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Summary—The paper describes some experiments, the object of which was to determine
the stress distribution at a contact surface or below of it. Plastic and glass cylinders were
rolled on the inner surface of a hardened steel ring under dry and lubricated conditions.
The ring and the cylinder were driven by separate motors to enable rolling and sliding
contact.

The maximum pressure at the contact point was, according to Hertz theory, p, = 4300
psi for a plastic model and p, = 30,000 psi for a glass model.

Direct comparison, for a given load, of isochromatic patterns for dry and lubricated
conditions testify that the oil film exerts an influence on the stress distribution in the
contact zone, the discrepancy with the Hertzian distribution being considerable.

NOTATION
Young’s modulus
E’ reduced Young’s modulus defined as 1/E’ = }[(1—v,2)/E,+ (1 —v,?%)/E,)]
F fringe value of the model
n fringe order
P, maximum pressure according to Hertz’ theory
R, radius of the track of the ring
R, radius of the cylinder
R radius of the equivalent cylinder near the plane defined as 1/R = 1/R,+1/R,
7 shear stress
# = (Tmax with oil/Tmax dry)» Shear stress coefficient
V, surface velocity of the track of the ring
V,, surface velocity of the cylinder
io Vviscosity of fluid at atmospheric pressure and test temperature
« pressure, viscosity coefficient in p = p,e*?
B = (V,/V,) —1, slip coefficient
v Poisson’s ratio

INTRODUCTION

It 18 generally known that despite the high value of the pressure at the contact
point between the rolling element and the race of a lubricated ball or roller
bearing or between the teeth of a toothed gear, reaching according to Hertz’
theory p, = 150,000 psi, there is still a continuous oil film, a few microns thick,
separating the two co-working surfaces and carrying the entire load.

The question as to whether this layer produces a stress distribution different
from that for dry contact, known from the equations of the theory of elasticity,
may still be of interest. The present paper is a report of an experimental test
of that phenomenon.
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244 JACEK STUPNICKI

APPARATUS AND EXPERIMENTAL TECHNIQUE

The experiments were carried out by photoelastic methods. Fig. 1 shows the general
arrangement of the installation and Fig. 2 a diagrammatic representation of the experi-
mental apparatus. The apparatus had been designed so that it could be placed between
the optical elements of a typical photoelastic bench.

STEEL RING

—

_MODEL

CONTACT ZONE

"~ BEARINGS

Fic. 2.

The subjects of investigation were a cylinder made of CR-39 plastic material, 4:7 in.
dia. and 0-7 in. thick, loaded up to p, = 4300 psi and a glass cylinder 4-8 in. dia. and 1 in.
thick loaded up to p, = 30,000 psi, p, denoting the maximum pressure of the contact
point according to Hertz’ theory. The steel ring, which was of 11 in. i.d., was supported
on three bearings. Great care was taken in the manufacture of the apparatus to ensure
that the axes of the cylinder, the ring and the bearings were parallel. The load was applied
to the contact point by means of a lever and spring as shown in Fig. 1.

The ring and the cylinder were driven by separate motors to facilitate rolling and
sliding contacts. The ring was driven by a constant-speed motor by means of a rubber
belt. The transmission allowed the speed of the ring to be varied. For the experiment
reported here the speed of the track of the ring was V, = 122, 346 and 680 in/sec. The
cylinder was driven by a variable-speed d.c. motor which enabled the peripheral speed
of the cylinder to be varied within the range of ¥, = 0 to V,, = 1400 in/sec.

The velocities of the ring and the cylinder were measured by means of photo-cells and
recorded. The error of speed measurement was estimated at about 3 per cent.

Oils of various viscosities were sprayed onto the surface of the ring and the cylinder.

The isochromatic pattern was photographed by means of a parallel beam of mono-
chromatic light (\ = 4470 A) produced by a flash lamp. The time of exposure was about
1 psec.

psln order to verify the correctness of operation of the apparatus and the optical
sensitivity of the model material used, photographs of the isochromatic pattern were
taken by applying a load to the cylinder when static and under conditions of rolling at
various speeds. No differences were observed between the static and dynamic isochromatic
patterns for dry contact. This means that the materials used for the cylinders showed
neither elastic nor optical hysteresis within the range of speeds applied.

Fig. 3 shows the isochromatic pattern for dry contact using a glass cylinder. A unit
load of P = 1180 Ib/in. produces according to Hertz, a maximum pressure of p, =
23,000 psi. In this stress-pattern the fringes are loci of constant shear stress 7 in the
plane of the cylinder. From the stress optical law? the shear stress is given by the equation

T =nkF.

