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Influence of Pressure and Temperature
Dependence of Thermal Properties of a Lubricant
on the behaviour of Circular TEHD Contacts

W. Habchi, P. Vergne, S. Bair, O. Andersson, D. Eyheramendy and G.E. Morales-Espejel

Abstract:

The aim of this paper is to study the effects of pressure and temperature dependence of a
conventional lubricant’s thermal properties on the behaviour of heavily loaded Thermal
ElastoHydrodynamic Lubrication (TEHL) contacts. For this purpose, a typical mineral oil
(Shell T9) is selected and the dependence of its transport properties on pressure and
temperature is investigated. Appropriate models are then developed for these
dependencies. The latter are included in a TEHL solver in order to investigate their effect
on the behaviour of circular EHD contacts. The results reveal the necessity of a thermal
analysis including the pressure and temperature dependence of thermal properties for a
good estimation of film thicknesses and mostly traction coefficients in circular EHD
contacts operating under severe conditions. Numerical results are compared with
experiments, showing a very good agreement over the considered ranges. This thorough
validation of a thermal EHL framework for the calculation of film thickness and friction
offers a previously unavailable opportunity to investigate the effects of variations in
material properties.

Keywords: TEHL regime, heavily loaded contacts, P-T dependence of thermal
properties, non-Newtonian behaviour, film thickness, EHD traction.

1. Introduction

For severe operating conditions, the temperature increase in elastohydrodynamically
lubricated (EHL) conjunctions may not be ignored. This is more likely to occur when
contact conditions combine several factors such as high sliding or entrainment speeds,
high viscosity or viscosity-pressure dependence of the lubricant and heavy normal loads.
Neglecting the heat generation in EHD contacts operating under severe conditions leads
to an overestimation of both film thicknesses and friction coefficients. Temperature
variations lead to both viscosity and density variations throughout the lubricant film.

There is a long history of thermal studies in EHL [1][2][3][4]. Until recently, the
liquid has been modelled with reduced temperature and pressure dependence of the
viscosity in high pressure regions of the contact. The resulting insensitivity to
temperature variations was compensated by assuming, for the shear dependence of
viscosity, an empirical sinh law that arose from thermal feedback in capillary viscometers
[5]. Through careful adjustment of the temperature, pressure and shear dependence of



viscosity, it has been possible to reproduce experimental film thickness and friction;
however these studies failed to yield a realistic and sensible understanding of contribution
of liquid properties to the contact response. For example, in a calculation of surface
temperature in a sliding contact, Kim et al. [4] were able to show that reducing the
viscosity at Hertz pressure by an order-of-magnitude could increase the temperature. This
unrealistic conclusion resulted from assigning to the lower viscosity model a temperature
dependence of viscosity about one-third of the measured value. Recent quantitative
thermal EHL (TEHL) calculations using the measured properties of a reference liquid
have provided excellent agreement with experiment [6]. While this study provided useful
insight into the thermal behaviour, the contact pressures were low and the pressure
dependences of the thermal properties were ignored. Still, this study among others
dealing with wider ranges of operating conditions [7] made it clear that a full thermal
analysis of EHL contacts is necessary if a complete understanding of the local
phenomena occurring in these contacts is to be achieved.

In this context, some recent works have incorporated reduced pressure and
temperature dependence of the thermal properties in their numerical calculations. For
example, in their analysis, Campos et al. [8] simply introduced in their analysis the
influence of pressure on the thermal conductivity of the lubricant (temperature
dependence was ignored) while assuming constant specific heat. This allowed them to
have a fairly good agreement between numerical traction curves and those obtained from
experiments. Still, under high mean entrainment speeds and sliding velocities some
discrepancies are observed. These can be related, in part, to the fact that the full pressure
and temperature dependence of the lubricant’s thermophysical properties was not
considered.

