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Elatohydrodynamic lubrication has hed its most significent impact on, among all the types of concen-

trat'd contact mechanisms, rolling element bearings.

EHL technology, through its inclusion in com-

puter codes, now provides us with more effective methods for optimizing bearing design and for pre-
dicting bearing life, power loss, temperature and dynamic behavior, Bearing life prediction has
advanced to a much more sophisticeted level as compared to the calculation of fetigue life¢ hased on
Lundberg-Palmgren theory. Application of elastohydrodynamics to gearing has, more or les,, beer
limited to the calculation of pitch point film thicknesses. Techniques for caleculating «ilm thick-
nesses over the entire range of tooth meshes for arbitrarily sheped gear teeth (noninvolute, spur,
helical, etc.) need to be developed. FElastomer seals with both unidivectional and reciprocating
motion offer a fruitful application for the elastohydrodynamics ~f low modulus materisls.

1. INTRODUCTION

Our present knowledge and understanding of elas-
tohydrodynamics appears in an extensive array of
analytical and experimental research papers in
the literature. These are summarized in several
excellent review papers such as those by Dowson
(1), McGrew, et al. (2), and Cheng (3). It is
not the purpose of this paper to rereview the
state of the art of elastohydrodynamics, but
rather to examine where and how it has been aj -
plied, and, if possible, to assess its impact.
Papers dealing with EHL research, such as those
summarized in (l-3), are relatively easy to un-
cover in a straightforward literature search
since their dominant theme is elastohydrodynam-
fcs. Applications papers, however, are in gen-
eral not so easily searched out becaure their
theme is usually a machine element or system.

The object of this paper is to brieily
trace the application and impact of elastohydro-
dynamics on rolling element bearing, -ocar and
seal technologles. As will be shown, elasto-
hydrodynamics has had its most significant im-
pact on rolling element bearings with lesser im-
pacts, as of this writing, on gecrs and seals.
Elastohydrodynamic research has, firstly, lead
to a better understanding of how bearings, gears
and seals as well as traction drive elements,
metal forming processes and human joints func-
tion. Secondly, it has impacted the design of
these mechanisms. Its influence on design will
be traced. Finally, additional areas of re-
search with applications potential will be brief-
ly discussed.

2. APPLICATIONS OF ELASTOHYDRODYNAMIC RESEARCH

2.1 Rolling Element Bearings - Quasi Static
Analyses

2.1.1 Ball Bearings

The evolution of analytic techniques for predict-
ing ball bearing performance and life presents

an interesting story because it has been signifi-
cantly influenced by elastchydrodynamic research.
The first widely used ball bearing analyses were
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conceived by Jones (4 and 5) before there was a
general awareness of elastohydrodynamic lubrica-
tion., Jones made the assumption that coulomb
friction existed at the ball race contacts and
develcped his equations for a quesi-static anal-
ysis on that assvmption. This leads to the com=
monly known "race-.ontrol" thecry which assumes
that pure rolling (except for {eathcote inter-
facial slip) can only occur at one ol the ball-
race contacts. All of the spinning required for
dynamic equilibrium of the balls would then take
place at the other or "noncontrolling" race con-
tact. Jones' analysis proved to be quite useful
and accurate for predicting the effects of speed
and loac on fatigue life, but it was not useful
in predicting the onset and magnitude of skid-
ding (ball and cage slip) which generally occurs
under high-speed light-load conditions. Harris
(5) extended Jones' analysis, retaining the as-
sumption of coulomb friction but allowing fric-
ticnal resistance to gyroscopic moments at the
noncontrolling as well as the controlling race-
way contacts. Harris' analysis (6) is probably
quite adequate for predicting bearing perfor-
mance under conditions of dry film lubrication
when there is a complete absence of any EHL
film,

Harris (7) first incorporated EHL relation-
ships (nto a ball bearing analysis. He used the
Archard and Cowking (B) point contact film thick-
ness equation, assumed the lubricant toc be New-
tonisn and that its viscosity was a function of
pressure and temperature. As shown in figure 1,
the analysis agreed better with skidding data
than did the race control theory.

A revised version of Harris' computer pro-
gram called SHABERTH was developed incorporating
actual traction data from a disk machine. This
program was then revised by Coe, et al. (9) sub-
stituting subroutines for traction force based
on Allen, et al. (l10) and film thickness versus
load based on Loewenthal, et al. (11). These
two computer programs were then used in an at-
tempt to correlate predicted and measured bear-
ing operating temperatures and power loss. Typ-
fcal data are shown in figure 2 (9). In general
the revised SHABERTH program showed better agree-
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ment with 120-mm bore ball bearing experimental
data. The principal d'fference between the two
programs is the film th'ckness load relatimship
assumed. It should be a.ted that there is con-
troversy regarding the film t! .kness load rela-
tionship st high velues of contact stress.
Gentle's, et al, data (12) for point contact is
seen to ve in “onflict with the data used by
Loewen:hal, al. (11) which was obtained using
an X=ray te .nique and elliptical contacts.

In the early development of EHL analyses it
was assumed that the inlet r glon of the contact
was fiooded with lubricant, and much of the
early experiments were carried out with systems
having & copious supply of lubricant. Orcutt,
et al. (13) first pointed out the possibility of
starved EHL contacts due to restricted lubricant
supply. A number of investigations, both ana-
Iytical and experimental, have since been cca-
ducted which confirm the possibility of starved
EHL contacts occurring in machine elements, and
which now allow calculation of the effects of
the degree of starvation on film thickness.

