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ABSTRACT

This paper {s a broad survey ot the lubrication of rolling-element
beartngs. Emphasis is on the criticdl design aspects related Lo speed,
tenperature, and ambient pressure environment. Types of lubrication inluding
grease, Jets, mist, wick, and through-the-race are discussed, The paper covers
the historical development, present state of technoloyy, and the future problems
of rolling-element bearing lubrication.

INTROUUCTLON

In this survey of the lubrication ot rolling-element bearinys, all the
common methods of lubrication are discusseds For the great bulk of bearings fn
tndustrial machinery, well def ined procedures for gesigning satistactory
lubrication systems are available in manutacturers' catalogs and standard
handbocks. The discussions on these more common methods are rather brief in
this paper. The aircratti gas turbine engine has provided the impetus and
driving force for quantum leaps in lubrication technclogy. For that reason,
this paper leans heavily toward discussions ot that technology.

FUNCTIUNS OF A LIQUID LUBRICANT

A liquid or grease lubricant in a rolling-element bedring provives several
functions. A major function is to separate the surfaces ot the raceways and the
ro]linﬁ elements with an elastohydrodynamic (EHD) f1lm. The formation of the
EHD f1ilm Jepends on the elastic deformation of the contacting surfaces and the
hydrodynamic properties of the lubricant, The magnitude of the EHD fiilm is
dependent mainly on the viscosity of the lubricant and the speed and load
conditions on the bearing., For normal bearing yeometries, the magnitude of the
FHD film thickness is of the order of 0.1 to 1.0 micron (4 to 40 yin.).

It was only about 30 years ayo that it was recognized that a lubricant in
the form of an EHD f1lm could separatY heavily loaded contacts in
rolling-element bearings. Grubin {111 in 194y developed an approximate tilm
thickness equation tor EHD line contacts. 1t was the mid-1950's before the
first experimental evidence of an EHD f1lm was obtained, In 1958 Crook (2]

INumbers in brackets denote reterences at end of paper.




FEPOrLed on EHU £0m thackness moasurement s by Capacituncy ang il flow
LeChiques which tendey to cont 1em varlier Lheoretical pregictions, stoce that
Lime, ¢ multitude of varietions and Jmprovements ot [y Lheory as well as t1m
thickness measuremonts pave been publishey,

In many dpplications, conuitions are such thet tota) separation of the
surtaces s not attained,  That T8, S0m0 Lontact of asperitices veeurs,  Mnce the
surtaces of Lthe racewdys dare net taeally smooth any pertect, the eaisting
aspertivs may have greater hevght than the gunerated EHO 1 i lm ang ponetrate tae
f4im to contact the Opposing surtace,  Wien this happens, it 1% o secony
tunction ot the lubricant to prevent or minimize surtace damage 1rom this
contact,  Action of auditives 1o the lubricants aiu 1 protecting the surtaces
by reacting with the surtaces ang toviing tilms which prevent yruss Jdaiye,
Lontacts vetween the Gage and the rol hig-cluments g the Layu atiy guiding
Tanus on the race My also be lubricateo by this means,

It the operating conditions are SUch Lhal the asperity contacts are
trequent anu susturned, signif fcant surtace dailldge Lan oueur when the lubricant
can no longer provide sutticient protection.  The lubyicynt 1ilm paraneter A
is a measure ot the adequacy of the lubricant t1lm ty separate bedring
surfaces. A is the ratio ot t w EHO t10m thickness to the composite surface
roughness o , where o cfl+ 0% any 0} dnd - op  gre Lhie RMS
roughness ot the two surtuces in contact, o order for the trequency ot
asperity contacts between the rolling surtaces wo bu neyligible, A must be
yredier than $o When A 1y mueh less than 1, one shoulu expect $iyinit fcant
surtace damaye and short bearing 1ite. When A iy between approximatel 1,6
and 3, some asperity contact occutrs, but satistactory bedaring operation ang lite
can be obtained due to the protection provided by the lubricant,  Further
discussion on tailure moues anu eftects ot A o bearing lite are containey in
4 later section ot this paper,

Predicting the range ot A topr d yiven applicelion is depenuent on knowing
the maghituue ot the EHD t1lm Lhickness to g tair deyree of accurdcy. KMS
surface roughness cany, ot course, be measured but may be mouitieu somewhat
during run-in. The EHU tilm thickness can be calculateu by vne ot severdl
equations., An easily applieu equation developed by Hamrock ang Uowson [ 3], tor

either point or line contacts is
Hmin = 3.63 U0°68b'0'49wp0'073(1 ~ U, b8k ()

where Hyin is the dimensiunless mintmum t{1m Lhicktess and kK is a
simplitied expression tor the ellipticity parameter

g\ 064
k = 1,03 (R—y) (2)

X

The other terms are uetineu in the appendix,

Convenient relations tor determining the ettective regii ot curvature anu
surtace velocities are given by Anderson in [ 4] tor both ball ahd cylindrical
roller bearings,

Liquid lubricants also serve other tunctions in rolling-element bearings,
Heat generated in o bedring can be remvved it Lhe lubricant is circulateu
through the bearing vither to an external heat exchanger or sunply brought into
contat with the system Casing or housing., Other couling techniyues with
recirculating lubricant systems will be discussey later, Circulating lubricant
als0 tlushes out wear gebris trom intermittent contact in Lhe bedring,  Both
liquid lubricants and gredses can act as rust anu corrosion preventatives any
help Lo seal out airt, dust, and moisture,

SULID FILM LUBRICATION
When vperdation ot rolling-clement bearings is required at extreme
temperatures, cithor very high or very low, or at low pressures {vacuum), normal

Hquid lubricants or gredses are not usuddly suitable, High temperature limits
are due to thermal or oxivative thslability ot the lubricant, AL low
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tomperatures, such gy in Cryogenic systoms, the luhrluuntg' viscuhipy is 50 high
that pumping losses and bedring torgue are unaceeptably nigh,  In high vacuum

systems ar space applications, rapid vvaporation limits the usetulness ot liquiy
tubricants any redsey,

