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ELASTOHYDRODYNAMIC LUBRICATION OF
ELLIPTICAL CONTACTS

Summary

The emphasis of the first part of the
Tecture is on tully flooded, elastohydro-
dynamically lubricated, elliptical con-
tacts, A tully flooded conjunction is one
in which the film thickness is not signif-
jcantly changed when the amount of lubri-
cant is increased. The relevant equations
used 1n the elastohydrodynamic lubrication
(EHL) of elliptical contacts are briefly
described, The most important practical
aspect of the elastohydrodynamic theory is
the detemmnation ot the minimum f1lm
thickness within the contact. The main-
tenance of a tluid t1ika of adequate
magnitude 1s an essential feature of the
correvt operation ot lubricated machine
elements.  The results to be presented
show the influence of contact geometry on
minimum film thickness as expressed by the
ellipticity parameter and the dimension-
less speed, load, and materials parawe-
ters, Film thickness egquations are
developed tor materials of Q%gn elastic
madulus, such as metal, and for materials
of low elastic modulus, such as rubber.
The solutions tor matertals of high
elastiv modulus are sometimes referred to
as "hard EHL," and the solutions tor
materials of low elastic modulus as “soft
EHL.™  In addition tu the film thickness
equatiuns that are developed, plots of
pressure and tilm thickness are pre-
sented.  These theoretical solutiony for
film thickness have all the essential
features of previously reported experi-
mental observatians based on optical
intert erometry.

In the second part of the lecture a
theoretical study of the intluence of
Jubricant starvation on film thickness and
pressure n hard and soft elliptical
elastohydrodynamic contacts is presented.
From the results for both hard and soft
EHL contacts a simple and important dimen.
sionless inlet boundary distance is speci-
fied. This inlet boundary def ines whether
a fully flooded or 3 starved condition
exists in the contact, It is also found
that the film thickness for a starved
condition can be written in dimensionless
terms as a function of the inlet disterce
parameter and the film thickness for 2
fully flooded condition, Contour plof - of
pressure and film thickness in and around
the contact are shown for fully flooded
and starved conditions, The theoretical
findings are compared directly with re-
sults obtained experimentally.
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1. Introduction

Elastohydrodynamic lubricalion 1§ a
form of fluid=film lvbrication where
elastic defcrmation of bearihg surfaces
becomes significant. It is usually asso-
ciated with highly stressed machine compo-
nents of low contfomiity, such as gears and
rollirg-element bearings. This lubrica-
tion mechanism is also encountered with
soft bearing materials, such as rubber
seals and tires, The common factor in
these applications is that local elastic
deformation of the solids provides
coherent fluid films and thus asperity
interaction is prevented.

Historically, elastohydrodynamic
lubrication may be viewed as one of the
major developments in the field of
tribology in the twentieth century. It
not only revealed the existence ot a
previously unsuspected regime of lubrica-
tion in highly stressed and nontonformal
machine elements, such as gears and
rolling-element bearings, but it brought
onder to the understanding ot the complete
spectram of lubrication ranging from
boundary to hydrodynamic,

<. Conforma) and Nonconformal Surtaces

Hydrodynamiv lubmication 1§ generally
characterized by surfaces that are confor-
mal. That 1s, the surfaves tit snugly
into each other with a high degree of
geometrical contormity, so that the Joad
1s carried over @ relatively large area
Furthermore the load-carrying surtace area
remains essentially constant while the
Toad s ancrvased,  Flund=talm Juurnal amd
stider bearings exhibit conformat sur
faces. In journal bearings the radial
clearange between the shatt and the bear-
ing 15 typically one~thousandih of the
shaft diameter; in siider bearings the
inclination of the bearing surface to the
ruaner is typically one part in a thousand.

Many machine elements have contacting
surfaces that do not conform to each other
very well, The Tull burden ot the load
must then be carried by a very small con-
tact area. In general the contact areas
between nonconformal surfaces enlarge
considerably with increasing load but are
still small compared with the contact
areas between contarmal strfaces.  Some
examples ot these nonconfarmal surfaces
are mating gear teeth, cams and followers,
and ralling-element bearings.