The present work is dedicated to both experimental and numerical investigation of
friction and film thicknesses in circular contacts operating in the thermal EHL regime. In
particular, the “Limiting Shear Stress” effect is incorporated in the numerical analysis. In
addition, the effect of pressure and temperature dependence of the lubricant’s thermal
properties on the behaviour of circular EHD contacts is investigated. These effects have
often been neglected and only a few works have dealt with this issue such as the one by
Sharif et al. [9] [10], who have included the temperature and pressure dependence of
lubricant’s thermal properties in their EHL model based on the experimental results of
Larsson et al. [11]. Therefore, very few data for lubricants can be found in the literature.
In his magisterial 1931 book, Nobel laureate, Bridgman [12] reported that “The thermal
conductivity increases under a pressure of [1.2 GPa] by an amount which varies from 1.5-
fold for water to 2.7-fold for normal pentane”. Moreover, Larsson et al. [11] have
reported strong pressure and temperature dependences for the thermal conductivity and
heat capacity of mineral oils. They have shown that the conductivity of conventional
mineral oils can be doubled at pressures of the order of 1GPa whereas the temperature
dependence is less pronounced. On the other hand, heat capacity shows a significant
dependence on both temperature and pressure. These strong temperature and pressure
dependences of lubricant thermal properties may affect both the film thickness and
friction in heavily loaded EHL contacts. In order to study this in detail, we have
measured the transport properties (viscosity, density, thermal conductivity and heat



capacity), in-situ, under high-pressure for a typical mineral oil (Shell T9), and described
the results by appropriate high-pressure models. Subsequently, these were included in a
TEHL solver to investigate the behaviour of the contact. The validity of the results was
confirmed by good agreement with experimental results without adjustment of viscosity.

2. Lubricant properties

A typical mineral oil (Shell T9) is considered for the current study. Some
measurements have been carried out in order to investigate the variations of density,
viscosity, thermal conductivity and heat capacity with pressure and temperature. The
viscosity dependence on shear stress is also determined

2.1 Temperature and Pressure Dependence of Density

Changes in volume, V , were measured for variable temperature, T, to 90°C and
pressure to 400 MPa with a metal bellows piezometer [13]. Data are reported in Figure 1.
Two equations of state (EOS) were tested with the data, Tait [14] and Murnaghan [15].
Both resulted in standard deviations of 0.074%; however, the Murnaghan EOS vyielded
greater accuracy when employed in the viscosity correlation and was retained for that
purpose. The temperature modified Murnaghan EOS reads
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This relation is plotted in Figure 1 for K]=10.545, a, =7.734x10™" K™,
K, =9.234 GPa, p,=872Kg/m*® and p, =6.090x10° K™. Subscripts 0 and R
indicate, respectively, ambient pressure and temperature (po = 0 and T, =30°C) and a

reference state (p, =0 and T, =25°C).

2.2 Temperature and Pressure Dependence of Viscosity

The low-shear viscosity was measured in falling body viscometers [13] for
temperatures up to 160°C and pressures up to 1200 MPa. Results are plotted in Figure 2
where the usual sigmoidal shape of the isotherms is evident.

A thermodynamic scaling rule that has been found to be accurate for many

organic liquids [16] is y:y'(Tvg), where —3g can be related to the exponent of the
repulsive intermolecular potential. A useful scaling parameter can then be written as

1)

Viscosity is plotted against the scaling parameter in Figure 3 where the viscosity data
collapse onto a single master curve for g =5.0348 which is within the range of 4<g <8



for hydrocarbons [16]. Furthermore, an accurate scaling function [17] can be obtained
from a Vogel-like form

B
= 11, €XP (ﬁ} (3)

A least-squares regression, excluding the data at 160°C, resulted in ¢_=0.26844,

B, =12.898, and u, =1.489x10™* Pa-s with standard deviation of 7.8% with respect to

viscosity. Similarly, using the Tait EOS for the relative volume resulted in standard
deviation of 9.6%. The errors at atmospheric pressure were large for Tait and also for the
usual free volume Doolittle model which gave standard deviation of 14%. The viscosities
at 160°C were excluded from all regressions since the EOS is not expected to extrapolate
well to high temperatures. A comparison of the viscosity data with equation (3) is shown
in Figure 2 where it may be seen that the fit is good, even for 160 °C (V/Vr is determined
from Murnaghan EQOS).