(See Hamrock, et al. (14) for example). Starva-
tion is most likely to occur in sparsely lubri-
cated bearings such as instrument bearings (13),
and possibly in high speed bearings, as well,
even under conditions of copious lubricant sup-
ply. What needs to be done to be able to apply
starvation theory Lls to develop the means, based
on system design and operating variables, to cal-
culate the degree of starvation in operating
bearings.

The key elements in more accurately predict-
ing bearing performance sre better predictions
of film thickness and tractive force. Elasto-
hydrodynamics has certainly stimulated research
on lubricant rheology which is leading to the
development of better models for calculating
tractive forces.

2.1.2 Cylindrical Roller Bearings

The development of analytic tools for predicting
performance and life of cylindrical roller bear-
ings parallels that for ball bearings. As with
ball bearings, the assumption of Coulomb friction
at the roller-race contacts resulted in poor cor-
relation with skidding data, Roller bearing
skidding at high speeds and light lcads is a
more severe problem than it is in ball bearings.

Harrie (15) first introduced elastohydro-
dynamics into a roller bearing analysis. He as-
sumed that the lubricant viscosity was an expo-
nential function of pressure and temperature and
used Dowson and Higginson's method for determin-
ing forces (16). Poplawski (17) extended Harcis'
analysis to include fluid churning loss, cage
pilot surface friction and cage unbalance ef-
fects, Finally, Rumbarger, et al, (18) calcu-
lated film thickness based on Dowson and Higgin-
son (16) and Cheng's thermal effects (19), and
introfuced a traction force subroutine fitted to
disk machine data. The correlation of these
three analyses with experimental data, taken
from (18), is shown in figure 3. The increasing
degree of sophistication of the fllm thickness
and tractive force calculation methods is evi-
dent In the improved correlation with experimen-
tal data.

An attempt was made by Ford, et al. (20) t«
explain instabilities in roller bearing cage
slip as being caused by lubricant traction
curves which exhibit a pronounced peak. Cage
slip instabilities, in which the magnitude of
cage slip cycles back and forth between two di;-
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tinctly different levels, has been cbserved by @
number of researchers. Traction curves exhibit-
ing & peak would presumably sllow the equilibrium
of forces to be satisfied at two distinctly dif-
ferent cage speeds for & given shaft speed. .in
understanding of cage instabilities and other
transient behavior modes in rolling element be.r-
ings is necessary to further progress in bearing
technology.

A detailed study of the sources of power
loss in cylindrical roller bearings was carried
out by Astridge, et al. (21). Bearing power loss
in aircraft turbine engines is critical because
of the limited heat sink available to which the
frictional heat generated can be rejected. Sur-
prisingly, the most significant single source of
heat generation was found to be the EHL films
between the rollers and races. The Dowson and
Higginson (l6) expression for rolling friction
was used. Two cases were examined - one a rela-
tively low flow rate lubrication system, and one
@ high flow rate system, The heat generation in
the EHL films was 62 and 60 percent, respective-
ly, of the total bearing heat generation, Stud-
fes such as (21) provide valuable insight and
guidance for designers faced with problems of
optimizing design for minimum heat generation or
other bearing parsmeters.

2.1.3 Tapered Roller Bearings

Wren, et al. (22) used Dowson and Higginson (16)
and Archard and Cowking (8) to calculate, with
the appropriately developed kinematics, the
roller-cone, roller-cup, and roller-rib film
thicknesses., Investigations of this type and
those vl ¥arna (23) can be used to optimize the
contour of the rul'ler end-rib geometries. This
contact, illustrated in figure &4, is critical to
the successful operation of tapered roller bear-
ings at high speeds., High speed tapered roller
bearings for application in advanced transmis-
sions and engines are under development.

2,2 Rolling Element Bearings - Dynamic Analyses
2.2.1 Ball and Cylindrical Roller Bearings

The quasi-static analyses previously described
are suitable only for describing steady-state
bearing operation since they tacitly assume that
an equilibrium of forces exists at all times,
Evidences of transient behavior and instabili-
ties have been observed, for example, in gyro
bearings by Horsch (24). These have provided
the stimulus for full scale dynamic analyses
which will, hopefully, improve our understanding
of cage instabilities and other transient phe-
nomena. Because of the even greater complexity
of dynamic analyses as compared to the quasi-
static type, accurate relationships for film
thickness and traction are evi . more critical.
Walters (25) made the first attempt at an
analysis to explain cage dynamics in gyro spin
axis ball bearings. Although he simplified the
analysis by placing certain constraints on ball
motion, he obtained some useful results. The
EHL traction analysis developed by Walowit and
Kannel was used by Walters. Gupta (26) solved
the generalized differential equations of motion
of the ball in an angular contact ball bearing.
He used Dowson and Higginson (16) with Cheng's
(19) thermal and side leakage effects for film
thickness calculation, and three traction models.
Two traction models were developed experimen-
tally and the third model assumed was a constant
traction coefficient. Solutions for ball motion
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ond wkid were obtained. Gupts continued his dy-
namic analyses for both cylindrical roller bear-
ings (27 and 28) and ball bearings (29 and 30).
Again, Dowson and Higginson v’'th Cheng's thermal
effects are used for film thickness calculation
together with tractizn models developed for two
lubricants by Smith, Walowit, snd McGrew. Some
of the results obtained from Gupta's analyses

are still being interpreted, but there is no
doubt that they represent an advance in our abil-
ity to understand and predict beasring dynamic be-
havior.

