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A full line contact solution, under isothermal conditions, is obtained in which the
effects of single stationary surface irregularities on the EHD lubrication process are
studied under pure sliding conditions. The irregularities studied are furrows,
Sfurrows with built-up edges, and asperities. The effects of these irregularities on
Sfilm thickness, pressure, and subsurface octahedral shear stress are presented. The
pressure and film thickness resulting from such surface irregularities are
significantly changed from their smooth surface values. These changes alter the
state of stress in the subsurface region by increasing the maximum value of oc-
tahedral shear stress and bringing the location of this maximum stress closer to the
surface. The film thickness in the contact is significantly changed from the smooth
surface value only when the irregularities are located in the inlet region while the
maximum value of the octahedral shear stress increases to the greatest extent when
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the irregularities are located in the outlet half of the contact.

Introduction

The topography of the surfaces in concentrated contact
influences the lubrication process and the associated stress
field in the solids, which can significantly contribute to both
surface-initiated fatigue failures and scuffing failures of
mechanical elements. Surface-initiated fatigue failures can
take place as the result of asperity interactions that cause
plastic deformation and subsequent micropitting and
microcracking of the surfaces. Such failures can also take
place as the result of manufacturing processes or service
related surface defects. Surface topography is also intimately
connected to the events initiating scuffing. The localized
surface damage is caused by the solid-phase welding of in-
teracting asperities and the consequent tearing of these welds
due to the relative motion of the surfaces. The dominating
importance of both surface-initiated fatigue failures and
scuffing failures in concentrated contacts has served to in-
crease interest in the study of the effects of surface roughness
and surface defects on the lubrication mechanics as it relates
to these failures.
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One approach that has been taken in studying surface
roughness effects is to use models that provide information on
the lubrication process only in an average sense. Stochastic
roughness models have been used in hydrodynamic
lubrication by Tzeng and Saibel [1] and Christensen [2, 3],
while Patir and Cheng [4, 5] have proposed a threc-
dimensional surface model for calculating average flow and
average pressure. The line contact EHD lubrication problem
with random surface roughness has been solved by Chow and
Cheng [6].

With the stochastic approach discussed above, information
about the influence of individual surface irregularities cannot
be extracted. Thus, important quantities such as peak
pressures, maximum values of stress, and minimum film
thicknesses caused by these irregularities are not known. This
limitation of the stochastic approach can be avoided by
studying the effects of a single irregularity on the pressure,
subsurface stress, and film thickness profile in EHD
lubrication. Such studies have been analytically conducted by
Fowles [7], and Cheng and co-workers {8-11].

Experimental studies of rough surfaces under EHD
lubrication conditions are very difficult to perform. The rapid
changes in surface profile due to random surface irregularities
can cause problems in determining the true film profile.
Recent experimental studies have concentrated on single and
multiple irregularities produced on smooth surfaces. Among
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these studies have been those of Jackson and Cameron [12],
Kaneta and Cameron [13], Wedeven [14], Wedeven and
Cusano [15], and Cusano and Wedeven [16, 17]. With the
exception of [14], where the irregularity was previously
formed by debris, all other experimental studies mentioned
above were conducted by using artificially produced surface
irregularities.

The purpose of this study is to present data on the effects of
geometrically simple surface irregularities on the film
thickness, the pressure distribution, and the subsurface shear
stress field in sliding EHD line contact lubrication under
isothermal conditions. The data presented in Part I of this
study are an extension of the data presented by Cheng and
Bali [11]. They used a Grubin-type solution to study single
stationary irregularities in line contact under pure sliding
conditions. A full line contact solution is presented in this
paper. As in [11] only the pure sliding case with stationary
irregularities is considered. Based on the results presented in
Refs. [13, 17], these kinematic conditions lead to results that
represent an upper bound on film thickness changes for a
given irregularity. Such an upper bound implies an upper
bound on the changes in pressure and subsurface shear
stresses.

Governing Equations

A brief description of the governing equations and their
solution will be given. These equations and the technique used
for their solution are thoroughly discussed in [18].

The line contact EHD lubrication problem (two elastic
rollers) under steady state operating conditions is considered.

