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Abstract. The technique of optical interferometry incorporated within a ball-on-disc apparatus
has been widely used in the field of the experimental research in thin-film lubrication for
approximately the past five decades. This paper presents the theoretical analysis of the dynamic
response of an optical interferometry based experimental rig adapted for non-steady work. The
dynamic response of the rig was analytically modelled as a three-degree of freedom, forced
harmonic vibrating system with damping. Quantitative evaluation of damping of EHD contact
was not one of the objectives of this paper, but the results obtained showed the opportunity to
try a rather qualitative analysis. The aims of this experimental study are to investigate the effect
of entrainment speed and overall film thickness on the oil film thickness of an EHD contact
subjected to load cyclic variation. Experimental tests were carried out using different type of
base oils with various viscosity. The behaviour of the EHD films was studied and analysed
under forced harmonic load vibrations with frequency up to 100 Hz. The tests performed with
lubricants of lower viscosity have shown that deviations from steady state film thickness
become less and less pronounced as the viscosity of the lubricant decreases. When the
amplitude of the oscillatory motion is significantly larger than the deformations of the surfaces
under loading, it was observed that fluid entrainment is less important and film squeeze plays
the dominant role in the film behaviour.

1. Introduction

Rolling bearings are the second most widely used machine components [1]. They work in what it is
called elastohydrodynamic (EHD) lubrication regime. This lubrication regime is governed by the
hydrodynamic action of the lubricant forced into a converging contact region, local surface
deformations of similar magnitude to the lubricant film thickness and the variation of lubricant’s
viscosity with pressure. Under realistic working conditions, EHD contacts in rolling bearings are
almost un-avoidably subjected to transient conditions such as variation of load and speed, passage of
impurities, or vibrations generated by the equipment or machine they are part of. Transient conditions
make the experimental measurement of EHD film thickness challenging. The influence of transient
conditions of speed or load upon the behaviour of the elastohydrodynamic contacts has been
investigated in the past, both experimentally and theoretically [2 — 5], however experimental studies
dedicated to the effect of various working parameters on the formation of the EHD film, under load
variation, are few. Glovnea and Spikes [6] and Wijnant et al [7] have shown that rapid change of speed,
respective load induce fluctuations in the EHD film thickness. The amplitude of these fluctuations
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decreases with time, after a few cycles, very much alike the dynamic response of a
mass/spring/damper system. Kilali et al [8] reported a new test rig capable of loading an EHD contact
both as an impact load and as a continuously variable load. The reported results were rather limited.
Ciulli and Bassani [9] also used optical interferometry to study the film thickness in a contact
subjected to random vibrations. Cann and Lubricht [10] studied the effect of low — frequency
loading/unloading upon the track replenishment of a rolling EHD contact. They noticed the beneficial
effect of these conditions upon the lubricant film thickness.

The behaviour of EHD films subjected to vibrations normal to the plane of the contact is influenced
by two mechanisms: fluid entrainment and film squeeze. These mechanisms shape two phenomena
which determine the lubricant film thickness: the dynamic response of the film and its deviation from
normal EHD film shape.

This paper firstly presents the analysis of dynamic response of an optical interferometry based
experimental rig adapted for non-steady work in the experimental setup section. Quantitative
evaluation of the damping of EHD contacts was not one of the initial objectives of this research, but
the results obtained showed the opportunity to try a rather qualitative analysis. Secondly, experimental
results of the effect of entrainment speed and overall film thickness on the oil film thickness in an
EHD contact subjected to load variation are shown and discussed.

2. Experimental rig setup and dynamic response analysis
The experimental method for measuring film thickness in this paper is the optical interferometry
technique. The principle of optical interferometry and its various ways in which it is applied to the
study of elastohydrodynamic contacts has been published extensively during the past fifty years [11-
15] and it will not be detailed in this paper.

Figure 1a shows a sketch of the test rig while Figure 1b shows the schematic of the vibrating
masses.
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Figure 1. (a) Schematic of experimental rig (b) Model of the vibrating system

Details of film thickness calibration procedure and experimental hardware introduction are
provided in [17]. In order to increase the stiffness of the disc and its shaft, the disc is supported at a
location diametrically opposite the ball, by a rolling support shown schematically like a simple support
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in figure 1. The load cell records the variable force applied to the plunger and thus to the ball and the
EHD contact. The stainless-steel bellow is intended to avoid any leakage of lubricant from the
working chamber, but its construction makes it practically a linear spring. As seen in figure 1b the
EHD contact acts as a spring and damper; its stiffness and damping coefficient are denoted with k. and
Cc respectively. The contact (as an elastic element of stiffness k.) is connected to the oscillating mass
of the ball my, via the shaft supporting the ball and the bearings supporting the ball shaft. The stiffness
of these elements is denoted by ks for the shaft and kyr for the bearings. The contact “spring” is
connected to the fixed support through the disc which is considered a spring of constant kq. The second
mass of this system is that of the ball carriage and plunger denoted by myc. These at their turn are
connected to the rigid support through the bellow seen as a spring of stiffness k. There is also friction
in the linear bearing supporting the plunger, represented here by the damping c:. This is a three-degree
of freedom, forced vibration system with damping, which can be solved for the motion of the mass of
the ball and disc, which are of interest.