For these unusudl envirommonta) conditions, rolling-¢lement hearings can be
lubricated by solid films, e yee ot solid falm Jubrication generally limits
bearing lite to considerably less than the 1yl | tatigue Dite potential available
With proper o1l fubrication, ol lubricants may be used as bonued t1 s,
transter films or luose powder applivat1ons,

Teanstor 1idm lubrication is vmp luyed 1n Lhyogenic systems such as rucket
engine turbopunps,  The Cage of the ball or rollor beariig 1s typically
fabricated from o pulyLerutluurthnylunv (PTrE) containing material L5
Lubricating 1 4ims are 1 ormed the raceway vonbauts by PTFE transterred trom
Lhe balls or rollers which naye rubbed Lhe Cage pucket surtaees 4 pichey up d
tilm of PTFE, Gouling ot bearings in these dpplications is redully aecumplishey
since they apre usually vperating in the cryogenic working tlutd, In cryogenic
applications where radiation may also pe bresenty, PTEL t1]led materials are not
suitable, but leau and leay alloy coated Cdgus can supp ly satistactory transter
tiln lubrication (6],

In very high temperature dpplications, lubrication with louse powders or
bonded tilms, has pruvide | sume deyree of sutcess,  Powders such gs mo | ybdenum
disulphide, lead Mmonoxide, and graphite have been Lested up Lo Y27 K (12000 f)
L7} However, neither louse powders nur bonded tilms have scen much use in high
tanperature rolling-element bearing lubrication, Primary use ut bonueu tilms
and composites containing sulid tilm lubricants vecurs in plain bearings and
bushings in the aerospace industry. Further discussions ot sultd t1im
lubrication can be touny in |8 dnu vy, '

GREASE LUBKRICATION

Perhaps the most Common, widely used, most stmple, and most inexpens ive
mode vf lubrication for rolling-element bedrings is grease lubrication,
Lubricating greases consist of ¢ tluid phase ot either ¢ petroteum 0il or g
synthetic oil and a thickener, Aduitives similhiar Lu those in oils are used,
but generally in larger uantities,

The lubricating process ot a Jredse in g rolling-element bearing has been
described in the literdture in q wd) Lhdt is perhaps oversimplitied, The
thickener phase acts essentially as u sponge or reservoir to hold the
lubricating tluid, 1In an vperating rolling-element bearing, the ygrease
generally channels or is moved out of the path ot the rolling balls or rollers
and a portion ot the tluid phase bleeds into the rdieways and provides the
lubricating tunction,

Scarlett [10], dliempled to observe the mechanism ot yredase lubrication,
He found that the 't luty in the contact arcas ot the balls or rollers and the
raceways appeared to be grease in which the thickemst fayg broken down in
structurs due to its beiny severely worked,  This iluid did not pesemble the
lubricat.ng tluiy above, Also, as shown by Uyson and Wilson L1l], the EHU tilm
thickness with gredase does not react to Lhdnges in speed as would be eapectey
from the lubricating flyuiy alone, which indicates some more comp licated
lubricating mechanism with grease. It appears that more work must be done to
understand and be able Lo predict the EHU tilm toruing nature ot yrease.

Grease lubrication is generdlly used in the more moderate rolling-clement
beariny app lications, although some ot the more recent grease Lollpusitions dre
tinding use in sevepe derospace environients such as high tenperature ang the
vacuum of space.  The magoy duvantages ot o yrease lubricated rolling-element
bearing are simplicity ot Jdusiyn, vase ot meintenance, and minimizey weight and
Space requirements, :

breases are retained within the be.ring, thus Lthey wu ol remove wear
debris and deyradat ion brovucts from Lhe beatring,  The grease is retained either
by shields ur seals op by the design ot the housity,  Pusitive contact svdals can
add Lo the hedat generated in Lie bearing,  Greases do not remove heat trom o
bearing ax g circulating liguiv lubrication system uoes,
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The speed limitatiuns ot yrease Jubricated bearings are gue mainly to
limitea capacity to vissipate heat, but are alsu daffectog by bearing typy dand
Cage type, Standard quality (ABLL-1 or 3) ball anv cylindrical roller bearings
with stamped stueel cages aru generally Timited to 0,2 to 0,3 million LN, {(ON s
@ speed paranmcter which is the bore 1n willimeters multip Hew by the speed in a
rpm) . More precision bearings (ABEC-b ur 7) with machiney metallifc ur phenolic
tages fdy be operated as high as 0,4 Lo 0.0 i) )ion ON.  Grease lubricateu
tapered roller bearings anu spherical roller bearings are genurally limiteg to
less than 0.2 million ON anu 0,1 million UN, respectively, These limits are
basically those stated in buaring manutacturers’ Cataloys, Aauitivnal
discussion ot uses anu limitations of grease lubrication tn rolling-clemnt
bearings fs tound in | 10],

The sclection ot type or classitication ot yredse, by both consistency anu
type of thickener, is based on Lhe Lunperdtures, speeds, dnd pressures tu which
the bearings dre to be uxposed, A comprehensive discusston ot yregse types ang
compositions can be tound in reterence L12).  For most applications, the
rolliny-element bearing menutdcturer can recommeny the type ot yrease and in
SOy cases can supply bearings prelubricated with the reconmenued grease.

Althouygh in many cases a piece ot equipment with yrease lubricateg bal) or
roller bearings maey be uescribeu as "sealed for 1ife” or *lubricated for lite,"
ft should not be assumed that grease lubricated bearings have intinite yrease
lite, It may unly inply that that piece ot equipment has a usetul 1ife less
than that of the yrease lubricated bearing., Un Lhe contrary, yrease in an
operating rolliny-element bearing has a tinite lite which may be less than the
calculated tatigue 1ife of the bearing. Grease lite is limited by evaporation,
degradation, anafor leakage of the tluid from Lhe yrease. To preclude bearing
fatlure due to inadequate lubrication or worn out yrease, pertodic relubrication
shoula be scheauled,

The period of reblubrication is generally based un experience with known or
stmiliar systems, An equation estumating grease life in ball bearings has been
published by Booser L13]. The basis for the equation is a compilation ot life
tests on many sizes of bearings in electric motors. Factors in the equation
account for type of yrease, size of bearing, temperature, speed, and load, With
a combination of operating experience and trends trom the Booser equation, a
satisfactory relubrication schedule can generally be applied, When possible it
would be wise to observe relubrication intervals recommended by equipment

manuf acturers, since relubricstion shoulu be pasey on representative grease life
experience.