To obtain steady state conditions, the irregularities are
located on the stationary surface (top surface in this study).
The x-axis is taken along the moving surface (bottom surface
in this study) and the z-axis is taken normal to and directed
outward from this surface. The origin of the coordinate
system is located at the center of the Hertzian contact.
For the problem under consideration, the Reynolds
equation is given by
d (ph3 dp
dx \ 7 dx
The description of the film profile between two elastic
rollers in EHD contact depends on the rigid body separation
of the two surfaces and the surface displacements caused by

interfacial hydrodynamic pressures. For smooth cylinders,
this film profile may be expressed as:

h=hy + (/2R ) + (2 /2R,) + £, (6) + 1,(%) V)

The expressions for the displacements #,(x) and #,(x),
caused by a line pressure distribution along an elastic half-
space are given by Timoshenko and Goodier [19]. With the
geometry of a surface irregularity described by a function
d(x), the film profile between two elastic rollers is given by
[18]:

d
) =12u 2 (oh) )

5

2 p@In((x—s)/s)*ds+d(x) (3)

51

h=h, +(x2/2R)—(2/7rE’)S

The surface irregularity d(x) is described by periodic
functions and can be represented by the generalized geometry
shown in Fig. 1. In terms of the x’ —d axes given in this
figure, d(x’) is defined as

Nomenclature

pressure-viscosity
model parameters in
the slope transition

dy,ay,a,,d3 =

ll 112,[3 314 =

region
A,B = density model pa- b.py =
o rameters
A,B = AE’,BE’ PasPy =
b = 4Rpy/E’, Hertzian
halfwidth
C = lz/b, l3/b, dimen- Pu; =
sionless furrow and
asperity halfwidth P o=
d = defect description as _
a function of x P =
d,,d,,d, = asperity and furrow R =
height parameters
E,E, = moduli of elasticity R\,R, =
of solids one and two
8,81 Iy =
E' = l/E'=
2 2
—1—(1_V1+1 VZ) bt =
2 E, E,
GI!GZ = OllE/,azE,, primary
and secondary mate- u =
rial parameters .
h,hy,h,, = film thickness, U =
central film thickness
(at x=0), minimum
film thickness W=
Aosm Asm = central and minimum .

film thicknesses for
smooth surface
reference cases

asperity and furrow x,¥,Z2 = coordinates

width parameters x* = furrow or asperity
pressure, Hertzian center location

peak pressure x’ = x-—x*, variable used
transition pressure for describing the
points for pressure- geometry of the
viscosity model asperity, furrow and
dry Hertzian pres- furrow with a built-
sure distribution up edge
pressure-viscosity oy,0 = pressure-viscosity co-
slope break pressure efficients of two-
p/E’ slope exponential
R\R,/(R, +R,), model

equivalent radius A = dy/hyn

radii of cylinders one n = viscosity

and two 1o = Viscosity at ambient
dummy variable and pressure

limit of integration in vi,v; = Poisson’s ratios of
the x-direction solids one and two
displacement of the p = fluid density

surface of solid one oo = fluid density at
and two ambient pressure
one-half the velocity g = p/pg

of moving surface g,,0,,03 = principal stresses in
nou/E’R, dimen- solid

sionless velocity Ooet = Toot/Do

pafameter, Ooctsm = Toctsm /pO

load per unit length Toq = Octahedral shear

on EHD contact stress

w/E’R, dimen- Toasm = Octahedral shear
sionless load stress for the smooth
parameter surface reference

J .
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Fig. 2 Two-slope pressure-viscosity model of Alien, Townsend, and
Zaretsky [20]
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Note that the origin of the x’ —d axes is located at x* with
the x’ axis along a line which coincides with the smooth
geometry of the upper surface. The position of x*, on the x-
axis, coincides with the summit of an asperity or the deepest
part of a furrow. In this paper the following irregularities are
considered: a simple symmetric furrow without a built-up
edge, a symmetric furrow with a built-up edge on the outlet
side (right side), a symmetric furrow with a built-up edge on
the inlet side (left side) and a simple symmetric asperity. Using
the symbols given in Fig. 1, these irregularities are described
as follows:

