
 

 

 

 

N O T I C E 

 

THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 

CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 

INFORMATION AS POSSIBLE 



Wbt- ^y+^

UUCl
5.3/37	 11uV#

NASA Technical Memorandum 82660
1

Effects of Ultra-Clean and Centrifugal
Filtration on Rolling-Element
Bearing Life

jNASA-' .-c , ',uu)	 r.rr'EC'IS ^,r ULTRA-CLEAN AdJ
CiNTLk1r^ ,Au FILTL ATIUN VN ii0L11Nv-rLk.5LN`i
b-I'Akila,; LlkL (NASA)	 34 r aC Au3/l9F Au 1

CSLL 13i

Stuart N. Loewenthal
Lewis Research Center
Cleveland, Ohio

and

Donald W. Moyer
Tribon Bearing Company
Cleveland, Ohio

and

William M. Needelman
Pall Corporation
Glen Cove, New York 1,

Prepared for the
Joint Lubrication Conference
cosponsored by the American Society of MecN Zical Engineers
and the American Society of Lubrication Engineers
New Orleans, Louisiana, October 5-7, 1981



LFFLCTS OF ULIkA-CLEAN 1011) CLNIRIFUGAL FILIRAIIUN ON
ROLLING-ELEMENT BEARING LIFE

by Stuart H. Loewenthal*
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio

Donald W. Moyert

Tiibon Bearing Company
Cleveland, Ohio

and

William M. Needelman
Pall Corporatior

Glen Cove, New York

ABSTRACT

Fatigue tests were conducted on groups of 65-millimeter bore diameter

deep-Groove ball bearings in a MIL-L-23699 lubricant under two levels of

filtration.	 In one test series, the oil cleanliness was maintained at an

M	 exceptionally high level (better than a class of "00" per NAS 1638) with a 3N
r`^

4,	 micron absolute barrier filter. These tests were intended to determine the

"upper limit" in bearing life under the strictest possible lubricant clean-

liness conditions.	 In the tests using a centrifugal oil filter, contamin-

ants of the type found in aircraft engine filters were injected into the

filters' supply line at 125 milligrams per bearing-hour. 	 "Ultra-clean" lub-

rication produced bearing fatigue lives that were approximately twice that

obtained in previous tests with contaminated oil using 3 micron absolute

filtration and approximately three times that obtained with 49 micron fil-

tration.	 It was also observed that the centrifugal oil filter had approxi-

mately the same effectiveness as a 30 micron absolute filter in preventing

bearing surface damage.

*Member ASME.
, Member ASLE.



INTRODUCTION

There is ample evidence in the literature that contaminants in lubrica-

tion systems significantly increases rolling-element bearing wear (1 to 5).

There is also evidence that debris damage adversely effects bearing fatigue

life but the proper life derating factor has not yet been conclusively es-

tablished (5 to 9).

In aircraft propulsion systems, debris is a major factor in component

failure (10). A survey of bearing rejection-causes for aircraft enqine,

transmission and accessory bearings (11) indicates that the indentations/

contaminants grouping accounts for approximately 20 percent of all bearing

rejections. Only the corrosion/pitting grouping account for more bearinq

rejections with a 30 percent snare. Classical rolling-element fatigue was

the least likely cause of bearing failure having only a 1 to 3 percent

share. There is now a growing realization that fine filtration coupled with

oil condition monitoring procedures can lead to significant reductions in

aircraft engine and drive train maintenance costs.

In a previous study by the authors (9), tests were conducted on groups

of 65-millimeter-bore ball bearings under four levels of filtration with and

without a contaminated MIL-L-23699 lubricant. The test filters had absolute

particle removal ratings of 3, 30, 49, and 105 microns (0.45, 10, 30, and 70

microns nominal), respectively. Running track condition and bearing life,

to a lesser extent, generally improved with finer filtration. The 3 and 30

micron filter bearings in a contaminated lubricant had statistically equiva-

lent lives, approaching those from the baseline tests with no contaminants

using 49 micron filtration. The degree of surface distress, weight loss,

and probable failure mode were found to be dependent on filtration level,

with finer filtration being clearly beneficial (9).
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In (9), an experimental bearing 10-percent life of 14 times the AFMBA