The maximum fringe order n,,,; and, therefore, the maximum shear stress 7,y occur
in the interior of the cylinder just below the surface of contact. With the photographic
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technique used the smallest difference that could be measured was approximately one-
quarter of a fringe. When working at a level of 15 fringes, differences of 1:6 per cent can
be measured.

In the author’s earlier investigations,* the plastic model of the cylinder had a layered
structure. The outer layers were made of an organic glass, optically insensitive and the
middle layer of CR-39 model material. Such a cylinder structure facilitated the deter-
mination of contact stresses in the central layer of the cylinder. The investigation proved
that for the considered range of ratio of oil film thickness to width, side leakage may be
neglected.

In order that the results may be compared with those obtained by other authors, the
usual coefficients characterizing the contact conditions were used.?

These coefficients varied within the following limits. The velocity parameter

U= ’;"2’ = 2.10-1° to 10.10-10,

The load parameter,
P {W = 104, for the plastic model and

W =T D
E'R’ \W = 1-05.10-% to 1-42.10-5 for the glass model.

The material parameter,

G'= 160, for the plastic model and
¢ = om, {

G = 2600, for the glass model.

RESULTS

Fig. 4 shows the isochromatic pattern in the contact zone obtained for the plastic
model rolling on the lubricated surface. The isochromatic pattern is seen to differ from
that for dry contact. This must be an effect of the change in pressure distribution between
the cylinder and the ring.

Figs. 5(a) and (b) and 6(a) and (b) show typical sets of stress-patterns obtained for a
plastic and a glass model, respectively, under dry and lubricated conditions. Other
conditions such as those of total contact load and the speed and slip in the given set are
identical. A comparison of the pictures (a) and (b) enables us to conclude that under the
conditions of measurement the oil film exerts an influence on the stress distribution in the
contact zone, and the pressure distribution differs considerably from the Hertzian
distribution.

The stress-patterns obtained under lubricated conditions are non-symmetrical. The
isochromatics are far apart at the entry and dense at the exit. This indicates different
pressure gradients in the front and rear part of the contact zone. Under lubricated con-
ditions the maximum fringe order 7,y is lower than that for dry contact. This fact is
of particular importance because it indicates that the presence of an oil film reduces the
maximum shear stress in the contact zone. For the sets shown in Figs. 5 and 6, ny,,y is
reduced under lubricated conditions by 20 and 33 per cent, respectively. The change of
the isochromatic pattern in the neighbourhood of the surface of the cylinder indicates
that the surface transmitting the load under lubricated conditions is increased by about
two to three times that for dry contact.

Some interesting information is furnished by comparing the isochromatic patterns of
Figs. 5(b) and 6(b). Both have been obtained under lubricated conditions of contact, and
differ by the load and the elastic properties of the model.

The isochromatic pattern shown in Fig. 5(b) for a plastic model corresponds to the
analysis of the phenomenon based on the assumption of a deformable cylinder and
constant viscosity of oil. The isochromatic pattern of Fig. 6(b) for the glass model,
corresponds to the analysis in which the deformability of the cylinder and the variability
of the oil viscosity under the pressure have been accounted for. (For mineral oil a pressure
of p, = 30,000 psi causes an increase in viscosity by some fifty times.)

On the basis of the photographs of the isochromatic pattern we can obtain directly
some information on the influence of oil on the effective stress in the material.
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The coefficient of relative reduction of shear stress is

T W n .
o — | maxwithoil _ " max with ml_
T max dry " max dry

For a glass model, diagrams of # have been plotted on the basis of sets of photographs as
shown in Fig. 6(a) and (b) as a function of the velocity of the ring 7, and slip coefficient
B. The diagrams have been drawn for constant load producing a maximum Hertzian
pressure for dry contact, p, = 23,000 psi. Gear oils Hipol 15 and Spirax 90 EP with a
viscosity p, = 810 cP and p, = 690 cP respectively, at the temperature of 65°F were used.

Fig. 7 shows the effect of the different track speeds of the ring ¥, on the coefficient #°
for small slips of —0-4<fB<0-4.
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It is seen from this graph that the influence of the velocity on the value of the coeffi-
cient J# is considerable for small velocities, V, <150 in/sec. Above this value # does not
undergo a great change.

The diagrams in Figs. 8, 9 and 10 illustrate the influence of the slip coefficient
B = (V,,/V,) — 1 on the coefficient #. The points given in the figures correspond to the sets
of photographs as shown in Fig. 6(a) and (b). For low velocities (Fig. 8), an increase in
slip causes an increase in the influence of the oil film. This may be explained by the increase
of the contact velocity V = (V,+V,)/2.