1. Simple symmetric flow without a built-up edge has
dl :d3 =11 :[4 =O, [2 =[3 >0and dz <0.

2. A symmetric furrow with a built-up edge only on the
outlet side has d, =/,=0, /,=1>0, /,>0,d;>0 and
d, <0.

3. A symmetric furrow with a built-up edge only on the
inlet sidehasdy =/, =0,/, =/3>0,/,>0,d,; >0 and
d, <0.

4. A simple symmetric asperity is the same as a simple
furrow except d, >0.

Since isothermal conditions are considered in this paper,
the viscosity, », in equation (1) is a function of pressure alone.
The pressure viscosity model is a modified version of the two
slope exponential model proposed by Allen, Townsend and

Zaretsky [20]. The model proposed in [20] is stated
mathematically as:
noe*1? P =D
n= (5)

nee%1P1 teae—p) pP>p,
Equation (5) is represented by the solid shown in Fig. 2.

The behavior of oils under pressure does not suddenly
change at p=p,. There must be a smooth transition between
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the two regions where the differing exponents apply. This
concept is illustrated by the dashed line in Fig. 2. The tran-
sition may be accomplished by fitting a cubic polynomial to
the exponent between points p, and p, on the two slopes of
the pressure-viscosity model. The general form of this
modified pressure-viscosity model then becomes:

noe*1? P=p,

Q)

2 3
n= 3 meeWo NPT rar) p <p<p,

ne*1P1 20y p=p,

The coefficients g, through a@; are found by requiring
continuity of In(y) and d(In n)/dp at p, and p,. For the results
presented in this paper p, and p, are arbitrarily fixed at 0.75
p; and 1.4 py, respectively.

The density, p, in equation (1) is also a function of pressure.
A model which closely matches experimental data was
proposed by Dowson and Higginson [21]. This model is
expressed mathematically by

p=p/po=1+[Ap/(1+Bp)] M

To obtain a solution to the line contact problem, equation
(1) is first discretized using standard second order finite
difference forms for - variable grid spacing. After
discretization, equation (1) is written in residual form at each
finite difference grid point. If the pressure and film thickness
distribution represent a solution, the residual is zero. A
residual expression representing the integral of the pressure
over the solution region minus the specified load is appended
to the system of residual equations. The central film thickness
is used as a variable to control the integral of the pressure
(load capacity). In obtaining a solution, an initial pressure
distribution and central film thickness are assumed. An
iterative scheme, based on the Newton-Raphson procedurc
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Fig. 3(b) Subsurface octahedral shear stress contours

Fig.3 Reference smooth surface solution

for a system of equations, is used to drive the residuals to
Z€ro.

Data on the subsurface shear stresses are obtained by
calculating the octahedral shear stress which, in terms of
principal stresses, is given by:

Tou = 3 [(01 = 02)* + (0, — 03)* + (03 — 07)*] " (3)
The stress calculation is based on the work of Dowson,
Higginson, and Whitaker [22].

Results

Solutions to the line contact EHD lubrication problem are
presented in this section for the surface irregularities
described previously. These solutions were obtained in order
to investigate the effects of location (within and around the
Hertzian region) and geometry of the irregularities on film
thickness, pressure distribution and subsurface octahedral
shear stresses.

The results to be presented are given in terms of the
following nondimensional parameters: W, U, G,, G, Py, A,
and B,

This set of nondimensional parameters is sufficient to fully
specify the solution of the smooth surface EHD line contact
problem. The groupings for load, speed, material, and density
barameters are those used by Dowson and Higginson [21].
The nondimensional parameters used for computational
purposes were different from the parameters listed above and
werc chosen to insure a computational technigue that would
result in a minimum of round-off error.