The load per unit area 1n contormal
bearings is relatively low, typically only
1 MN/me and seldom aver 7 MN/me, By
contrast, the load per unit area n non-
conformal contacts, such as those that
exist in ball bearings, will generally
exceed 700 MN/m+~, even at modest applied
loads. These high pressures result in
elastic deformation of materials such that
the elliptical contact areas are formed
for oil film generation and load support.
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The significance of the high contact
pressures is that they result in a cor-
siderable increase in fluid viscosity.
Inasmuch as viscosity is a measure of a
fluid's resistance to flow, this increase
greatly enhances the lubricant's ability
to support load without being squeezed out
of the contact zone.

The undeformed geometry of contacting
solids can be represented in general terms
by two ellipsoids. The two solids with
different radii of curvature in a pair of
principal planes (x and y) passing
through the contact between the solids
make contact at a single point under the
condition of zero applied load. Such a
condition is called point contact and is
shown in figure 1, where the radii of cur-
vature are deno’~d by r's. It is assumed
throughout the lecture that convex sur-
faces, as shown i figure 1, exhitit
positive curvature and concave surfaces,
negative curvature. Theretore, if the
center of curvature lies within the solid,
the radius of curvature is positive; if
the center of curvature lies outside the
solid, the radius of curvature is nega-
tive, It is important to note that if
coordinates x aad y are chosen such
that

PSS S & )
ax bx ay by

couordinate x then determines the direc~

tion of the semiminor axis uf the contact

area when a load is applied and y, the

direction of the semimajor axis.

J. Relevant Equations

The relevant equations used in
elastohydrodynamic lubrication of ellipti-
cal contacts are as follows:

Lubrication equation (Reynolds equation)

3 3
L/_‘.‘.D_. .3.9.>+ L(ﬂ—%%> o 12\1% (oh)

ax \ n ax W\ n
(2)
ua + ub
where U = ey
Viscosity variation
now= nOeup (3)

where mny 1s the coefficient of abso-
Tute or dynamic viscosity at atmospheric
pressure and o 1is the pressure-viscosity
coefficient of the fluid.

Density variation (for mineral 0ils)

p= 90<} + Ifé%L%Tg_ﬁ) (4)

wherc pg is the density at atmospheric
conditions.

Elasticity equation

W ﬂ p(X.y
(5)
V(T— "1) oy - yl)

where

B - i (6)
l-w l—vb
.
ta hb
Film thickness equation

h = hy + S(x,y) + wix,y)

2 2
= by * B gt uxY) (7)
X Y
1 1 1
where R i e (8)
R; Tax  "bx
Lol g
y ay b

Y
The problem is to calculate the pressure
distribution in the contact and at the
same time allow for the effects that this
pressure will have on the properties of
the fluid and on the geometry of the elas-
tic solids. The solution will also
provide the shape of the lubricant film,
part icularly the minimum clearance between
the solids., A detaileu description of the
elasticity model used is given in Dowson
and Hamrock (1976), and the complete EHL
theory is given in Hamrock and Dowson
(1976).

4, Dimensionless Grouping

The variables resulting from the 1§ .-
thermal elliptical contact theory devel-
oped 1n Hamrock and Dowson (1Y7b) arg
E! effective elastic modulus, N/mé¢
F normal applied load, N
h film thickness, m
Ry effective radius in x (motion)

direction, m
Ry effective radius in y (transverse)
direction, m

u mean surface velocity in x direc-
tion, m/s

a pre55ure-v1scosity coefficient of
fluid, m&/N

ng atmospheric viscosity, N s/m

From these variables the following five
dimensionless groupings were established:
Dimensionless film thickness

Hoe (10)

¥
Ellipticity parameter

g \0-04
k = g = 1.03(1{-}) (11)
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frewe and Hamrook (1927) used a Taear
regression by the method of least squares

to abtawn the simplified equations given

in equatyon (11), That s, for given sets
of pairs of data {IRy (RyRy) ),

daly Oy eevy N}, power T using a
Vinear regression by the method of least
squares resulted inobtainming equatyon (11).
Dimensionless oad parameter

