranging,

36 u U
d2 2ot 2ar-a24h ax e
RED*KH &E

It may appear from Fog. (12) that y is also a varighle
in the particle path in the tluid before it gets deposited.
flowever, it can be observed that the position of the
particle should not change laterally (in an ideal situation
without considering the etfect of 1ift or tube wall), since
there are no lateral forees acting on the particle in the
Y-direction, Hence, in Eq. (12). the tateral position of
the particle, y. can be considered as a constant depend-
ing on the initial position of the particle as it enters the
“magnetic region.” Thus, by integrating KEq. (12) with
appropriate limits of integration, the final position of the
particle inside the tube wall can be obtained. To find the
limits of integration, the starting point is at the edge of
the magnetic assembly where 2 = 0. The particle enters
this region at some point (xg. ¥, ) at 2= 0. After travel-
ling through the fluid as per Eqg. (12), the particle gets
deposited at some distance, [ from the entry region.
Bu!. now. the magnitude of 2 cannot be selected as a
fixed value for any initial position (X,. y,) due to the
curvature of the wall. That is, particles near the wall
(laterally ) would touch the wall carlier than the particle
which happencd to be in the central region. Thus. it is
necessary to integrate the cquation with the variable
timits,

Fig. 6 shows a schematic of the effect of the tube
curvature on parlicle deposition. Particles which hit the
bottom side curvature of the wall, as shown in Fig. 6,
would be expected to roll down to the bottom of the
tube. Such particles will obviously occupy an earlier
position in the bottom of the tube compared to a
position, (5 if its initial position were in the central
region. The result could be a wide range of scatter in
the output density reading of the equipment. However,
the situation is not all that bad, since most of the wear
particles, if not all, will enter the “magnetic region™ at
the central region of the tube. To substantiate this, it
is necessary 1o ook more closely at the role of lift on
particles and the geometry of the capillary tube in con-
trolling the location of the wear particle in the fluid,

RADIAL MIGRATION OF PARTICLES

In the previous section; the motion of the magnetic
particles. once they entered the region of magnetic
influence  was presented. The initial position of the
particle in this region was assumed to he an arbitrary

value (x,,. yo). In this section, a look into the previous




x PARTICLE TRAJECTORES

PARTICLE HITS
THE WALL FOR y, -O
(FOR SAME x,)

Fig. 6. Trajectory of a Particle of Given Diameter for Different
Initial Position (X, Yo

history of the partich: before it reaches the “magnetiv
region” will e given,

The motion of a mixture of solid particies and (uid
i a pipe is found in many cogineering and natural
situations. ‘Transportation of solids through pipes or (he
travel of blood corpuscies in blood are typicat examples.
{1 has been found by many observers that ftuid particles
migrate to a cerlain region in the pipe {13, 14, 151,
The reason for this lateral migration is said to be the lifl
forces acting on she pasticie. ‘Gravity Bas o strong eifeds
over the direction of migration of the particle, There
exists considerable differences Hf opinion among various
authors on the magnitude of the migrative forees and
velocities, Thus, it is necessary 1o restrict this discussion
to the qualitative results of the above observation in
controlling the Ferrographic process,

The radia! migration of particles con be summarized
as follows: if the particle is denser than the fluid me-
dium and if the flow is upward (not aecessarily vertical).
the particles try to concentrate in the form of 4 ring
hetween the conter and wall of the pipe, If the particles
are hgnier 1han the tlud, they move toward the wali.
11 the flow direction is reversed, this tendency is reversed
with buoyant particles occupying the same position.
This situation is shown in Fig, 7. In the fluid sample
being analyzed, it can be assumed that the particles of
weiar origin or non-wear origin are denser than the fluid.
Consequently, during the initial travel of the particle in
the capillary tube, the flow is downward (See Fig. 1.)
and, hence, wear particles which are denser than the
fluid try to move to the wall of the tube. In a later stage.
the flow is upward and particles tend to try and mowe to
the center of the pipe. It is difficult to predict the net
effect of this phenomenon: however, it can be presumed
that, when the particles reach the exit of the capillary
tube, there will be a denser region of wear partictes in
the central area of the capillary.

Fig. 2 shows the entrance of the capillary to the
precipitator  tube  which accommodates it (capillary
tube) approximately at the center. Considering the fact
that the welocity of fluid entering the precipitator is
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higher and the initial disturbances die out Tast. we can
assume that the denser particles are around the central
region of the tube when they eater the magnetic region,
in other words, the initdal position (xg. ¥g) of the
particle can be approximated as Xo = R, the radius of the
tube,

Based on the above assumption that particles enter

the precipitator tube at the center. the location of
deposition of the particle can be established.

I/—TUBE

FLOW
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Fig. 7. Migration of Particles in a Flowing Fluid,
DEPOSITION OF WEAR PARTICLES

bq. (12) gives the dynamics of the particles as shown
carlier. Integrating this equation between limits 0 to 2,
and x, to 0 for x (y is taken to be y,) yields the loca-
tion, 7. of the magnetic particle on the butivn of the
precipitator tube, that is,

j;.’dz = %ﬁ@lﬂ-:‘-y})dl ()

RDKHd'

FLOW
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iy, is smali compared with x . thot is, the particles
are initially at the central region of the tube, then,

3
e 384U (g 2 2, o

202, dH
R D KH dx
Substituting lfor Uav) from Eq. €3) into Lg. (14),
3
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Substituting Tor Q from Lg. (1) into diq. € 15) yiclds: v
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Eq. (13) through (16) are the various forms for
expressing the location of the particle on the hottom of
the precipitator tube.