JET LUBRICATION

For rolling-element beariny applications where speeds are too high for
grease or simple splash lubrication, Jet lubrication is trequently useu to
lubricate and control bearing temperature by removing generated heat. In Jet
lubrication, the placement ot the nozzles, number ot nozzles, Jet velocity,
lubricant flow rates, and removal ot lubricant trom the bearing and immeutate
vicinity are all very important for satisfactory operation. Even the internal
bearing vesign is a tactor to be considered,

The importance of caretul and proper jet lubricating system desiygn was
Shown by Matt and Giannotti |14] and is summarized in Fig. 1. For seemingly
identical. beariny operating conditions of loau, speeu and lubricant tlow rates,
drastic ditterence in bearing operation anu temperature can be seen. In the
case shown by the dashed 1ines, temperature rises drastically with increased
tlow rate due to use ut simple oil jet directed at the loadey side of the ball
bearing inner ring and tnadequate scavenge port size, For the case shown by the
solid lines, properly placeu multiple jets and larger scavenye ports with an
external scavenge pump allowed a decrease in temperature with increaseu
lubricant flow rate Lo an optimum level. It is ubvious that some care must be
taken in gesigning & jet Tubricated bedring system,

The proper placement ot jets should take advantage of any natural bunginy
ability of the bearings. This is {llustrated in Fige 2 tor 4 ball bearing with
relieved rings and tor « tapered roller bearing, Centritugal torces aid in
moving the vil through the bearing tu cool and lubricate the elements.,
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Figure1, - Effectiveness of proper jet lubrication,
Solid line denotag muitiple, well placed Jet nozzle
with adequate scavenge. Dashed line denotes single
Jetwith inadequate scavenge, (Test bearings, 20 mm

bore angular contact ball bearings, thrust load, 222 N
{50 Ibl; trom [14],)

Directing jets in the radial gaps between the rings and the cage is
-beneficial, The design of the cage and the lubrication of 1ts surfaces sliding
on the rings greatly effects the high speed performance of Jet lubricated
bearings, The cage has been typically the first element to fai) in a high-speed
bearing with improper lubrication,

1t 1s shown 1in L15 and 16] that with jet lubrication outer-ring-riding
cages yive lower bearing temperatures ang allow higher Speed capability than

nner~ring-riding cages. It is expected that with an outer~r1ng-riding tage,
where the larger radial 9ap 1s between the inner ring and the cage, better
penetration and thyg better cooling of the bearing is obtained, Some
conflicting data exists, however, for 120~na- (4.7244-in.~) bore ball bearings
[17] which shows cooler bearing temperature with an 1nner~ring-riding cage,
This difference has not been resolved,

Lubricant jet velocity is, of course, dependent on flow rate ang nozzte
size, Miyakawa L16], in experiments with 30~ (1‘1811-1n.-) bore deep groove
ball bearings with outer-ring-riding cages, showed that Jet velocity has
si?niffcant effects on bearing temperature, Figure 3 trop (15] shows that Jet
velocities greater than 10 m/sec (33 ttfsec) ang preferably near 20 m/sec
(66 ft/sec) ape required tor good penetration andg cooling of the bearing. The
penetration ratio is the ratio of lubricant fioy transmitted through the bearing
to the total lubricant flow from the jet nozzle

It has been shown [15] that with proper bearing ang Cage design, placement
of nozzles, jet velocities ang adequate scavenge, jet lubrication can be
successfully used for small bore bail bearings to Speeds up to 3,0 million DN,
Likewise for large bore bal) bedrings (17], Speeds to 2.5 milljon pN are
attainable, Fop large bore tapered roller bearings (120, obwp (4.75-1n.) bore),
Jet lubrication was successfully demonstrated to ?.8 million ON L8}, although o
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Figure 2, - Placement of jots for ball bearings with ‘.
relleved rings and tapered-roller bearings,
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| 303 K; from (151,)




high lubricant flow rate of 0,018} wd/map (4,0 gp) and relatively low
eil-in temperature ot 360 k(1Y F) were reguireu,

UNGER-RALE LUBRTCAT JON

During the mid-1960"s, as spoeds of Lhe main shaft of turbujet ungines werg
pushed @ owards, a more etfuctive and ofticient means ot lubricating
rolling-element boarings was developed,  Lonventional Jet lubrication tailed to
adequately conl and lubricate the inner race contact a9 Lhe lubricant was thrown
contrifically outward, increased tlow rates only dadded Lo heat generation from
churning the oil,  Brown [19) describey an "underracoe 0ilinyg system® used in a
turbofan engine for both ball and vy linurieal roller bearings,  Figure 4, trom
[19], shows the technlyue used to yirect the lubricant under and contritically
out through holes in the fnner race to coul any ubricete the bearing.,  Some
lubricant may pass completely through under the bearing tor cooling only as
shown 1n Fig, 4(a), Although not shown In the tiyure, svie radial holes may be
used to supply lubricant to the cayn riding lands,

¢ OIL DISCHARGE
\

Ol JEY
\ // ‘ron Scoop
\ g
G
| - \g
\L UNDER RACE
COOLING GROOVES

{al CYLINORICAL ROLLER BEARING,

_~~OIL DISCHARGE =,

/- OIL SCO0P

N

; -
L AXIAL OIL
COOLING HOLES

(b) BALL THRUST BEARING.