W oo oo (1)
LR

Dime-ranlesy speed paranoter

U e e (13)
X

Dimenyionless materiaiy parameter
W= o' 1)

The damensvenless «vhn thichness can
thus be weitten as a tunction ot the other
tour parametors

How tik, U H,0) (1)

The 1t luence of the dunensionless parame-
tors Ay Uy Wy oamd G an omanimam {yim
thackness  Hyip 1S preseoted later tor
buath hard and sott vontacts,

The sgt ot dimensionliess groups
{H UG s & usetul collechion o
parameters tar pvaluating the results
presented iy lecture. It s alse
comparable to the set of diunensioniess
parameters used 1 the imtal elasto:
hydradynamic analysis ot e contacts,
amt 1t has the merit that the physical
sigaitcance ot each term I readily
appairent,  Howewver, o number ot authors,
for example, Moes (ldoh o) ang Theyse
INe0Y, bave poted that this set ot den
senloss groups van be reduced by vne
paramet e without any Toss ot generality,

b, Fully Floowed Hang-LHE Results

By using the numerical procedures
out Tained 1o Hamrock and Dowson (1970) the
wt tuence ot the ellipticaity parameter and
the Jdimensionless speed, load, and mates
r1als parameters on minvnum f1lm thickness
has been awnvestigated tor havd=tHU, fully
tlounded vontacts (Hamrook and Dowson,
190 M),  The elhipticity parameter K was
varted tram 1 oga batl-on-plate vont igura.
tion) to 8 a contiguration approaching a
revtangular contact).  The dimensionless
spovd U was varied over a range of near-
Iy two oraers of magnitude, and the dimen-
stontess load parameter W ooover a range
of one oraer of magnitude.  Srtuations
equivalent to using solid materals of
bronze, steel, and Silicon nitride and
lubrivants of parattinic and naphthemc
i ls were considerad in an investigation
of the role ot the dunenstonless materials
parameter G, The 34 cases used to yon-
erate the minmum-t ¥ im-thickness tomula
are given an table 1, In the table
Hayn  vorresponds to the mimmum f1lm
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thickness obtawned from the EHL eilyptival
contact theory given in Hamrack ard Dowson
(1976).  The minimum=t1im-thickness fora
mula obtained from a least-sguares fit ot
the data was first given in Hamvock and
Dowson {19770) and 1s given heére as

L . . ) - :::‘ B
Hygp = 404 W08 A0 0ol
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In table T Hyypn 18 the minfmum f1im
thichnuesy obtatned trom equaton (1o},
The pereentage datterence between  Hyyp
and  Hygn 1S exproessed by

H - H
T T min ) 7

min

In table 1 the values of D) are within
*h percent,

A representat ive contour plot o
diwmensionless pressure 15 shown in
figure & for ke 1,05, U= 0,loéxl0 1,
Wow 011100 and 6w 4500, In ting
figure and in tigure &, the + symbol
indicates the conter of the Hertzian
contavt zone,  The dimensionless repre-
sentatwon of the N and Y coondinates
causey the actual Hertzian contact ellpse
Lo be a vrele regardless ot the value of
the elhipticity parameter,  The Hertzian
contact ¢are e s shown by asterisks,  Un
the tigure 15 a hey shawing the vontour
Tabe Iy and edach corvespanding value of
dmenstoniess pressure, The inlet region
15 to the deft and the exat region s to
the right,  The pressure yradient at the
oxit oemt o the vongunction s mach Layer
than that an the inlet regrons In thyg
ure o pressure spike s vinable at the
oxit ot the contact,

Contour plots of Fauim thickness are
shawn an tigure 3 ter Ke Jo0h,
U T19 (U R S TR TR D B N TR SIIRYN
G o= 450, In this fhgure two mnimum-
tiim=thickness regions accur in well
detined side Tobes that tollow, and are
close to, the edge of the Hertzian vontagt
ellipse. These results repraduce all the
essentyal teateres of previously reported
experimental vbservations based on optical
interferometry (Cameron and Gohar, 1Yo},