In the DR Ferrograph, the magnetic paramceter.,
1V (difdx). varies along the Z-direction. In the abseace
of any other data (Ref, J16} shows a schematic of 1he
variation of dli/dx atong the Z-direction as a polynomial
function of z), it is assumed that the variation of the
magnetic parameters is:

gH m
H dx ©
where: 11 (d/dx) = the magnetic parameter at the
entrance region of the particles, and m = a constant.
Accordingly. Eq. (1 I‘) can be moditied as:
2
dat ™ dx
and, subsequently. Eq. (12) will be modified as:
L2364 Ulav}
2 dH
Ro’kn 4
Eq. (18) can be integrated for 2, varying from 0 to z,
and x varying from x, to O as in the derivation of

Eq. (13). Integrating Eq. (18) with the limits above and
solving for z, yields:

m-36uUlov) 2 x3
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Comparing 1. 013 and L. (19500 can be seen that
it a particle s travelling Tarther from the entry point,
then the effect of increased magnetic foree s 1o in-
flucnce the particle to get deposited at o Gister rate.
In other words, according to kg, 119, larper size parti-
cles will not be deposited very faraway from the entry
region. In the DR Ferrographi. the optical  density
readings for large particles. L, and smaller particles, S,
are  laken near the entry and o few  millimetres
tsay. S mm) from the emiry point. In this region, the
variation of 11 (dH/dx) is not appreciable: and, henee,
Fq. (13 through (16) will be used Tor further discussi

OPTICAL DENSITY READINGS

As mentioned at the beginning of the paper. the
density readimgs near the entry, where large particles, L,
are deposited amd a1 anotber Jovation near the entry
whoere staller particles, 8. are deposited. give the raw
data Tor analyzing the wear situation. The clectro-
optival system measures the amount of light blocked by
wear particles and expresses this as {direet) DR readings
on a digital meter, The maximum reading that can be
obtained  without losing lincarily  sccording 1o the
manutacturer is 100 DR units on lurge or small particles.
In the absence of data on eleciro-oplical systems, it will
be pecessiary o preseat general comments on the density
readings based on the model developed.

kq. (16) shows that 1he Jocation of a parlicle, 7g.
is inversely proportional to the square of the diameter of
the particle, D2_if X remains constant, If x, = R. that
is. (he particle coters the magnetic region at the center
of the tube, then Eq, (116) is:

24C 1
2,= =3 (20)
’ vRKH%t)’(' (Dz)

If we assume that at the central region of the tube,
the fluid velocity remains constant (See Fig. 4.), then
tq. (20} approximately represents the deposition of all
the particles entering this arca, Subsequently, particles
ol a given diametes, D, entering in 4 small arca around
the axis of the tube will get deposited in a specific loca-
tion. (The particles will be deposited in a specific el-
lipse). Fig. 8 shows this situation. The smaller the
diameter of the particle, the larger the area of deposi-
tion. Alternately. if it is assumed that equal numbers of
particles of any diameter exist in the sample then the
number of particles in a given field of the optical system,
say, L or S, will be nearer the entry region. Accordingly,
the density readings increase sharply toward the entry
region. Note that this increased density reading near the
entry region is due (o the larger diameter of the particle
(area = 7D3/4) as well as the increased concentration of
the particles. However, a difficult situation arises if the
machine wear produces more smaller particles. Since
smaller particles cannot get deposited (as per Eq. (16))
near the entry, a condition may exist when reading S
will be greater than L. In other words, the DR Ferro-
graph is more efficient in detecting a severe wear situa-
tion when larger particles are being generated by the
machinery.
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Fig. 8b. Figure Sh g the D ition of Particl
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Fig. 8. Deposition of Particles.

So far the discussion has been based on the assump-
tion that the particles enter the “magnetic region™ in the
central region of the tube. If some of the particles enter
farther from the center, but are not faterafly shifted
(that is, x, any position but y, = 0), then those parti-
cles with x, > R will get deposited farther from its
ideal position, as discussed carlicr, while those particles
with x, < R'will get deposited hefore the ideal position.
If an cqual probability for x, 1o he less than or more
than R is assumed, then the contribution for density
readings from these particles at any location can be
assumed 1o be approximately the same, In another case,
the lateral initia) position. y,. will be comparable to x,.
In such situations, the particles would travel toward the
magnetic field, but keeping the same lateral position
until they touch the tube wall from where they wiil
roll down to the side of the deposition. The contribu-
tion to density readings from such particles are similar
for large and smaller particles on an equal probability
basis. This argument is valid, even if the trajectory of
these particles bends toward the axis due to the in-
fluence of hydrodynamic lift. (See Fig. 6.) In conclu-
sion. the model developed, as given by Eq. (16), can be
used for gualitatively assessing the Ferrographic process.

VARIATION FROM IDEAL
FERROGRAPHIC PROCESS

‘When various samples from different machinery are
analyzed, many of the parameters like fluid viscosity,
flow, particle size and shape, etc., are uncontrollable.
The following pages describe how these parameters
could affect the DR readings. ,

Eq. (16) indicates that the Ferrographic process
will be unaffected by the viscosity of the fluid and

magnitude of the fluid fow, This resuft is not surprising
since, il flow increases due to viscosity. the setding
velocity should be higher due 10 reduced drag and the
particie gets deposited at the same location. However,
it the Reynolds number becomes less than 0.3, the
flow may be a function of higher powers of viscosity
and then demity readings will be affectied by both g
and Q. In actual practice. this situation may not oceur
at all. Other tactors which affect the flow are the height
of the sample vial (This should be kept constant when
comparing ditfferent readings,) above the delivery point,
Variation in the cross-section of the capillary can cause a
change in flow properties,

