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GEOMETRY AND STARVATION EFFECTS IN HYDRODYNAMIC LUBRICATION

by David Brewe
Propulsion Laboratory
AVRADCOM Research and Technology Laboratories
Lewis Resea-ch Center
Cleveland, Ohio

and

Bernard J. Hamrock
Lewis Research Center
Cleveland, Ohio

SUMMARY

Numerical methods were used to determine the effects of lubricant starvation on the
minimum film thickness under conditions of a hyarodynamic point contact. Starvation was
effected by varying the fluid inlet level. The Reynolds boundary condicions were
applied at the cavitation boundary and zero prossure was stipulated at the meniscus or
inlet boundary. A minimum-film-thickness equation as a function of both the ratio of
dimensionless load to dimensionless speed and inlet supply level was determinea. By
comparing the film generated under the starved inlet condition with the film generated
from the fully flooded inlet, an expression for the film reduction factor was obtainec.
rased on this factor a starvation threshold was defined as well as a critically starvec
inlet. The changes in the inlet pressure buildup due tc changing the aveilable lubri-
cant supply are presented in the form of three-dimensional isometric plots and also 1n
the form of contour plots.

NOMENCLATURE
Co.(‘1 = least-squares coefficients
D = difference [(?io - Ho)/Hofxloo. percent

= dimensionless film thickn-ss, h/Rx

= dimensionless minimum (cent-al) film thickness, ho/Fx

o

= dimensionless calculated minimum (central) film thickness

T T T x
S o]

= dimensionless fluid inlet level, hin/Rx

Tam
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= dimensionless fluid inlet level (onset of starvation)

[
3

= film thickness, m

T T
"

minimum (central) film thickness, m

o

= reduced hydrodynamic lift, dimensionless
= direction normal to boundary
dimensionless pressure, pr/nou

= pressure, N/rr.2

o 9 Z
[}

= effective radius of curvature, Rny/(Rx + Ry), m

=

N

—
"

ratio of dimensionless load to dimensionless speen

c
n

average surface velocity in x direction, (uA + uB)/2, m/s

= load capacity, N

= dimensionless coordinate, x/Rx

= coordinate along rolling direction, m

= dimensionless coordinate, y/R,

coordinate transverse to rolling direction, m

= radius ratio, Ry/Ry

= film reduction factor

= f£luid viscosity at standard :“emperature and pressure, Ns/m2
= Archard-Cowking side-leakage factor, 1/(1 + 2/(3a))

(o)
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Subscripts

cr = critical

f = flooded conjunction
X,y = coordinate direction
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The effect of starvation in a hydrodynamically lubricated conjunction can be
studied by systematically reducing the inlet supply and observing the resultant pressure
distribution and film thickness. This starvation effect can have a significant role 1in
the operation of machine elements. For example, roller-end wear due to roller skewing
can be a critical problem for high-speed cylindrical roller bearings. It is desirable
that the hydrodynamic film generated between the roller end and the guide flange proviae
stiffness and damping to limit the amplitude of the roller skewing motion. However, at
high rotational speeds the roller end and the flange are often subjected to a aepletion
in the lubricant supply due to centrifugal effects. 1In such cases, the minute amount of
lubricant available at the roller-end-flange conjunction might well represent an example
of steady-state starvation. Starvation effects in hydrodynamically lubricated contacts
are important also if one wishes to calculate the rolling and sliding resistance and/or
traction encountered in ball and roller bearings [1]. 1In another example, the effect of
restricting the lubricant to a roller bearing is seen experimentally and theoretically
to reduce the amount of cage and roller slip [2]. The theoretical analysitc was accom-
plisheé by changing the location of the boundary where the pressure begins to buildug
and noting the effect on the hydrodynamic forces. Combining this with relative velocity
expreccsions and equilibrium equations enabled the determination of the amount of cage
and roller slip.