.The geometry of the irregularities is described in terms of
dimensionless height and width parameters given by:

di/hosm and [;/b; i=1,2,3; j=1,2,3,4

For all the surface irregularities considered in this paper, the
parameter dz/hoSm is given the symbol A while the parameter
h/b=1,/b is given the symbol C. All the results to be
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Fig. 4(b) Subsurface octahedral shear stress contours
Fig.4 Effect of furrow located in the inlet, A= —5.34,x*/b= —0.9

presented have the following common nondimensional
parameters: W=0.75 x 1074, U=0.31 x 10~'", G, =5000,
G, =600, A=132, B=383, and C=0.3. Various values of
Gy, G,, A, and B have been used or suggested in the past for
steel lubrlcated with mineral oils [11, 20, 21]. The values used
in this paper are representative of those used in these earlier
investigations. Because of limited space, only some
representative results are given. Additional results can be
found in [18].

For the data presented in Figs. 3 through 7, in addition to
the parameters given above, a value of P, =0.76 X 1073 is
used. This value of P, is somewhat lower than that used in
[11]. However, because of the higher initial slope for the
pressure-viscosity model used in this paper relative to the
pressure-viscosity model used in [11], the lubricant viscosity at
the break points is approximately the same for the two
models. In Figs. 3 through 7, the figures labeled ‘‘a’’ show the
EHD pressure distribution and the dry contact Hertzian
pressure distribution both normalized by the Hertzian peak
pressure. In addition, these figures show the film thickness
which is normalized by the central film thickness (hg.,) Ob-
tained from the EHD lubrication of two smooth surfaces in
pure sliding. This film thickness is further scaled by a factor
of four to more appropriately position the profile in the
figures. The figures labeled “‘4’’ in Figs. 3 through 7 show a
map of the lines of constant values of octahedral shear stress
in the subsurface region directly beneath the contact area.
These stresses are normalized on the peak Hertzian pressure.

Figure 3 shows the film thickness profile, pressure
distribution, and octahedral shear stress field for two smooth
surfaces in pure sliding. These plots are used as a reference in
discussing the results to be presented for the simple furrow.
The stress contours follow those predicted by Poritsky [23]
for the Hertzian contact, deviating slightly at the outlet region
where the contours are drawn closer to the surface near the
outlet pressure rise. The maximum value of the subsurface
octahedral shear stress is 0.2608 p, and it occurs on the line
x =0 at the depth of z/b= —0.70.

In Figs. 4 through 7, a furrow having A= —5.34 is shown at

JANUARY 1984, Vol. 106/ 107

ggitalcollection.asme.org on 06/27/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



2.0 . T . T T
<t \ ——p/p,
~ == " Pua/Po
E 1.8 F - h””‘osm”
a \
£
~
< 10
j oy
(e}
& 05fF 1
~
a — /
0.0 . ]
~2.0 -1.5 ~1.0 -5 0.0 0.5 1.0 1.5
X/b
Fig. 5(a) Pressure distribution and film thickness
0.000
£
~
N -,250 E
o
©
@ _s00
< W
L
S -.750 4
[+5]
[
-1.000 i
-2.0 -1.5 -1.0 -5 0.0 0.5 1.0 1.5
x/b
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Fig.5 Effect of a centrally located furrow, A= —5.34, x*/b =0.0

various locations in and around the Hertzian contact zone.
The furrow center location is specified by the nondimensional
parameter x*/b. For 1.2<x*/b and x*/b< —1.7, the
solutions are the same as if no furrow were present.

Figure 4(a) shows the film thickness and pressure
distribution for the furrow positioned at x*/b= —0.9, For
this location, the central film thickness increases 31 percent
when compared with the reference case (Fig. 3(a)). As ex-
pected, the pressure distribution is modified by the presence
of the furrow. The shallow pressure of the inlet sweep now
extends to within the Hertzian region and there is a steep
pressure rise on the outlet edge (right side) of the furrow. The
remaining portion of the Hertzian zone remains similar to
that of the reference case. When compared to the reference
case, the corresponding stress contours shown in Fig. 4(b) are
closer to the surface in the area around the outlet side (right
side) of the furrow. The maximum value of octahedral shear
stress has increased only slightly from the reference case and
is located at about the same depth but about one-quarter of a
Hertzian halfwidth toward the inlet side when compared to its
location for the reference case.