The vartation of pressure and tilm
thivkness in the direction ot rolling
quite close to the X-anis near the mud-
plane of the conjunction 1§ shown n fiy-
ure 4 tor three values of  Uo The values
of the dimensionless load, materials, ang
ellipticaty parameters were held constant
at Kow o, W= LZ3AIR and  u o= d520,
In figure d{a) the dashed bine corresponds
to the Hertzian pressurs distribution,
This figure Shows that the pressure at any
Tocation in the anlet region mises as the
speed anereases, d resalt that s also
consistent with the elastohydrodynamic
theory for Tine or rectangular contacts,
Furthermore, as the speed decreases, the
hetght ot the presSsure spike decreases and
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the hydrodypamo pressures yradually
appraach the semdelhptical tom af the
Hertzian contact stresses.  Note thal the
Tocat tun ot the pressure spike moves down -
stream towand the edye ot the Hertzian
contact ellhipse as the speed decreases.
For nominal Twne or rectangular contacts
Dowson and Higginson (1960) showed results
st lar o those 1n tigure dqa),

The typical elastotpdrodynamic 1l
shape with an essentially parallel section
i the central region s showh in figure
Ay, There 1y ittle sign of Q4 reentrant
regian an tnds vase, except perhaps at the
Toweat spead.  Alse, there 1y a consujers
able change in the t1Im thivhness as the
dimensionliess speed 18 changed, as 1ndi-
cated by oquation (1), Thiy 1llustrates
most clearly the doainant eftect of the
dimenyipnless speed parameter U on the
pminamum £ 1im thickness an elastohvdre
dynanhie contacts,

The vartation of pressure and tilm
thickness n the dirvection of motion along
A hinge close to the midplane of the con-
Junction 1w shown an tagure b for three
valees of dumensienless Tead parameter,
The values ot the dwensionless speed,
matertaby, and vlhiptioaty parameters were
hele tned at ¢ e Qudoxl ) VR LA
and ke b, Note trom tigure da) that
the prossure at emy locat ton in the inlet
regaen talis as the Toad rnervases,  kor
the highest load (k- Lo o-ty)
tigure dibhi, the tarim thichness rises
botween the contral regron and the outlet
restricton, Ths eentrant eftect 1y
attrmibuted to Tubrmicant compressibility.,
Note also that at Wos Q0100 the
tilm thachness iy sahight Ty amaller thap
at W oo Loloenlo B0 Thas somewhat cur-
aus resutt s Dinkest Lo tne tact that the
Tocaton of the mynumam tym thicknesy
alse vhanges drastically over this load
range. At the lower load the minungm 31w
thckness 1y Jocated an the migplane ot
the copdunction downstream trom the centor
of the contacty at the mgher load it
moves to the shde lobes as desceribed
parler,

o, Fully Flonded Sott-bHL Results

The earbier studies of elastohbyidroe.
Jdynamie tubrication of conjunctions of
elhptical tom are applied to the partac
ular and interesting Situation exbiteu
by matermals of low elast o modulus (saft
EHUY,  The procedure used 1 abtarming the
sof LBHL reselts s given an Hamrook and
Dowson (19780 The elbiptacaty parameter
was varmed from 1 (a ball=on-plate con-
frguration? to 1 (a contiquration ap -
proaching & nomnal ine or rectangalar
contact).  The dmensionless speed and
Toad paraneters were variod by one onger
of magmitude.  Seventeen different cases
usad to generate the minimane 1y
thickness fomwla are given in table 11,
In the table Hyyy  vorresponds te the

e
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mindmum £ § e thickness obtatned trom
applying the LHU elliptical contat theory
given {n Hamrouh amd Dowson (19706) to the
saf t«EHL contacts.  The minimum-f1im
thickness fomula obtafned from o least
squares tit of the data was tirst gaven in
Hamroack and Dowson (1W'8) and 1s gaven
here as

¥ 1) iy 0‘.(‘:“‘\)-01 o W
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In table 11 Hyyp s the mumumgm $aim
thickness obtarned Tram equaten (1R),
The pgreentage ditterence between  Hyyy,
and Hpyp 1S expressed by Dy, gawven
inequatyon 30, The valuns ot )
table 11 ate withan the range -8 to

J percent.