The location of the inlet and exit boundries as well as the respective boundary
conditions to be applied has been one of the most controversial issues concerning star-
vation of hydrodynamic contacts. The issue cf the effect of the lubricant supply on the
inlet boundary condition and its consequences to inciplent pressure buildup began to
materialize as a result of earlier studies applied to rigid cylinders [3,4]. Laucer [5]
and Tipei [6) asserted an upstream 1 mit of tne fluid film where the pressure begins to
rise as governed by the Reynolds equation. This limit according to lauder 1c determined
by applying reverse flow boundary conditions (i.e., u = 3u/dy = 0). Tipe1 locates
the upstream limit as defined by the line of centers of two bounded vortices that are
observed for pure rolling. Both cases have been criticized because their analysec lead
to one position of pressure buildup regardless of the oil supply (7). Dowson (8]
Floberg [9,10] and most dramatically, Wedeven, Evans, and Cameron [l11l] provide experi-
mental evidence supporting the idea that the location of incipient pressure rise 1s
determined by the oil supply. Further Wedeven, et al., using a Grubin type of EED
analysis, obtained very good =crrelation between experiment and the theory of starva-
tion effects by choosing the start of the pressure buildup to occur at the meniscus
boundary. Oteri [12], using stream function analysis for rolling rigid cylinders,
showed that incipient pressure rise occurs at the meniscus boundary even in the presence
of reverse-flow conditions. 1In view of this work, starvation effects in machine element
applications can be predicted and relied on with a greater degree of confidence.

One of the more important manifestations of lubricant starvation is the reduction
in film thickness. This topic has received a good cdeal of attention 1n the literature
[11, 13-21). With the exception of [13, 19-21], thcse references are applicable only to
elastodydrodynamic situations. Most of the work concerned with rigid contacte has been
devoted to line contact applications [13,20,21). Dalmaz and Godet [19] analyze the
effect of the inlet on the film reduction factor for a sphere against a plate. However,
to the authors' knowledge, an effort that parallels that of Hamrock and Dowson [14,15])
for the EilD contact is absent from the rigia contact theory. 1In those worke, an
expression was determined that relates the film reduction to the inlet aistance.

The current study 1s a resumption of a previous rigia-contact analysis [22] to
extenc validity for the minimum-film-thickness equation derived there over a wicer range
of film thicknesses as well as to include the effects of starvation 1in thils equation.
The start of the pressure buildup as determined by the Reynolds eguation is assumeéG tcC
occur at the inlet meniscus. The location of the cavitation bouncdary was ceterminea LY
applying the Reynolds boundary conditions as discussed 1r previous work [22]. The stuay
applies to a wide range of geometries (i.e., from a ball-on-plate corfiguration to &
ball in a conforming groove). Seventy-four cases were used to numerically determine (1)
an equation relating minimum film thickness with the fluid inlet level as well as with
the dimensionless load-speed ratio and geometry, (2) an equation pr2dicting the onset of
starvation, and (3) an equation predicting the onset of a critically starved conjunc-
tion. The resulting quations are Xalid for dimensionless minimum film thicknesses
Hg ranging from 5.0x10°° to 1.0x107°. Further, contour 1sobar plats and three-
dimensional isometric pressure plots are presented.

Numerical Procedure

The hvdrodynamic effects on the central film thickness between two rigicé sclids in
lubricated rolling and/or sliding contact are analyzed unocer conditions of lubricant
starvation. The effects of starvation are determined by systematically cecreasing the
fluid inlet level. The Reynolds boundary conditions are applied at the cavitation
boundary, and zero pressure is stipulated at the meniscus or 1nlet boundary. The lubri-
cant is assumed to be an incompressible Newtonian fluia under laminar, 1sothermal,
isoviscous, and steady-state conditions. The numerical approach follows that of a
previous investigation [22). There, a fully flooded film prcfile was specifiec anc &
pressure distribution satisfying the Reynolds equation was determined for a given speec,
viscosity, and geometry. The analysis treats the two rigid bodies as having parallel
principal axes of inertia. This enables one to make a simplifying transformation to arn
equivalent system of a rigid solid near a plane separatec by a lubricant tilm (Fig. 1).
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Relevant equationcs. - The same dimensionless expressions are used here as in (22],
that 1ic,

X = X/Ry, Y = y/Ry, H = h/Ry (1)

also
P = pr/nou, Q= Ry/nx

The Reynolds equation

) 3 3P 9 3 9P dH
37(-“ ax)"ﬁ(" W)'n ax 2

ie the governing eguation within the conjunction.