<3 Rolling Element Bearings - Life Prediction
Considerable advancements have been msde over the
past decade in the snalysis and underi.tanding of
rolling contact failure mechanisms and life pre-
diction, Elastohydrodynamics has, without a
doubt, provided the principal stimulus for there
advances. It brought about an awareness of, and
consequently related resesrch un, the many fail-
ure modes that can occur in rolling elament bear-
ings. These include classical subsurface fa-
tigue, surface initliated fatigue, and wear, de-
pending on the elastohydrodynamic conditions
present. Other bearing failure modes are not
germane to this discuseion,

Tallian (31) tirst investigated the concept
of competing failure modes, the engineering pa-
rameters influential in causing contact failure
by any failure mode, and releced failure mecha-
nisms to the engineering pavameters. Of partic-
ular interest here is the uppearance in (31),
shown in figure 5, of what is now known as the
lambda curve - the relationship of bearing life
to the ratio of minimum f.lm thickness to com-
nosite surface roughness (now commcnly designated
as lambda). Tallisn recognizcd che dependence of
the failure mode, and thus of besring life, on
the value of lambda. He reported observing sur-
face distress at values of lambde below 1.6, but
noted that the severity of th: surface distress
was not only dependent on the value of lambda
bu* also on the boundary lubricating abilities
of che lubricant and the nature of the rolling
surfaces (i.e., solid lubricant coatings).

Skurka conducted fatigue life tests of cy-
lindrical roller bearings operating under various
lambda values (32), and developed an empirical
equation tc predict the effect of varying lubri-
cant and surface finish conditions on fatigue
life. Similarly, Danner (33) conducted fatigue
tests with tapered roller bearings operating
under various lambda values. In contrast with
previous data on ball and cylindrical roller
bearings, Danner's tapered roller bearing data
showed a less severe decrease in bearing life at
lambda values less than 1. The bearings used to
accumulate the data reported by Danner were car-
burized and generally had considerably rougher
surface finishes as contrasted with the through
hardened, more finely finished bearings reported
on by Tallian and Skurka. Ome observation that
can be made after surveying the life-lasmbda
curves is that there is considerable scatter In
life among bearing lots tested at conditions re-
sulting in low values of lambda  Accordingly,
the authors of (34) recommend an average curve
based on Tallian's and Skurka's data (fig. 6).
The bearing life calculated from AFBMA is cor-
rected by multiplying by the Lubrication-Life Cor-
rection Factor. Refcrence 3, as a design man-
ual for the prediction of ball and roller bearing
life taking into account elastohydrodynamic ss
well as other factors, is a testimony to the im-
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pact of EHL on the increasingly sophisticated
bearing life prediction techniques which have
evolved. Anreason, et al. (35) developed an
snalytical expression for the life adjustment
factor which takes sccount of the lubrication in-
fluence on besring life. Andresson's expression
is more convenlent to use Lhan the graph pre-
sented in reference 34.

It is easy to visuallse why there (s more
varistion in life among bearing lots run at low
lambdas than at high lambdas. At lembda values
sbove ) the EHL film {s thick and continuous with
no significant asperity contsct, The stress dis-
tribution s close to ideal, fallures are clas-
sical subsurface fatigue end, for & given lubri-
cant, only the basic material properties consti-
tute a determining factor. At low lambdas the
situstion is infinitely more complex. With fre-
quent or even continuous asperity contact, micro-
geometry and starvation effects as well as
lubricant-material chemistry become critically
important. Becsuse of {ts complexity the low
lambda or "mixed EHL" regime is less well under-
stood. It is also here where the greatest poten-
tial gains can be made through further research
simply because the machine elements operating
here are the victims of early mortality. It is
not surprising, from these observations, that
much of EML research is now concerned with the
low lambda region. Liu, et al. (36) determined
that, at lambda values below 0.5, the variation
in lambda explains only & minor portion of the
scatter of fatigue lives. Bearing type, material
type, surface voughness range, and pre-existing
defects all apparently contribute to the life
variation at low lambdas. Moyer, et al, (3i)
discusses the life results obtained with tapered
roller bearings in terms of & time transit-
hydraulic crack propagation hypothesis. A re-
gression analysis conducted on the data obtained
with 28 lots of bearings indicated that the time
transit is a factor that cannot be neglected.

2.4 Applications of Elastohydrodynamics to
Bearing Testing end Field Problems

There have, undoubtedly, been innumerable exam-
ples of the application of elastohydrodynamics
to predict bearing EHL film conditions and bear-
ing life before finalization of design. These
examples generally do not appear in publications
because they are merely part of routine design
procedures in many engineering departments. Two
examples of how elastohydrodynamics assisted in
defining and solving bearing problems will be
described.