It s interesting to vampare the
pquat ton tor materials ot low vlasti
modulus {soft bHL, eqe (18)) with the cor
responding equat an tor materials of hgh
elastiv modulus (hard EHL)Y given n equa
tion (led,  The powers of U an vguatons
{18} and (1t} are simtlav, but the power
nt Wiy mueh mare stgmitfvant tor Jow
elastiv-madulus materialse  The eapression
showing the ettect of the ellptaoity
parameter 1s of exponent1al torm an both
equat tons, hut with ditterent constanty,

A maaer dittorence batween eguat tons
(18) and oY s the absence of 4 mate
rrals pavameter i in the expresstion tor
Tow-ehast e amadulus materials, There are
two reasons tor this,  tne s the nenlwn
Dl ettect of pressure on the visvonty ot
the Tubricating tlund, and the other ay
the way anwhaeh the rode of elastaoity s
siply dand automat teatly ancorporateas inte
the predictron of congui tran behavior
through an ancrease an the size of the
Hort2ran ceontact 2one varresponding to
changes i toads A o chevk on the valawd
oo thiy, case oot table B owas
reprated with the materyal changew trom
mirile to stlicone rubber, The results
uf this change are recorded as vase 17 an
table 11, The dwensionless siinma 11 m
thichness caloulatea trom the tull numery
cal soluthion to the elastohyygrodynamw
contact theory was 181,800 O and the
diamensionless anman £yl Pnchness
pradicted trgm equatton (18 turned out (o
be L&, W00 Tirs glearly adicates a
Tavk of dependemoe of the mimmam f1n
thickness for Tow-elastic-modulus mate-
rials on the materials parameter.

The vartaton of the vatie
Hivinstpan, e 18 Shown an figure o,
where Wm1r v the manamum il
thichness *61‘xv(tangular vontacts, with
the ellipticaty parameter A tor poth
high- ane Jow-vlast reamodutus materals,
It it s assumea that the mimimun €1 m
thickness obtamed from the elastohvdro
dynamig analysas of alhiptical contacts
can ondy be obtained te an accuracy of
J percent, we ting that the ratie
Hyin/Hpin, e approaches the Tumting
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value at k= b tor high-elastic-modulus
materials.  For low-elasticemodulus
materats the ratio approaches the limit-
ing value more slowly, but it is reason-
able to state that the rectangular-contact
solution will give a very good prediction
of the mimmum f1lm thickness for conjunc-
tions in whith k exceeds about 11,

7. Fully Flooded -~ Starved Boundary

The computing area in and around the
Hertzian contaut 15 shown in figure 7, In
this figure the coordinate X 1s made
dimensionless with respect to the sem-
minor ax1s b of the contact ellipse, and
the coordinate Y 15 made dimensionless
with rospect to the semimajor axis a ot
the contact ellipse, The ellipticity
parameter ks defined as the semimayor
axis divided by the semminme axis of the
contact @Yhipse {h ~ a/b). Because of the
dimensionless torm of the coordinates X
and Y the Hertzran contact ellipse be-
comes @ Hertrian civgle regardless of the
value of KA. This Hertzian contact circle
is shown n figure 7 with a radiuy of
unity,  The edues of the computing area,
whore the pressure 1§ assumed to be amby-
ent, are also denoted, In this fagure the
damensiontess inlet distance @, which s
oqual to the dimensionless distance from
the center of the Hertzian contact zone to
the inlet edge of the computing avea, 1§
shawn,  Lubrmicant starvation ¢can be
studied by swply vhanging the dimension
less anlet distance m, A tully tlooded
vondition 1§ said to exist when the
Jimensronless inlet distance ceases to
int lupnee the mymimgn t1lin thickness Lo
any sigmitwcant extent,

The value at whaich the mynimum £11m
thickness farst starty to change when m
hogradudl ly reduced from a fully flooded
condition s called the fully flooded -
starved boundary position and is denoted
by m*, Therefore lubricant starvation
was studied by using the basic elasto-
hydrodynamic lubrication elliptical
contact theary developed eartier in the
Jecture and by observing how reducing the
dimensionless inlet distance affected the
basic teatures of the conjunction, The
next two sections make extensive use of
the work presented by Hamrock and Dowson
{19723} ang Hamrockh and Dowson {1479),