Wc recognize that, when the inlet supply levels are increased to values much
greater than the minimum fiim thickness, calculations as governed by the Reynolds equa-
tion are inherently in error far from the center of contact. The reason is that the
Reynolds equation neglects curvature of the fluid film. Dowson [23) has pointed out
that the errors involved in using this equation to determine the buildup of pressure
in such regions are neglioible. The predicted pressures are themselves so very much
smaller than the effective load-carrying pressures in the region of closest approach of
the solids. The dimencionless film thickness eqguation is given as

H = Ho +1-F1 - X2 + u[l -¥Y1- (ya) ] (3)

where H is bounded above by the dimensionless fluid inlet level Hj, and below by
the dimencionless minimum film thickness H, (i.e., Hg < H < Hj,, e.g., (Fig. 1).

The fluié inlet level Hj, 1s made dimensionless so that, 1f tRe inlet 1s completely
filled, Hj, = 1 and the conjunction is said to be fully flooded.

The Reynolds boundary conditions are used, that is, P = 9P/3dN = 0 at the cavitation
boundary and P = 0 at the inlet boundary (H = Hjh). A pressure distribution that
satisfies these boundary conditions is then determined numerically by tinite Giffer-
encinag with Gauss-Seidel successive over relaxation method. With this algorithm we are
able to generate pressure distributions for given contact geometry, speea, viscosity,
film thickness, and fluid inlet level.

Effect of inlet on pressure. - Figure 2 graphically portrays how a pressure dis-
tribution is affected by the lubricant supply for a dimensionless minimum film thicknesc
of 1x10°4. The two views, (a) and (b), are for a fully flooded contact (Hn = 1.00)
and a starved contact (Hjp = 0.001). The starvation effect on the pressure distribu-
tion might be considerec rather moderate. That is to say, the effect of reducing the
fluid inlet level has essentially had no effect on the magnitude of the peak pressure.
Only the size of the loac bearing region has been affected. The load bearing region 1s
defined by the meniscus and the cavitation boundary.

We repeat this process of decreasing the fiuid inlet level for & given minimum f1lm
thickness for a wide range of minimum film thickness values. Fiqure 3 illustrates a
situation in which the starvation is more severe. The minimum film thickness here 1s
ten times as thick as what is indicated in Fig. 2. Note that the pressure distribution
of Fig. 3 is not as localized as in Fig. 2. Consequently decreasing the size of the
load bearing region has a more noticeable effect on the load capacity. Starvétion 1c
more evident here since we also see that the peak pressure is noticeably reducead fron
the fully floode@ condition. This sort of behavior takesplace if the fluid inlet level
is of the same order of magnitude as the minimum film thickness.

Generalized film thickness formula. - Now we've seen how starvation effects the
pressure distribution for two different minimum film thickness values. 1In this analy-
s:‘sj we repiated this determination for minimum film thickness values ranging from
1077 to 107°. 1In all, 74 different cases were analyzed to determine a minimum film
thickness equation as a function of dimensionless load to speed ratio (wW/U) anc fluig
inlet level. .

The integration of the pressure distribution can be used in relating the hydro-
dynamic effects (i.e., load, speed, and viscosity) to the minimum (central) film thick-
ness for a given fluid inlet level. 1In general, for a given Hp, and u the load
capacity w and/or the dimensionless load-speed ratio is determined as follows:

w = nounx/fp dx dy

or (4)

/U = ax a
i ff Poax o ORIGINAL PAGE IS
where W/U = wnounx' OF POOR QUAL"I



18-4 Kapitza [27), uein, half Sommerfeld boundary conditions derived the following
relationship: .

W _ B¢L V2a (5)
U
Vi,

where L = n/2 half-Somerfela B.C. (Ref. 27)

L = 0.13]1 tan}

(a/2) + 1.683 Reynolds B.C. (Ref. 22)

In a previous work [22), we found that if the problem is considered using Reynolds
boundary conditions, then L required the above modification. But even then the egqua-
tion was valid ongy if the prsssure distribution was very localized in the case of thin
films (i.e. 5x107° < Hy < 107%). Consider, for example, a ball in rolling motion
that is loaded against & flat plate. For a load-speed ratio W/U of 340, the numeri-
cally determined value (i.e., as desetmined by finite difference analysis) of the
dimensionless film thickness is 107° (Table I). Equation (5) predicts the dimension-
less film thickness to be 1.22x10-3, which is in error of the numerical value by
22 percent. Consequently, we wish to revise Eq. (5) so that it is valiad for the thicker
filme as well. This revised equation should reduce toc Eq. (5) 1n the limit for thin
films. Furthermcre, the revised dimensionless film thickness shoulcd be expressed in
such a way as to easily include the effects of starvation. This would then 2nable us to
present one general exrrzi3sion to be presented for the dimensionless film thicknese that
can be used for the 7.!° range of film thicknesses for a starved conjunction as well as
for a fully flcoded ¢~ ,unctiun. Afi2r the numerical analysis for each case was com-
plete, the several curve fits or regression curves of Hy, on W/U were considered
that would be consistént with these above requirements. The most suitable curve fit
considered was in the form of a more general linear equation, that is,