Optical density is read when the last portion of the
sample tluid Nows through the precipitator tube {S].
As per the operating instructions by the manufacturer,
the reading, L and S, should be set equal 10 zero (by
operating  adjustable  potentiometers) when the (luid
sumple initisly passes through the tube, Thus, it is
assumed that the cleanfiness of the tluid is uniform so
that the light attenuation by the fluid witi remain the
ame, In the case of “dirty fluid,” a different method
must he used for density readings. This method employs
. ¢lean fluid as reference before and after the “dirty
vample™ is run. This, being a subjective rather than an
ohycd' e decision, could cause considerable error in
density  readings. For example, waler present in oil
may make it hazy or cloudy if the water content is
above the saturation level {181, Further, growth of
micro~organisms  {19] could be accelerated by the
presence of water which could again contaminate the
fiuid and make it turbid. These reasons, together with
the effect of other non-wear origin contaminants,
could influence the oil quality in terms of light attenua-
tion. Hence, it is advisable to assess the sample before
it is run  whether it appears to be a “dirty fluid™ or not.

Magnetic Properties

The location of a particle, z_. as given hy Eq. (16) is
inversely proportionat 10 the volume susceptibility, K, of
the particie. This 1s a property of the material and the
magnitude depends on many factors, such as the mate-
rial, field intensity (11), mechanical and chemical pro-
cesses due to wear, residual stress in the particle, and
aging [17]. These variations are difficult to generalize
and may depend on the machine under investigation and
its current wear stage.

Spherical particles as in *fatigue wear™ and plate-like
particles as in “‘normal wear” form strings in the mag-
netic ficld (as seen on an Analytical Ferrogram). This
causes agglomeration of the particles and forces them to
be deposited carlier on the tube, as if they were larger
particles.

Effect of Shape of the Particles

Most of the wear particles have non-spherical shapes
(except ““fatigue wear” particles) which can be described
as fibrous, flaky. irregular and angular. Their behavior in
the fluid flow can be different from that of spherical
particles. In general, they have higher drag and lift
forces acting on them with the result that they could




travel farther in the fluid than if they were spherical.
flence. it shoukd be accepted thar scatter in density
readings can he critical in wear situations where bhoth
spherical and non-spherical particles are heing generaed.

Effect of Non-Magnetic Particles

It was shown carlicr that particles having the same
density as the fluid would migrate 1o Torm an annular
ring in the capillary tube. Insoluable contaminants may
have more or less the same density as the fhiid. Subse-
quently. they would be washed away with the fuid
without being deposited in the precipitator tube, Other
non-magnetic particles, like brass or aluminum which
have not been stressed by the wear process, might mi-
grate to the center of the tube and get washed away.
Thus, in the DR Ferrograph, a deposit of primarily
magnetic particles can be expected,

Effect of Sample Volume and Concentration

In an ideal sitwation, the sample volume or concen-
tration of particles in the fuid should not affect the
model developed, (Extreme concentrations cannot v
achieved in any wear situation: hence, fluid propertics
can he assumed to remain unchanged.) However, al
higher concentrations or sample volumes, an exorbitant
number of particles may be deposited in the tube and
the density readings will show nonlinear and saturated
characteristivs [R1. At lower values of concentrations
and sample volumes, the density readings may not he
lurge enough to be statistically accurate, In such cases,
the sumple volume has 10 be adjusted to get the density
readings in the operating range of the equipment.
However, another factor with a high concentration of
particles could he an inordinate scatter of  density
readings. This is due to the crowding of particles near
the center of the tube as a result of the lift forees and
their possible agglomeration in the magnetic region.

DISCUSSION

From the model developed and from ils interpreta-
tion presented in the previous chapters, it is apparent
that the DR Ferrograph should effectively predict the
wear situation in a machine based on the density read-
ings of large, L, and small, S. particles. The results of
the paper so far can be summarized as follows:

1. Density readings near the entry region (say. L) will
be greater than the readings downstream of the
region (say, S) by virtue of larger particle sizes
and higher concentration of particles in that area.

2. A particle of a given diameter is deposited in a
specific location of the tube. A change in viscosity
(by using a more viscous fluid or by adding more
solvent) and a corresponding change in flow does
not affect this deposit location.

3. Non-magnetic particles are noi deposited in the
tube due to the lift forces.

Scatter in density readings would be noticeable when:
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L. There are considerable variations in the shape and
size of the capillury tabe which would create
diltereat flow effecis,

ta

. The liguid Reynolds number s very low (highly
viscous. thick fluid. ’

3. A wear situation in the machine produces very
few large particles.

4. Wear particles in the sample contain a consider-
able amount of magnetically weak (low volume
suseeptibility, K) particles like oxides.

5. The sumple fluid is “dirty™ with carbon particles,
waler, micro-organisms or other metallic particles.
CAssuming o clean fluid was not used as a refer-
enee.)

It may be noted that some of these tuctors can be
tuken into consideration by the operator, while others
are dependent on the nature of the wear process.

It has been shown that the lift forees and the loca-
tion ot the capillary tube in the precipitator tube force
the wear particles to enter the “magncetic region™ at the
cenler of the precipitator tube, Any deviatian from this
initial location 10 a non-axial position woul cause the
particles 1o be deposited at a different location, The
contribution to density readings from such particles
may not affect the density readings, if the relative
number of such particles is small. Also, the influence of
such particies could be climinated al! together if all the
particles were axially located at the entry point. It has
been turther shown that wear particles are forced to the
center of the tube (by the lift forees), if the flow is in
an upward direction. Thus, if the capillary flow is
always in an upward direction and the length of the
capillary were increased, then the wear particles would
indeed be expected to be axially located when they
enter the precipitator tube. This could be achieved by
using a siphoning action with the delivery tube kept
lower than the sample vial for a gravity head or by
mechanical action.