Figure 4. - Underrace oiling system for main shaft bearings on
turbotan engine, (From (191,)

This lubricating technique has been thoroughly tested for large bore bLall
and roller bearings up to 3 million UN. Results of tnese tests have been
published by Holmes [20] with 125t (4.9¢21¢-in,-) bore ball bearings, Stgner,
et al, [21] with 120-nm~ (d,7244-1n,-) bore ball bearings, Brown, et al, (22]
with 124-nm- (4,8819-1n,~) bore cylindrical roller bearings, and Schuller | 23]
with 118-mm- (4,6457-1n.-) bore cylindrical roller bearings. An example of the
effectiveness of under-race lubrication and cooling is shown in Fig. b from
(17], Under-race lubricated pall bearthys ran signiticantly cooler than
fdentica) bearings run with Jet lubrication, Beyond lo 700 rpm (¢ million UN),
the bearing temperature with under-race lubricalion increased only nominally
while that with jet lubrication incredsed at an accelerated rate, Only at
reduced load could the jet lubricated bearings be run at 2.5 million DN,
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Figure 5, - Effectiveness of under-race lubrlcation with 120 mm-bore angular contact
ball bearings. (Oll-In temperature, 394 K (250° F); from {171, )

Under-race lubricatton was successtully used under ¢ variety ot load conditions
up to 3 million ON (17 any 213,

Applying under-race tubrication to small bore bearings (<40-mm bore) is
more difficult because of limited space available for grooves and radial holes,
and means to get the lubricant under the race. For a given UN value,

centrifugal effects are more severe with small bearings since certrifugal forces
vary with ON¢, Heat genetated per unit of surface ared 15 also much higher,
and hedt removal s more difficult in smaller bearings,

Although it was previously shown that operations up to 3 million ON can be
successtully achieved with small bore bearings with jet lubrication, some
advantages may be attafned {if under-race ° “ricatlion Can be used. Schuller [24]
has shown significantly cooler inner-racs weperatures with 3b-am- (l.3780-in.-{
bore ball bearings with under-race lubrication. As shown n Fig, b, from [24],
the eftect is greater at higher speeds up to 72 000 rpm (2.5 million DN),

Tapered roller bearings have been restricted Lo Jower speed applications
relative to bell and cylindrical roller bearings. The speed limitation is
primarily due to the (one-rib/roller-end contact which requires very carefy)
lubrication and covling consideration at higher speeds, The speed of
tapered-roller bearings is limited to that which results in a ON valye of
approximately 0.5 million UN (a cone-rib tangential velocity of approximately
36 m/se¢ (7000 ft/min) unless special attention is given to lubricating and
designing this cone-rib/rot ler-end contact, At higher speeds, centritugal
effects starve this critical contact of lubricant,

In the late 1960's, the technigue of under~pace lubrication was applied to
tapered-roller bearings, that is, to lubricate dnd cool the critical
cone-rib/roller-end contact, As described in 125], 88, 9-mm- (3,5~1n.-) bore
tapered roller bearings were run under combiney radial and thrust loads to 1,47
million UN with cone-rib lubrication {(the term used to denote under-race
lubrication in tapered-roller bearings).
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Figure 6, - Effect of under-race lubricatjon with 35-mm bore angular contact ball
bearings, (Total off flow rate, 1318 cm3/min (0,348 gpmy, oli~in temperature,

394 K (2500 F); from (24!, )
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Figure 7. - Tapered-roller bearing with cone-rib and Jot lubrication,

(From (18], )




A camparison of cope-pip lubrication ang jor lubrication was reported in
[18]) for 120, 00-m- {4 75~in,-) bope tapered-ralier bearings under combined
PAA L and thrust Toads,  [nese Bearings wera standard catalog bearing design
PACERL Far the darge end of (g roblee which was mage Sphoerical for a more
favarable contact with tiw LAl I Those Bearings that whed cone-pib
brication also g les deidley Lheaugh trom o manirard 1 the wane bare to
Hie undercut ot the Targe vng of o LR s shawn Wiy, Je The penglts of
(18] whow very significant advantage ot cone-rip lubrication as shown i
Fyge He At 1h oo rem (Lol i) von ) the bodring with cone-rib lubrication
had w cone tace tomperature 44 MO ) Tower than une with got lubrication,
Furthermwry, LIB) shows that the Lapered-rol lor bearing would oporate with
cone-rib lubricaton at Ly ooy rem with Jown than halt the tiow rate reguired
Tor Jet lubrication at thet shpoy ,

Further work hay shown SUCCOLSTU ] aperal fon witl Large bore tapered=rol lor
bearings at eyep Mgher speeds,  Orvoy L{OJ reportey on long term operetion of
107, 98- {deib=in,s) bure Lapered ruller boarings wnuer pure thrust load 1o o
mlon UN with o Conbinattun ot wone=rip Tubricat1on ang Jut lubricatfon,
Farker, ot al, 1£7] showed successtul operation ot OptimiZed desiyn 1ed, obenmme
(deZb<in, =) bory tapered=rol lury boarings under comb ey radial and thrust loay
with under-race lubrication to both larye ony {cone=riv) and small und tu speeds
up to 2.4 million oN,

Under«race lubricatjon has been shown to very successtully poduce
fhner-race temperatures, Howover, ot the bome i, outer pyce temperdtures
vither romain high [18) or are higher than wose with Jet lubrication as shown
h Fig. o teon Led]s  The use ot outererace cooltng can be used Lo reduce the
auter-race temperature to levels at or near the fnner-race temperature, . This
would turther add to to the speed Capab ity ot underergce lubricatey bedarings
and avold large ditterentials {n bearing temperature that coulyd Cause eacessive
fnternal clearance,