8. Starved Hamnd-EHL Results

Table 111 shows how changing the
dimensionless inlet distance aftected the
dimensionless minimum f1ilm thickness for
three groups of dimensionless load and
speed parameters. A1l the data presented
in this section are tor hard-EHL contacts
that have a materials parameter G fixeu
at 4bJ0 and the ellipticity parameter, at
b. It can be seen from table III that, as
the dimensionless inlet distance ® de-
creases, the dimensionless minimum f1lm
thickness  Hyyn  also decreases.
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Table 1V shows how the three groups
of dimensionless speed and load parameters
considered affected the location of the
dimensioniess inlet boundary distance
nt,  Also given in this table are the cor-
responding values of dimensionless central
and minimum film thickhess for the fully
flooded condition as obtained by intere
polating the numerical values, The value
of the dimensionless inlet boundary posi-
tion m* shown in table 1V was obtained
by using the daty from table 111 when the
following equation was satisfied:

Mo - (Hm1n)ﬁ_n“ ‘
= 0.03 (1w

Nm\'n
The value of 0,03 was used in equa-
tion (19) since it was ascertained that
the data in table 111 were accurate to
only *3 percent.

The general form of the equation that
describes how the dimensignless inlet dis-
tance at the fully flooded - stavved
boundary m* varies with the geometry and
central tilm thickness ¢f an elliptical
elastohydrodynamic congunction 1s given as

Br

'

ij
oo 1w A (E‘ Hovn L)

The right side of eguation (SU0) s similar
i form to the equathons given by
Wolveridye, et al, (1971} and Wedeven, et
al, (1w 1. By applyinyg a least: squares
power fat o the data obtawned from

table L1l can wrte

\ BTN

Rx ¢
- — K
n 1+ 3.0 ( ; '%ntl (P

A tully tlopded condition exists whon
W > M, and @ starved condition exasty
when i« mv,

Having ¢learly established the limit-
ing location of the inlet boundary for the
fully tlooded conditrons {eq. (£1)) we can
develop an equation defining the dimen-
sionless film thichness for elliptical
conjunctions operating under starved
Tubrication conditions. The ratio between
the dimensionless mimmum £11Im thickness
in starved and fully flooded conditions
can be expressed n general form as

o
Hunn § m - 1
—ﬁ-—-’-"“ a L% (T“-r—r) {&e)
min

Table V shows huow the ratio of the dimen-
sfonless inlet distance parameter to the
fully flooded -~ starved boundarvy

(f - 1)/{m* ~ 1) affects the rativ of
minimum f3itm thickness in the starved and
fully flooded conditions Hpin, s/Hmine

A least-sguares power curve tit to the lo
pairs of data points
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H . ~
min, s (‘““1) i=1,2, ..., 1t
(j%in)i - li

was used in obtaining values for C* and
D* in equation (22). For these values

of C* and D* the dimensionless minimum
film thickness for a stzrved condition can
be written as

(23)

.o 0.25
H =y
min,s min (nﬁ - )

Therefore, whenever m < m*, where m* is
defined by equation (21), a starved lubri-
cation condition exists. When this is
true, the dimensionless miniium £31m
thickness is expressed by »gustion {23).
If @ m*, where m* is defined by
equation {21), a fully flooded conditien
exists. Expressions for the dimensionless
mintmum film thickness for a fully flooded
condition Hpj, are given in equation (lb).

Figures é to 11 explain more fully
what happens in geing from a fully flooded
to a starved lubrication condition. As in
the earlier part uf the lecture the +
symbol indicates the center of the Hertz-
jan contact, and the asterisks indicate
the Hertzian contact circle. Also on each
figure the contour labels and each
corresponding value are given,

In figures 8(a), (b), and {c) contour
plots of dimensionless pressure (P = p/Lt')
are given for group 1 of table 111 and for
dimensionless 1nlet distances m of 4, &,
and 1.25, respectively. In these figures
the contour values are the same in each
plut. The pressure spikes are evident in
tigures &(a) and (b), but no pressure
spike appears in taigure d(c). This
implies that as the dimensionless inlet
distance @ decreases, or as the severity
of lubricant starvation increases, the
pressure spike is suppressed, Figure
8(a), with m = 4, corresponds to a fully
flooded condition; figure 8(b}, with
m= &, to a starved condition; and figure
8(c), with @ = 1.25, to even more severe
starvation. Once Tubricant starvation
occurs, the severity of the situation
within the conjunction increases rapidly
as m 1is decreased and dry contact
conditions are approached.