With the same size furrow centrally located, the change in
the central film thickness is small as shown in Fig. 5(a). The
central film thickness in this case was taken to be the average
of the film thicknesses at x*/b= +0.5. The notable point
about the film thickness profile is the constriction at the
leading edge of the furrow and the compression of the furrow
depth to about one fourth its initial depth (from an un-
deformed depth of 5.34 A, to about 1.15 A, . The pressure
distribution changes dramatically when compared with the
reference case. The contact is essentially divided into two
separate but coupled EHD solutions.

The stress contours shown in Fig. 5(b) have a distinctly
different pattern than the reference case. There are two local
maxima of stress values located at the inlet and outlet edges of
the furrow. The largest value of octahedral shear stress is
located at the inlet edge and is about 36 percent higher than
the value of the octahedral shear stress in the reference case.

108/ Vol. 106, JANUARY 1984
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The location of the maximum value of the octahedral shear
stress has changed considerably, now it is located at a depth of
about z/b= —0.06 and shifted laterally to the left to a
position below the inlet edge of the furrow. The octahedral
shear stress moves closer to the surface because of the high
pressure peaks and pressure gradients occurring over a
smaller contact area relative to the reference case.

Placing the furrow center at x*/b=0.3 results in the
solution shown in Fig. 6. This case shows many of the same
attributes of the case presented in Fig. 5. The film thickness
constricts at the inlet side of the furrow as well as the overall
outlet. The central film thickness is essentially the same as the
reference case, varying by only 4 percent. The octahedral
shear stress contours, shown in Fig. 6(b), show two local
maxima as in the previous case. The maximum value oc-
tahedral shear stress occurs at a depth of z/b= —0.07 and is
below the inlet edge of the furrow. The value of the maximum
stress is about 40 percent larger than the reference case.

Figure 7 shows the solution for the furrow center located at
x*/b=0.8. The pressure rises to a peak on the inlet side of the
furrow in a similar manner to the previous two cases
presented. The pressure drops to near zero within the furrow,
begins to rise again at the outlet side of the furrow and drops
back to zero just outside the dry contact Hertzian zone.

The film profile resembles the reference case throughout
much of the contact up to the inlet side of the furrow. The
central film thickness is about 4 percent less than that of the
reference case. Also there is a constriction on the inlet edge of
the furrow but the outlet edge of the furrow prevents the
forming of the usual constriction at the exit.

The octahedral shear stress contours, shown in Fig, 7(8),
again have local maxima below the inlet and outlet edges of
the furrow. The overall maximum octahedral shear stress is
below the inlet edge of the furrow at the depth of z/b= —0.06
and is 25 percent larger than the maximum found in the
reference case.

The furrow with a non-dimensional depth of A= —5.34is
chosen to illustrate the change in location of the maximum
octahedral shear stress as the furrow center takes on various
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Flg. 8 Maximum octahedral shear stress locations as a function of
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stress locations. Corresponding symbols on the line indicate furrow
center locations. The legend indicates- the level of stress of each
symbol).

positions in the contact. Figure 8 shows the octahedral shear
stress maxima for various values of x*/b. Each symbol in the
subsurface region indicates the location of the maximum
stress while the corresponding symbol on the line z/b=0
indicates the location of the center of the furrow. The arrows
connecting the symbols indicate the movement of the
maximum stress as the furrow is moved from inlet to outlet.
With the furrow outside the inlet region (x*/b=< —1.5), the
maximum value of the octahedral shear stress occurs at the
same location as for the reference case. This location moves
slightly to the left and then toward the surface for x*/b=—
1.0 and -0.9, respectively. For —0.3=<x*/b<1.0, the
maximum value of the octahedral shear stress occurs at the
depth of less than z/b= —0.10 and is located below the inlet
edge of the furrow where the pressure peaks occur. With the
furrow located at x*/b=1.2, the position of the maximum
octahedral shear stress returns to the same location as the
reference case. The maximum value of octahedral shear stress
is located closest to the surface (z/b= ~0.06) when the groove
center is at x*/b=0.0and 0.8.
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Fig.10 Central film thickness ratio as a function of furrow position for
three furrow depths

The influence of the depth of centrally located furrows on
the film thickness and pressure distribution is shown in Fig. 9.
As expected, Fig. 9(a) shows that, as A increases, the pressure
peaks on both sides of the furrow become higher and the
pressure at the furrow center approaches zero. The film
thickness shown in Fig. 9(b) is essentially the same outside the
furrow area for all three furrow depths considered.

