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Abstract
The elastohydrodynamic lubrication regime occurs in systems where large elastic deformations, the hydrodynamic action of a 
converging wedge and eventually large variation of viscosity of the fluid combine to determine the formation of a continuous 
fluid film that separates the solid surfaces. Experimental and theoretical works, over the past few decades, have elucidated 
the role of various working and material parameters on the lubricant film thickness which plays a crucial role in protecting 
the solid surfaces from direct contact and ultimately from failure. These mechanisms are well understood for steady-state 
conditions; however, elastohydrodynamic contacts most often experience transient conditions, including variation of geom-
etry, velocity of surfaces or load. In this case, the mechanisms of film formation are more complex involving film squeeze 
in addition to the mechanisms mentioned above. Experimental and theoretical modelling of transient phenomena in elas-
tohydrodynamic lubrication include sudden variation of entrainment speed or load and changing geometry. No systematic 
experimental study on the effect of harmonic load vibration upon the elastohydrodynamic films has been published before. 
In order to cover this gap, this paper presents the results of an experimental study and of a simple theoretical approach on 
the behaviour of the elastohydrodynamic film thickness under harmonic variation of load.

Keywords Elastohydrodynamic · Film thickness · Vibrations · Harmonic force

1 Introduction

The formation of elastohydrodynamic (EHD) films, in 
steady-state conditions, is governed by the hydrodynamic 
action of the lubricant forced into a converging conjunction, 
the elastic flattening of the contacting surfaces and the vari-
ation of lubricant’s viscosity with pressure. A theoretical, 
semi-analytical study, applied to linear contacts, by Ertel 
and Grubin [1, 2] and published by Grubin and Vinogra-
dova, showed how these mechanisms contribute together to 
result in a parallel lubricant film separating the solid sur-
faces. The equation for the film thickness derived by Ertel/
Grubin not only revealed the physics of the phenomena but 
proved to be very close to more precise, later numerically 
derived formulas.

This important feature of a parallel lubricant film, over 
most part of the central region of the contact, was proved by 

many experimental results starting with those published by 
Gohar and Cameron [3, 4] who used optical interferometry 
to observe the film shape and measure the film thickness in 
circular, point contacts. The principles of optical interfer-
ometry, as applied to the study of EHD lubrication will be 
explained in a later section. An example of an image of a 
point contact is shown in Fig. 1 captured by optical interfer-
ometry for PAO 40 (poly-alpha-olefin) oil, at an entrainment 
speed of 0.126 m/s, under 20 N normal contact load and at 
ambient temperature.

As seen, for most part of the central region of the con-
tact the colour is uniform indicating a constant film thick-
ness. This is because over that region the pressure is very 
large and varies little making the lubricant film almost 
unchanged until it reaches the outlet area of the contact, 
where a constriction in the film thickness occurs. The con-
striction, which also occurs at the sides of the contact, is a 
result of the rapid decrease of the pressure at the outskirts 
of the contact which must be accompanied by a change in 
film thickness in order to satisfy the pressure gradient condi-
tion imposed by Reynolds equation [2]. This feature is not 
included in Ertel–Grubin analysis, although they were aware 
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of the phenomenon and discussed it. Later, Greenwood [5] 
derived the exit constriction theoretically by moving the par-
allel region of the film off centre.

Early theoretical approaches of the lubricant film thick-
ness in EHD contacts also include the works of Archard and 
Kirk [6] and Cameron and Gohar [7] focused on point rather 
than line contacts; however, the real breakthrough in obtain-
ing a reasonably accurate lubricant film thickness formula is 
due to Dowson and Higginson [8]. They solved numerically 
the coupled equations of the pressure in front of the contact 
(Reynolds), the film shape in that region (Hertz) and the 
variation of the lubricant’s viscosity with pressure (Barus) 
to obtain an equation for film thickness for line contacts sup-
ported well by later experimental results. Later on, Dowson 
and co-workers [9, 10] have used the same method to solve 
the elliptical contact film thickness problem. A widely used 
relationship of the central film thickness in elliptical contacts 
is due to Hamrock and Dowson [9] and seen in Eq. (1).