1 W

.Cl'l_—]'co (6)

(o]

Generalized film thickness formula (applicable to starvec as well as fully floodec
conjunctions). - The effect of lubricant starvation on the hydrodynamic film thickness
was observed by varying the fluid inlet level to the contact ana noting the effect on
load capacity for five different film thicknesses for the ball-on-plate contact (1.e.,

a = 1.00). 1In addition to the fully flooded data, 55 computer-generatec aata points
were used to arrive at a family of equations having the form given 1n Eg. (6). An equa-
tion for each fluid inlet level was determined by performing a linear regression by the
method of least squares. Table 11 lists for each fluia inlet %evel the values of the
coefficierts Cj) and Cq, the coefficient of determination r<, ané Dmax: the maxaimum
percentage of error D efined as

D& —— x 100 (7)

Note that C) remains essaentially unchanged, and can be determined from

1
C, = ———173 (8)
1 eL(1280)17%

Furthermore, all of the effect of starvation 1s described ir the valve of .. &Ar
expreszion for the coefficient C, &s a function of the fluid inlet icvel H,

would enable a determination of a geperalized minimum-film-thickness formula tpat
applies to starved as well as fully flooded conditions. A close eramination of the
variation of Co with H;, in Table II reveals that Cg=(2/H,p) /2 for the severely
starved situations. As H;, approaches 1, C, epproaches a value very nearly egual
to e (i.e., the base of the natural systems of logarithms, 2.718). This suggests
elin as a modulating factor. Further considerations for the nearly floocec inlet
levels show that

c e-H”‘-((z SRY WL ORIGINAL PAGE IS
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Finally for the full range of values, C, varies with H;, as follows:
1/2
H. 2 - H.
Cs * B:10 @ *P (——ﬁ——iﬂ) (9)
in

Thus, our generalized minimum film thickness formula in terms of geometry (1.€.,
radius ratio a), load-speed ratio W/U, ano fluid inlet level H,p, Can be written &s

2 - Hxn

l/2 H -2
io = —-—wLU—Wy + 1.11 (_F——-) € =i (10)
L(128a) i

¢ in



The meosure of aareement betweer the calculated and input values of H, is re-
precentec by the value of D (Eg. (7)) and presented in Table 1. Table I shows that,
wher the fluid inlet level is of the same order of magnitude as the minimum film thick-
ness, the error that rerults from using Eq. (10) becomes larger. However, Eq. (10) can
confiaertly be used for the full range of minimum film thickness 1f the fluid inlet
lJevel 15 such that 0.004 < Hjp < 1.000. For very thin films (1.e., hg < 10°%) Eq. (10)
can be vseful throughout the full range of fluid inlet levels that were 1investigated
(i.€., 0.00) < Hjn < 1.000). Note that the film thickness formula is intended to be
used only for a range of speeds and loads in which piezoviscous and deformation effecte
are negligible. It was determined that these effects can be significant lor minimum
film thickneeses less than 5.0x10°3,

i85

Note also from Table I that excellent agreement is obtained for the near-line-
contact applications (i.e., a = 36.54) even though these data were not used in the
determination of the above Eq. (10). Most of che predictions by Eq. (10) are within
3 percent of the numerically determined values and do not exceed 6 percent for any case.

Fquation (10) is equally valid for the fully flooded conjunction as well as for the
starvec conjunction. That is, if we set H;, = 1.00, then Eq. (10) reduces to

o -2
CR (—-‘l‘L + 3.02) (11)
! oL VI28a
Fguation (11) should be used in place of Eq. (5) whenever a calculation 1s made fnr
a fully flcodeé conjunction since it is valia fcr a broader range of film thicknesses

{1.e., £¥10”° to 1x10"3). Table 1 shows that the error for the full range of mini-
mum film thicknesses investigated (for Hj, = 1) ic less that 1 percent for a = 1.
Fcr the near-line-contact geometry (i.e., a = 36.54) the error does not exceed 3.36
percent.