The stiffness of the dry Hertzian contact can be found from the relationship between the
displacement of two distant points and the load, as shown below.

9P2 1/3
S=|—s— 1
{16E sz )
Obviously the EHD contact is a non-linear spring with the stiffness depending on the load. The

stiffness of the dry Hertzian contact is obtained by inversing the ratio of the derivative of the
displacement with respect to the load P, as shown below.

Ky, =j—§=(6E*2RP)“3 )

This stiffness varies with load can be seen in figure 2. After a sharp rise at lower loads the gradient
of the curve becomes smaller and the curve would eventually flatten out at much higher loads.
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Figure 2. Stiffhess of contact variation with load

This small change of the stiffness with load, at loads higher than about 4 N, prompts an
approximation: the dry Hertzian contact can be considered as a linear spring, over the most part of the
loading cycle.

The EHD film also depends on the load, so it too can be considered as a non-linear spring. In order
to find the stiffness of this spring, the same method is applied. The central film thickness for a circular
contact is given by the relationship:
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Where P is the load factor, G is the material parameter and U is speed parameter. Grouping all
factors that do not depend on the load in one constant A, and differentiating film thickness with
respect to the load, the inverse ratio yields the stiffness of the EHD film:
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The variation of this stiffness with the load is depicted in figure 3.
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Figure 3. Stiffness of the EHD film.

The stiffness of the dry contact and that of the EHD film are connected in series thus the combined
stiffness is given by:

1 1 1
— +
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By comparing the values of stiffness in figure 2 and 3, it is seen that the stiffness of the EHD film
is two orders of magnitude larger than that of the dry Hertzian contact, thus from equation above it is
clear that the later dominates the stiffness of the whole EHD contact. It thus appears that the stiffness
of the EHD contact is equal to that of the dry Hertzian contact and it can be assumed a linear spring,
according to the approximation mentioned above, which simplifies considerably the modelling of the
whole system.

On the other hand, the damping constant of the EHD film (c.) can also be assumed as non — linear
and it is unknown at this stage. For the sake of simplicity of this analysis, it is further assumed that the
damping is of viscous type, thus the motion — resisting force is proportional to the speed. Detailed
stiffness calculations and comparisons of experimental parts showed in figure 1(b) as well as EHD
friction force results are presented in [16]. With the mechanical characteristics of the system known,
the equations of motion can be written as:
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In this equation x;, x,. and x; are the velocities of the ball, ball carriage and disc respectively,
while J is the moment of inertia of the disc about an axis (perpendicular to the plane of the drawing)
passing through the fixed support shown in figure 1.
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Figure 4. Displacement of ball and disc

The normalised displacements of the ball and the disc which are of interest here are shown in figure
4. Stiffness k and amplitude of the load FO, in these graphs were taken as 14,314MN/m and 20 N
respectively. The first mode for the oscillations of the ball and disc is at 2140 Hz and the second is at
7270 Hz. Obviously, these are much larger than the frequency of variation of the force employed in
these tests. The absolute values of the displacement of the ball and disc are of no real practical interest,
but the difference between them it is. The variation of this difference is shown in figure 5, for
frequencies around the first mode, which are more relevant in any applications.
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Figure 5. Displacement of the ball relative to the disc
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The displacement of the ball relative to the disc is shown in real values instead of normalised ones.
This gives a better idea of how realistic this simulation is. It can be seen that the value, 1.39 um, at the
largest frequency of the test that is 100 Hz (w/w, = 0.046), is remarkably close to the amplitude
resulted from Hertz’s theory, which is 1.67 um. The damping constant used in the above calculations
varied between 0.01 Ns/m and 314 Ns/m, but the results show that at least at lower frequencies the
displacement of the masses is insensitive to this parameter. There are other observations which can be
withdrawn from this analysis. If the disc is made rigid, then the natural frequencies of the system shift
toward larger values. For example, the first mode changes from 2140 Hz to 3600 Hz. The degree of
freedom of the system reduces by one in this case. For a two—degree of freedom the system’s response
changes with the damping constant, but only at larger frequencies. This is shown in figure 6, where the
response of a two—degree of freedom system is shown. As seen, the values of the damping constant
change the response visibly, only at frequencies around the second mode.
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Figure 6. Response of the system

This theoretical dynamic analysis can be used to evaluate the damping constant of the EHD films.
By attaching a large mass to the ball carriage, the natural frequency of the system can be lowered to
values around 70 Hz — 80 Hz, which is within the range conveniently covered by the current optical
system. Subsequently measuring the lubricant film thickness over a sweep of frequencies,
encompassing the natural system, the damping characteristics of the EHD film can be evaluated by
fitting the model to the experimental values. This is planned for future research.