In this equation Ū , Ḡ and W̄  are, respectively, the speed, 
material and load non-dimensional parameters given by

(U—entrainment speed, that is average speed of the sur-
faces in the direction of rolling, x, η0, α—viscosity and pres-
sure–viscosity coefficient of the lubricant at ambient pres-
sure, W—load, E*—reduced elastic modulus of the solids, 
and Rx, Ry—the reduced radii of curvature in the direction 
of entrainment and perpendicular to it, respectively). Equa-
tion (1) shows that the parameters with the strongest influ-
ence upon the film thickness are the entrainment speed and 
the lubricant’s viscosity. On the opposite side is the load 
which has the weakest effect. This is due to the increase of 
lubricant’s viscosity with pressure and the fact that once 
inside the contact the lubricant cannot escape easily making 

(1)

hc

Rx

= 2.69Ū0.67Ḡ0.53W̄−0.067
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the lubricant film stiffer than the solid, surrounding surfaces. 
Equation (1) was validated by experimental results as shown 
in many publications [11–13].

It can be said that the formation of elastohydrodynamic 
films and the lubricant film thickness are well understood in 
steady-state conditions, when the velocity, load and geom-
etry remain unchanged with time. In real-life applications 
however, steady state is rarely obtained in machine compo-
nents working in EHD regime of lubrication. For some of 
these machine components, like gears and cams the causes 
of non-steady conditions are first of all intrinsic and result 
from their geometry and kinematics, which imply large vari-
ations of sliding/rolling velocities and of the load. In others, 
like rolling element bearings steady-state conditions can be 
achieved when they run at constant speed and under constant 
load; however, transient speed conditions always occur at 
start and stop of the motion while transient loading is the 
result of vibrations which are almost inevitably transmitted 
through the bearing.

Research into the behaviour of elastohydrodynamic films 
in transient conditions has received merited attention during 
the relatively recent past, with the focus mainly on geometry 
and speed variation. The research onto the transient effect of 
geometry upon the behaviour of EHD films has been driven 
by studies on mixed lubrication, where roughness plays an 
important role [e.g. 14–16] and those on surface featured 
lubrication seen as a way to improve load carrying capacity 
and reduce friction drag [17–19].

A good deal of papers on transient effects in EHD lubri-
cation considered the behaviour of the lubricant film under 
rapid variation of velocity of surfaces, in both experimental 
and numerical approaches. These studies have shown that 
the transit of the lubricant through the contact, under vari-
able entrainment speed, causes fluctuations of the film thick-
ness as any perturbation generated in the inlet travels at the 
average speed of the surfaces [20, 21]. Under sudden halting 
of motion, the rapid film decrease is delayed by a squeeze 
effect eventually leading to fluid entrapments formed inside 
the contact [22, 23]. Conversely, when the surfaces are sud-
denly set in motion, oscillations with decreasing amplitude 
are generated in the film thickness due to the instability cre-
ated in the inlet of the contact [24, 25]. Similar fluctuations 
of the film thickness were observed during a step load of the 
contact [26–28]. This points to the conclusion that the elas-
tohydrodynamic film and the surrounding, solid bodies form 
a mass, spring damper, dynamic system which responds to 
a sudden shift from equilibrium in a manner known from 
vibrations theory [29].

Apart from the sudden application of load, studies con-
cerning the effect of load variation upon the behaviour of 
EHD films are rare, due probably to the fact that the load 
has small influence upon the steady-state film thickness and 
the relatively difficult experimental conditions. Kilali et al. 

Fig. 1  Example of contact image by optical interferometry
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[30] used an optical-based experimental rig combined with 
a system which superimposed a normal load excitation on 
the static one to measure the fluid film thickness and the 
dynamic response of the contact subjected to a harmonic 
loading. Limited results are presented and none on the 
response of the film under harmonic vibrations. Sakamoto 
et al. [31] also applied the optical interferometry technique 
to directly observe the effects of cyclic pulsating and impact 
load on EHD point contact under static and rolling/sliding 
conditions. They observed an oil entrapment formed during 
rapid increase of the load. The thickness of this entrapment 
is diminished as the overall entrainment speed of the contact 
increases.

Morales-Espejel [32], Felix-Quinonez and Morales-
Espejel [33] proposed an improved semi-analytical method 
for evaluating the film thickness fluctuations in the nor-
mal-approach of EHD contacts. The method was based on 
squeeze film effects as well as the variation of lubricant 
entrainment speed caused by the oscillating load and change 
of the conditions in the inlet region of the EHD contact. Film 
thickness results predicted by their semi-analytical method 
were compared with full numerical simulations. It was con-
cluded that film thickness perturbations could be ascribed 
to two effects: squeeze film phenomenon caused by vertical 
rigid body motion of the surfaces and variation in effective 
entrainment velocity due to fluctuations of contact width.