The effect of outer-race tooling (or cup covling in the case ot
tapered-roller bearings, see Fige 7) 1s shown 13 Table ) from [27], The cup
vuter-surtface temperature s decredsed to the cone bore temperature with cup
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Figure 8, - Advantage of cone-rib lubrication over Jet lubrica-
tion with 4, 75-inch bore tapored-roller bearings, (Oil-in
temperature, 330 K (170° £), from 11811
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TABLE 1, - EFFECT OF cup COOLING ON TAPERER-ROLLER
BEARING TEMPERATURES
(Shaft speod, 18 B00 remy oi1-1n temperature,
364 K (1959 F)y tgtal flow rato without cup
cealing, 0,0114 m¥/min (3,0 apm)i from (27),)

Cup cooling | Tomporaturo, K (OF)

giow rate,
m'/min (gpm) | Cone | cone Cup outor | 0110yt Cup conling
faca [bhoro surfaco ol)=0ut
0 389 423 438 426 veoun
(240) | (302) (329) {(307)
0.0038 (1.0) | am 424 424 426 386
(245) (303) (304) {308) (235)

e NO OUTER RACE
COOLING

e emen e OUTER RACE ;:OOLING
AT 1720 em?/min

&
1

3
1

8

i
g
I

(0,45 gpm)
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B 380f— 5
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& 2 40
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Figure 9, - Effect of outer race cooling on outer race temperature of 35-mm bore
bell boarings at 72 300 rpm, (0il-In temperature, 394 K (250 ), from 124),)

cooling, With the 36-mm- (1.3780-1n,~) bore ball bearings of [24), outer-race
cooling significantly decreased outer-race temperatures as shown in “{g. 9.
Under-race lubrication has been well developed fop larger bose nearings and
s currently being used with many afrcraft turbine engine matnshat, bearing,,
Because of the added difticulty of applying it, the use ot under-race
lubrication with small bore bearings has been minimal, but the benefits have
been demonstrated, 1t dppears that application of tapered roller bearings at

higher speeds using cone-rib lubricatton is fominent, but the experience to date
has been primarily in laboratory test rigs,
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The wse ot ynuer-race lubrication in q1] the previous work raterenced,
1nCluaes the use of holes Hireugn the rutating inner race, It myst e
FECOUNTZ00 that thase hales WEAREI Lhe InRer-race sbrgetyre angd could contribyte
to the possibility of ioner pqee fractury at eatremely high speeds, This subgoct
OF frackure ut nner racos Whoihen, ded by Banberger Ld&ﬂ tn anethor papor at
this cantoruice, (L iy, Apbarent however, that thy: tracture problem oxigpts uven

Without the Labrication holes T Lhe inner races, {
SPLASH OR OATH LUBRICAT JON
Lubrication of rolitng=clomnt bear ngs with clther Jots or undorerage b
techniques roquires the yse 0t a recirculating o) vysteme  Thesu systums can 1
¢ iude oaternal Bupsy t1Hters, huat eachangery fur of! cooling, scavenge
butivs, and flow contryl Juvices, or

Lhuy My be s finple butltedn pumps merely to L
circulate ubricant witnin a-guarbor,  For mony applicat fons where shafi speous
are Jow ang cooifng requirementy ape minimal, losy suphisticated methods of
lubrication gre not vitly adeguate vut desirable as wells  One such method 1s
splash or bath lubrication where port vf the bearing or an adjacent component 1s J
fmnersed in tubricant, Tnis methoy {y generally fneapens ive to incorporate ang
has law maintenance costs, It generally roguires tityle attuntion and {s
relfable, Since 4 fintile, and generally smg ) Quantity of lubricant {s used,
the system should be enclosed and well sealed, This 1s alse hecessary to keep
foreign debris and dipt oul uf the system since Lhe lubricant does not pass
throu?h filters as 1t would in a circulating system, The techniyue of splash or
bath lubrication i faoirly common in industrial dchinery where speed and
temperature conditions are not severe, Lonsequently, 1ittle if any new
technology has been developed or required in this area,

WICK LUBRICATION

A wick lubrication system is also relatively sinple and ihexpens fve to
fncorporate and maintatn and is commonly used in many less severe operaliny
conditions, This method uses a wick of felt or waste packing to 1
reservoir to the bearing, 011 is transported
materfal, The system can be designed to use lubricant recirculetion, This
circulation allows some filtertng of the lufricart,

Some more sophisticateq applicatiuns where wick lubrication is beiny used
Or proposed are in air turbine drives anu in energy storage flywheels, 1n both
applicatfons, speeds are generally high, but the environmental temperature 1s
low to moderate, Thus, cooling + ." the bearings with jet or under-race
lubrication is nat required,

The flywheej application presents ah added environmenta) condition; that
15, flywheels are generally run in a moderate vacuum to reduce windage losses,
Wick lubricated bearings promise to pe desirable for this application because of
relative simplicity and low torque losses,

Figure 10 depicts the wick lubrication of a ball be

aring to support an
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Figure 10, - Wick tubrication of ball bearing for energy storage flywheal,
-
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energy storage flywheel presently undergoing testing at the auther's
laboratory, The wool feit wick transports o1l from the reservoir to & tapered
sleove above the bearing, The oil is centrifugally fed to the boaring, 1s
circulated through the hearing and returned by gravity back to the reservoir,
Unpublished tests have shown stable and successful oporation with this system
with 25-mm bore ball bearings to 20 000 rpm in a vacuum of 0,1 mm Hg,

AIR=O1L MIST LUBRIGATION

Another commonly used lubrication method for roliing-alement bearings is
afr-o1l mist or aerosol lubrication, This method uses a suspension of fing o1}
particles in air as a fog or mist to transport ofl to the bearing. The fog is
then reclassified or condensed at the bearing so that the of) particles will wet
the bearing surfaces. Reclassification {s extremely important, since the small
o1l particles in the fog du not readily wet bearing surfaces, The reclassifier
generally {s a nozzle that accelerates the fog, forming larger oil particles
that more readily wet bearing surfaces,

Afr-oi] mist lubrication is non-recirculating; the ol is passed through
the bearing once and then discarded, Very low oil flow rates are sufticient for
lubrication of rolling-element bearings exclusive of the cooling function. This
type lubricatfon has been used in industrial machiaery for over 50 years. It is
used very effectively in high-speed, high-precision machine tool spindles.

