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1. INTRODUCTION

The elastohydrodynamic (EHD) lubrication,
as the mainframe of the present paper, was
studied by several authors (only partially quoted
further on) and specially in these main aspects:

the theory of the EHD regime [1-3]; the
rheological effect of the viscosity variation with
temperature and pressure in the contact zone [3-
8];

the theory of liquid-solid lubrication in EHD
regime [1-6];
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the EHD film thickness [1, 4, 6-11];
traction in EHD regime [17-22];

the measurement technique of the lubricant
film response to pressure, velocity, temperature
in the EHD regime [1, 4, 6-13].

Several authors agreed that, while passing
through the contact zone, the film thickness and
rheology of the lubricant depend specially on
pressure and temperature. The passing time
through contact is very short (10 — 10s) with a



state change of the lubricant (from liquid to
solid and back to liquid) [1-6].

The two main parameters of the EHL regime
(film thickness and traction) depend on several
factors: oil properties, surface roughness,
materials, speed, load etc [6-9]. Until now, all
these influences were studied only while
loading. This paper presents some interesting
results observed during a complete cycle of
loading and unloading, similar to the real
functioning.

2.THE EXPERIMENTAL
INSTALATION

Several papers presented various possibilities
and testing rigs for the measurement of the film
thickness and of the corresponding EHD regime.
It is interesting to remark that for measuring the
oil viscosity variation with the pressure, initially
were used rollers functioning at pressures of 0.8-
1.2 GPa [2, 6-9], than plane contacts and, lately,
line contacts (two or four disk rigs) [2, 5-8].

The experimental results used in this paper
were measured on a complex two-disk
installation with an electrical resistance device
for film thickness measurement, presented in
[8]. The rig allows the variation of several
parameters: load, rolling speed, rolling and
sliding speed, temperature. The parameters
measured are the film percent and the friction
coefficient and the results can be observed
directly on an oscilloscope, read on a digital
multimeter, recorded on paper by an
oscillograph or stored electronically by a data
acquisition device. Also, the results can be
presented as instant values or as mean values on
a desired period, using a time integrator device.

All the experiments presented in this paper
were made using:

- an extreme pressure additivated mineral oil
for gears with the dynamic viscosity
No=0.441Pas at 20 °C, the temperature
coefficient B = 0.076 °C™" and the pressure
coefficient o = 2.15 GPa™;

- the disks were made of hardened steel and
had the roughness R, = 1.156 um and R, = 1.071
um.
We stress that the measurements were made
very carefully in order to obtain an error margin
less than 2%.

3. NEW EXPERIMENTAL RESULTS

3.1. The measurements were made by
increasing the load (loading) step by step, up to
a maximum value (corresponding to Pymax = 1.2
GPa), followed by the decreasing of the load
(unloading), at the same steps, down to zero and,
also, for various values of speed (between 9 m/s
to 35 m/s) and temperature (ranging from 40 to
90 °C).
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Figure 1: Load influence on film percent
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Figure 2: Load influence on traction

3.2 The film thickness measured on the
installation presents a rheological phenomenon
of hysteresis loop during the process of uploadig
followed by downloading. We name this
phenomenon ““rheological hysteresis” (RH) and
it is presented in Figure 1 as a SKF type
diagram.
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3.3 The traction measured on the installation
presents also a rheologic phenomenon of
hysteresis loop during the process of uploadig
followed by downloading. The diagrams
presented in the figures 1 and 2 are plotted for
the rolling speed v, = 11.2 m/s and the
temperature of 40 °C.

3.4. For the film thickness, we propose to
change the presentation from this classical SKF
form (in Figure 1) to the one in Figure 3.
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Figure 3: Load influence on film contact
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Figure 4: Load influence on film contact
(reversed axes)

This change allows a better presentation of
the observed RH phenomenon by replacing film
percent (h%) with the term contact percent, C%,
defined as:

0,
C% = [1 - Mj -100 @
100

Figure 4 shows a better presentation of the
RH aspect by reversing the axes.

3.5. The authors present a new parameter:
absolute rheological contact deflection, CD and,
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respectively, relative rheological  contact
deflection, Acp. This new parameter is used for
measuring the variations of the contact
hysteresis.