Recuction in minimum film thickness. - It is now possible to determine the reduc-
tier 1n minimom filr thickness from the fully flooded value 1f the fluid inlet level 1s
knowr. This can be done by inserting Eg. (1l1) into Eg. (10).

o -2
P (H. -1)
CH A & 3,02 e T (12)
Ho. f
ORIGINAL PAGE IS
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- -2
H (H, -1
Pz 2= 1+ 3.02 YH g R - 1 (13)
“v o,f
o,f

where 3¢ the reduction 1in minimum film thickness due to starvation.
PESULTE AND DISCUSSION

Effect ot starvatior on pressure distribution. - The discussion of lubricant ster-
vatior car be facilitated by ftocusing on one of the simplest geometric arrangemente
(1.e,, a ball rolling and/or sliding against a flat plate) ac shown in Fig. 2. The tig-
ure corpares the pressure distribution determined numerically for the fully-floooec
inlet with the most severely starved inlet (Hjp = 0.001). The comparison 1s mace for
2 constant minimum film thickness (i.e., Ho = 1.0x1079). Note that the pressure
pear built up in the starved inlet 1is only slightly smaller than that ot the fully
flooced inlet. However, the area of pressure build-up 1s considerably smaller, anc sc
the starvec inlet ic unable to support as much load for a given film thickness as the
fullv-flooded inlet.

Fiaure ; provices the same sort of comparison but for a thicker minimum failm (1.e.,
Hp = 1.0v107-,. The significant difference between the two figures 1t that the
starved 1rnlet for the thicker film has a more pronounced effect on the pressure peak.
The fluic inlet level (H;, = 0.002) for the thicker film represerts a relatively more
highlv starved inlet since H;, 1is of the order of H, 1in this case. The other
featu'e to be noticed in comparing Figs. 2 and 3 1i1s that the pressure cistribution 1s
more cvenly spread out for the thicker film. Thus, changes in the meniscus (or integra-
tion domain) are going to have a more noticeable effect on the load-carrying capacity.
Note also that because of the boundary conditions the integration domain takes on a
"ki1dney-shaped” appearance. This is more clearly shown in the 1sobaric contour plot
ghown in Fig. 4.

Minimum film thickness equation. - Thus far we have compared the pressure build up
in a severely starved inlet with that in a2 fully floodeo inlet for twc minimum film
thicknesses. Our investigation, however, included several fluid inlet levels for &
variety of minimum film thicknessee. The results are summarized 1n Table I.
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A generalized minimum film thickness formula (Eq. (10)) was derived from the
results of Table I. Figure 5 indicates how well the equation represents the computer
generated data in the table. It was not possible to display all these results in Fig.
5. However, the figure is representative of the overall results. The equation fits the
data quite well excep* when the fluid inlet level is of the same order of magnitude &s
the minimum film thickness. Based on the discussion concerning peak pressure, it woulo
seem that 'he formula holds well for those cases in which the degree of starvation is
such that peak prassure is not significantly reduced.

Of course, it would be most desirable to compare the data in Table I with experi-
mental data. To the authors' knowledge, the only available experimental data were
obtained by Dalmaz and Godet [25). To compare Eq. (10) with experiment, the data from
[25) were replctted in Fig. 6. The experimental data were taken under lightly loaded
(rigid contact), isoviscous conditions for pure sliding of a bail on a plate. The fluid
inlet level in these experiments was reported to be 1 millimeter. The “all diameter was
30 millimeters: consequently the dimensionless fluid inlet level H;, was 0.067. The
experimentai data were presented as a plot of the dimensionless parameters H /WG X
versus U/W1-5G0:5, fThe materials parameter G in the plot was included 80 as to OR'G'NAL
accommodate the elastohydrodynamic range in a more general way. PAGE IS
OF POOR QUALIY

Here, we wish to compare our hydrodynamic starvation theory only with the hydro- .
dynamic results of Dalmaz and Godet. To do this, the ordinate anc abscissa were proper-
ly scalec (assuming a reasonable value of WG = 4.5x10"4) so that the minimum film
thickness could be plotted against the dimensionless load-speed ratio as shown 1in
Fio. 6. The s0lid line in Fig. 6 is a plot of Eg. (10) for a =1 and F,, = 0.067.