In the present research, the authors conducted experi-
ments on the measurement of the elastohydrodynamic film 
thickness in contacts subjected to harmonic variation of 
load. The behaviour of the EHD film was evaluated and, 
on that basis, a qualitative theoretical analysis was devised 
and carried out.

2  Experimental Setup and Working 
Conditions

The EHD film thickness was measured by the optical inter-
ferometry technique, described in detail by these and other 
authors in various publications [34–36]. The schematic of 
the experimental arrangement is shown in Fig. 2. An EHD 
contact was formed between the flat surface of a glass 
disc and a highly polished steel ball. The disc is driven at 
desired speed by a shaft coupled to an electric motor. The 
ball is half-immersed in the lubricating fluid and driven by 
the shear forces developed in the EHD film, resulting in a 
nominally pure rolling contact. The ball is supported by a 
shaft which in turn is fitted to a carriage providing bearings 
support. The ball carriage is attached to a steel bellow, which 
ensures that vertical displacement can be applied to the ball 
and that the lubricant does not leak from the lubricant cham-
ber, and a plunger which allows the load to be transmitted 
to the ball.

In between a lever which oscillates under the action of 
a dynamic shaker and the plunger attached to the bellow, a 
load cell was placed such that the force applied directly to 
the contact was known. A waveform generator was used to 
provide a true sinusoidal signal for the shaker. The electrical 
signal from the load cell was amplified and sent to a digital 
oscilloscope for visualisation and recording. The dynamic 
response of the test rig is important in such experiments 
where some of the parts are subjected to oscillatory motion. 
For this reason, the rig was designed to be as stiff as pos-
sible, given the space limitations. The shaft supporting the 
ball was made with a relatively large diameter, while the 
bearings supporting this shaft were placed very close to the 
ball. Moreover, needle bearings were chosen to support the 
shaft as their linear contacts make them considerably stiffer 
than ball bearings. In order to minimise the deflection of 
the glass disc, this was made relatively thick (12 mm) and 
was also supported by an additional, rolling support diame-
trally opposite to the location of the studied contact; this 
prevented the deflection of the disc’ shaft. Exact modelling 
of the dynamic response was not one of the objectives of 
the paper; however, a simplified analysis was carried out, 
which showed that the natural frequency of the test rig is 
over 2100 Hz, thus well beyond the maximum frequency 
employed in these experiments, that is, 100 Hz.

The contact was illuminated through the transparent glass 
disc, which was coated with a thin, semi-reflective chro-
mium layer (5–10 nanometres) and an aluminium oxide 
layer (approximately 150 nanometres) on the contacting 
surface. The former was to provide amplitude division of 
the light waves of a white source while, the latter was to 
increase the gap between the two reflective surfaces, that 
is, chromium and steel. The light rays reflected by these 

Fig. 2  Schematic of the experimental setup
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surfaces recombine and interfere constructively or destruc-
tively depending of their particular wavelengths resulting 
in a coloured image of the EHD contact, as seen in Fig. 1. 
These images were captured by a high-speed CCD camera 
and sent to a laptop computer for storage and analysis. A 
simple electrical circuit ensured that the camera and oscil-
loscope recordings were synchronised such that the value 
of the force loading the contact at each frame time of the 
camera was precisely known. Details of this arrangement 
are provided in [37].

The research encompassed a larger number of lubricants, 
but the results shown in this paper are for a poly-alpha-ole-
fin synthetic lubricant, PAO40, with kinematic viscosity 
of 339.8  mm2/s (339.8 cSt) at 40 °C and 35.8  mm2/s (35.8 
cSt) at 100 °C. The density at 40 °C is 840 kg/m3. Because 
PAO40 is a viscous lubricant, it forms a thick film even at 
low entrainment speeds, and thus the results analysed in this 
paper were obtained at the lowest entrainment speed of the 
tests of 50 mm/s and ambient temperature of 21 ± 1 °C.