2.3 Shear Dependence of Viscosity

The shear dependence of viscosity was measured in a pressurized Couette
viscometer [13] for temperature from 24 to 40°C and pressures up to 618 MPa and is
shown in Figure 4. Here the measured viscosity, 7, is normalized by division by the

low-shear value, u. The shear rate, y, has been normalized by multiplication by the
relaxation time, x/G, where G =7.0 MPa is a constant, the highest measured to date for

a liquid not intended for traction enhancement. Like any conventional mineral oil, Shell
T9 lubricant exhibits a strong viscosity dependence on pressure and temperature. In
addition, at high shear rate (stress) its Newtonian limit is reached and the linear
(Newtonian) shear stress — shear strain rate dependence is lost. Furthermore, a flow
curve was generated at very low stress at 22°C and 403MPa using a larger cylinder set,
indicating no significant shear dependence over the shear stress interval of 0.006 to 0.34
MPa

The single-Newtonian modified Carreau-Yasuda equation [18] was graphically
fitted to the shear dependent viscosity of Figure 4 with standard deviation of 6%.

n= #1 4)
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G

The curve in Figure 4 uses u from equation (3), a=5 and n=0.35, which is a low

value of n for a lubricant. The collapse of the four data sets onto a single master curve
validates the shifting rule used here (constant G).

2.4 Pressure Dependence of Limiting Stress



The Mohr-Coulomb theory [19] predicts slip along a material plane for which the
ratio of shear stress to normal stress reaches to a coefficient of internal friction. For a
plane Couette shear experiment, the apparent strain rate (from the velocity of the
boundaries) will be independent of shear stress when the shear stress reaches a limiting
value of 7, = Ap, where the limiting stress-pressure coefficient, A, can be calculated

from the coefficient of internal friction and the relation between the first normal stress
difference and pressure [13]. Slip has been observed experimentally along planes within
the liquid film oriented in directions consistent with Mohr-Coulomb theory [13].

The mineral oil under study possesses a very low viscosity, making the
measurement of the stress limit for mechanical localization impossible using the same
pressurized Couette viscometer that was employed for the shear thinning measurements.
Thermal feedback would overwhelm the stress. The very high pressure translating
concentric cylinder viscometer at Georgia Tech that was previously utilized for
measurements of A in low viscosity liquids was decommissioned more than twenty years
ago. Therefore, EHL traction was employed to estimate A.

A crossed-roller EHL device described in reference [20] was used at Georgia
Tech to estimate a value for A =0.083 by assuming that, for Hertz pressure of 2.44 GPa
and inlet temperature of 34°C, the viscosity will be sufficiently large that the limiting
stress will operate over nearly the entire contact for very low sliding speed. Figure 5
shows such traction data which show the traction coefficient to be about 0.083 for sliding
speed from 0.01 to 0.06 m/s. The initial slope is 36 which is approximately the ratio of
the shear modulus of the steel roller divided by the Hertz pressure, indicating that this
slope represents the elastic response of the rollers [20].

2.5 Temperature and Pressure Dependence of Thermophysical Properties

The thermal conductivity, k, and volumetric heat capacity, pc,, of T9 were

measured using the transient hot-wire method [21] for pressures up to 1000MPa at
temperatures of 30, 60 and 90°C. The glass transition was observed in the data for 30°C at
0.7GPa. Therefore, in the following modelling thermophysical data are discarded for
pressures greater than 0.6GPa at 30°C.

Following reference [22] the conductivity is plotted against a conductivity scaling
parameter

Rt ]

in Figure 6. The data are collapsed onto a master curve for A=-0.101. An additional
parameter was used to improve the fit of an empirical equation introduced in [22].
k=B+Cx® (6)
This model is shown in Figure 6 for s=7.6, B=0.053Wm*K™ and C =0.026Wm*K™
and the standard deviation is 0.66%.
The heat capacity, pc,, is plotted against a new scaling parameter

aal



in Figure 7. A scaling function shown in Figure 7
pe, =Co+My (8)

fits the data with C,=1.17x10° J/m*-K and m=0.39x10° J/m*-K with standard
deviation of 1.6%.

3. Numerical model

The numerical model employed in this work was described in detail in [6] and [23]. In
this section, only the main features of this model are recalled. An additional feature
regarding the treatment of the Limiting Shear Stress behaviour is also described.