Bamberger, et al. (38) conducted fatigue
tests with 120-mm bore angular contact ball bear-
ings at temperatures from 2059 to 315° ¢ (400°
to 600° F) in an inert environment to prevent
oxidation of the test lubricant. Because of the
very low viscosity of the test lubricant at the
highest test temperature it was necessary to
closely examine the EHL film conditions, Pre-
liminary tests were conducted in a rolling disk
machine to determine the film thicknesses at the
three test temperatures and expected bearing con-
tact stresses, It was determined that the bear-
ing raceways would have to be honed rather than
ground and polished to obtain a surface finish
fine enough to insure satisfactory values of
lambda at the ball-race contacts. Table I shows
the film thickness and lambda values obtained
from the Jisk tests and the ratios of bearing
life to AFBMA calculated life. The bearing Lw
life at 315° C (600° F) was approximately 15
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Clmes (he expected AFRMA Life. iy very slight
sutface distress vas noted in (he vaceway (vacks
of the besvings tesbed at 315% ¢ (80" F). N
sutface distiess vas present in the beavings
tested at 20N ¢ | F) and J00% ¢ (S0OF 1),
Avoldance of excessive suvface distvess and de-
praded Life would not have been possible at the
Dighest (ost tomperatuve without heaed vacewsvs,
a nonstandard provedure at the time

Russell, ot al. (W) vevsunt & story of how
& pvoup of M atvevaft tuibine ergine mainshatt
ball beavings with seviousiy discvepant sutey
taceway surface finishes were fnsdvertently iun-
stalled in production engines, and the steps that
WL Nevessaly (o take, fivel, o sssens Lhe
problem, and them (o covvect it The beavings n
this Lot had cuter vace tvack suviace (inish
vanging fvom O, 180 um (& win, ) o Q5% um (22
wing) with the malority in the venge of O 3% um
e win) An analyveis was made on the basis of
EHL theory (o determine (he effect of the wh
sutface tintshes on Dearving life and vig teste
were conducted (o verifty the analveis, e (a
tigue life detommined duving vomponent (esls was
found to be significantly leas than the life of
similay Deaviogs with pyoper finishes and con
sidevably less than predivied by available ana
Ivtival methods, The veasults of the analveis anl
vampenent tests ave shown in flguie ™he Jdis
vivpandy bPetween analvitval ife prediciion el
the assumad life based on the teat poinis ia be
Lieved due 1o the wide vange of suitfave fintshes
Rased o0t these test vesults, & prodiction was
wmade of the sumber of fatluves expecied in avtual
engines and engines having svapect deavings weie
suvvessfully vetvoritted o precivde the poasi
BLILEY of promatuve beaving falluves

0% yeavs

A geay tooih swahing cvvle i wove difficult o
analvee than is # ball ov vellevevece contact

v the case of beavings & steady state situalion
prevails: tn the case of & gear tooth meshing
vyele a highly unsteady state comdition of
changing Kinemation (alidesvell vatin), contact
load, contact geowetvy, sl surlace Lempevatuve
prevails fvom the (ivet peint of tooth tip oo
tact te the end of vontact at the teoth denden
i Te fuvther complicate the situation, the
EHL conditions that exist throughount sest of the
toath meshing ovele ave anvihing bul tdeal, In
all baut the seat Lightly losded geavs, tooth con
tacte mve, at best, 10 the muised ENL 46 net out
vight boundary lubvication veglme his s the

least well understond vegion, In the ¢ of
telliing bearings opevating at low Lamd we
have seen that factovs which ave nol vet well

understoad cause vartations of . and yelative wn-
predivtabiiiny of lives Such will probably be
the case with gears until we develop a bottex
undevatanding of sterogesmetry, thevmal, and
lubvicant -matevial vhamiatyy effecis

Applications of elastabydiodvmanics (0 geayv-
ing have, for the sost pavi, deen limtted (o pre-
dictions of contact vondttions at the plteh
peint, o e e simplification of the tvansient
vomdi tione ocvuiving threughout the meshing ov
vie o & quasissteady state situatiom Dows o,
et al. (40 assumed a stesdy state silua.fon and
developed methods fov caleuiating fils thickiwas,
he utility of this appreach was shown by hadley
(1) whoe obhserved somwe vovvelation between goay
toath wear and file thickness
Pasis of the quasi-steady stale assumplion

Gu (42 developed 8 ovitevion, based on a

valewlated o the

comparison of (we physical time scales of the
geay svelesm, for applving steadv-state TNL
theovine (o the analyeis of nvelute gear con-
facts.  Gu's technigue can be used to caloulate
film thickness, contact pressive and susface tewm-
pevature. Ne vecosmends weing the piteh potnt
values for film thickness aml contact pressuve,
and the tooth tip contact for suiface temperature
o veprvesentative of the most severe values (o
the geay svetem,

Akin (A1) extended the work of Dowson amd
Higginson (@0) deviving (ilm thickness espros-
sions for external and internal spur and helical
geave and o1 stvaight and spival bevel geavs.
Akii's velationships apply only at the teoth
pLECH Lines and Tor bevel geavs ot mid-tace only,

Finkin, ot al, (44) exsmined the validity of
using ML eritevia o predict gear scoving Ne
used date fvosm thyee published expevimwotal in
vestigations of gear svoving e vone luded that
gear scoving oovuvs umdey tully boundary
lubricated conditions at lasbda values considers
ably beliw the onaen &f the mised EHL vegime e
alse coneluded that isethermal XL fila thick
nwesses ate L0 evior both in magnitude and in
tvemd with velovioy, & (s the sssvsption that
plivh podnt (ilm thivkness s a veliable tndica
oy of miatme file thickness Wellawey, ot al
WAN) tound that the lesbda parvasetor could not be
waed independent iy of piteh Line velovity as a
weans (o detevmine the probability of toeth
tave Jdistross Figuve 8 ghows Wel avdv's 1oia
Clonahip asong lambda, ploch line velovity and
the probabiliity of tooth surface distvess
Wellmey's obsovvalions were as