The load applied was varied harmonically between about 
1–4 N minimum and 43–56 N maximum, at frequencies of 
10, 25, 50 and 100 Hz. This gives a Hertzian pressure vari-
ation, for steel on glass, of between approximately 0.2 and 
0.7 GPa (the steel ball is 19.05 mm diameter super-finished 
at 10–15 nm Ra). Thousands of cycles of load variation were 
recorded for each test, showing excellent consistency of the 
load amplitude in each of these tests. There were variations 
of the amplitude between tests especially at the largest fre-
quency of 100 Hz. The shaker oscillates in an alternating 
cycle, while the load variation required was pulsating. In 
order to deal with this, a constant load was initially applied 
and with the shaker in operation, this load was adjusted 
to give the desired load variation to the contact. This was 
a delicate operation, and thus it was not always possible 
to adjust the load exactly between zero and the maximum 
value. Complications also resulted from the fact that the 
amplitude of the oscillations of the shaker decreased with 
the increase of the frequency. The large number of repeti-
tions of each test condition and number of cycles recorded 
allowed enough good data to be saved for analysis. Table 1 
summarises all the operating conditions for different con-
ducted experiments.

3  Experimental Results

Figures 3, 4, 5 and 6 show the load variation, at four different 
frequencies and a number of seven interferometry images of 
the contact selected to cover one cycle of load variation. The 
black dots on each of the load-variation cycles correspond 
to the time location of the selected images within the cycle. 
The time-stamp for each image as well as the direction of the 
entrainment motion are shown on the images. As seen, the 
load varies on a fashion that approximates well a sinusoid 
curve.

It is well known that in white light interferometry various 
colours signify variation of the gap between the surfaces, 
thus different film thicknesses of the lubricant film. It is thus 
immediately noticed from the images shown that, for all fre-
quencies, the film thickness is different in the load-increas-
ing and load-decreasing phases. It is also obvious from these 
images that the EHD film behaves differently depending on 
the frequency of the load variation. For the lowest frequency, 
that is 10 Hz, the typical EHD film image is shown with a 
large, central area of nearly constant thickness; however, at 
the largest two frequencies, 50 and 100 Hz rings of differ-
ent colours are seen inside the contact, indicating relatively 
large variation of the film thickness within the contact area. 
The reasons for this behaviour will be discussed in the fol-
lowing section.

4  Discussion

4.1  Experimental Observations

The interferometry images shown in figures above were 
converted into film thickness maps according to a calibra-
tions procedure which relates the RGB colour content in 
every pixel of the image to a lubricant film thickness value. 
Details of the calibration procedure and an accuracy analysis 
are presented in [37]. Figure 7 shows the variation of the 
load and central film thickness over one cycle, for the four 
frequencies employed in these experiments. In all these, the 
entrainment speed set was 0.05 m/s.

Table 1  Test conditions of experiments

Test lubricant Kinematic viscosity Temperature Entrainment speed (m/s) Frequency (Hz) Load 
amplitude 
(N)

PAO 40 339.8  mm2/s (339.8 cSt) at 40 °C
35.8  mm2/s (35.8 cSt) at 100 °C

Ambient
21 ± 1 °C

0.05 10 1–52
25 0.7–53
50 0.6–56

100 2–43
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Given the fact that the load variation is approximately 
symmetric in the increasing and decreasing phases, it would 
be expected that the film thickness variation is also symmet-
ric, which as seen is not the case. For the larger frequencies, 
the central film thickness is much larger during the load-
increasing than in the load-decreasing phase. This is better 
observed in Fig. 8 which shows the relative variation over 
one cycle. The theoretical film thickness, calculated from the 
measured load and entrainment speed, is also shown. T is the 
period of the given cycle of load variation. As seen, there is 
a strong difference of the behaviour of the elastohydrody-
namic film depending of the frequency of the load variation.

The theoretical film thickness [Eq. (1)] varies little with 
load, as expected, even if this parameter changes more 
than 15 times; however, the experimental values show 

large variation over the load cycle at the largest frequency 
of 100 Hz.

At the beginning of the load-increasing phase, the 
measured film thickness is about 65% larger than the theo-
retical, steady-state value. It drops continuously later and 
becomes smaller (about 95%) when the load approaches 
the minimum value in the load-decreasing phase. At 
50 Hz, the transient experimental film thickness is just 
under 40% larger than the steady-state value, at the begin-
ning of the load-increasing phase and about 20% lower 
when the load reaches the lowest value of the cycle. At 
the two lowest frequencies 10 and 25 Hz, the experimental 
values follow the theoretical one, within the error of the 
method, over the whole cycle.