The model is based on a finite element fully-coupled resolution of the EHD equations:
Reynolds, linear elasticity and load balance equations. The latter are solved
simultaneously providing robust and fast converging solutions. The generalized Reynolds
equation is used to account for the shear dependence of the lubricant. Special
formulations are introduced in order to stabilize the solution of Reynolds equation at high
loads. The temperature distribution in the contact is obtained by solving the 3D energy
equation in the lubricant film and solid bodies. However, the current model incorporates
the variations of the lubricant’s thermal properties with pressure and temperature
throughout the contact. Then an iterative procedure is applied between the respective
solutions of the EHD and thermal problems as described in [6] and [23]. However, in the
current model a slight modification is introduced for the treatment of the Limiting Shear
Stress behaviour of the lubricant. In fact, during the iterative procedure, every time the
shear stress 7 is evaluated (using viscosity data provided by a combination of the

Carreau and Vogel-like models) it is either truncated to 7, if it exceeds 7, or, otherwise,
it is kept unchanged.

4. Results and validation

In this section, both the numerical and experimental results are presented. These include
film thickness and traction calculations and measurements. Four sets of curves are shown
in each figure. One of the sets represents experimental data whereas the remaining three
sets represent calculations. In a first set, thermal effects are neglected and the contact
regime is assumed to be isothermal. The isothermal results are mostly valuable for
comparison with thermal ones. This reveals the importance of a thermal analysis. Finally,
in the last two sets, thermal dissipation in the contact is taken into account. In order to
assess the effect of the variations in thermal properties on film thickness and traction,
those are kept constant (at their ambient pressure and temperature values) in one of the
sets, whereas in the other, they are allowed to vary with pressure and temperature
according to the models presented previously. The considered range of operating
conditions is described below.

4.1. Operating conditions

Film thickness and traction measurements were carried out at LaMCoS INSA-Lyon with
a ball on disk tribometer. The balls and the disks used in this work were carefully



polished leading to a composite RMS roughness of the undeformed surfaces lower than
10 nm.

The film thickness measurement technique is based on white light differential
colorimetric interferometry. Measurements were performed under pure rolling conditions
in a contact formed between a sapphire disk and a 25.4 mm diameter steel ball. Sapphire
was chosen because of its transparency, its ability to sustain high friction and high normal
stresses [24] and to allow accurate film thickness values even under those extreme
operating conditions [25]. Furthermore, its ambient thermal properties are similar to those
of steel (characteristics of the ball and the disk materials are reported in Table 1) which
limits the occurrence of different thermal responses between the 2 materials, all other
parameters being equal. This is because only pure-rolling conditions are considered,
which leads to small temperature variations.

The sapphire disk is replaced by a bearing steel disk for traction measurements and to
prevent any damage of the sapphire material that could result of the combination of high
sliding speeds and high normal loads. The two specimens are driven by independent
motors to produce the desired slide-to-roll ratio, SRR. The velocities are controlled with
high precision and stability. Traction forces and normal load are recorded by a multi-axis
strain gauge sensor. It combines a broad range of measurable forces, appropriate
sensitivities over the different directions and a high stiffness that allow accurate traction
measurements over a wide range of operating conditions [6][26].

The bottom of the ball dips in a reservoir containing the lubricant, ensuring fully flooded
conditions in the contact. The contact, the lubricant and the two shafts that support the
specimens are thermally isolated from the outside and are kept at constant temperature by
an external thermal control system. This assembly was designed to limit heat transfer
from or towards the contact zone, leading to experimental conditions as
close/representative as possible to those considered in the numerical model. A platinum
temperature probe, located approximately 2 mm underneath the ball specimen, monitors
the lubricant temperature in the test reservoir within £ 0.2 °C. The imposed temperature
for all tests was 30°C.

The operating conditions considered for this study are summarized in Tables 2 and 3 for
film thickness and traction measurements / calculations respectively. The central film
thickness, he, calculated from Hamrock and Dowson [27] and the film thickness thermal
reduction coefficient ®t proposed by Cheng [28], both calculated for the pure rolling
case are also reported. Here this parameter is only used to predict the occurrence of
significant thermal effects: @t < 1 implies significant thermal effects whereas if @t is
close to 1 the regime remains isothermal.