Contour plots of the dimensionless
film thickness (H = h/Ry) for the re-
sults shown in group 1 of table III and
for conditions corresponding to the three
pressure distributions shown in figure 8
are reproduced in figure 9, It is clear
that the film shape in the central region
of the elastohydrodynamic cenjunction be-
comes more parallel as lubricant starva-
tion increases and that the regien
occupied by the minimum film thickness be-
comes more concentrated, Note also that
the values attached to the film thickness
contours for the starved condition (fig.
9(c)) are much smaller than those of the
film thickness contours for the fully
flooded condition (fig. 9(a)).

-t -

The application of optical inter-
ferometry allows the film thickness
through the conjunction to be determined
experimentally. An example of the inter-
ference pattern for a starved, elasto-
hydrodynamically lubricated conjunction is
shown in figure 10, which was kindly sup-
plied by Sanborn from the work he reported
in 1969. This technique produces informa-
tion of great clarity and beauty. The
film shape of the lubricated conjunction
revealed by the experimental results shown
in figure 10 compares quite well in quali-
tative terms with the theoretical results
shown in figure 9(c).

9, Starved Soft-EHL Results

By using the theory and numerical
procedure mentioned eariier in the lec~
ture, we can 1nvestigate the influence of
Jubricant starvation on minimum film
thickness in starved, elliptical, elasto-
hydrodynamic conjunctions for low-elastic-
modulus materials {soft EHL). Lubricant
starvation is studied by simply moving the
inlet boundary closer to the center of the
conjunction, as described in the previous
section.

Table VI < ws how the dimensionless
inlet distance attects the dimensionless
film thickness for three groups of dimen-
sionless load and speed parameters, For
all the results presented in this section
the dimensionless materials parameter G
was fixed at U.d27b, and the ellipticity
parameter k was fixed at b, The results
shown in table VI clearly indicate the
adverse effect of lubricant strevation in
the sense that, as the dimensionless inlet
distance m decreases, the dimensiontess
minimum film thickness Hpyp also
decreases.,

Table VI1 shows how the three groups
of dimensionless speed and load parameters
affect the limiting location of the dimen-
sionless critical inlet boundary distance
m*, Also given in this table are corre-
sponding values of the dimensionless mini-
mum film thickness for the fully flooded
condition, as obtained by interpolating
the numerical values. By making use of
table VI and following the procedure out-
lined in the previous section, we can
write the critical dimensionless inlet
boundary distance at which starvation be-
comes important for low-elastic~modulus
materials as

2 0.1b

R
X 0 p
m = 1+ 1,07 (b—) R (24)

where Hpi, 1is obtained from the fully

flooded Soft-EHL results in equation (18).
Table VIII shows how m* affects the

ratio of minimum film thickness in the

starved and fully flooded conditions

Hmin,s/Hmin. The dimensioniess mini-

mum film thickness for a starved condition

e TR R e




for low-elastic modulus materials can Lthus
be written as

T e
Iy m= 1 \
Hnnn,s = Wnnu(ﬁﬁ’:"T/ (25)

ey

Therefore, whenever i < m*, where
at 1s defined by equation (24), a lubri-
cant starvation condition exists. When
this is true, the dimensionless minimum
film thickness is expressed by equation
(24). If m> w*, a fully flooded condi-
tion exists, and the expression for the
dimensionless minimum film thickness for a
fully flooded condition Hyin for mate-
rials of low elastic modulus is given in
equation (18).
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TABLE Il = FEFFCT OF BTARVATION ON MINIMUM
FILM THICKNESS FOIL HARD-EHL CONTACTS