LI

fol lows

(1Y When lambda escesds 7, we tooth distvess
oovure

(4) When leabda s Between O and 2, die
tvess van be pliiing, wesr ov seoving,
depending on the previse vonditions of
falm surfave testure aml lubyvicant

3 When Taabda s less than O Boundary

lubyivation prevailes and lubvicant suy

face phvnical and chemival intevactions,
foads and (emperatures topoviantiy con
tvel distvess modes and vates
Bowen (48) Toumt that o cvitical change 1w geay
toath pitiing behavioy seema (o ovour at a lanmiulas

Below (this value geav lite s in
load At lambda values of O«
above thete s a stvong dependence of piiiing
i1te o load Theve appears (o be at least
ftative agveement among the Tindings of
Wellaswer, and Nowen

Townaem! (47) presents a useful overall view
of gear opevation, and the vole of elastohwive
dynamice 0 predicting gear pevicrmance He te
views methods for caleulating film thickness and
ewphasises the importance of kowing what the
propertios of the lubricant and 1ts additives
ave when (L is Jdetermined that the geav svatem
e operating in the mised INL ov boumdary Jubyis
cation veginme

of about Q8
sensiiive (o and
squal

Finkin,

> &
-0

Reciptovaiing Seays

advance the state of the avt of ve
ciprovating seals ghveugh the application ot

elastobwdradvnamics have, so fay,
vinlevstamding of sepavating
belween olastiomey

Attempis Lo

been contcerned
wilh gaining a betten
film developaent verings and
pintons, the

and

et forman ol pumping ting seals,

the elfects of Mrving fomwm
Baoth elastohvdyodvnent

hvdvadvarssic anasl

s sludies of

s L lm deve lapaent

and wynwverse Li¢ melhads  and
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photoelastic and optical interferometric experi-
mental methods have besen used.

Dowson, et al, (48 and 49) conducted experi-
ments which showed good sgresment with an isovis-
cous theoretical curve developed by Herrebrugh.
The complexity of & true elastohydrodynamic anal-
ysis limice its feasibility to a study under more
or less uniform velocity conditions, however, so
Hireno, et al, (50) used lnverse hydrodynamic
theory considering both the wedge and squeeze
film terms simultaneously. Hirano, et al. (51)
treated the case of sinusoidally varying velocity
and found considerable differences in seal pro-
files in the pumping and reverse strokes. The
ratio of contact width to length of stroke was
found to be important. Hirano, et al. (51) in a
photoelastic experimental study found upper and
lower values of the lambda paramete. “etween
which elastohydrodynamic films existe.. Low ra-
tios of the length of atroke to contect width
inhibit EHL film formation, and in the abaence
of ENL films the effects of tangential .J.tace
traction predominate, csusing asymmetry of pro-
files and pressures.

Field, et al. (52) conducted optical inter-
ferometry experiments with a rectangular cross
rection elastomer and found that the shape of
the leading edge was importent in the development
of an EHL film for this particular geometry.
Blok, et al. (53) had previously shown that the
pressure distribution is little affected by the
film profile because of the low modulus of the
elastomer .

Gibson, et al. (54) studied the breakaway
friction of O-ring seals. They found that start-
ing friction cen be predicted with reasonable
quantitative accuracy from EHL theory, and that
starting friction depends on the dwell period,
the acceleration, and the terminal velocity of
the previous stroke. They found that starting
friction effects continue until the seal has
moved two contact widths at constant velocity.
Their results are summarized nicely in figure 9,
showing the strong effects of dwell time and
terminal velocity.

Pumping rings constitute another type of
low capacity sealing device, Zull, et al. (55)
conducted an EHL analysis of the pumping ring
model shown {n figure 10. Although the pumping
ring itself is not a low modulus elastomer it is
mounted on a secondary O-ring seal whose behav-
for affects the overall pressure pattern acting
on the pumping ring. The pumping ring was
treated as @ flexible body and its deformations
computed by a finite element analysis. Perfor-
mance calculations were made for a range of geo-
metric variables (ring length, thickness, taper,
and modulus; rod radius, stroke and frequency;
O-ring location and fluid dynamic viscosity and
outlet pressure),

3. CONCLUDING REMARKS

It has been shown that the use of elastohydro-
dynamics in the analysis of rolling element
bearings is well established. Relationships for
minimum film thickness and tractive force have
been incorporated into computer codes used for
bearing performance prediction. The lambda pa-
rameter (ratio of film thickness to composite
surface roughness) has been shown to be impor-
tant in predicting bearing life and failure
mode. At values of lambda below 3, failure
modes other than the class'c subsurface initi-
ated fatigue can occur. The variation in life
becomes appreciable at low lambdas and analysis
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indicates that in this region of mixed EHL or
boundary lubrication s number of failure causing
factors, not yet well understood, come into play.
These include bearing type, materiasl type, sur-
face roughness and texture, pre-existing defects,
lubricant supply and lubricent-matsrisl chemis-
try. It is here that further studies are needed.
This region is the least well understood, and
bearings operating in the mixed EHL regime suf-
fer short lives so the potential for gain is the
greatest.