A recent application of an air-oil mist lubrication system is in an
emergency lubrication system for mainshaft bearings in a U.S. Army helicopter
turbine engine. An emergency lubrication system was reéquired to allow safe
engine operation for up to 30 minutes in the event that the primary lubrication
system (recirculating jet) suffercd severe ballistic damage,

An experimental program which verifies the feasibility of this approach was
reported by Rosenlieb in [29]. It denonstrated that an afr-oil mist system
along with auxiliary cooling air could provide satistactory short term operation
of a 46-mm bore angular-contact ball bearing to speeds up to 3.0 million DN,
Successful tests up to 100 hgur duration were performed at 2,0 million UN with a
mist oi1 flow rate of 284 cm3/hr (16.7 in.3/hr), a cooling air flow rate of
0,337 semm (11,9 scfm) and a bearing temperature of 472 K (3900 F), This ofl
flow rate to the bearing is at least two orders of magnitude less than would be
required in a jet lubrication system for these conditions. Howsver, over a 100

OPERATING REGION FOR MOST
10 INDUSTRIAL APPLICATIONS =
00000007, —_
REGION OF POSSIBLE
SURFACE DISTRESS
80— FOR BEARINGS WITH
SEVERE SLIDING
o, e B
ION- V,
E 0| RELATED SURFACE %/ LIFE
o DISTRESS /
§ 4
E o
20—
ol L | ///:;; L .. l L1
4 N 1.0 40 6.0 10

2,0
EHD FILM PARAMETER, A
Flgure 11, - Percent fiim as a function of EHD tiim parameter. (From [311,)
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BOUr period, 1t reprosits over co,h 1t ers 2 gale) ot ol discarded to the
eavironment, Lor this reason arr-ot) Systems are not generdlly used top luny
term vperaton 1w the more seyere operating candit oy such as those in direratt
turbine main shatt bearings,

Where ar-wal mint systems are mon e COmonN,
the ont 1 low rates are signit reant ly lons,
which can be tailoreg to supply tubricant ty
tumber ot bearingy,

SUCh an machine toud spindles,
pystems are conmers i) ly avatlobie
e centeal source tor g large

CUBRLCATION RULATED SUREACE EATLURE MOULS

Ay discussed varlior, the (00 film paramtoy A
an whether satistactory Bedtng aperaton is attained,
that surtace tailure aodes 1 rolling-oloment boarings can be yonerally
categorized by the valoe of A, lhe film pardmeter nas been shown to be reldated
to percent tHlm, or the Lime percentage durtnyg which the fwontact iny" surtaces
are tully soparated by an o1l f1ilm, by Tallian [30) and Harris [3l]s The
relationship iy shown in | e o for A s 3 the surtaces are for practical
purposes completely soparated,

has o signiticant ettogt
It has been obaerved

13) NORMAL RACE APPEARANCE AFILR BEING {bI RACt APPLARANCE AFIER GLAZING.
RUN WHH FULL ELASTOHY DRODYNAMIC
LUBRICATION,

SUPLRIICIAL .
PITIING oAz ING [

() RACE APPLARANCE AFTER GHAL ING AND (b RACE APPEARANCE ALIER SMEARING.
SUPLREICIAL PINTING,

Figure 12, Hiectof THD lubrication on surface damage to bearing raceways. (From 1331,
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For A« & varioys dearees ot asperity contact oLeurye The ottect of Lhe
degree of contait on SUELICO daiyge (o hoaring Fateways was related to A by
Talltan |32 any by Zaretshy amd Anderson L33 Phatograpns of bearing racoways
SIOWING various Lypey o SUETCC Daiige e shown 1 Ftae 1w 1t has been
aoduced that top o Jowy, Lhan ],

‘ SOVEre surt ace distress, such s stwaring opr
detormat ion with wear will occur gy g b Liqay,

The A pange between L oand & iy whoere mainy rolting olemont bedrings
usually oporate, for HOS range succens u) vperation dopends op dudditiona )
factors such gy Iuhrlmunt/malvrtul interactiony, Tubracant audit jve eiteats, the
dogree ot sliding o SETNYG 0 the contadt, an Surtace texture (other than
PIS surtace tinish), ne SUFtaCes may appear gy i Pige 1D), with only minopr
surface glazing or detormal jon O asperity poaks,  Op Lhey may appoar as in Fiy.
12(¢), whore SUpOrticial pitting CLLUEy atid Lhe distress” 1s ore sovere,  This
distress generally ocours when there s gope sTiding or sptaning in the contact
(such as in angular contact ball beartngs) and when the lubricant /matorigl and
surface texture ottects

S oare less favorahle,

—)’ k-

Flgure 13, - Peeling on lapered roller boaring racoway,
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Anothor type of surface distress rolated Lo £ paramater A §g peeling
which has been seen in tapered-rol lop bearing raceways, Peeling, as described
by Littmann ang Moyer [34], is g vory shallow area, unitorm in depth usually
less than 0,013 mn (0,0006 jn,), Fig, 13 shows g CUp raceway surface of g
tapered-rollor beartng with pee

Ving, It was shown that this mode of distrass
could be eliminatey by improving the A value (unpublished tosts at the

author's laboratory), By itproving surtace finish angd lowering operating
temperature to ingcrease Ay the peeling distrons was avofded,

To preclude surface aistress and possihle early rolling-cloment bearing
tatlure, A valuos loss than 3 should bde avoidey, When this condition is
attained, the appearance of Lhe racoway surtace Should be simflar to that of
Fig, 12(a) whero original grinding marks ang texture are unchanged,

LUBRICATION EFFLLTS On FATIGUE LIFE

The EHU film parameter A has added signiticance with respect to the )
fatigue life of rolling-element bearings, Tallian L32] related A to bearing
spalling fatigue life g shown in Fig, 14, pNote that the curve extends to

values Tess than |, This fmplies that eyen though A is such thet significant
surfaces distress could occur, continued vperation would result in surface
fnitiated spalltng fatigue,

300

REGION OF LUBRICATION
RELATED SURFACE DISTRESS

] ]

2 4
EHD FILM PARAMETER, A

Figure 14, = Group fatigue lite Lyg s a tunction of EHD
film parameter, (Erom 132),) .