Two normal loads were considered for film thickness experiments / calculations leading
to Hertzian steel - sapphire contact pressure of 0.84 and 1.35 GPa respectively. For each
normal load, the mean entrainment velocity (half sum of the two specimen linear
velocities) was varied from 0.5 m/s to 7 m/s. Some results at low speed are missing
because of the relatively poor optical properties of sapphire that make film thickness
under 50 nm quite difficult to measure. Furthermore these missing points correspond to
operating conditions where almost no thermal effects take place. Values at 2 m/s are
reported in Table 2 for comparison purpose because this entrainment speed was also
imposed during friction tests.



Two normal loads were considered for steel — steel traction measurements / calculations,
leading to contact Hertzian pressures of 0.85 and 1.35 GPa respectively. Two entrainment
speeds were applied (0.8 and 2 m/s) and SRR, varied from -100 to +100%. For the
different normal loads and considering only the pure rolling case, the comparison of the
two sets of operating conditions reported in Tables 2 and 3 shows that both film
thicknesses and the thermal reduction coefficients are very close whatever the specimen
material was. However, higher thermal effects are expected to occur during traction tests
because large sliding velocities and thus higher shear stresses are involved. One of the
major purposes of this work is to investigate these phenomena.

4.2. Film thickness results

The film thickness curves as a function of the mean entrainment speed, under pure-rolling
conditions, are reported in figures 8 (a) and (b) for a normal load of 23N (0.84 GPa) and
95N (1.35 GPa) respectively. The four sets of curves mentioned previously are shown in
each figure. Every set contains two curves corresponding to the variations of central film
thickness Hc and minimum film thickness Hm with mean entrainment speed. It is clear in
all figures that the three numerical curves coincide over the entire considered range of
mean entrainment speeds. This reveals that the effect of pressure and temperature
dependence of thermal properties on film thickness is negligible under these conditions
(i.e.: pure-rolling). This is normal, since thermal dissipation is relatively low (the
isothermal curves coincide with the thermal ones). Finally, it is important to note the
good agreement between numerical and experimental results.

4.3. Friction results

The friction curves as a function of SRR are reported in Figures 9 (a), (b), (c) and (d).
Every figure contains four traction curves, one experimental and three numerical obtained
by full EHL calculations. One of the numerical curves is obtained assuming isothermal
conditions whereas the remaining two account for thermal dissipation in the contact. In
one of them, thermal properties are taken to be constant at their ambient pressure and
temperature values whereas in the other they are allowed to vary with pressure and
temperature. First of all, note the fairly good agreement between numerical results and
experiments for all cases considered. In fact, the absolute value of the mean relative
deviation between the experimental data and the numerical results obtained by the
thermal calculations accounting for the pressure and temperature dependence of thermal
properties for the cases considered in Figures 9 (a), (b), (c) and (d) are 7.3, 4.9, 6.1 and
4.5 % respectively. Figures 9 (a) and (c) reveal that the two thermal curves coincide over
the entire range of SRR considered. This is because, in this case, the mean entrainment
speed is relatively low, leading to relatively small thermal dissipation. Clearly, this does
not lead to significant variations in thermal properties, but however, it affects the
viscosity of the lubricant by reducing it. This viscosity reduction takes place mostly in the
central area of the contact where the lubricant experiences an important temperature
increase. This explains the discrepancy observed between the isothermal and thermal

cases. In fact, an isothermal analysis elearhy-overestimatesfriction—coefficientssince-it

does not take into account the viscosity reductions in the central region of the contact. In



Figures 9 (b) and (d) one can notice that the three numerical curves deviate from each
other. In this case, the mean entrainment speed is higher, leading to more important
thermal effects. Hence the discrepancy between isothermal and thermal curves is even
more important. Taking into account thermal dissipation in the contact reduces the
discrepancy between numerical and experimental results. When the pressure and
temperature dependence of thermal properties is considered, the traction curves get even
closer to experiments. In fact, even for a thermal EHL calculation, neglecting the
variations in thermal properties leads to an underestimation of friction coefficients.