predicted life was obtained with a 49 micron filter in oil that was not con-

taminated with debris. However, these tests did not conclusively establish

that this bearing fatique life represented the "upper limit" in terms of

hearing ;ife had even stricter lubricant cleanliness conditions been main-

twined. The research of (6,8) suggests that bearing B10 lives of 30 times

AFMBA calculated B 10 lives or greater are achievable with nearly ideal

lubricant cleanliness.	 Also the test filters ued in (9) included only stat-

ic barrier types, excluding other potentially promising filter concepts

(12), such as the centrifugal oil filter. 	 It therefore became the ob-

jectives of this investi g ation to determine (1) the bearinq life improvement

potential of an ultra-clean lubrication system and (2) the relative effec-

tiveness of a centrifugal oil filter in preventing bearing wear and failure.

To accomplish these objectives, two series of bearing fatigue tests

were conducted with 65-millimeter-bore-diameter deep-groove ball bearings,

lubricated with a MIL-L-23699, tetra ester oil. These tests were conducted

on the same test rig used in (9) at the same bearin q shaft speed of 15 000

rpm, radial load of 4580 newtons (1030 lb) and oil inlet temperature of 341

K (1650 F).	 In the ultra-clean lubricant test series, the test stand lub-

rication system was purged of contaminants by continuously cycling the oil

through a 3 micron absolute filter. System lubricant cleanliness was main-

twined at an exceptionally hiqh level, class 00 per NAS 1638.

In the centrifugal oil filter test series, contaminants of the type

used in the previous investigation were injected in the filter supply line

at a rate of 125 mg per bearing-hour. To assess the effectiveness of the

ultra-clean lubrication system and the performance of the centrifugal oil
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filter, the results of these bearing tests were compared to those obtained

in (9).

TEST BEARINGS, LUBRICANT, FILTERS, AND CONTAMINANT

Test Bearings

The test bearings were ABEC-3 grade, deep groove ball bearings with a

55-millimeter-bore-diameter, a 90-millimeter outer diameter, a 13-millimeter

width and contained 18 balls having a 7.94-millimeter (5!16-in) diameter.

These bearinqs were from the same grouo as those tested in the previous in-

vestiyatien. The inner and outer _-es as well as the balls were manu-

factured from a single heat of caruon vacuum-degassed (CVD) AISI 52100

steel. The nominal hardness of the races and balls were Roc s .Jell C 6?+1.0.

The ball retainer was a riveted, two-piece, machined, inner-land riding cage

made from silicon-iron bronze. The raceways were ground to a nominal sur-

face finish of 0.1 micron (4-uin) rms and the balls to a surface finish of

0.05 microns (2-pin) rms.

Test Lubricant

The lubricant utilized for this test program was a 5-centistoke at 372

K (2100 F), neopentylpolyol (tetra) ester for which a substantial amount

of test data is available.	 This oil is qualified for use in jet-enqine lub-

rication s ystems under MIL-L-23699 specifications. The test oil was from

the same batch as that used previously.

Test Filters

Two types of filters were used during the course of this study: a cen-

trifugal type and a 3-micron absolute, barrier type having porous-depth

media construction. Manufacturers specifications of these commercially

available filters are presented in Table 1. Also included for comparison
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are specifications for some of the other test filters ued in the earlier

study.

The barrier filters used in these tests were noncleanable, full flow

type with outside to inside flow direction. The filter media consisted of

multiple lavers of sheet material utilizinq mixtures of organic and inor-

ganic fibers integrally bonded by an epoxy resin. This provided uniform

.	 pore openings and a high voids volume. The media, supported by wire mesh,

is formed into a corrugated cy l inder over a perforated metal support

cylinder. These filters were standard commercial units.

The absolute removal ratinqs shown in Table 1 have been determined from

traditional filter test methods per MIL-F-27656 where a known distribution

of graduated glass beads

est diameter of glass be

scopic slide establishes

has limitations s i nce it

larger than the absolute

dependent performance of

are fed "once throuqh" the test filter. The larq-

3d that passes through the filter on to a micro-

its absolute removal rating. This rating method

is not unusual to find irregularly shaped particles

rating downstream of a filter. Secondly, the time

the filter in a recirculating lubrication system

cannot be determined by this method.