The application of elastohydrodynamics to
gears is complicated by two principal factors:
many gears operate in the low lambda region, and
the rapidly changing conditions in & tooth mesh-
ing cycle make an analysis based on steady-state
EHL theory spproximate at best. Because many
gears operate at low lambdas, fallures occur by
scuffing and scoring es well as tooth pitting
and breakage. In a tooth meshing cycle slide-
roll ratios, surfsce temperstures, contact pres-
sures and contact geometry all change making it
necessary to weigh carefully the value of apply-
ing steady state theory. Despite these complexi-
ties steady state isothermal EKL theory has dem-
onstrated a reasonable degree of correlation
with gear performance. If furth:r gair. are to
be made in predicting gear distress sand failure
modes and rates, additional work to develop a
better understanding of microgeometry, thermal
and lubricant-material chemistry effects must be
done,

Much useful work has been done to gain a
better understancing of film formation in recip-
rocating elastomer seals. Here again, the phys-
ical situation of time varying velocities makes
the steady state EHL theory of value only in
predicting what is happening at & given time in-
stant and then only approximately. Further ex-
periments may be the most fruitful avenue here.
Wedge and squeeze effects are both critical to
overall seal leakage, friction, and wear. There
is an acute need for long-life reciprocating
seals; it will probably be the key element in
determining, for example, the feasibility of the
Stirling engine in many applications. The im-
portance of sesl geometry and operating varia-
bles to the establishment of EHL films should be
the subject of further studies.

APPENDIX

References

(1) DOWSON, D. 'Elastohydrodynamics', in Lubri-
cation and Wear: Fundamentals and Applica-
tion To Design 1968 vol. 182 Pt JA (Institu-
tion of Mechanical Engineers, London), pp.
151-167.

(2) McGREW, J. M., GU, A., CHENG, H. 5. and
MURRAY, S. F. 'Elastohydrodynamic lubrica-
tion, phase 1', 1970, Wright-Patterson AFB,
OH, AFAPL-TR-70-27. (AD-877768)

(3) CHENG, H. S. 'Fundamentals of elastohydro
dynamic contact phenomena', Presented at
International Conference on Fundamentals of
Tribology, Massachusetts In.titute of Tech-
nology, Cambridge, Massachusetts, June 19-22,
1978.

(4) JONES, A. B. 'Ball motion and sliding fric-
tion in ball bearings', J. Basic Eng. 1959
81, 1-12,

(5) JONES, A, B. 'A general theory for elasti-
cally constrained ball and radial roller
bearings under arbitrary load and speed con-
ditions', J. Basic Eng. 1960 B2, 309-320.

B e




(6)

)

(8)

L)

(10)

(i

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

22)

(23)

P |

L g A A

Willtem J. Anderson

HARRIS, T. A. 'Ball motion in thrust-loaded,
angular contact bearings with Coulomb fric-
tion', J. Lubr. Technol. 1971 93, 32-38,
HARRIS, T. A. '"An snalytical method to pre-
dict skidding in thrust-loaded, sngular-
contact ball bearings', J. Lubr., Technol.
1971 93, 17-24.

ARCHARD, J. F. and COWKING, E. W. 'Elasto-
hydrodynemic lubrication at point cuntaects',
Proc. Instn. Mech, Engrs. 1965-66 180 Pt 3B,
47-56,

COE, H. H. and ZARETSKY, E. V. 'Predicted
and experimental performance of jet-
lubricated 120-millimeter-bore ball bear-
ings operatinag to 2.5 million DN', 1978,
NASA TP-1196.

ALLEN, C. W., TOWNSEND, D. P., and ZARETSKY,
E. V. "New generalized rheological model for
lubrication of & ball spinning in & noncon-
forming groove', 1973, NASA TN D-7280.
LOEWENTHAL, §. H., PARKER, R. J., and
ZARETSKY, E. V. 'Elastohydrodynamic film
thickness model for heavily loaded con-
tacts', J. Lubr, Technol. 1974 96, 472-481.
GENTLE, C. R., DUCKWORTH, R. R., and
CAMERON, A. 'Elastohydrodynamic film thick-
nesses at extreme pressures', J. Llubr.
Technol. 1975 97, 383-389.

ORCUTT, F, K. and CHENG, H. S. 'Lubrication
of rolling contsct instrument bearings',
Gyro Spin Axis Hydrodynamic Bearing Sympo-
sium, vol, 2 1966 (MIT Instrumentation Lab-
oratory, Cambridge, MA), Tab 5, pp. 1-25,
HAMROCK, B, J. and DOWSON, D. 'Isothermal
elastohydrodynamic lubrication of point
conrtavis, part IV - starvation results',

J. Lubr, Techrol, 1977 99, 15-23.

HARRIS, I, A, 'An analytical method to pre-
dict skidd‘ng in high speed roller bear-
ings', Trans. ASLE 1966 9, 229-241,
DOWSON, D. and HIGGINSON, G. 'Theory of
roller bearing lubrication and deforma-
tion', Proc. Instn. Mech. Engr. 1963 177,
58-69.

POPLAWSKI, J. V. 'Slip and cage forces in a
high speed roller bearing', J. Lubr. Tech-
nol. 1972 94, 143-152.

RUMBARGER, J. H., FILETTI, E. G., and
GUBERNICK, D. 'Gas turbine engine mainshaft
roller bearing - system analysis', J. Lubr.
Technol. 1973 95, 401-416.