3. Test condition and lubricants

The load was varied sinusoidally from zero (or close to zero) to about 40 N. For the pair of materials
used which have a reduced elastic modulus E’ =55GPa, this means a Hertzian pressure variation
between zero and around 0.64 GPa. The frequency of the oscillatory motion of the ball (19.05 mm
diameter) was 100 Hz throughout these tests. In order to get a good number of images for each cycle
of oscillation, even at larger frequencies, a speed of 2000 frames per second was set on the camera.
Many lubricants were tested in this research, but for limitations of space only the results for lubricants
of three different viscosities will be shown. The kinematic viscosities at are: Lubricant 1 - 339.8
mm?/s, Lubricant 2 - 135.8 mm?/s and Lubricant 3 - 17 mm?/s.

4. Result and discussion

Experimental tests regarding the effect of overall film thickness of EHD contact subjected to load
variation were carried out with two types of lubricant at different experimental working conditions.
The images shown in Figure 7 were recorded at 100 Hz with an entrainment speed of 0.05 m/s for
Lubricant 1, images of figure 8 are for Lubricant 2, and images of figure 9 are for Lubricant 3. The
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images shown in figure 13 were also recorded at 100 Hz with a slightly increased entrainment speed of 0.1
m/s for Lubricant 3. Loading conditions for figure 7, figure 8 and figure 9 were identical, however the load

variation for figure 13 is between 0 N and 39 N.

Figure 9. Selected images of the EHD contact for 100 Hz, 0.05 m/s, Lubricant 3.

It has shown that the deviations from steady state film thickness become less and less pronounced
as the viscosity of the lubricant decreases. This is illustrated by the captured images shown in figures
7-9. In terms of the actual values of the film perturbation, the difference is more obvious in figures 10
— 12, which captures the film thickness profile at the same time during the loading cycle for Lubricant
1-3 respectively. As seen, film perturbations of 62 nm for Lubricant 1, around 22 nm for Lubricant 2,
and around 11 nm for Lubricant 3 are formed during the load variation cycle.
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Figure 10. Film thickness profile, 100 Hz, lubricant 1.
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Figure 11. Film thickness profile, 100 Hz, lubricant 2.
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Figure 12. Film thickness profile, 100 Hz, lubricant 3.

From the above analysis it is clear that the lower the viscosity of the lubricant, thus the film
thickness in steady-state conditions are, the smaller the film perturbation formed during transient
loading conditions. This conclusion is apparently contradicted by the results shown in figures 13 and
14 which were taken for Lubricant 3 which has the smallest viscosity among the oils tested here. Even
at an entrainment speed of 0.1 m/s this gives a central film thickness of about 50 nm in steady state
conditions, lower than the other two lubricants. As seen in Figure 14 this lubricant forms an
entrapment of 220 nm which obviously is larger than those formed by the other two lubricants.

Figure 13. Selected images of the EHD contact for 100 Hz, 0.1 m/s, Lubricant 3.
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Figure 14. Film thickness profile, 100 Hz, 0.1 m/s, lubricant 3.

This phenomenon can only happen when the amplitude of the oscillatory motion is significantly
larger than the deformations of the surfaces under loading. In this case the rebounding of the surfaces
is large which in turn generate large impact forces. The fluid entrainment is less important in this
situation and film squeeze plays the dominant role in the film behaviour. In a way, this is similar to
pure squeeze or sudden halting of motion, where larger dimples are formed and trapped inside the
contact. In this particular test the maximum height of the perturbation is nearly 4.5 times greater than
the value under steady state condition. This implies that impact loading always generates
perturbations to the film thickness no matter what the overall film thickness is.

5. Conclusions

This paper shows results of a larger study on the effect of cyclic load variation upon the film thickness
of elastohydrodynamic contacts. It also includes a simplified analysis of the dynamic response of an
optical interferometry based experimental rig. The dynamic response has been analytically modelled
as a three-degree of freedom, forced harmonic vibrating system with damping. Results show that this
dynamic analysis can be extended into evaluating the damping constant of EHD films by attaching a
large mass to the ball carriage to lower the natural frequency of the whole system.

Experimental tests were carried out using a number of fluids with varied viscosity. The behaviour
of the EHD films was studied and analyzed under forced harmonic load vibrations at a frequency of
100 Hz. The test performed with lubricants of lower viscosity have shown that deviations from steady
state film thickness become less and less pronounced as the viscosity of the lubricant decreases. When
the amplitude of the oscillatory motion is significantly larger than the deformations of the surfaces
film perturbation still occurs because in this case film squeeze dominates the fluid entrainment as the
mechanism which influences the film.
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