A filter ratinq method which qives a mor , realistic assessment of a

lubricant filter performance is known as the Multi-Pass Test Method, MPT

(13,14). Briefly, a suspension of particles of known size and concentration

is flowed into a filter at constant rated flow until a preietermined differ-

ential pressure is reached. Particle count analysis is performed on samples

taken upstream and downstream of -the filter durinq the test. The averaged

ratio of upstream to downstream counts for particles qreater than a qiven

size (x) in micrometers is reported as the filtration ratio at x microm-

eters, or s.. The spectrums of B x values obtained for different fil-
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ters have found widespread utility as qu'delines, and in specifications, for

filter performance. The contamination level that would be maintained down-

stream of a filter in a recirculating system is approximately an inverse

function of dx.

The efficiency of the 3 micron absolute filter used in this study as

well as that for the 30 and 49 micron test filters from (9) was determined

by the MPT method. The results of these measurements appear in Fig. 1.

This procedure does not lend itself to filter efficiency measurements of ex-

tremely coarse filters, and so only limited data could be generated with the

49 micron filter and none with the 105 micron filter.

Efficiencies of an in-service filters can vary from those measured in

laboratory MPT's. Operating conditions such as flow surges, temperature ex-

tremes, mechanical vibration and differing contaminants all affect filter

efficiency. Thus the MPT results given for the three filters in Fig. 1 are

for guidance in comparinq the filters, rather than to describe their opera-

tion durinq the series of bearinq tests or what could be expected in-ser-

vice. Nevertheless, the dramatic differences in abilities to capture par-

ticles of various sizes is apparent. Also apparent from Fin. 1 is that some

particles which are larqer than the "absolute" rating of the filter can pass

through the filter durinq actual operai on in the MPT's recirculating lubri-

cation system. Thus the absolute removc.l ratinq of a filter is an indica-

tion of its relative performance, since it is based on a static calibration

with spherical glass beads rather than the operating conditions that might

be found in actual service.

The centrifugal oil filter used in this investigation was a standard

commercial unit. A centrifugal filter removes particulate matter from the

fluid by centrifugal force as shown in Fig. 2. Entering fluid is acceler-
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ated to high rotational speed within a canister. The centrifugal force

created by such rotation drives the dense particles in the fluid to the out-

er diameter of the canister where they are caught and held.

The contaminated oil and entrained air enter the centrifuge shaft

axially from the inlet cavity and begin to rotate in a cavity in the centri-

fuqe shaft. A spinner (not shown) in the inlet aids in the separation of

some of the entrained air, which passes axially through the bore in the

shaft to the air outlet port in the cover. The oil collected at the

periphery of the cavity in the centrifuge shaft is pumped from the shaft

through a series of radial holes leading to the centrifuge canister. This

pumping imparts a tangential velocity to the oil, which creates the

centrifugal forces required to remove contaminants from the oil. As the oil

passes throuqh the annular passage in the canister, ttie dirt migrates from

the oil into the dirt-retaining basket, where it collects and is retained.

The cleaned oil, leaving the centrifuge basket, flows to a sump in the

bottom of the centrifugal housing where it is pumped out by an integral gear

pump.

The centrifugal filter used in these tests was driven by a 3550 rpm

electric motor which resulted in a canister speed of 1100 rpm.. This gener-

ated a separating force of 2885 g's at the inner diameter of the canister.

Test Contaminants

The contaminants used for the centrifugal oil filter tests consisted of

a mixture of carbon dust, Arizona coarse dust, and stainless steel powder.

The composition of this contaminant mixture, as listed in Table 2, was simi-

lar to the composition of particulate matter found in the lubricant filters

of typical aircraft q a - turbine engines, based on a field survey of 50 JT8D

commercial engines. Analysis of debris from the engine lubrication system 	 4

1
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showed that up to 90 percent of the particles were carbonaceous in composi-

tion witn the remainder being primarily siliceous and metallic.