Dimensionless Group
Inlet Dintance, 1 N 3
m

Dimenslonless Load Parameter, W
0.3088x10°¢ 0,7370x10°% 0.7271x30"0

Dimensionlens Bpeed Parameter, U
0188310717 1,883x10711 5, 080x10" 1

Minimum Film Thickness, nm,n

N vmuemmees 20.75x1078  61,3203078
‘ s.nma0”® 2,27 87,50
3 6.2601 27,84 51,70
R avennmmewe 20, 80 A8 AR
2 b.007 23,46 .81
178 meneeunee 21,02 .61
1.5 5,236 nmmnn 27,80
1,25 3,945 S
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BOCRPAUY TOR HARD $DIL CONDTACTS
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u w [ Centrsl,  Minmam, ot Boundary,
0 m
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TABLE V- FFEFCT OF DIMENSIONLESS INLFT DISTANCE
ON DIMENSIONLESS CENTRAL~ AND MINIMUM-FILM-

THICKNESS RATIOS FOR HARD-EHL CONTACTS

Group Dimen- Film Thickness Ratios  Inlet Boundary
sionless {or Starved and Parameters
Inlet Flooded Conditions Critical, Wedeven,

Dm:nce. Central, Minimum, [ et al,

" Hooo Me Prnin,s Pmtn " -1 (lﬁ?l).
me-1
My - 1
1 2.62 1 1 1 0.9R95
2 +9430 L8640 .8173 L6108
1.5 L7697 L8417 . 3086 23054
1.25 5689 L6341 A543 L1807
2 N 1 1 1 0.8281
2 L8574 L8534 7380 611
2.5 8870 L9903 5525 4584
2 J7705 68034 + 3690 . 3056
1,75 L7151 .1198 +2768 .2202
3 5,87 1 1 1 0.8488
4 9348 L8439 +6565 .6579
3 .833¢ L8487 +4376 PEcrpt]
2.5 L7440 ,7697 . 3282 .2789
2 .5223 .8551 2188 <1860
1,158 L5209 +5681 L1641 .1385
1,5 +415% 4580 .1094 0920
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TABLE VI - EFFFCT QF 8TAIVATION ON FILM THICKNFSS
FOR SOFT-FHL CONTACTR

Dimenatonieas Group
Inlet Disunrc. \ 2 .
m

Dimensjonlesr Load Parameter, W
a

04405107 0,2202007 9. 4405e 107

Dimensionless Speed Parameter, U

p.s1aea0m® 01021077 0 5300”7

Dimensionless Mintmum Film Thickness, H .,

1,007 191.800°¢  2e1.8:10°® 8R4 7078
1.833 1.2 298 6 8120
1.607 1201 200 W
1.800 1258 215.2 A Q
1,50 1o 0.3 e
1967 k.11 120 B 272.2
1,033 71,80 1208 2700

TABLF VI - EFFECT OF INLET DISTANCE ON FILM THICKNESS

FOR SOFT«FHL CONTACTS

Group Dimensionless Parameters Fuliv Flooded IMinens

v W R b Minimum sloniess
¥ $ilm Inlet
‘Thickness, Boundnry,
d
Hpin m
1w ™ aawnn™ e 0 et e
P VT SIS TOL I P 2445 2M.0 1757
3 Lsum 4t W4l BTy 1.Kan

TABLE VIll - FFFFCT OF INLET DISTANCE ON MINIMUM

FILM-THICKNESS RATIO FOR SOFT-EHL CONTACTS

Group Dimensionless Ratlo of Minimum Critical Infet

Inlet Distance, Film Thicknesses Boundary
m for Btarved and Parameter,
Flooded Conditions, (@ - 1)/(m* = 1)
l"lm iny g /Hm in
1 1,661 1 1
1.500 JBP28 L7564
1.33 9069 5038
1,167 L7677 L2006
1,033 L5618 20440
2 1,157 1 1
1.667 J9B42 L8811
1,500 M L6605
1,333 L6480 . 4309
1.167 L7267 42206
1,033 .5151 0436
3 1.850 1 1
1,667 .9575 +7847
1,500 +886% +58R2
1,33 7844 L3018
1,167 6763 .1885
1,033 +4801 +038k
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