Finally, it is important to note that the numerical traction curves show a poor transition
from low to high SRR, but then at high SRR the results agree well with experiments. This
is believed to stem from the Limiting Shear Stress model employed in this work. The
latter presents two essential drawbacks: first, it involves an abrupt truncation of the shear
stress distribution at the limiting shear stress level and second, it does not account for the
temperature dependence of 7. For future studies, the authors intend to use more

sophisticated models such as the exponential one proposed in [7].
4.4. Discussion

The results presented previously show an interesting agreement between numerical
simulations and experiments. This agreement reflects the accuracy of the rheological
models that are employed. This comes as no surprise since these models, in contrast with
the historically commonly used empirical ones, stem from experimental fact. However,
they involve quite complex mathematical formulations that require the determination of a
large number of parameters. This is why such models have been ignored over the years
and few are the lubricants for which data exist in the literature. The use of easier
empirical formulas that require the determination of one or two parameters has been
preferred despite the serious doubts that arise about their accuracy and relevance. But is
this trend (i.e.: simplicity over the expense of accuracy) to be retained for the future? The
authors believe that to the contrary, the need is to go even further in the modelling of the
lubricant behaviour if a deeper understanding of the local phenomena involved in EHL is
to be established. For instance, a better knowledge of the temperature dependence of the
limiting shear stress 7, might be useful for better capturing the transition from low to

high SRR regimes in the traction calculations.

Going back to the reported results, it is clear that the variation of thermal properties has
no noticeable effect on film thickness under pure-rolling conditions. This is to be
expected since under these conditions, thermal dissipation and hence the increase in
temperature is relatively small especially in the inlet area of the contact where the film
thickness is built-up. Besides, the pressure rise in this area is also small leading to
negligible variations in the thermal properties. However, this observation no longer
applies to traction calculations under rolling-sliding conditions. In fact, traction behaviour
of EHL junctions is mostly dominated by the behaviour of the lubricant in the central
area of the contact. In this region, thermal dissipation or heat generation becomes more
important because of the smaller film thickness involved which leads to higher shear
rates and also because of the higher values of viscosity due to the higher pressure levels
that are encountered. Therefore, in the central part of the contact, the important increase
in pressure and temperature leads to an increase in both the thermal conductivity and heat



capacity of the lubricant. An enhanced heat removal by thermal conduction and advection
from the conjunction is obtained. This results in a smaller temperature increase compared
to the case where thermal properties are assumed to be constant. Hence, it is not
surprising that friction coefficients are underestimated when the variation of thermal
properties is not taken into account.

5. Conclusion

This paper deals with the effect of pressure and temperature dependence of thermal
properties of conventional lubricants on the behaviour of elastohydrodynamically
lubricated contacts. For this purpose, a typical mineral oil is selected (Shell T9) and its
rheological and thermal properties are modelled. Then, film thickness and traction curves
are derived (numerically) based on the defined models and those are compared to
experiments. The results clearly show that the variations in thermal properties have
negligible effect on film thickness under pure rolling regime. However, for traction
calculations, neglecting this effect leads to an underestimation of friction coefficients.
The fairly good agreement between numerical and experimental predictions, without
adjustment of viscosity, reflects the importance of an appropriate modelling of the
lubricant’s rheological behaviour and the dependence of its thermal properties on
pressure and temperature. The authors believe that for a better understanding of local
phenomena occurring in EHL conjunctions, an accurate modelling of the behaviour of
lubricant’s properties is required. This thorough validation of a thermal EHL framework
for the calculation of film thickness and friction offers an opportunity which has never
before been available to investigate the effects of variations in material properties.
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NOMENCLATURE

coefficient in the dimensionless conductivity scaling parameter
thermal expansivity defined for volume linear with temperature, K*
parameter in the conductivity function, W/m-K

fragility parameter in the new viscosity equation

constant pressure specific heat capacity, J/kg-K

parameter in the conductivity function, W/m-K

parameter in the heat capacity function, J/m3.K

effective shear modulus, Pa

cylinder radial gap, m

thermal conductivity, W/m-K
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10



isothermal bulk modulus at p = 0, Pa

0

Kys Ko at zero absolute temperature, Pa

Ko pressure rate of change of isothermal bulk modulus at p = 0

n power-law exponent

m parameter in the heat capacity function, J/m3.K

p pressure, Pa

p., pressure for which the viscosity diverges, Pa

SRR  Slide-to-roll ratio

S exponent in the conductivity scaling model

T temperature, K

TR reference temperature, K

v volume at T and p, m®

Vo  volumeat p=0, m3

VR volume at reference state, Tr, p =0, m®

g thermodynamic interaction parameter

V4 shear rate, s = [y, + 72,

n generalized (shear dependent) viscosity, Pa-s

K dimensionless conductivity scaling parameter =V /V, [1+ A(T/T)(V Vg )3}

U limiting low-shear viscosity, Pa-s

T shear stress, Pa

) dimensionless viscosity scaling parameter = (T /T, )(V /V; )g

o, viscosity scaling parameter for unbounded viscosity

7 dimensionless heat capacity scaling parameter y =(T/T.)(V/Vq )74
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Material Sapphire | Bearing Steel
Young modulus 3.6 10" 21 101
(Pa)