BEARING FATIGUE TESTER AND TEST CONDITIONS

Two identical bearing fatigue testers, as shown in Fis. 3, each con-

twining four test bearings were operated concurrently. Each bearing tester

is driven to a test speed of 15 000 rpm by a quill shaft system connected to

the 37.3 kW (50 hp) variable speed drive system (not Shown in the illustra-

tion). The bearings are loaded only in a radial direction to a radial load 	 11
of 4580 N (1030 lb) by a hydraulic cylinder. The radial load is transmitted

equally to the two center bearings through a wiffletree and is reacted by

the two outboard bearings as shown. This radial load results in a calcu-

lated maximum Hertz stress of 2.4 GPa (350 000 psi) on the bearing irner

race. Thermocouples were mounted to the outer race of each of the test

bearings.

The lubrication supply system, delivers a total of 1090 kg/hr (2400

lb/hr) of o4l through the test filter to the eight test bearings. The flow

is equally divided among the test bearings by a calibrated orifice at an oil

supply pressure of 0.28 MPd (40 psi). From the test bearings the oil grav-

ity-drains into a collector pan from where it is returned to the oil supply

tank by a scavenge pump. On this return line is an oil to water (shall and

tube type) heat exchanger that regulates the oil in temperature to the bear-

ings at the required 347 K (165 0 F).

Based on the above operating conditions and average outer race temper-

ature of 361 K (19(; 0 F), the isothermal elastohydrodynamic film thickness

at the inner race contact was 0.373 micron (14.7 uin)(15). This resulted in

r
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a minimum film thickness to composite roughness ratio of 3.3 which provides

full film lubrication (16).

For the contaminated lubricant centrifugal filter tests, the test cun-

taminant and replenishment oil are mixed together in the form of an oil

slurry. This slurry was periodically (approximately every 10 min.) injected

by a hydraulic_ piston into the test filter lubricant supply line in 12-mil-

lirnetPr quantities, containing approximately 170 milligrams of contaminant.

This produced a contamination rate of 125 milligrams of contaminant per hour

per bearing or roughly a level teaspoon of contaminant powder every 16

hours. The amount and concentration of contdminants actually reaching the

test bearings were some function of the centrifugal filter's performance,

generally being only a fraction of the ingestion rate as determined by par-

ticle counts taken without the filter in place.

The test stand instrumentation included an accelerometer system which

detects bearing failures as well as the standard protective circuits which

shutdown the drive system, if any of the test parameters deviate from the

proqrammed conditions. Parameters monitored and recorded during the test

were rig shaft speed (bearing inner race speed), oil flow to each tester,

test bearing outer race temperature, lubricant supply and scavenge temper-

ature, and rig vibration level.

RESULTS AND DISCUSSION

Ultra-clean Lubricant Tests

In this test series nine bearings were fatigue tested with an excep-

tionally clean lubrication system containing a 3 micron absolute barrier

filter. An appreciation of the de gree of lubricant cleanliness attained

during these tests can be obtained from a comparison of the representative
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particle counts listed in Table 3 with the fluid contamination standards

appearing in Table 4. The particle count levels for the ultra-clean tests

in Table 3 were consistently at the lower limits of contamination, class

"00" level.	 This level is categorized as "rarely attained." As a point of

comparison, a class 9 to 10 level would be representative of a typical in-

dustrial lubrication system.

'also appearing in Table 3 are the particle count readings for the bear-

inq tests reported in (9) alona with their nominal contamination class.

These readings, unlike those for the ultraclean tests, were taken at a point

downstream of the test bearin g s. Therefore these readings contain particles

that not only passed through the filter but also p articles generated by the

test bearings and scavenge pump as well. The contamination class for the

baseline bearings tested with 49 micron filtration (9) in oil not contamin-

ated with external debris is nominally a class 8, "typical aerospace hvdrau-

lic system." The lubrication system for these baseline tests is relatively

clean by industrial standards but Table 3 indicates that there are greater

than 3 orders of maqnitude more particles of a given size than those present

in the ,ltra-clean lubricant in system tests. However this comparison is

only on an approximate basis since the particle count readings for the base-

line and other tests performed in (9) were taken downstream of the tests

bearings while those for the ultra-clean tests were taken just after the

test filter. Nonetheless large differences can be observed in Table 3 be-

tween the debris levels with ultra-clean lubrication compared to these from

the other test series.