In Ref. [6], the degree of wear in a machine was
expressed by a Severity Index (1,) factor. This Severity
Index is given by:

I,= ALz' Asz

where: A, = the density reading at location L, and
Ag = the density reading at location S.

This index is affected by the location of the particles
being shifted due to the difference in shape of the
particles, as mentioned earlier. Also, in a normal wear
mode, density readings at location L could be con-
siderably reduced. However, if readings are taken at
three or four locations, along the flow path instead of
two locations, the magnitude of the readings at these
locations may produce a better prediction reference.
If R;. Ry, Ry, and R, are the density readings at four
locations from the entry in that order, an expression
for the Severity Index could be given as:

s
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where: |, = a weighting factor for the density readings
near the entry region so that the value of i; decreases
along the length of the tube at the four locations.

Such an index may more accurately identify a serious
wear situation by de-emphasizing the influence of
smaller particles. By controlled experiments with known
particle distributions, the weighting parameter, 1,
could be evaluated.

CONCLUSION
A detailed analysis of the DR Ferrograph was pre-

sented in this paper. The various parameters influencing
particle deposition and optical density readings were

* identified.

1t was shown that the DR Ferrograph actually grades
the wear particles according to size by depositing loca-
tion in the tube and the instrument exhibits consider-
able promise in predicting severe wear conditions.
Methods have been suggested to reduce the possible
scatter in the density readings.

L
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THE EFFECT OF NON-MAGNETIC AND WEAKLY MAGNETIC
PARTICLES ON THE FERROGRAPHIC PROCESS

K. Nair Editorial Manager: E.C. Fitch A Research Documentary

ABSTRACT: Non-magnetic and weakly magnetic particles occasionally
get collected in a scattered fashion on the Ferrograph and affect
the density readings. When it is known that the particles are of
non-wear origin, the efficiency of the equipment can be increased
if the particles are separated before the Ferrographic analysis.
Various methods to separate the non-magnetic particles from the
fluid samples are presented in the paper.

KEY WORDS: Ferrography, non-magnetic particles, weakly magnetic
particles, magnetic separator, fluid sample storage.

INTRODUCTION

Ferrography [1, 2] is a newly developed technique to evaluate
wear phenomena in machines utilizing the analysis of wear debris.
The method is nondestructive and involves the analysis of lubricating
or hydraulic oil samples from the machines. The operating principle
of the equipment utilizes the magnetic properties of the wear particles
in the oil sample. Commercially, two types of Ferrographs are avail-
able: the Analytical Ferrograph and the Direct Reading (DR) Ferrograph.
A variation of the DR Ferrograph is used for 'on-line' wear monitor-
ing, the equipment being designated as the Real Time (RT) Ferrograph.
In all the equipment, a high gradient magnetic field is used to trap
the magnetic particles in the fluid sample. In the case of Analytical
Ferrograph, the fluid passes over a glass slide below which the
magnet is located while in the DR Ferrograph the fluid passes through
a tube located above the magnetic fieid. Fig. 1 and 2 show a schematic
of the two Ferrographs. It is assumed that the reader is conversant
with the operation and applications of the equipment and, hence,
further details of the instrument are avoided. More details on the
equipment can be found in Ref. [3, 4, 5, 6, 7, 8, 9, 10, 11].

It is evident from the principle of operation of Ferrography
that the essential criterion for proper functioning of the equip-
ment is that the material should be magnetic. In such a case, the
machine can function at its best if all the wear particles have
the same magnetic properties. However, there are many situations
where the particles in the fluid are either weakly magnetic or non-
magnetic. In some instances, wear particles from the same machine
can have different magnetic properties due to mechanical working
other environmental effects. Presented in this paper is a consider-
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ation of the effect of the weakly magnetic or non-magnetic particles
on the Ferrographic process. Also, a detailed test program is ad-
vanced for the evaluation of the effect of non-magnetic particles

on the efficiency of the Ferrographic equipment. As mentioned
earlier, there are situations when non-magnetic particles in the
sample may not be of wear origin. (Typical examples are particulate
contaminants or other non-magnetic metals when it is known that

the mating parts in the machine are made of only steel or other
magnetic materials). In such cases, it is proposed that suitable
means be provided to divert non-magnetic particles from the fluid
sample before it is passed through the Ferrograph.

BACKGROUND

The Fluid Power Research Center at Oklahoma State University,
seeing the potential of the Ferrography, has acquired the equipment
for diagnostic and prognostic studies of hydraulic equipment.
Tessmann [12] has shown how Ferrography can be effectively used
to evaluate the contaminant wear in hydraulic pumps. Smith and
Tessmann [13] have shown that Ferrography can accurately diagnose
impending failures in hydraulic systems of mobile equipment. It
was observed that, occasionally, there was some amount of scatter
in the density readings on the Ferrograpk from similar fluid samples.
Subsequently, Kitzmiiler [14] conducted a series of experiments and
proposed a standardized test procedure. Nair [15, 16] further de-
veloped analytical methods for predicting the deposition of wear
particles on the Ferrogram slide as well as that in the precipitator
tube of the DR Ferrograph.