The contact deflection can be measured in
two directions:

on the pressure axis results the absolute and
the relative contact deflection related to pressure
CDP and Acpp;

along the contact axis results the absolute
and the relative contact deflection related to
contact percent CDC and Acpc.

This deflections are defined as:

CDP
ACDP } PH,max (2)
~ CDC

cbc
0
C%,.

where Ppmax IS the maximum Hertzian
pressure, in this case Py max = 1.2 GPa (Figure 4)
and Cpax IS the maximum contact percent
(corresponding to the maximum pressure Py max)
for the hysteresis loop.

The total absolute and relative rheological
contact deflection, CD and Acp, are computed
on the mean line, measuring the absolute
deflections on both axes in the same point with:

©)

CD=+/CDP? +CDC? and @
2 2
A = || EPP | [ LDC ©)
PH,max C%max
where C%max 1S the maximum traction

corresponding to the maximum Hertzian

pressure Py max-

3.6. For the contact percent we present
another new parameter: aria of the contact
hysteresis loop, Ac., respective, relative aria of
the contact hysteresis loop, Aact.

PH , max PH , max

Ay = ijL (p)dp - Ifcu (p)dp (10)

A =0 100% ay

ACL Py max
[ fe(p)dp

where fc. and fcy are the functions that
estimate the contact percent variation with
pressure at loading and, respectively, at
unloading and fc, is the function that estimates
the mean contact variation with pressure.



3.7. Figure 5 shows the contact percent
variation with Hertzian pressure and is plotted
for the rolling speeds of 31 m/s and three
different temperatures.
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The RH phenomenon can be clearly observed
and it depends on temperature and rolling speed.

The measurements were made by increasing
the load (upload) step by step, up to a maximum
value (corresponding to Pymax = P; = 1.2 GPa),
followed by the decreasing of the load
(download), at the same steps, down to zero.
Also, the experiments were made for various
values of speed (between 9 m/s to 35 m/s) and
temperature (ranging from 40 to 90 °C).

Observations:

e The rolling speed has a non-linear
influence on RH: at medium speeds RH is larger
than at low or high rolling speeds.

e The contact percent decreases with the

4. PHENOMENON EXPLANATION

4.1. One explanation for the observed
phenomenon will take into account the sonicity
theory. The S.A.E. installation with EHD fluid
film can be compared with an energy pulsating
system with membrane, imagined originally by
the Romanian scientist George Constantinescu.

He was the first to demonstrate and to use
water and oil compressibility [11], presented in
his sonicity theory.

In our case, the rheological hysteresis effect
can be explained by the accumulation of the
energy in the fluid film, periodically, but in a
very short time (about 10° - 10°® ).

The energy dispersion appears at the pressure
reduction (during download), with a certain
delay due to the rheological inertia.

4.2. Another explanation of this behavior
must take into account the thermal problem in
the contact. For a proper evaluation (both
qualitative and quantitative) of this rheological
phenomenon it must be considered the way the
heat is generated in the contact, at loading, and
its dissipation speed while unloading.

Conclusions

A complex SAE equipment was used for the
line film thickness study and, for the first time,
several phenomena were observed.

e The film thickness and traction behavior
was studied on a complete loading-unloading
cycle.

e A hysteresis type phenomenon, we called
rheological hysteresis, appears only in the full

speed increase as seen in the Figures 3, 4 and 5
where are plotted the curves for the same
temperature (50°C), but for various speeds.

e The temperature has a direct influence on
HR, but also influences the contact percent and,
through it, the temperature seems to have also an
indirect influence on HR.

e The temperature increase leads to a contact
percent increasing (film percent decreasing) as
shown in Figures 6 and 7 which are plotted for
the same rolling speed v, = 26.8 m/s and v, = 31
m/s, respectively, but for three different
temperatures (50°C, 60°C and 70°C).

EHD lubricant film. This phenomenon is similar
with the hysteresis loop of elastic materials with
inner friction or with the one of some electric
circuits.

¢ For an easier study of this phenomenon, a
new representation was proposed: contact
percent—load diagram.

e Also there were defined the rheological
hysteresis parameters: hysteresis loop area and
rheologic deflection. Their behavior was studied
related to various parameters: load, speed and
temperature.

We consider this an interesting approach and
also an easy way to study the rheological
behavior of the fluids and we suggest to other
researchers to follow it.

The authors would be grateful for any
suggestions and shared experience.
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