The particle count readings for the ultra-clean lubrication system had
tl

i <	so few particles that it was difficult gettin q an accurate count with the
,I

visual count method using a liqht microscope. The background count of the
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clean, oil sample bott' , es themselves initially gave an oil contamination

level of only class o or 7. To get valid readings, it was necessary to

institute a thorouqh sample bottle cleaning procedure in which the bottles

were repeatedly rinsed with fi l tered petroleum ether until a blank reading

showed no particles greater than 100 microns in size and no more than one

particle greater than 50 mic rons. Using this procedure it was possible to

obtain consistent contamination level readings of class 00 or better with

the bottle sampling method. These measurements were periodically verified

by an inline electronic; particle counter that wjs installed directly into

the test bearing supply line.

Table 3 also contains particle count readings for two of the contamin-

ated oil test series conducted in (9) where contaminants were injected into

the oil line leading to the test filter. The contamination levels associ-

ated with the 3 micron filter, contaminated lubricant tests were slightly

higher (class 8 to 9) than th,. clean lubricant, baseline tests. However

significantly higher levels (class 10 to 11) were recorded for the 49 mcron

filter, contaminated lubricant tests.

?n Table 3, all particle count readinqs remained relatively constant

with time, indicating stable filter performance. Further more initial cali-

bration tests of the contaminant injection system performed in (9) indicated

that all test filters, except for the 105 micron absclute filter, prevented

more than 99 percent of the incomminq particles of 5 microns in size or

larger f, • om reaching the test bearings.

Fatigue Test Results

A summary of the fatique lives of bearings tested 6ith ultraclean lub-

rication along with those reported in ' J ^ are listed according to lubricant

contamination level in Table 5. These fatigue life results were statisti-
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tally analyzed using the method of (17). Weibull failure distributions for

the ultra-clean, baseline and 3-micron/contaminated oil test reries appears

in Fig. 4.

In the ultra-clean test series, five of the nine test bearings exper-

ienced fatigue failures. One of the remaininq four bearings failed pre-

maturely at 154 hours. This failure was thought to be rig related and was

consequently treated as an early suspension in accordance with (11). The

other three bearings were suspended from test unfailed.

The experimental 10-percent life of the test bearings from the

ultra-:lean oil tests was 1099 hours. This is approximately 23 times the

AF3MA catalog life of 47 hours. Due to the operatinq conditions and quality

of the bearing steel, a life improvement factor of 5.2 would normally be ex-

pected for these bearings accordinq to (16). It is interesting to note that

even the bearings tested in relatively dirty oil with 49 micron filtration

yielded a uearinq 10-percent life that is 8 times the ^.FWA life.

Bearings tested in an ultra-clean lubrication system showed about a 64

percent life improvement at the 10-percent life level relative to the base-

line tests with a laboratory clean lubrication system. Ho^ever this rela-

tive life improvement is not statistically significant, since there is only

a 76 percent probability (confidence number) that the b-arings fron the

ultra-clean test series would be longer 1 4ved thar those from the baseline

tests.	 (A confidence number of 50 percent or greater is generally consider-

ed to be s'itistically significant while a confidence of number of 50 per-

cent has no significance.) The differences in experimental fatigue life at

the 50- percent life level for these two grou ps of bearings is also statisti-

cally insignificant.
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Table 5 also shows that bearing fatigue lives generally deteriorated

with coarser filtration in a contaminated oil. All experimental fatigue

lives were statistically inferior to that obtained with the ultra-clean oil

system. The 10-percent life obtained with 3 micron filtration in oil in-

jected with significant amounts of contaminants was approximately half that

obtained with the same pore size filter in oil not exposed to external con-

taminants (ultra-clean test series). This test result suggests that the use

of a 3 micron absolute filter in ai industrial or aircraft lubrication sys-

tem wou l d bring bearing lives within 50 percent of that attainable under

nearly ideal lubricant cleanliness.