Limited experiments were conducted at the Fluid Power Research
Center for evaluating the performance of the Analytical Ferrograph
when non-magnetic particles were present in the sample fluid. Fluid
samples containing 0-10 pym AC Fine Test Dust and 50-400 ym aluminum
particles were separately prepared and Ferrogram slides were made
using these samples. It was found that some of these particles
got deposited on the slide and gave unacceptable density readings.
However, when fluid samples from wear tests on hydraulic components
were used for making the slide, the number of AC Fine Test Particles
were none or few. It is hypothesized that the magnetic particles
get deposited faster on the bottom of the slide and non-metallic
particles (AC Fine Test Dust, for example), if they happen to get
deposited on the siide, rcll down the slide since they will be
away from the boundary layer (where velocity of the fluid is non-
zero). Analysis presented in Ref. [15] reveals that the probability
of non-magnetic particles getting deposited on the slide is fairly
low. This aspect will be discussed later in the paper.

It is interesting to note the experience of others who have
successfully used Ferrography for wear monitoring. Ruff [5] states
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that "a large non-metallic particle" was seen at the entry in one
of the Ferrographic readings. Also, among the deposits, organic
coatings around metallic particles were observed in the same ex-
periment. This was thought to be due to chemical reactiors in the
fluid when it was stored for long periods. In the same reference,
it is mentioned that sodium, potassium, calcium, etc., were found

on the slide and presumably originated from the oil. Ref. [6] re-
ports similar organic compounds on the slide. Ref. [7] suggests
that waxes and gels are formed on the bottle-surfaces (when in
storage) and particles get trapped onto them. Jones [8] reports

the deposition of carbanaceous particles (due to the decomposition
of lubricating oil) on the slide in his experiments. Most interest-
ing experiments were due to Ruff [9] who conducted a number of tests
for evaluating the ability of the Ferrograph for recovering non-
magnetic materials. He reports: "An equal volume mixture of Sj02
and Nj/Sj02 (nickel impregnated Si02 used for the manufacture of
silica magnets) microspheres were prepared. Very few Sj02 spheres
were deposited. The Si02 spheres were usually found at random lo-
cations on the substrate."

It was mentioned that organic materials might be formed in the
sample fluid if it was kept for a longer period at room temperature.
Also it is possible that, in such conditions, chemical reactions
and corrosion of wear particles might occur during storage. Ref. [10]
suggests keeping the sample at -200F while Ref. [11] suggests a
temperature is expected to retard the possible chemical reactions.

The foregoing discussion was presented to bring forth the follow-
ing aspects of Ferrography:

1. Whether Ferrography is accepted by industry as the best
method presently available to the tribologist.

2. The magnetic (or non-magnetic) properties of the particles
in the sample have a strong influence on the Ferrographic
process when optical density is the primary measured output
from the machine.

3. Is it worthwhile to investigate the possibility of using
some techniques to reduce or nullify the difficulties arising
from the non-magnetic particles, especially when it is cer-
tain that they are of non-wear origin.

4. Keeping a fluid sample over long periods needs special atten-
tion since the magnetic property of the wear particles is
Tikely to change.

Based on these observations, it is thought that a detailed experi-
mental investigation is necessary for further improvement of the
Ferrographic process. The details of the proposed experiments are
worked out and possible schemes for alleviating the effects of non-
magnetic particles are presented in the paper. Before proceeding
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into specific details, a brief theoretical appreciation of the effect
of magnetic properties of wear particles on the Ferrographic process
is presented. It is shown that the theory accurately supports the
observations made by the FPRC and many other authors, as detailed
above. :

EFFECT OF MAGNETIC PROPERTIES
The Ferrograph uses a high gradient magnetic field to trap the

magnetic wear particles. The force on a magnetic particle in a
magnetic field is given by [1, 17].

Fm=VKkH 91 1
m dx ()
where: Fm = the magnetic force on the particle
V = the volume of the particle
- K = the volume susceptibility of the material of the particle
H = the field intensity due to the magnet
%% = the rate of change of field intensity perpendicular

to the slide (or precipitator tube).

Fig. 3 shows a schematic diagram of the forces acting on the
particle. When the particles are very small, say less than 0.1 -
0.2 um, it might consist of only a single or a few magnetic domains
and such particles easily get magnetically saturated under the
influence of the magnet. The force on such a particle can be ex-
pressed as:

Fm=lg:V- fgs‘ (2)

where: IS = the magnetic saturation moment of the material of the
particie.

These small particles do not contribute to optical density
readings on the Ferrograph. This is primarily due to their smaller
sizes. Even if they get deposited, it will be mostly around the
exit point on the slide. Moreover, these particles may be more
influenced by Brownian forces and are likely to disobey the magnetic
forces. Larger size particles (say, greater than 1-2 um in size)
are of major interest in Ferrographic analysis.. It may be mentioned
here that a severe wear situation is represented by the presence
of larger size particles and subsequent increased optical density
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readings. In short, Eq. (1) represents the magnetic force on the
wear particle.

In Eq. (1), %ﬂ and K are the two parameters which strongly con-
trol the magnetic force on the particle. Volume susceptibility, K,
is the property of the material of the particle while 9H is a function
of the volume susceptibility and field strength, H. ngg, there can
be a widerange of magnitude of magnetic force on any particle of given
diameter. The possible reasons for different magnetic properties for
various particulate materials in the sample fluid are given below:

1. Nature of the Material of Contaminant in Fluid. Iron, cobalt
and nickel, magnetite, are highly magnetic and they have high values
of K. They are called ferromagnetic materials. Paramagnetic materials
are weakly magnetic, such as hematite, manganite, coal and blood.
Materials such as cuprite are very weak magnetically. (Ref. [18]
suggests that cuprite has an attractability of 0.08 on the basis
of an attractability of 100 for iron). Again, many fluid contaminants
are non-magnetic in nature.