Fig. 3  a Example of load 
variation, 10 Hz, PAO 40. b. 
Interferograms of the PAO 40 at 
ambient temperature, captured 
at 10 Hz

Fig. 4  a Example of load 
variation, 25 Hz, PAO 40. b. 
Interferograms of the PAO 40 at 
ambient temperature, captured 
at 25 Hz
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Fig. 5  a Example of load 
variation, 50 Hz, PAO 40. b 
Interferograms of the PAO 40 at 
ambient temperature, captured 
at 50 Hz

Fig. 6  a Example of load 
variation, 100 Hz, PAO 40. b 
Interferograms of the PAO 40 at 
ambient temperature, captured 
at 100 Hz

Fig. 7  Central film thickness at four frequencies, 0.05 m/s
Fig. 8  Central film thickness variation over one cycle
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4.2  Analytical Modelling

The EHD film thickness is established by the conditions in 
the inlet of the contact, as mentioned above. In the current 
experiments, the entrainment velocity was kept constant at 
50 mm/s. It is now assumed that the load varies between zero 
and a given value 2P0 on a sinusoidal fashion, as expressed 
by Eq. (3).

It is obvious that, during half a cycle, the contact size 
expands rapidly due to the variation of the load. At the inlet 
of the contact, this expansion is equivalent to an increase of 
the entrainment velocity during the load-increasing phase 
and a decrease during the decreasing of the load. As the 
contact edge moves in direction opposite to the lubricant 
entrainment direction, the lubricant approaches the conver-
gent gap at a velocity equal to the sum of the velocity of the 
contact edge and the mean velocity of the surfaces. It results 
in a net (effective) entrainment velocity larger than that cor-
responding to steady-state conditions. According to Hertz’s 
theory of elastic contact the radius of contact between a 
sphere and a plane depends of the load, the radius of the 
sphere and the elastic modulus of the contacting bodies 
[38]. In order to evaluate the transient entrainment speed, 
the radius of the contact is written as a function of time as 
shown in Eq. (4).

The speed of change of the contact radius is da/dt, so 
combining (3) and (4) we get

This relationship shows that the speed is different in the 
load-increasing and load-decreasing phases, as the functions 
sine and cosine are out of phase by T/4. Another observa-
tion is that the speed becomes infinite when sinus equals 
− 1, that is, when the load is zero. Obviously, in reality the 
film thickness cannot be zero, and to avoid this, the entrain-
ment velocity was set to zero when the load was zero. This 
is illustrated in Fig. 9 which shows the velocity of change 
of the contact radius, the set, rolling speed and the resultant 
or effective entrainment velocity. The load amplitude was 
taken as 20.5 N to match the experimental values for the 
100 Hz tests.

It can be seen that, as a result of the harmonic load varia-
tion, the effective entrainment velocity is larger than the roll-
ing speed of the surfaces during the load-increasing phase 
and smaller during the load-decreasing phase. At its peak, 

(3)P(t) = P0(1 + sin�t).

(4)a =
(

3R

4E∗

)1∕3

P(t)1∕3.

(5)da

dt
=

da

dP

dP

dt
=

1

3

(

3R

4E∗

)1∕3

P(t)−2∕3P0� cos�t =

(

RP0

36E∗

)1∕3
� cos�t

(1 + sin�t)2∕3
.

the effective entrainment speed is over three times the rolling 
speed, which obviously would affect the EHD film thickness. 
In order to evaluate the transient film thickness, the formula 
given by Eq. (1) is written as

In Eq. (1), 0.67 was approximated by 2/3 and 0.067 by 
2/30, while A is a constant factor which includes all parameter 
except velocity and load. According to the above analysis, the 
effective entrainment velocity is equal to the rolling velocity 
and the velocity of change of the contact radius; the transient 
film thickness can thus be written as

where u0 is the constant rolling speed. If u0 is brought in 
front of the bracket and taking into account Eq. (5), the time-
dependent film thickness becomes

Using (6), the ratio of transient to steady-state film thick-
ness (EHD film thickness calculated with formula (1) but with 
the load varying by (3) at each time step) can be written as

(6)hc = A ⋅ u2∕3P(t)−2∕30.