Comparing the life dispersion parameter or Weibull slope for the dif-

ferent test series in Table 5, a relatively large value of 4.09 was observed

for the ultra-clean tests as shown in Fig. 4. As noted in (9), the tests

conducted with contaminated lubricants generally have Weibull slopes which

progressively increase with coarser filter pore size. This qualitatively

agreed with the progressive damage theory advanced in (18). The reason for

this change in trend is not clear. The high Weibull slope suggests that

ultra-clean lubrication may help to eliminate early failures. However an

endue amount of importance should not be placed on the exact value of

Weibull slope for this test series. According to the statistical methods of

(11), a failure distribution containing only five failures will have 52 per-

cent variability in Weibull slope. This means that in 90 percent of all

possible cases, the true slope will be within +52 percent of the observed

slope of 4.09. Had 20 failures occurred, this variability factor would have

diminished to +26 percent.

13



Centrifugal Filter Tests

The tests using the centrifu g al oil filter with the contaminant in-

jection system did not produce enough valid bearing fatigue failures to pre-

p are a Weibull analysis. Two tests were terminated due to operational dif-

ficulties with the centrifugal filter and no valid failures were obtained.

The third test run lasted 748 hours and two bearings sustained inner race

spalls. The test was s`.opped at this time because the remaining six test

bearings were running very roughly.

The oil cleanliness varied with time with centrifugal filtration. As

the dirt holding basket started to become filled, more contaminant would

pass through the filter. This was possibly caused by some of the lighter

weight particles being reentrained into the oil while it was flowing over

the basket. With the centrifugal oil filter there is no sure way to deter-

mine when the basket is full except to periodically monitor the oil cleanli-

ness. Unless the basket is changed at regular short intervals, a high level

of contamination could unexpectedly build up and cause accelerated bearing

damage. To prevent this from occurring, the basket assembly was changed

about every 250 hours during the third test run.

Test Bearing Condition

Post test examination, of the raceways of the unfailed (suspended) test

bearings from the ultra-clean and centrifugal oil filter tests showed large

differences in the degree of surface distress. Fig. 5 shows representative

macro and scanning electron microscope (SEM) photographs of the inner race-

ways of these bearings as well as those from tests in (9). The surface dis-

tress of the ultra-clean test bearings are comparable to that of the test

bearings used in the clean, baseline tests. Io both the ultra-clean and

clean tests bearings, the original grinding marks are still present after

14
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completinq 1790 test hours and 1206 test hours, respectively. Bearings from

both tests show some debris dents. Since in the case of ultra-clean test

series the oil entering the bearing was in a state of extremely hiqh clean-

liness as indicated in Table 3, it is reasonable to conclude that these de-

bris dent-, were generated from within the bearing assembly itself. The main

source of internal particle generation is most likEly the sharp edges on the

cage. This debris dentinq caused by debris generated within the bearings

assembly represents some inherent limit to the effectiveness of using finer

filters to improve fatigue life. This is probably why no statistically si g-

nificant life differences were observed between the bearings from ultra-

clean and clean test series.

The bearings from the centrifu g al oil filter test had much more surface

distress than those from the ultra-clean test series being comparable to

hearings from the tests in which a 30-micron absolute filter was used with

contaminated oil. The grinding marks were completely worn away in both

tests with only a mated surface remainir.g.

The progressive increase in surface distress with increased filter size

as shown in Fig. 5 is mainly the result of debris particles inte r rupting the

protective EHD film between the ball and raceway. 	 In general, the size of

the particles which penetrates the contact are on the order of the EHD film

thickness which is 0.38 microns in this case. Even with 3 micron filtra-

tion, the filter efficiency curves in Fig. 1 indicate that relatively few of

these fine p articles, which are generally quite numerous, can be readily

filtered out. However, occassionall y larger particles are entrained and

these would be more amendable to filtration. These larqer debris particles,

despite their fewer number, are expected to have the more dominant effect an
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spall initiation (19). This is because the severity of the defect they pro-

duce, that is, the depth and size of the debris dent, is so much greater.