Skurka [35] published results of tatigue tests with cylindrica) roller
bearings over 4 range of A values simflar to that of Fig, 14, The authors of
36) have recommended an gverage curve, Fig, |5, based on both Tallians' L32]

and Skurka's [35] date. This Lurve can be used to determine g tubricat on
factor., To obtain a bearing lite that 1s adjusted top lubricat on effects, the
calculated AFBMA bearing life 1y miltiplied by this factor,

The effects of lubrication on fatigue Tite have been critically explored by
Tallign [37) who describes a mope suphisticated aodel witich includes asperity
slope and traction effocts among other tactors, This work 137] and that of Liu,
et al. [38] 1s usetul in eaplaining some of the

scatter that has been observed
th data showing effects of lubricavion on tatigue lito,

|

U}

16




3« s o
B FROM 35|

3,0 MEAN CURVE OF (321
AND 135 RECOM-
MENDED FOR
USE
€ sl
=
S
g 2.0}—
g L5}— FROM (32]
8
3
3 l.o—-—-— — . — p—
S CALCULATED FROM AFBMA
S
0111' 1 1 Lot o]
6 .81 2 4 6 8 10

EHD FILM PARAMETER, A

Figure 13, - Lubrication-life correction factor as a function
of fambda, (From {36),)

Life correction factors for lubricant effects are now being used in
sophisticated computer programs for analysis ot rolling-element bearing
performance such as those of Crecelius L39] and Klechner [40]. In such
programs, the lubricant tilm parameter is calculated, and a dite correction
factor is used in bearing life calculations. Further discussion of these
computer codes can be found in another paper at this conference by Pirvics [41].

A practical account of the etfect of the lubricant film parameter A on
bearing fatigue Iife is given by Russell and Clark L4¢1e A group of aircraft
turbine engine main shaft ball bearings were tound to have poor outer raceway
surface finishes. The faifgue life determined from riq testing these bearings
was found to be significantly less then the life of s flar bearings with proper
surface finishes and considerably less than predicted by methods of [36). The
bearings with poor outer racoway finishes had a caleulated A value at the
outer-race-ball contact of 0.7. Acceptable finishes an the outer raceway gave a
calculated value of approxtmately 3. The experimentil results showed two orders
of magnitude life ditference, whereds the esredicted lite vifference was
considerable less than one order of magnitude,

No other published data known to the author have shown such larye life
difference due to lubrication effects. It is pussible that other factors
entered fnto the lite reduction such as material/ lubricant interactions and
chemical eftects. Up to now, tnvestigators have concentrated on the physical
factors involved to oxplain the greater scatter in lite results at low A
values, Material/lubricant chemical interactions have not been adequately
fnvestigated.  From decades of boundary lubrication studies, 1t is apparent that
chemical eftects must play o stgnificant role where there is appreciable
asperity interaction. More work needs to be done in this ared,
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LUBRILANT CONTAMINATION AND FILTRATJON

It s well rocognized that fatigue failures which occur on rolling-element
contacts are a consequence of competitive failure nodes developing primarily
from efther surtace or subsurface defects, Subsurface initiated fatigue, that
which originates slightly below the surface in a region of high shearing stress,
s genarally the mode of tailure for properly designed, wel) [ubricated, and
well maintained rolling-clument bearings, Surface initiated fatigue, often
originating at the trailing odge of a localized surface defect, 1s the most
prevalent mode of fatigue failure in machinery where strict lubricant
cleanliness and/or sufticient EHD f1lm thickness are difficult to maintain,

The presence of contaminants in rolling-element systems will not only
increase the 1ikelihood of surface initiated fatigue but can lead to a
significont degree of component surface distress. In (43), experiments
performed on tapered-roller bearings have shown that wear is proportional to the
amount of contamination in the lubricant, and that the wear rate generally
increases as the contaminant particle size {s increased. Furthermore, the wear
process will continue as long as the contaminant particle size exceeds the EHD
film separating the bearing surfaces. Since this film thickness is rarely
greater than 3 microns (118 win.) for a rolling contact component, even
extremely fine contaminant particles can cause some damage.

The research of [449 showed that an 80 to 90 percent reduction in ball
bearing fatigue life could occur when contaminant particles were continuously

fed into the recirculating lubrication system. Also, ball bearing life tests
reported in H45) suggest that the use of an "ultraclean" lubrication system may
ng life several-fold over a conventional lubrication system.

improve bear

PR

{a) TEST BEARING SUSPENDED AFTER 1172 hours FROM 3-micron-ABSOLUTE FILTER TESTS WITH CON-
TAMINATED LUBRICANT (TEST SERIES I,

. : — "
(b) TEST BEARING SUSPENDED AFTER 987 hours FROM 30-mictori-ABSOLUTE FILTER TESTS WITH CON-
TAMINATED LUBRICANT (TEST SERIES D),

Figure 16, - Macro- and SEM-photographs of inner races of 65-mm bore ball bearings showing progtessive
surface damage of running track with coarser tiltet size, (From 146], )
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(d) TEST BEARING SUSPENDED AFTER 449 hours FROM 105-micron-ABSOLUTE FILTER TESTS WITH CON-
TAMINATED LUBRICANT (11 ST SERICS V),

Figure 16 , - Concluded,

Loewenthal and Moyer [4b) reported that finer filtration improved bearing
fatigue life and decreaged wear of bearing components run in a system containing
lubricant contaminated with carbon, siliceous and metallic particles. The
photographs in Fig, 16 show inner raceways of the 6b-mm- (2,5590-1in.-) bore ball
bearings run in these tests and illustrate the progressive incredse in surface
distress and wear with coarser tilter size, This is reflected by an increase in
the intensity and widih of the wear track coupled with the increasing absence of
%rinding marks., Although bearing fatigue 1ife was similar for the 3 micron and