2. Mechanical Process of Wear Particles. Wear particles are
subject to high stresses, temperature, fast cooling, quenching and
annealing. Residual stresses and thermal cycling due to the wear
process can reduce the magnetic properties of the material [17].

3. Aging and Age Hardening. Impurities in iron such as carbon
and nitrogen can reduce permeability due to aging especially when
the sample is kept for a long time. [17].

4. Crystalline shape of the wear particles can affect the
magnetic property of the material such that, in some preferred
directions, it could be more magnetic.

5. Corrosive environment, oxidation, and other chemical reactions
can reduce the magnetic property of the material.

6. Non-magnetic material might trap a small amount of magnetic
material during the wear process and could attain weak magnetism.

7. Some materials such as organic compounds and gels will collect
wear particles and become magnetic.

8. Very small magnetic particles reach saturation, and magnetic
forces on them may be totally independent of field strength.

A11 the effects combined may change the magnetic property of
a particle (of wear or of non-wear origin) considerably. Earlier
work on modeling of the Analytical Ferrograph at the Fluid Power
Research Center [15] showed that the deposition of a particle on
the slide can be represented as:
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9(pP,~ P¢) + KH F] (3)

Zp i?_ghe location of the wear particle deposition on the
slide

is a constant based on the type of fluid used and
geometry of the slide

is the fluid film thickness
is the height of a particle as it enters the slide
is the diameter of the particle
is the acceleration due to gravity
is the density of the particle
is the density of the fluid
Fig. 3 shows a schematic of the details required to clarify
the various terms in Eq. (3).

Similarly, the deposition of the particle in a DR Ferrograph [16]
can be given as:

(4)

(:2
z =
P b2 [otp, - Pe)+KH -g?—]

where C2 is a constant.

Figi ? shows a schematic diagram for the explanation of terms
in Eq. (4).

From Eq. (3) and (4), it is seen that for a particle of a given
diameter, D, the location of the particle on the Ferrogram is de-
pendent on the magnetic parameters. In the case of non-magnetic

particles, the term KH g% will be absent in Eq. (3) and (4). Sub-

sequently, the location Z, becomes large. It can be shown that,

in a realistic situation with suitable numerical values substituted
in the above equations, the length, Z,, will be higher than the
length of the precipitator tube or thg slide Ferrograph. Thus,
ijdeally, no non-magnetic particles will be deposited on the Ferrogram.
In Ref. [16], it is shown that the probability of deposition of a
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non-magnetic particle in a DR Ferrograph is much less due to hydro-
dynamic 1ift and special nature of the design of the equipment. In
the case of the Analytical Ferrograph, as evident from Eq. (3), non-
magnetic particles could get deposited on the Ferrogram, if the
initial height, x5, of the particle above the slide is small com-
pared to the film thickness. Fig. 5 shows how non-magnetic particles
can get deposited on the slide. This is the reason why scattered
non-metallic particles are seen on the slide Ferrograph. Further,
it can be said that if the particles are weakly magnetic, they could
get deposited in a random fashion on the slide since hydro-dynamic
forces can be stronger than magnetic forces. In the case of the

DR Ferrograph. Also, large particles which are weakly magnetic
might get deposited inside the precipitator tube and, accordingly,
the optical density could be affected.

The brief theoretica) presentation given here simply illustrates
that the experimental observations are duly supported by theory.
More information on the modeling can be found in Ref. [15] and [16].
Based on the discussions presented so far, a detailed proposal for
the study of the effect of non-magnetic particles on the Ferrographic
process is presented in the following pages. Apart from what has
been illustrated so far, such a study will be justified by the
following practical aspects of any oil analysis program using
Ferrography.

1. In most cases, a detailed study of the Analytical Ferrograph
(in terms of particle morphology, etc.) is rarely done due
to the urgency of the requirement for machine data.

2. Based on the above reasoning, it is better to pre-separate
the non-metallic particles from the sample fluid. Even
if the tribologist is adamant that he should have the details
of the non-magnetic particles, then a second Ferrograph can
be made from a separated sample which predominantly will
contain non-metallic particles. In such a case, more non-
metallic particles will be available on the slide.

3. In the case of DR and RT Ferrographs, there is no visual
(by microscope) aid to see the morphology of the particle
and, hence, it is logical to avoid unnecessary particles
in the fluid sample. Moreover, the readings on the DR
Ferrograph are taken when the fluid is still present in
the precipitator tube. A cleaner fluid, then, would further
decrease the chance of error and, hence, it may be better
that unnecessary particles be removed from the sample.
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! PROPOSED TEST PROCEDURE

Based on the discussions presented so far, the following test
' . procedure is suggested for further investigation.

1. Prepare samples containing known contaminant concentrations.
The contaminant can be non-magnetic, magnetic or a combination
of both. Typical contaminants can be AC Fine Test Dust,
carbonyl iron, aluminum powder. Obtain density readings from

; these samples using the Analytical Ferrograph and the DR

o Ferrograph. Observe the deposition of non-magnetic particles

on the slide.

bam -

' 2. Separate the non-magnetic particles from a sample contain-
ing both non-magnetic and magnetic particles and repeat
the Ferrographic process using the separated samples (one
sample containing the magnetic particles and other contain-
ing non-magnetic particles). Observe the amount of magnetic
particles on the slide when the non-magnetic sample was used
3 and vice versa. The details regarding separation techniques
h are given at the end of the paper.

T

3. Prepare samples from an actual wear process. This can be
economically done at the FPRC since, quite often, wear tests
are conducted on hydraulic components. Using the samples,
run the Analytical and the DR Ferrograph. Observe the density
readings as well as the morphology of the particles. Collect
the drained oil from the drain bottles and re-run these
"drained" oils for another set of Ferrographic data. The
second set of data will show whether (a) the recovery of
magnetic partici.s is compiete in the first set of density
readings and (b) the recovery of non-magnetic particles
is augmented by the absence of magnetic particles in the
second set of readings.