CHENG, H, 8. 'Calculation of elastohydro-
dynamic film thickness in high-speed roll-
ing and sliding contacts', 1967, Mechanical
Technology, Inc., Latham, NY, MTI-67TR24,
FORD, R. A. J. and FOORD, C. A. 'The ef-
fects of elastohydrodynamic traction behav-
for on cage slip in roller bearings', J.
Lubr. Technol. 1974 96, 370-375,

ASTRIDGE, D. G, and SMITH, C. F. 'Heat gen-
eration in high-speed cylindrical roller
bearings', Elastohydrodynamic Lubrication
1972 (Institution of Mechanical Engineers,
London), pp. 8394,

WREN, F. J, and MOYER, C. A. 'Understanding
friction and EHL films in concentrated con-
tacts of a tapered roller bearing', in
Elastohydrodynamic Lubrication 1972 (Insti-
tution of Mechanical Engineers, London),
55-60.

KARNA, C. L. 'Performance characteristics
at the rib roller end contact in tapered
roller bearings', Trans. ASLE 1974 17, l4-
21.

(24)

(25)
(26)

27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(33)

(36)

(37)

(38)

(39)

(40)

(1)

——

HORSCH, J. D. 'Correlation of gyro spin-
axis ball bearing performance with the dy-
namic lubricating film', Trans. ASLE 1963
6, 112-124,

WALTERS, C. T. 'The dynamics of ball bear-
ings', J. Lubr. Technol. 1971 93, 1-10.
GUPTA, P. K. 'Transient ball motion and
skid in ball bearings', J. Lubr. Technol.
1975 21, 261-266.

GUPTA, P. K. "Dynamics of rolling-element
bearings - part [, Cylindrical roller bear-
ing snalysis', ASME paper to be presented
at the 1978 ASLE-ASME Joint Lubricstion
Conference, October 1978,

GUPTA, P. K., 'Dynamics of rolling-element
bearings - part 11, Cylindrical roller bear-
ing results', ASME paper to be presented at
the 1978 ASLE-ASME Joint Lubrication Confer-
ence, October 1978,

GUPTA, P. K. 'Dynamics of rolling-element
bearings - part 111, Ball bearing snalysis',
ASME paper to be presented at the 1978 ASLE-
ASME Joint Lubrication Conference, October
1978,

GUPTA, P. K. 'Dynamics of roliing-element
bearings - part 1V, Ball bearing results',
ASME paper to be presented at the 1978 ASLE-
ASME Joint Lubrication Conference, October
1978,

TALLIAN, T. E. 'On competing failure modes
in rolling contact', Trans, ASLE 1967 10,
418-4139,

SKURKA, J. C. 'Elasstohydrodynamic lubrica-
tion of roller bearings', J. Lubr. Technol.
1970 92, 281-291,

DANNER, C, W, 'Fatigue life of tapered
roller beariigs under minimal lubricant
films', Tran. . ASLE 1970 13, 241-251.
BAMBERGER, E. N., et al. "Life adjustment
factors for ball end roller bearings - an
engineering design gulde', 1971 (American
Soclety of Mechanical Engineers, NY).
ANDREASON, §. and LUND, T. 'Ball bearing
endurance testing considering elastohydro-
dynamic lubrication', in Elastohydrodynamic
Lubrication 1972 (Institution of Mechanical
Engineers, London), pp. 138-141.

LIU, J. Y., TALLIAN, T. E., and McCOOL,

J. 1. 'Dependence of Bearing Fatigue Life
on Film Thickness to Surface Roughness
Ratio', Trans. ASLE 1975 18, 144-152,
MOYER, C, A. and BIANCHI, A. 'Relating
lubricant parameters and bearing fatigue
life in the mixed E. H. L. regime', in
Elastohydrodynamic Lubricetion 1972 (Insti-
tution of Mechanical Engineers, London),
pp. 95-96.

BAMBERGER, E. N., ZARETSKY, E. V., and
ANDERSON, W. J. 'Effect of three advanced
lubricants on high-temperature bearing
life', J. Lubr. Technol. 1970 92, 23-33,
RUSSELL, T. E. and CLARK, J. C. 'Analytical
and experimental determination of surface
finish effects on the EHD performance of
ball bearings', Paper presented at the ASLE
Annual Meeting, Dearborn, Michigan, April
1978.

DOWSON, D. and HIGGINSON, G. R. 'Elasto-
hydrodynamic lubrication' 1966 (Pergamon
Press, Oxford).

DUDLEY, D. W. '"Elastohydrodynamic behavior
sbserved in gear tooth action', in Elasto-
bydrodynamic Lubrication Proceedings, 1965
(Institution of Mechanical Engineers, Lon-
dom), pp. 157-165.

L e bl e S S



. — — - et b

William J. ‘nderson

URIGINAL PAGE I

— — .

OF POOR QUALITY

(42) GU, A. 'Elsstohydrodynsmic lubricetion of
involute gesrs', ASME paper 72-PTG-34, Jan,
1972.

(43) AKIN, L. §. 'EHD lubricent film thickness
formulas for power transmission gesrs', J.
lubr. Techmol. 1974 96, 427-431.