0 micron filter tests, the use of filters coarser than 30 microns reduced
bearing fatigue life as shown in Table 2,

There has been a reluctance to use fine filters because of the concern that
fine tubricant filtration would not sufficiently improve component reliability
to Justify the possible increase in system cost, weight, and complexity. In
addition it is presumed thal fine filters will ¢loy more quickly, have a higher
clean pressure drop, and generally require more maintenance than currently used
filters. The study described by Lynch and Cooper [47] demonstrated that these
presumptions are not always correct, In this study, tests were performed on @
3-micron absolute main oil filter which replaced the original production
40-micron nominal (65-micron absolute) filter for a helicopter gas turbine
engine lubricetion system, The new tilter elements provided a much c¢leaner
lubricant with less component wear, while greatly extending the time between
filter removals for clogging and vil changes, This was accomplished with a
modest increase in filter size and weight and with a new filter clean pressure
drop nearly the same as the original production unit, The turboshaft engines
which power advanced helicopters such as the Army's UTTAS and AAH now use
3-micron absolute filtration in their lubrication systems.
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TABLE 2. - FATIGUE-LIFE RESULTS OF oo MILLIMUTCRS BORL BALL BEARING TLSTS FOR
VARIOUS LEVELS OF FILTRATION IN A CONTAMINATED LUBRICANT

Ragial Yoad, 4660 N (1030 1bf); spood, 16 000 rpm; temporature, 347 K
( ?lﬂb“ f)z'tnsc Tubricant, le—L~san§9 typey from (46}.) '

Tost Tost | Caporimontal hours | Welbull Fdiiiirg Canf idonco numbor, ¢
sorion® | fittor |- S —— slape indox porcent
absg}utv H);pori;nm %:?;pvrlwm P T :
ratin 0 00 | g «porcont |60-pdrean
" o tTH ' Y"o ?"o
] m 00 | e | 1ed | emtere ] s .
11 3 [ 093 2.8 10 out of 16 63 (1]
1" 30 694 R4/ 6,12 11 out of 18 U 99
dév 132 367 633 5,08 20 out of 32 89 99

0708t sorfos ! used cloan o1, In ot bchor» contaminants wore added.
Numbor of fatiguo failures out of number of boarln?s tostod,
Probability oxprossed as o swrcontagv that the fatigue Yifo in the comtaminated

lubficarl\t tost sorios will be loss than the 1ife with the clean ofl in test
sorfes |,

drost serdos V was suspendod aftor 448 test hours on edch of the tost bearings
due to oxcessive bearing wear, No fatigue failyreg were encountered,

CONCLUDING REMADKS

This paper provides a broad survey of the lubrication of rolling-element
bearings, It covers the basic functions of a lubricant, how to get it to the
bearing and what happens if it ts not successfully applied, Types of
Tubrication ranging from routine grease or splash methods to the more
sophisticated under-race lubrication and cooling techniques are discussed,

Emphasis s on the state of the technology ard limitations of the various
methods of lubrication. For ball bearings, cylindrical roller bearings, and
tapered-roller bearings, great gains have been made in the last decade to extend
their speed capabilities. Undererace lubrication now allows reliable operation
to such high speeds that a material énd stress related problem (inner-race
fracture) has become the limiting factor.

Temperature limitations of rolling-element bearings are less related to
method of lubrication than to the temperature limitations of the lubricant
itself, The use of under-race and outer-race cooling should however, extend the

useful temperatures range by keeping raceways cooler for better EHD f{im
conditions,

For very high temperatures, cryogeric temperatures or high vacuum
environments, a designer now has some choice of solid film lubrication, transfer
film lubrication, or lubrication with some of the newer greases. These are,
however, limited 1ife applications compared to proper oil lubrication,

The limits and techniques for jet lubrication are fairly well defined for
ball bearings and tapered-roller bearings. Jet lubrication of cylindrical
roller bearings has recetved little attention in recent years, but is being very
Satisfactorily used for both large and small sico bearings in current aircraft
turbine engines,

The use of energy storage flywheels, either in transportation systems or in
stationary applications may require rolling-element bedarings to operate reliably
fn a vacuum enviromment for extended periods of time, A wick lubrication system
1s propused, but turther testing s necessary to prove its long term operation.

The effects of EHD lubrication and the consequence of marginal EHD £1{lm
thickness have become understood to the point that they can be used to better
predict performance and 11fe of rolling-element bearings and to aid in
diagnosing lubrication-related bearing failures, However, the effects of
chemical interactions, where there s appreciable asperity contact at low
values, 15 an area requiring better understanding,
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Subscripts:
1, 2

Xy Y

APPENDT X ~ LYMBUOLS
semimdgor anty ot contact o) Npse, o (in)
SEIMINOr aais of contact 2l hpse, m (1p,)
modutus of elastivity, N/mE (pai)

mud it ed modulus of elaaticity,
0

Wetbull slope

normal applied lvad, N (10)

dimenstonless materid) parameter, £'/Pg
dimensionless minfmum t 1 thickness, h/Ry

film thichness, m (1n,)

ellipticity parameter, afb

ambient pressure, N/mé (psi)

asymptotic {soviscous pressure, N/me (psi) (Ret, 3)
radius of curvature, m (in.)

eftective radius ot curvalure, m (1n,)

s

PR I - A -

x " T Ry Py Ty
dimensionless speed parameter, {uug) 1(E*Ry)
surface velocity in x direction, mfsec (in./sec)
dimensionless load parameter, F/(E‘Rg)
lubricant fiim parameter, hjo
dynamic viscosity, N sec/mg (1b sec/in.2)
Poisson's ratio

composite surtace roughness, micrometers (ping)

surtace roughhess of bodies 1 and 2, micrometers (pin,)

bodies 1 and 2

coordinate dirvctions
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