Separate the original samples used in Step 3 into two samples,
one containing only magnetic particles and another contain-
ing non-magnetic particles as in Ref. [2]. Run separate
Ferrographic data for these two samples.

o e TTRTE_TAR T T
o

As is evident, the original sample fluid has to be
recovered from Step 3 for conducting this experiment. This
is done by transferring all the particles from the slides
and DR precipitator tube into the drain fluid obtained in
the second set of experiments in Step 3. Ultrasonic re-
moval of particies should be satisfactory for this process.
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5. Collect another set of sample fluid from the wear test.
Introduce a known amount of non-metallic particles into
the fluid. Repeat Steps 3 and 4. This experiment will
reveal the effect of excessive non-metallic particles in
fluid samples.

6. Add iron oxide into a sample fluid and repeat Steps 3 and 4.
Metallic iron oxide can be ordinary rust particles for which
there cannot be any shortage. This experiment will reveal
the effect of weakly magnetic particles on Ferrography.

7. Collect a large sample (say, one litre) from a wear test.
Run the Ferrograph using fluid from this sample. Divide
the remaining fluid into 10 bottles. Keep this fluid stored
at -409F, -30°F, -20°F, up to 40°F. One of the bottles
can be kept at room temperature. Take samples from each
of the bottles after storing for one week, two weeks, one
month, two months, four months, etc. Run the Ferrograph
using the normal techniques. Another set of samples can
be run after heating the stored fluid to 150°F. These
experiments will completely define the effect of corrosion
and chemical reaction on the fluid. Repeat Step 4 in all
these cases. It should be noted that this experimental
procedure is much more involved and very careful planning
is necessary. The purpose of its presentation here is only
to advance the basic approach to the experimentation. Table 1
shows a list of the proposed experiments.

SEPARATION OF NON-MAGNETIC PARTICLES

It was mentioned in the foregoing section that for some of the
experiments, non-magnetic particles in the fluid should be separated.
This can be achieved in several ways. The Ferrograph, by itself,
is a magnetic separator. To use a Ferrograph as a separator, run
the fluid sample over the slide again and again until microscopic
examination reveals only magnetic particles. The scheme is given
in the form of a chart in Fig. 5. It is seen that the process is
iterative and might be quite laborious. Further, in a situation
where the particles are to be separated before they are to be used
on the Ferrograph, this process is not practical. However, if the
DR Ferrograph can be designed using an electromagnet instead of
the present permanent magnet, then it could be made to work as a
separator as suggested below:

1. Run sample through modified DR Ferrograph described in the
above paragraph. The electromagnet should be energized.

2. Collect the drain.

100




S 1No.

TYPE OF EXPERIMENT

PURPOSE

Sample contains known
contaminant-magnetic (M)
or Non-Magnetic (NM).

Evaluate the effect of
standard contaminant.

T T e e o

Separate M and NM and
repeat the experiment

To evaluate the effect
of separation.

Sample from wear test.

Evaluate the effect of
actual wear particles.

Separate M and NM from
the sample in 3.

To evauate the effect
of separation.

Add known contaminant to
samples in 3 and 4 and
repeat those experiments.

To study the effect of
excessive M or NM
particles in wear test.

T R T T T T T e

Add iron oxide to sample
fluid from wear test and
repeat 3 and 4.

To evaluate the effect
of weakly magnetic
particles.

Store sample for longer
periods at low

temperature before

experiments.

To study the effect of
chemical reaction and
corrosion on wear
particles.

9 Table 1.
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3. De-energize the electromagnet.

4. Pass clean fluid through the precipitator tube while providing i
ultrasonic excitation to the tube. i

5. Collect the fluid sample along with clean fluid, if the
Analytical Ferrography is to be conducted. If the sample
is to be used for DR or RT Ferrography, directly, pass the
fluid through the respective precipitator tubes. It is
assumed that without any iterative process, a fairly good
separation will be possible by this technique. It is thought
that some other techniques which are already used in industry
can be adopted for use in Ferrography. They are described
in the following pages.

Ref. [19] reviews a number of magnetic separators, some of which
could be used for the application in the Ferrography. One of the
possibilities is the use of the Navis Tube separator. Fig. [6] gives
the construction of the equipment. The magnetic particles are trapped
near the pole edges inside the tube in the equipment. Another device
which could be used is a Franz-Isodynamic separator. Fig. [7] gives
the schematic of the equipment. The operation of the equipment is
self-explanatory. This equipment is used for solid particlies, but
it is thought that by suitable modification, it can be used for fluids
as well, The two output channels for the fluid flow, shown in Fig. [7], .
consist of sample fluids with magnetic and non-magnetic particies. ,
This separator seems to be ideally suited for Ferrographic appli- :
cations. Another separator which offers promise is the Jones Separator.
Fig. [8] gives the details of the equipment. After the sample fluid
has passed through the separator, metallic particles trapped in the
grooved plate should be washed out with clean fluid in this equipment.

It is not the purpose of this paper to describe the details of
the various separators and, hence, discussion about them is avoided.
It is emphasized here that, before attempting to use any particular
separator, the effect of the magnetic particles on the Ferrographic
process should be well established as per the experimentation pro-

posed in the paper.