Bearing Wear Rates

Corroborating this apparent increase in bearinq surface damage with

filter pore size is the increase in bear • inq averaqe weiqht loss of the sus-

pended bearings as listed in Table 6. On the basis of grams of weight loss

per 100 test hours the baseline suspended test bearings with clean oil and

49 micron absolute filtration had 3.9 times the weiqht loss of the bearings

from the ultra-clean tests while the bearings from the centrifugal, 3, 30,

49, and 105 micron filter tests with contaminated oil had 6.6, 7.4, 12.5,

16.2, and 344.6 times the weight loss as the ultra-clean test bearings.	 It

can be noted that the average weight loss of the failed bearings generally

were 2 to 10 times hiqher than the weight loss for the unfaileu bearings.

This difference was used during the tests to determine which of the four

bearings in a rig had failed after a bearing failure indication was given by

an accelerometer.

Fa i 1 u, ? Modes

The fatique failures examined from tests with the ultra-clean lubri-

cation systems appear to be predominantly subsurface originated, although in

some rases, extensive spall propagation made failure mode determination in-

conclusive.	 It is possible that some failures could have nucleated from

debris dents, acting as stress raisers, since dents often quite large were

occasionally found on unfailed bearings. Many of these debris dents were

significantl; larger than the "absolute" pore size of the filter, suggesting

that debris particles can break loose from the line downstream of the filter

znd/or be generated with the bearing assembly itself. It is not uncommon to

► 	 find debris dents which are larger than the filter's openings on the race-

A
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ways of test bearinys which have been protected by full flow filtration.

The limiting life factor from surface defect related tati q ue is therefore

not the size of filter but rather the internal debris generation rate of the

bearing itself.

Other Considerations

The advantages gained from using hi gh  efficiency filters are discussed

•	 elsewhere in this paper. However, in the past, using tine filtration nas

occasionally been associated with some liabilities, in particular additive

removal and reduce filter life. These items are addressed here.

Additives - The mechanism of removal of particles from oils by barrier

f i lters is essentially a sieving process (20). A particle continues to pass

through a filter medium until a constriction is reached which stops motion.

Materials can only he removed from an oil stream by barrier filters if they

are present as rigid bodies with sizes that are retained by the filter.

Most additives are present as dissolved species. The additive molecules art,

far too small to be mechanically sieved out of the host oil. Si ,lilarly, ad-

ditives present as ei-iulsions cannot be removed. The flexible walls of each

droplet permit the emulsion to easily pass through barrier filters, carried

along by the streaming host liquid. Precautions must only be exercised in

those applications where addirives are present as s ,.,-, pensions of solid par-

ticles. In these circumstances a balance must bc struck between filter pore

size, additive particle size, and the size and number of contaminant par

titles that can produce wear mechanical components.

Service life - The service life of a filter is defined as either a

scheduled removal after a predefined interval of operation or an amount of

system operation until the filter becomes "plugged," that is, reaches a pre-

r	defined differential pressure drop requiring removal.
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The pressure drop across a newly installed filter will start with an

initially low (clean) value, which increases with service as the filter col-

lects contaminants. For a given filter assembly size, the service life of a

filter is dependent on filter construction and the contaminant loading of

the system.

Advances in filter media now allow fine filters to be constructed of

materials that have greater efficiency with lower clean pressure drop and

even greater dirt capacity than earlier coarser filters of comparable size.

This is because the fibers in the filter media can now be made so fine as to

maximize the void space or number of pores for a given filter volume.

Furthermore, component wear is frequently a major source of contaminant

loading in a system. By reducing component wear with finer filtration, the

dirt loading of the oil is substantially reduced. Thus the fine filter has

less material to collect, and may last as long or longer than a coarser fil-

ter in the same application. For these reasons, the use of an extremely

fine filter should not be dismissed out of hand because of an assumed short

service life.