To illustrate how film thickness is influenced by the
presence of a furrow, a graph synthesizing the results for the
central film thickness obtained from 65 solutions is shown in
Fig. 10. The data for this graph are for three non-dimensional
furrow depths of A= —1.06, —3.20, and —5.34. The region
of influence for the furrow is within the range
—-2.0<x*/b<0.5. The general trend for all furrows con-
sidered is the same. For furrow locations approaching the
inlet side of the Hertzian region, there is a central film
thickness reduction below that of the reference case. Within a
narrow range near the inlet edge of the Hertzian zone, there is
a film thickness increase above that of the reference case. In
all cases the film thickness ratio approaches 1.0 as the center is
located toward the exit side of the Hertzian contact.

The same phenomenon of film reduction, increase and
subsequent approach to a lower value was observed by
Cusano and Wedeven [17] as a surface irregularity was moved

Downloaded From%&B@’ﬁ!rgglaévQ&Awtalcollectlon asme.org on 06/27/2019 Terms of Use: http://www.asme.org/about- asme/terrstAE#’ld‘Jé\RY 1984, Vol. 106/109



2.00

L ¥ T R R — T I
Stress Ratlo v.s. x*/b
L = N =-1.06
178l 2 %ma.zo i
. —
° 5.34
= 150 i
je]
@ U -
L - \
» 185 - 1
g /e__@ o= B —a
s 100 b et N .
%)
0.75 |- , K
o504 t . 1 1 s
-2.5 -2.0 -1.5 -1.0 ~.5 0.0 0.5 1.0 1.5
x*/b
Fig. 11 Maximum -subsurface octahedral shear stress ratio
(00ct/ooctsm) @s @ function of furrow position
2.0 \ — T T T *1'“!’-"]
N
c 15[
[
o
K ey
~
<
1.0}
o
fany
o
o 0.5
~
0
0.0 1
-2.0 -1.%

Cx/b
Fig. 12 Effect of furrow with an outlet side build-up edge on pressure
distribution and film thickness, x*/b =0.0, A= —1.06

through the inlet and central region of an EHD point contact.
Since their data were obtained for a ball with a dent in contact
with a plate, the present results and those in [17] are not
directly comparable. However, the flow in the center of an
EHD point contact is mainly velocity-induced and a single
dent of diameter small enough compared to the Hertzian
circle would not allow significant side leakage. The film
thickness in a band upstream and downstream of the dent
would be expected to behave much like that of a furrow in line
contacts.

The effects of furrow location and depth on the' maximum
value of octahedral shear stress are shown in Fig. 11. The
stress ratio is defined as the ratio of the maximum value of the
octahedral shear stress of the case indicated to that of the
reference case. Figure 11 shows this stress ratio as a function
of furrow center location for each furrow depth presented.
The stress is not significantly influenced by the furrow with
the smallest depth (A= —1.06). The magnitude changes by
less than 4 percent and the location of the maximum oc-
tahedral shear stress remains at about the same location as
that of the reference case. There is a more significant change
in stress when the dimensionless furrow depth is increased to
A= —3,20. The maximum value of octahedral shear stress
increased 12.5. percent above the reference value when this
furrow is located at x*/b=0.8. As expected, the largest in-
crease in the maximum value of the octahedral shear stress
occurs with the deepest furrow considered (A= —5.34). The
stress ratio curve for this furrow depth peaks when the furrow
is located at x*/b=0.3. At this location the maximum value
of the octahedral shear stress is 40 percent greater than the
smooth surface reference. Note that for all cases considered,
the only significant increase in the stress ratio occurs when the
center of furrows is-located within the Hertzian zone.