(7)h(t) = A ⋅

(

u0 +
da

dt

)2∕3

P(t)−2∕30,

(8)
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2∕3

0
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1
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(
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(9)
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1
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(
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.

Fig. 9  Entrainment velocity in transient load conditions
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The variation of this ratio, together with the normalised 
load (current load/ maximum load) as a function of non-
dimensional time (time/period of load cycle), is shown in 
Fig. 10. The parameters of this simulation are frequency 
100 Hz, load-variation amplitude 20.5 N and entrainment 
speed 0.05 m/s. This graph shows that at the beginning of 
the load-increasing phase the transient film thickness is more 
than two times larger than the theoretical film thickness. As 
the load increases towards its maximum value, the transient 
film thickness tends towards the steady-state value.

It can be seen that, at a certain moment during the cycle, 
the film thickness becomes zero due to the fact that the effec-
tive entrainment velocity momentarily becomes zero as seen 
in Fig. 9. A pertinent question can be asked for the varia-
tion of the film thickness over the whole cycle: why are the 
values of the film thickness at the beginning and the end of 
the cycle not equal? The answer is that they are, but because 
they are infinite they cannot be shown in the graph. At the 
beginning of the cycle, the load is zero and obviously in this 
case Hamrock and Dowson Eq. (1) predicts infinite film, or 
rather no film.

4.3  The Effect of Working Parameters

The effect of the working parameters can be evaluated from 
relationship (9). The larger the frequency, the quicker the 
load increases and consequently the effective entrainment 
speed. Figure 11 shows the central film thickness for four 
frequencies at constant load amplitude of 20.5N and a set 
entrainment speed of 0.05 m/s.

It can be seen that at lower frequencies the film thick-
ness is almost equal to the steady-state value over the whole 
vibration cycle, while at the largest frequency employed in 
these tests, 100 Hz, the transient formula predicts a film 

thickness 2.3 times larger than steady state at the beginning 
of the vibration cycle.

Figure 12 shows the variation of the maximum film thick-
ness with the frequency of load variation.

Hooke and Morales-Espejel [39] performed a theoreti-
cal analysis of line contacts subjected to load fluctuations, 
on a non-zero mean cycle. The conditions of the current 
experiments are obviously quite different from those in 
[39]; however, it is interesting to make a similar evalua-
tion of the effect of frequency upon maximum film thick-
ness variation. The same non-dimensional parameters for 
wavelength, λ/b P1.5S−2, and maximum film thickness vari-
ation, δhE′/δFP0.75S−1, with λ = u/f, P = αPH, and S = GU0.25 
are used. In these, u is the mean surface velocity, f is the 
frequency, α is the pressure–viscosity coefficient, PH is the 
Hertzian pressure, G = αE′ is the material parameter and 
U = (η0u/E′R). The conditions used in current tests give the 
Greenwood pressure parameter P of 14.2 and Greenwood 

Fig. 10  Ratio of transient film thickness and steady-state film thick-
ness at 100 Hz

Fig. 11  The effect of frequency upon central film thickness

Fig. 12  The variation of maximum transient film thickness with fre-
quency



Tribology Letters (2018) 66:116 

1 3

Page 9 of 11 116

speed parameter S = 6.8 and an inlet piezoviscous parameter 
c = 0.967P0.2S0.8 of 7.6. In [39], film thickness variation is 
given for values of P = 20 and S = 8, while c ranged between 
2 and 20. The non-dimensional film thickness versus non-
dimensional wavelength, for the four frequencies employed 
in these tests is shown in Fig. 13. The trend of this varia-
tion is very similar to that seen in Fig. 3a of Ref. 39, even 
accounting for the differences in the conditions used. It is 
obvious that the frequencies employed in the current tests 
are small enough such that the maxima of film thickness 
seen in [39] is not reached.

Another parameter which strongly influences the transient 
behaviour of EHD films is the entrainment speed of the con-
tact. This effect is shown in Fig. 14 where the frequency was 
kept constant at 100 Hz and the entrainment speed (constant, 
set rolling speed, independent of the load variation) changes 
as seen. It is obvious that an increase of entrainment speed 
is equivalent to a decrease of the frequency.

Finally, the other parameter which influences the film 
thickness, in transient conditions, is the load amplitude. Fig-
ure 15 shows this effect for a contact running at the same fre-
quency of 100 Hz and an entrainment speed set at 0.05 m/s.