SUMMARY AND CONCLUSIONS

Fatigue tests were conducted on groups of 65-millimeter-bore-diameter

deep-groove ball bearings in a MIL-L-23699 oil under two levels of filtra-

tion. A 3 micron absolute filter was used to establish a lubrication system

with nearly ideal cleanliness. The debris level, as determined by oil sam-

ale particle counts, was less than a class "00" per NAS 1638. 	 In a second

test series, a centrifugal oil filter was used. Contaminants of the type

found in aircraft engine filters were injected into the centrifugal filter's

supply line at a rate of 125 milligrams per bearing-hour. Bearing fatigue

lives, surface distress and weight loss were compared to previous bearing

18



fatigue tests in contaminated and noncontaminated oil with filters havinq

absolute removal ratings of 3, 30, 49, and 105 microns. Test conditions in-

cluded a bearing shaft speed of 15 000 rpm, a radial load of 4580 newtons

(1030 lb) producing a maximum Hertz stress of approximately 2410 MPa

(350 000 psi) on the hearing inner race. The temperature of the lubricant

into the test bearin g and the sump temperature was maintained at 347 K

(165 0 F).	 The following results were obtained:

I. Usinq a lubrication system of nearly ideal cleanliness produce bear-

ing fati gue lives that were approximately twice that obtained in contamin-

ated oil with 3 micron filtration and three times that with 49 micron fil-

tration. However, bearing fatique life and surface appearance did not sig-

nificantly improve relative to a clean lubrication system having 49 micron

filtration and oil not contaminated with external debris.

2. The centrifugal oil filter had approximately the same effectiveness

as a 30 r:,icron absolute filter in preventing bearing surface damaqe.

3. i3earing surface damage and wear were more sensitive to changes in

lubricant cleanliness than was bearing fatique life, regardless of the type

of filter  Wised.
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Tab1E

IConstituent

i Stainless-steel
particles

Arizona coarsf
test dust

i

I 

Carbon-graphite
test dust

Total contenjinan'
mixture

2 - Composition of test contaminant

Parts per mixture Particle distribution
by weight

100% less than 44 microns

10 12% less than 5 microns
24% less than 10 microns
38% less than 20 microns
61% less than 40 microns
91% less than 80 microns
100% less than 200 microns

80 75% less than 10 microns
92% less than 20 microns	 i

100% less than 40 microns

91 70% less than 10 microns
86% less than 20 microns
96% less than 40 microns
4% greater than 40 microns

i s
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Classes

_ 7 -
8 _

9	 -
- 10 11

12 --

32,000

+

64,000 128,000 156.000	 512.000 1,021,000

5,700 11,400 22,800 45,600 91,100 181,407

1,012 2,025 4,050 8 100 16.200 32 400

ISO 360 720 1,440) 2,880 5.760
-- — — - ----

I
-- - - +---- - —_

- 32 s4 _ 121 256 - 512 1024

Table 4 - Aerospace Industries Association of America. Inc.

Cleanliness requirments of parts used in hydraulic

systems in maximum number of particles per 100 ml..
NAS 1638. Jan.	 1964

,l1	 VAN,,,
MIl.NONS 100 0 1 2	 1 - 3 4 5 6

5	 15 1 175 2'^0	 500

l

I 1000 20110 40001 8000 i 16.00n-

25 -22 44 I	 as	
I

178 . 355 7121 1425 1, 2,°',0_

'	 7'•	 SU 1 8 1G	 I 32 6l 126 253 506

'.n	 1 00 1 2 1I3 G 1 t I	 21 45. 90

100 I	 O` 0 I	 1 1 1 4 Ai 1E

Class 00-2	 rarely attained
Class 3-5	 goud missile system
Class 6-8	 typical aerospace hydraulic

system

Class 9-10	 typical industrial Tube
system

Crass 11-12	 poor lube system

V4
..wry	 ar;;
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ABSOLUTE FILTER TESTS WITH CONTAMINAIED
TEST BEARING SUSPENDED AFTER 967 hr FROM 30-micron

LUBRICANT 19 ►

r	 -

Y

L__ 5 mm J	 a,anri^

TEST BEARING SUSPENDED AFTER w3 hr FROM 49 -micron-ABSOLUTE FILTER TESTS WITH CONTAMINATED
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Figure 5. - Concluded.
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