If a furrow is produced in a metal surface due-to debris,
machining or assembly damage, the metal flow will frequently
cause a small protrusion at one or both edges of the furrow.
In [17], these protrusions or built-up edges were found to
cause large local film thickness variations in the areas where
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they were located which also implied very large pressure
variations in these areas. In addition to furrows with built-up
edges, another surface irregularity which has practical
significance is the asperity. Limited data will be given on the
effects of furrows with built-up edges and asperities on both
film thickness and pressure distribution in line contacts.

In obtaining the following data, the breakpoint, P;, was
increased from 0.76 X 1077 t0 0.91 x 10~3. This change will
bring the breakpoint to a value closer to that suggested in [20]
and used in [11]. It should be noted that as long as P,
represents a pressure which is larger than the pressure in the
inlet region-of the Hertzian contact, moderate changes in P,
will not appreciably change the results presented in this paper.

In Fig. 12 the pressure distributionand film profile are
shown for the furrows with an outlet (right side) built-up
edge. The furrow is located at x*/b =0.0. Using the notation
of Fig. 1, the geometric parameters used to obtain these data
are: [;/b=0.0, 1,/b=0.20, d,;/hosn=0.0, A=dy/hom =
—1.06 and d; /h g, =0.21. The pressure distribution shown in
Fig. 12 is similar to that shown in Fig. 11 for the same value of
A except that, because of the built-up edge, the pressure peak
on the outlet side of the furrow is both wider and higher
compared with the pressure peak on the inlet side. The film
shape has .been deformed in such a way as to essentially
eliminate both the furrow and built-up edge, leaving an
almost constant film thickness in the central region. The
pressure distribution and film profile remain essentially the
same as the smooth surface case both upstream and down-
stream of the defect.

Figure 13 shows the changes in both central and minimum
film thicknesses as the defect is positioned at various locations
in the Hertzian contact region. The only significant changes in
central and minimum film thicknesses occur with the defect
positioned in the inlet region.

Film thickness and pressure distributions for a centrally
located furrow with an inlet built-up edge are shown in Fig.
14. The nondimensional geometric parameters for this defect
are: 1;/b=0.20, 1,/b=0.0, d|/hogm =0.21, A=d,/hosw =
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Fig. 16 Effect of asperity height on EHD lubrication for a centrally
located asperity :

~1.06 and d;/hqy, =0.0. As expected, the shapes and am-
plitudes of the pressure peaks on each side of the furrow are
opposite to those shown in Fig. 12, Again the film thickness
distribution is approximately the same as the smooth surface
case. The film thickness as a function of the position of the
furrow is shown in Fig. 15. The changes seen are similar to
that shown in Fig. 13. A notable point in this case is that the
presence of the furrow in the vicinity of the usual location of
the outlet constriction has increased the minimum film
thickness above the smooth surface values by about 14
percent.

Built-up edges were observed to cause large film thickness
variations from the smooth surface value in [17]. The reason
for not observing such large variations in this study is because
the height of the built-up edges and depths of the grooves
(normalized on the smooth surface central film thickness) are
smaller than the heights and depths considered in [17].

The pressure distributions and film thickness profiles for
two centrally located asperities are shown in Fig. 16. Note
that, geometrically, these asperities are described by the same
barameters as a simple furrow except A is positive instead of

being negative. From Fig. 16(q) it is seen that the decrease in
pressure at the edges of the asperities is larger for the larger
asperity. This decrease is caused by the relatively large surface
deformation at the edges of the asperities. The film thickness
profiles, shown in Fig. 16(b), are nearly the same throughout
the inlet and central regions. For A=1.06 and 2.14, the
central film thickness values are, respectively, 2.2 percent and
3.3 percent smaller than the smooth surface case, while the
minimum film thickness values are, respectively, 4.2 percent
and 18 percent smaller than the smooth surface case.

For A=1.06, both c¢entral and minimum film thicknesses
do not vary substantially from the smooth surface value as the
asperity is located at various positions in the Hertzian region.
The central film thickness is never more than 2.5 percent
greater than the smooth surface case and up to 14 percent
smaller. The minimum film thickness is never more than 1
percent greater than the smooth surface case and up to 14.5
percent smaller. The central film thickness is primarily in-
fluenced by the presence of the asperity in the inlet region at
x*/b= —1,0. The minimum film thickness is influenced by
the asperity located near the inlet, in the same manner as the
central film thickness, and at the outlet where there is an
interaction between the asperity and the outlet constriction.