It is known that the effect of the load upon the steady-
state film thickness is almost negligible, in comparison to 
the effect of speed for example; however as seen in Fig. 15 
in case of transient films, this parameter influences the 
film thickness as strongly as the entrainment speed. This is 
because by keeping the frequency constant, the change of 
the amplitude of the load is equivalent to a more rapid vari-
ation of contact dimensions, and thus the entrainment speed 
increases, according to Eq. (7).

4.4  Comparison of Experiment and Theory

This theoretical analysis was intended to give a qualita-
tive and not quantitative insight to the behaviour of film 

thickness under cyclically load variation; however, it is inter-
esting to make a direct comparison to experimental values of 
the film thickness. Figure 16 shows such comparison. Obvi-
ously, the experimental values show a descending trend, like 
the theoretical curve, and reasonably agree with the later for 
a part of the cycle. It is clear that at the beginning and end 
of the load-variation cycle, where the effective entrainment 
velocity is largest and thus the squeeze effect is expected to 
be strongest, the measured values differ from the theoretical 
ones. The difference is especially great during the second 
half of the cycle, where the rapid decrease of the load makes 
the effective entrainment velocity drop rapidly and change 
sign, thus making the theoretical film thickness momentarily 
zero. At this moment, the experimental film thickness in the 
central region of the contact does not follow the speed and 
maintains large values due to the fact that the fluid cannot 
be squeezed out of the contact quickly enough.

As mentioned previously, squeeze and the time taken for 
the lubricant to travel across the contact are phenomena not 
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Fig. 14  The effect of entrainment speed upon transient film thickness

Fig. 15  Effect of load amplitude upon transient film thickness
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taken into account in this theoretical analysis. The squeeze 
effect during the rapid decrease of the velocity (and the film 
thickness with it) results into a film larger than the steady-
state predictions, by the formation of a lubricant entrapment, 
as proved experimentally and theoretically [40–43].

The current approach and results are supported by the 
results of the analytical/numerical investigation carried out 
in [32, 33], which conclude that between the increase of 
speed due to rapid increase of contact dimensions and the 
squeeze effects the former is dominant.

This qualitative analysis is evidently simplified and does 
not take into account the squeeze effect and the time of pas-
sage of the lubricant through the contact; however it is able 
to explain, at least partially, the behaviour of the film under 
cyclically variable loading.

5  Conclusions

Optical interferometry technique was used to measure the 
film thickness in an elastohydrodynamic contact, formed 
between a glass disc and a steel ball, subjected to harmonic 
variation of load. Apart from the ball and disc, the system 
comprised a white light source, a high-speed CCD camera, 
an electrodynamic shaker and a load cell for measuring the 
load applied to the contact. Interferometry images of the 
contact under vibrations were captured, recorded and ana-
lysed for film thickness over the contact area.

It was found that the lubricant central film thickness is 
significantly larger than that corresponding to steady-state 
application of the load during the load-increasing phase, 
about 60% larger for the conditions of these tests. During 
the load-decreasing phase, the central film thickness drops 
to values near and slightly below the steady-state condition.

A theoretical, analytical modelling of the film thickness 
behaviour during harmonic variation of load was carried out, 
based on the theoretical film thickness formula of Hamrock 
and Dowson. It was shown that the rapid increase of the 
contact dimensions is equivalent, in the inlet of the contact, 
with an increase of the effective entrainment speed. Conse-
quently, the film thickness is larger than the steady-state pre-
dictions during the load-increasing phase and smaller dur-
ing the load-decreasing phase. During the load-decreasing 
phase, the theoretical, transient film thickness momentarily 
falls to zero, at large frequencies and rather low set entrain-
ment speed, although the measured results did not show this 
behaviour. This was explained by the squeeze effect, which 
prevents the lubricant to escape too quickly from the contact 
during the rapid decrease of the effective entrainment speed, 
and the formation of a lubricant entrapment.

Analyses of the effect of frequency, load amplitude and 
set entrainment speed were carried out, revealing that the 
frequency and amplitude of the load cycle have an opposite 
effect to the set entrainment speed.

The current paper provides a simple theoretical tool for 
prediction of lubricant film thickness in elastohydrodynamic 
contacts subjected to cyclic or non-cyclic variation of load. 
Unlike other approaches to this problem, the present analysis 
does not involve sophisticated numerical analysis tools.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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