The dashed line represents a previous theory (22] in which the reauced xnfet level due
to starvation was not considered. The present theory (Eg. (10)) shows better agreement
with the experimental results than our previous theory [22] for lower values of W/U.
This is because under conditions of low load and/or high speed, the pressures become
more significant away from the center of tne contact. Consequently, neglecting the size
of the inlet introduces an increasing amount of error as W/U 1is decreasec.

Although consideration of the size of the inlet domain improves the agreement of
the theory with experiment for the thicker films, still further improvement is possi-
ble. It is believed that the effects of reverse flow in the inlet must be includea 1in
the theory to obtain better agreement. If reverse flow 1s considered, not all the
available lubricant determined by the fluid inlet level will pass through the contact.
The hydrodynamic contact would essentially s=e this as a reduction in supply from what
actually is there. 1In other words, the inlet is more severely starveé than we have
taken into account. From Fig. 5, we see that increasing the severéty of starvation has
more effect on the load capacity for thicker films (i.e., Hg = 1077) than 1t coes
for thinner films (i.e., Hy = 10°9). Consequently, reverse-flow ccnsiderations
should improve aareement between theory and experiment for the thicker films while still
maintaining good agreement in the thin-film range.

Lubricant film thickners reduction factor and onset of starvation. - Of practical
importance to lur-icant starvation is the reduction in minimum film thickness trom the
fully flooded value. Equation (13) is a derived expression for B in terms of the
fluid inlet level and the fully flooded film thickness (also given by Eg. (11)).
Figure 7 is_a plot of B as a function of the fluid inlet level H,, for several ’

OF POOR QUALITY

values of f- It is of interest to determine a fully floocec-starveo bourdary
(i.e., that ?iuid inlet level after which any further decrease causes a significart =
reduction in the film thickness). Hamrock anc¢ Dowson [14) ceterminec this bourncery fcr J
elastohydrodynamic (EHD) applications upon satisfying the fcllowing conaitaion: :
)
1 -8B " ) Hf = 0.03 (14)
in in

The value of 0.03 was used in Eg. (14) since it was ascertained that the cata ir Table 1
were accurate to only %3 percent.

Thus, for a given value of W, ¢, one can solve for a value_of Hin that
satisfies Eq. (14). A suitable re?atxonship between H}, and ﬁo'f can be ob-
tained by generating a table of values (e.g., Table I1]1) and fitting a power curve by
the method of least sguares. This gives

. 0.36
Hip = 4.11(H, o) (15)

Thus, we have an equation that determines the onset of starvation, That 1s, for
Hin 2 Hin a fully flooded condition exists, whereas for H,p < H;, a starvec
condition exists.

Critically starved inlet. - In certain bearing applications, the power loss result-
ing from churning of the oil may be higher than the power loss resulting from friction
of the bearing alone [26). These power losses can be minimized by reducing the lubri-
cant supply until a loss in film thickness causes the friction losses to i1ncrease.
According to the results shown in Fig. 7, the fluid inlet level can be decreased sub-
stantially without adversely affecting the minimum film thickness., Consequently, 1t
might be advantageous to operate the bearing with a lubricant supply just sufficient tc
preclude any drastic reductions in minimum film thickness, as seen 1in the figure. Such
a critical fluid inlet level might well be defined to occur at the knec of the curve,
that is,
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= ] (16)
"1n,cr

Solutions to this expression for several values of minimum film thickness are listea 1in
Table III. A power curve fit by the method of least squarec gives

0.2977

H = 0.375(H0 !)
.

in,cr Lt
The regression coefficient for this fit was cetermined to be 0.9999%, inaicating an
extremely good fit.