The maximum value of the octahedral shear stress for the
asperity follows the same trends as the simple furrow as the
asperity height is increased relative to the central film
thickness. For an asperity with A=2.14, the maximum value
of the octahedral shear stress is 25 percent larger than the
smooth surface case and it is located at z/b=—0.15 com-
pared to z/b= —0.70 for the smooth surface case.

Discussion

The results presented in this paper show the effects of single
surface irregularities on the film thickness profile, pressure
distribution and octahedral shear stress in sliding line contacts
under isothermal conditions. Similar results have been ob-
tained by Cheng and Bali [11] for defects located in the inlet
region. The values of G;, and U in this study differ from
those used by Cheng and Bali and, therefore, prevent a
meaningful direct comparison of results. The kinematic
conditions analyzed in this study as well as those in [11]
should result in an upper bound on both film thickness and
pressure variations. This upper bound has been implied by the
experimental results given in [13, 17]. Therefore, any other
kinematic conditions such as pure sliding in which the defects
are moving, combined rolling and sliding or pure rolling
should have less influence on film thickness and pressure, for
the same operating conditions and defect geometry, than the
influence observed in this paper.

The results presented show that surface irregularities can
significantly influence the lubrication process in lubricated
concentrated contacts. These irregularities can cause high
peak fluid pressures which influence the octahedral shear
stresses in the metal. These stresses tend to increase locally in
the region directly below a pressure peak and high pressure
gradient caused by the irregularities. If the localized pressure
is high enough, the location of the maximum value of the
octahedral shear stress will move from approximately the
location of the dry Hertzian maximum octahedral shear stress
to a location much closer to the surface and directly below the
localized pressure peak. A similar phenomenon is apparent in
the data presented by Dowson, Higginson and Whitaker [22]
for the maximum shear stress. The increase in and movement
closer to the surface of the maximum value of the octahedral
shear stress due to localized pressure peaks and large pressure
gradients caused by surface irregularities can shorten the
fatigue life of machine elements.

Surface irregularities can also influence scuffing failures in
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machine elements. All the surface irregularities studied have
caused position-dependent changes in the film thickness
within the contact. In many cases, the central film thickness
decreased significantly from the smooth surface values, some
as much as 32 percent (see Fig. 10). Such film thickness
reductions can lead to increased scuffing failures.

The effects of surface irregularities on the EHD lubrication
process can depend on a number of factors which have not
been analyzed in this study. Some of these factors are dif-
ferent kinematic conditions of the contacting surfaces,
geometry of irregularities which could produce much larger
variations in film thickness and pressure (including
cavitation), and a more realistic rheological model for the
lubricant which, could show less drastic changes in pressure
and pressure gradients in the neighborhood of the
irregularities. However, the results presented in this paper are
useful in estimating the influence of surface irregularities on
the EHD lubrication process and the resulting subsurface
stress distributions.

Summary

Some of the more important observations which can be

made about the effects of surface irregularities on the.

lubrication process in line EHD contacts under pure sliding
conditions are: ‘

1. Surface irregularities can significantly alter both
pressure and film thickness distribution from their
smooth surface values. These changes alter the state of
stress in the subsurface region mainly by increasing the
value of the maximum octahedral shear stress and
bringing the location of this maximum closer to the
surface.

The position of the converging or diverging portion of

an irregularity in the critical inlet region respectively

causes an increase or decrease in the film thickness in the
contact.

The minimum film thickness is affected both by the

general increase or decrease ‘caused by changes in the

inlet geometry, as mentioned above, and by Jlocal
geometry deviations from the smooth surface at outlet
constriction,

4. Film thickness constrictions within the contact area are
observed with furrows when the pressure within the
furrows approaches zero.

5. Subsurface stress levels increase to the greatest extent
when irregularities are located in the outlet half of the
contact.

»
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