For the highest velocities (Fig. 10), the coefficient # = 0-56; this seems to be indepen-
dent of the coefficient B in the entire range tested —1<B<1. This means that the maxi-
mum shear stress in the contact zone is less by 44 per cent for lubricated conditions than
for dry contact. The average error of measurements of J# was estimated at about 5 per cent.

The isochromatic patterns obtained enable us also to determine the pressure distri-
bution in the oil film. In order to determine the stress at any point of the contact zone
the method of characteristics was used?® enabling the stresses to be determined from the
isochromatics only.

The equilibrium equations of an element of the body are

op

. o on . on
@€ 2%+ 2 e L e i
= 2Fn sin 2¢ + 2Fn cos 2¢ F(cos 2¢ 5 +sin 2¢ By) .

oy
op o o ( ) . an)
By +2Fn cos 2¢6—L + 2Fn sin 2¢ B = F(sin 2¢ Pl 2¢ o)

they involve the unknowns p = 4(o, +0,) and the angle ¢ which determines the direction
of the principal stress in the assumed system of axes.
In addition there occur the quantities,
0,—0y = 2Fn,

where F' is the model constant; d/dx and d/dy denote derivatives in the system of assumed
co-ordinates. The above equations constitute a hyperbolic set and have two families of
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real characteristics. Integration of the characteristic equations was carried out in an
approximate manner by means of finite differences and by a step-by-step procedure.

Fig. 11 gives the isochromatic pattern taken for computation, from which two families
of characteristics have been obtained, see Fig. 12. With what is known from the theory

l} l }I III|IJIIIIII1}
T d—+01 —1a_-! e s G R s e S
'_—‘—_%- 2 j/, AT Za% == SEE=EN \\\:\\ \'4\i 5= ] 3 -;'
v / // y, 11 ; | \\ P #
A N7 [ = ABNERN
ATIAY AN HAVEN I
A A1 N SEEpa AHAN %
-7 \ [ ! \ '\——-/V A \
\ 211/ N/
LAY N T1 14 A
)K // )\ N
2y \ SN S 4\
7 N N / JADZAAN
) A A G
7 N T N
AN =AY
i = B AN
17 il 10 \ \ )
Isochromatics
Fic. 11.
N - 2 R \ $ob % T 7 ol TS B2 w 5
=5 8
>
3 2O
- 7
-6 6
-5 5
-4 4
-3 3
-2 2
=l 0 |
Familes of characteristics
Fi1c. 12.

of elasticity, stresses at the points —13...—9...0... +9... + 13 were used as starting values,
and calculations were made in the characteristic directions, until the points closed onto
the contact surface. Thereafter the stresses on the contact surface were extrapolated.
The pressure distribution in the oil film thus obtained is shown in Fig. 13.
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CONCLUSIONS

As a result of the measurements, the stress distribution in the contact zone
has been obtained as a function of rolling speed, the slip, the load and the
properties of oil. The rolling speeds applied in the measurements correspond
with those in real structures, which is essential in view of the time of passage
of the oil through the contact zone (f = 10~ sec).
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The choice of glass as the model material enables pressures in the contact
zone to approach the real ones met with in toothed gears and roller bearings.
The model material possesses a modulus of elasticity not dissimilar to that of
engineering materials conventionally used in rolling contacts, i.e. steel,
bronze, etc.

The results obtained show a distinct influence of the oil film on the value and
distribution of the contact stresses.

This influence is as follows: (1) The oil film between the surface of the
rolling elements reduces the maximum contact stresses. For the contact
conditions of measurement, this influence is from 20 to 40 per cent by reference
to the Hertz stresses obtained for dry contact. In some cases the effective
stress in the contact zone was observed to be reduced by some 50 per cent.
(2) The isochromatic patterns for pure rolling show that for the condition of
measurement used, the point of maximum shear stress has no tendency to
move towards the edge of the cylinder. (3) The influence of the oil film on the
contact stress in the small velocity zone (¥, < 150 in./sec) depends in a marked
manner on the rolling speed ; for higher velocities it undergoes small variations,
see Fig. 7. (4) The greater distance between the isochromatics in the inlet zone
and their greater density in the exit zone show that the gradients of increase
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and decrease of the pressure in the oil film differ considerably. No sharp
second pressure maximum, which was to be expected theoretically in the
neighbourhood of the exit, was observed on an isochromatic pattern.
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