CONCLUDING REMARKS

Numerical methods were used to determine the effects of lubricant starvation on the
minimur film thickness under conditions of hydrodynamic peint contact. Starvation was
effected by varying the fluid inlet level. The Reynolds bounaary conditions were
applied at the caviation boundary, and zero pressure was stipulateac at the meniscus oOr
inlet boundary. The analysis is considered valid for a range of speeds and )-ads for
which thermal, piezoviscous, and deformation effects are negligible. It can be appliec
tc a wide range of geometries (i.e., from a ball-on-plate configuration to a ball in a
conforming groove). Seventy-four cases were used to numerically determine

(1) A generalized expression for the minimum film thickness as a function of cimen-
sionless load-speed ratio, geometry, and fluid inlet level (Eg. (10)). The exprecscsion
should be applied for film thicknesses in the range 1.0x10" > Ho > 1.0x1079 anc for
fluid inlet levels of 0.004 < Hjp < 1.00. For 5x107° < Hq < ? the equation
can be applied for a fluid inlet level of 0.001 < Hj, < 1.00.

(2) A film thickness reduction factor (Eg. (13)) expressed as¢ a tunction of the
dearer of starvation (or fluid inlet level) for @ given fully floodec film thicknesc
value.

{2) An equation (Eq. (15)) that determines the onset of starvation.

(4) An equation (Eq. (17)) that determines a critically starver contact. Contour
1=obar plotes and three-dimensional 1sometric plots alsc pr=sentea.
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TABLE 11", - CUNSTANTS APPEARING N FILM THICKKESS EQUATIUN

(EQ. (6)) FOR EACH FLUID INLLT LEVEL

Dimensionless | Least-squares Loefficient of | Maximum percentage
fluid inlet coefticients determination, | of error in film
level, 1 r thickness deter-
Hin ( (o) mination (ea. (7)).
| Umax
1.0 U.084%5 | 2.6511 0.99y9y 4107
50 08455 | 2.0931 +l.6.
S .08455 | 2.8941 *1.067
250 L0845 | 3.5720 +1.6l
A5 .08454 | 4.42¢0 +1.78
070 .uB447 | 6.3850 +1.08
035 L3414 | v.2635 1.000WU -u.14 I
020 .08418 |12.0388 1.00V0V -1.00 |
.010 .08440 |16.623Y L99999 -3.51
004 L0B452 |¢5.289¢ L9999 -7.47
002 .U8630 |33.5023 .99934 =212
.00l (08878 [43.c0d0 | 99737 -30.07

*(From ref. 28)

TABLE 111%. - DIMENSIONLESS FLUID INLET VALUES THAT DETERMINE STARVEL -
FULLY FLOODED BOUNDARY AND ChiTICALLY STARVED BOUNDARY FOR SEVERAL
VALUES OF MINIMUM FILM THICKNESS FOR A FLOODLU LUNJUNCTION

Dimension- Dimencionless minimum f1im thickness, |
less fluia for a Hooocd (onjum:llon LK
inlet values | = ™ 1
5x10°% ’7 51107 1.10"41 s.w-‘* w-‘ T lx-ur’ j
Hin 0.107 | 0.13¢ |o. uu 0.212 | 0.265 ! 0.297 |0.320
Min.cr .046 082 L .0/74 l .091 | 03 | oo |

*(From ref. 28)
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Figure 1. - Depiction of lubricant flow for a rolling/<liding contact and
corresponding pressure build-up.
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Inlet @ boundary @ boundary
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(b) Starved condition: ic) Starved condition:
Hir = 0.001; Prg, = 1.13x10%;

= 0,004 Ppgy = 1.19x10%
- 862.6. WIU = 567.8,

(@) Fully flooded condition:
dimensionless fluid inlet level H;
Hin = 1. 00; dimensionless WITJ
maximum pressure Po.o. =
1. 20x10°; dimensionless load-
speed ratio W/U = 1153, 6.

Figure 4, -_Ijobaric contour plots for three fluid inlet levels for dimensionless minimum film thickness
HO = Ix107™%,

el
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Eq. (10)
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Figure 5. - Comparison of dimensionless minimum film thickness equation (eq. (10))
with computer-generated data as a function of dimensionless load-speed ratio i.
several values of dimensionless fluid inlet level,



Film reduction factor,

Dimensionless minimum film thickness, Ho
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wi © Experiment (ref. 25)
Theory (H;p, = 0.067; eq. (13))
——=—=—Theory (eq. 5 \
102 10° x103
Dimensionless load - speed ratio, W/U
Figure 6. - Theoretical and experimental results.
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film thickness for
flooded conjunction
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Figure 7. - Minimum film thickness reduction factor as a
function of fluid inlet level for several values of dimen-
sionless minimum film thickness for flooded conjunction.
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