(44) PINKIN, E. F., GU, A., and YUNG, L. 'A
critical »xaminstion of the elastohydro-
dynamic criterion for the scoring of gears',
J. Lubr. Technol. 1974 36, 418-425,

(45) WELLAUER, E. J. end HOLLOWAY, G. A. 'Appli-
cation of END oil film theory to industrisl
gear drives', ASME paper 75-PTG-1, Jan.
1976,

(46) BOMEN, C. W. 'The practical significance of
designing to gear pitting fatigue life cri-
teria', ASME paper 77-DET-122, Jan. 1977,

(47) TOWNSEND, D. P. 'The aspplication of elasto-
hydrodynamic lubrication in gea: tooth con-
tacts', 1972, NASA TM X-08142.

(48) DOWSON, D, and SWALES, P. D. "An elasto-
hydrodynamic approsch to the problem of the
reciprocating seal', in Third International
Conference on Fluid Sealing 1967 (British
Hydromechanice Research Assn., Bedford,
England), pp. F3-33 to Fi-44.

(49) DOWSON, D. end SWALES, P. D. 'The cdevelop-
ment of elastoh;drodynamic conditions in a
reciprocating seal', in Fourth In:ernational
Conference on Fluld Sealing 1969 (British
Hydromechanice Research Assn., Bedford,
England), Session 1, pp. 2-10.

(50)

(51)

(52)

(53)

(54)

(55)

HIRANO, F. and KANETA, M. 'Theoretical in-
vestigation of friction and sealing charasc-
teristice of flexible seals for reciprocat-
ing motion', in Fifth International Confer-
ence on Fluid Sealing, 1971 (British Hydro-
mechanice Research Assn., Bedford, England),
pp. G2-17-G2-27.

HIRANO, F. and mURAKAMI, T. 'Photoelastic
study of elsstohydvodynamic contact condi-
tion ip reciprocating motion', in Seventh
Internationsl Conference on Fluid Sealing,
1975 (British Hydromechanics Research Assn.,
Bedford, England), pp. C4-51 to C4-70,
FIELD, G. J. and NAU, B, 8. 'An optical in-
terference method of studying the lubrica-
tion of a compliant bearing', J. Lubr,
Technol. 1976 98, 486-490,

BLOK, H. and KOENS, H. J. 'The breathing
film between a flexible seal and & recipro-
cating rod', Proc. 1. Mech. E. 1965-66 180,
3B, 221-223.

GIBSON, I. A., HOOKE, C. J., and O'DONOUGHUE,
J. P. 'The frictional behaviour of recipro-
cating O-ring seals under starting condi-
tions', in Elastohydrodynamic Lubrication
1972 (Institution of Mechanical Engineers,
London), pp. 77-82.

ZULL, L. M. and KETTLEBOROUGH, C. F., 'An
elastohydrodynamic analysis of transient
pumping ring operation', J, Lubr. Technol.
1975 97, 195-201.

TABLE 1. - EHL FILM THICKNESSES AND TEST BEARING LIFE RESULTS
(AFTER BAMBERGER (38))

Tongcucun. EHL film th'ckness,® | Film parameter, Ratio,
C (F) wm (uin,) lambda bearing L 0 life
AFBMA life
205 (400) 0.253 (10) i.6 17
260 (500) 172 (6.8) 2.5 24
315 (600) g « 127 (5) 1.8 15
.ohulnod from rolling disk machine.
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Figure 1. - Cage/shaft speed ratio versus thrust load per ball.

(After Harris (7).)
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Figure 2. - Comparison of measured and calculated values
of bearing operating characteristics as functions of thrust
load using two versions of SHABERTH. ;hdl speed,

16 700 rpm; lubricant flow rate, 8. 3x10™ cubic meter per
minute (2. 2 gal/min); volume of lubricant, 2 percent.
(After Coe (9).)
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Figure 3. - Roller bearing cage speed correlation, (After Rum-

barger (18).)
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Figure 5. - Group fatique life L;q as a function of lambda.
(After Tallian (31).)

LUBRICATION-LIFE CORRECTION FACTOR

i FROM (32

30— MEAN CURVE OF (3D
AND (32) RECOM-
MENDED FOR

i

20—

LSr—

LO

" CALCULATED FROM AFBNA

o4 Lol | 1 F 2 3 st
S B 1 2 4 6 & 10
RATIO OF MINIMUM FILM THICKNESS TO COMPOSITE
SURFACE ROUGHNES® , LAMBDA

Figure 6 - Lubricztion-life correction factor s a function
of lamxda. (From (34).)

no0d 40
TYNIDINO

ALrTVAD
1INy

]



Lyg FATIGUE LIFE, HR

~ ANALYTICAL LIFE PREDICTIONS
__BASED ON (34

\
N\
104 — N\
5 \
" N\
6 \ OIL IN 180°F
- % CUBIC MEAN
o N THRUST, 2500 L8
- \
\
2 N\
ASSUMED LIFE
wil PREDICTION BASED  \
- ON THE TWO AVAILABLE "\
8 TEST PCINTS AND -~~~ ™\
61— RCRIG DATA—-" \
N N
2 DTl Deealies; TN ) bl E Lol
R R BEE DY WSE GG N EF
OUTER RACE SURFACE FINISH, uin., CLA
s ] ] J
.2 3 4 5
um

Figure 7. - Bearing life at field operating conditions as function

of surface finish. (After Russell (39).)
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Figure 8. - Probability of tooth surface distress. (After
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Figure 9. - Typical experimental traces of starting friction
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