Poisson coefficient 0.34 0.3

() ' '
Density

(kg/m?) 4000 7850
Thermal conductivity

(W/mK) 40 50
Specific heat

(I/KgK) 750 470
Thermal diffusivity 13.310° 13.6 10°°

(m?/s)

Table 1: specimen materials properties
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Film thickness measurements
Pure rolling, steel/sapphire contact conditions
Normal load (N) 23 95
Hertzian pressure | (GPa) | 0.84 1.35
Ue min (m/s) 0.80 0.80
he (um)  0.114  0.103
O () 0.99 0.99
Ue med (m/s) 2 2
he (um) 0.210 0.191
O () 0.98 0.98
Ue max (m/s) 7 7
hc (um)  0.486  0.442
@7 () 0.92 0.91

Table 2: operating conditions applied for film thickness measurements, all the tests
performed at 30°C.



Traction measurements
-100% < SLR < +100%0, steel/steel contact conditions
Normal load (N) 38 154
Hertzian pressure (GPa) 0.85 1.35
Ue min (m/s) 0.80 0.80
hcatSLR =0 (um) 0.112 0.102
dratSLR =0 ) 0.99 0.99
Ue max (m/s) 2 2
hcatSLR =0 (um) 0.207 0.188
dratSLR =0 ) 0.98 0.97

Table 3: operating conditions applied during traction measurements, all the tests
performed at 30°C.
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Figure 1. The pressure and temperature dependence of the relative volume, V /V, , and the
Murnaghan EOS (Eq. (1))
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Figure 2. Viscosity-pressure isotherms showing the thermodynamic scaling according to
the Vogel-like model in Eq. (3).

18



1000000 +
100000 -
10000 +
1000 +
100

10 +

14

Viscosity, u / Pas

0.1
0.01 +

0.001

0.0001 \ \ \ \ 1
0 0.5 1 15 2 2.5

(TITR)VIVR)®

Figure 3. Viscosity scales with ¢ = (T/T,)(V/Vg)" for g =5.0348 (Eq. (2)).
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Figure 4. Flow curve for four conditions showing the viscosity function and shifting rule

according to the Carreau-Yasuda model in Eq. (4)
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Figure 5. Traction curve from crossed-roller device at very high pressure for estimation
of A=0.083.
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Figure 6. Thermal conductivity scales with x =V /V, [1+ A(T/T)(V/Vq )T (Eq. (5) and
(6))
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Figure 7. The volumetric heat capacity scales with y =(T/T;)(V/Vq )_4 (Eq. (7) and (8))
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Figure 8 (a). Film thickness curves as a function of the mean entrainement speed for a
load of 23N (0.84 GPa) in a Sapphire-Steel circular contact
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Film Thickness, 95N (1.35 GPa)
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Figure 8 (b). Film thickness curves as a function of the mean entrainement speed for a
load of 95N (1.35 GPa) in a Sapphire-Steel circular contact
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Figure 9 (a). Traction curves as a function of SRR for a load of 38N (0.85 GPa) and a

mean entrainment speed of 0.8m/s in a Steel-Steel circular contact
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Figure 9 (b). Traction curves as a function of SRR for a load of 38N (0.85 GPa) and a

mean entrainment speed of 2 m/s in a Steel-Steel circular contact
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Figure 9 (c). Traction curves as a function of SRR for a load of 154N (1.35 GPa) and a
mean entrainment speed of 0.8m/s in a Steel-Steel circular contact
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Figure 9 (d). Traction curves as a function of SRR for a load of 154N (1.35 GPa) and a
mean entrainment speed of 2 m/s in a Steel-Steel circular contact

29