DISCUSSION AND CONCLUSION

The Ferrographic technique has a large potential in diagnosis
and maintenance of machinery. It has been proven that, using this
technique, impending failures in machines can be predicted. It
was brought out in this paper that the non-magnetic particles in
the fluid sample can cause erroneous results in the readings es-
pecially when a real-time monitoring of a wear situation is attempted.
Based on this observation, a detailed proposal for investigation
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of the effect of these non-magnetic particles in the fluid sample
was presented. It was suggested that suitable separators be used
upstream of the Ferrograph so that only the magnetic or fairly
magnetic particles pass through the Ferrographic equipment.
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APPENDIX D

Summary of Ferrographic Data
for Hydrostatic Transmission
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;f Machine

Sample Location

SUMMARY OF FERROGRAPHIC DATA

; Test Ident. Test Track

Case Drain - Pump for left wheel drive

Hydrostatic Transmission
" ;
: Day 3
|
: Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry 54tom 50mm 30mm Remarks
i
Pump
0 55.5 64.7 35.8 14.2 failure
' New oil-New
1 9.4 12.2 9.4 6.1 pump /motor
' 2 8.0 9.7 7.5 4.6
3 5.2 9.8 8.5 4.8
4 6.5 8.5 7.2 4.5
5 5.7 7.5 5.6 4.4
6 6.4 6.8 5.6 4.1
7 4.9 6.3 5.1 3.6
8 5.0 .5.5 4.5 3.2
9 6.2 8.0 6.7 4.3
Machine down
10 8.3 9.5 7.5 6.6 30 minutes

109




SUMMARY OF FERROGRAPHIC DATA

Test Ident._ Test Track

Sample Location Case Drain - Pump for right wheel drive

Machine Hydrostatic Transmission
Day 3
Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry S54mm 50mm 30mm Remarks
Pump
0 72.7 87.0 45.3 15.7 failure
. New oil-New
1 9.7 9.8 7.9 4.9 pump /motor
2 8.2 9.5 7.0 3.7
3 9.4 9.2 8.5 4.9
4 6.3 8.2 7.0 4.6
5 8.3 9.0 6.9 4.3
6 6.3 7.0 5.8 3.7
7 5.2 6.0 4.3 3.3
8 7.2 -8.0 6.2 3.9
9 6.6 7.2 5.5 4.3
Machine down
10 5.1 7.0 5.5 3.3 30 minutes
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Level Terrain

Sample Location Case Drain - Pump for left wheel drive

Machine Hydrostatic Transmission
Day 1
Ferrographic Densities per ml

Test at Indicated Location

Time

(hrs) Entry 54mm 50mm 30mm Remarks

Taken at
c 9.5 8.9 7.5 5.2 Stillwater
Taken during

0 6.4 6.4 5.7 4.0 shake dowm
1 5.3 4.4 4.0 2.9
2 3.8 3.5 3.4 2.4
3 3.7 3.5 2.9 2.4
4 3.4 3.5 2.8 2.2
5 4.2 4.0 3.1 2.1
6 3.3 2.7 2.2 1.8
7 3.2 2.8 2.6 2.1
8 3.3 2.4 2.1 1.6
9 3.3 2.5 3.0 1.6

10 3.8 2.5 2.3 1.8
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Level Terrain
Sample Location Case Drain - Pump for right wheel drive
» Machine Hydrostatic Transmission
2
a Day 1
’ Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry 54mm 50mm 30mm Remarks
1
0 7.5 8.3 7.2 5.0 Taken at
Stillwater
; 0 8.4 6.1 5.0 3.7 Taken after
shake down
1 8.2 6.1 4.7 3.3
2 5.0 4.6 3.7 2.5
3 7.2 5.2 3.8 2.5
4 4.3 3.8 3.3 2.4
5 3.5 3.6 2.7 2.4 #
6 4.0 3.4 2.9 2.1
3
7 3.4 3.2 2.6 2.2
8 3.6 2.8 2.3 1.8 .
9 3.2 2.7 2,2 1.7 ;
o
10 4.9 4.1 3.3 1.3
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Rough Terrain

Sample Location Case Drain - Pump for left wheel drive

) Machine Hydrostatic Transmission
\
+
. Day 2
Ferrographic Densities per ml
Test at Indicated Location
Time
1 (hrs) Entry S54mm SOmm 30mm Remarks
Changed oil
1 5.5 4.6 3.9 2.9 before start
2 4.1 3.5 3.2 3.1
Machine down
3 4.6 4.4 4.1 3.6 one _hour
4 4.5 3.1 3.2 2.7 ﬁ
5 3.7 3.3 2.8 2.7
6 4.3 3.7 3.3 2.2
7 3.5 3.5 2.8 2.2 |
|
i
8 3.4 3.3 2.7 2.1 :
]
9 3.0 ‘3.1 2.7 2.1
10 3.4 2.9 2.8 2.1
:
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£
B
. SUMMARY OF FERROGRAPHIC DATA
! Test Ident. Rough Terrain
3 ; 5
! Sample Location_ Case Drain - Pump for right wheel drive
r: Machine Hydrostatic Transmission
4 }
. Day 2
|
Ferrographic Densities per ml
Test at Indicated Location
1 Time
F ; (hrs) Entry S4mm 50mm 30mm Remarks
Changed o0il
1 3.7 4.1 3.5 3.2 before start
» ]
2 3.6 3.9 3.5 3.0
Machine down L
3 4.0 4.2 3.8 3.2 one hour
4 3.9 3.8 3.7 3.0
5 5.3 4.9 4.6 3.3
6 3.5 3.7 3.5 2.7
7 4.5 4.0 3.4 2.4
8 4.7 3.7 3.3 2.6
9 4.0 3.4 3.3 2.2
10 3.2 2.8 2,6 2.1 3!
-
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