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Abstract

A renewed interest in elastohydrodynamic lubrication (EHL) phenomena at high speeds, for which thermal effects strongly
influence both traction and film thickness, has grown out of the challenges presented by high-speed geared transmissions in
electric vehicles. This study uses a new ball-on-disc set-up employing the well-known ultra-thin-film interferometry technique
to simultaneously measure EHL film thickness and traction at entrainment speeds up to 20 m/s and slide-roll ratios up to
100%. The effect of fluid composition is examined for Group I, II and III mineral oils, for two polyalphaolefins in Group IV,
and for the traction fluid Santotrac 50. The effect of viscosity in the range 4—180 mPa.s is investigated by varying bulk fluid
temperature. At high speeds, both film thickness and traction are considerably lower than predicted by conventional EHL
theory. The contact is seen to be fully-flooded for all conditions tested. The widely-used thermal EHL correction of Gupta is
shown to overcorrect for the film thickness reduction even at modest SRRs. Finally, the influence of the sliding direction on
traction and film thickness is discussed for this set-up, and a thermal model is proposed to explain the observed behaviour.
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List of symbols

1
a Hertz contact half-width a = (%) : [m]
Exponential parameter in VFT viscosity model
(K]
Bi Biot number [—]
c Specific heat capacity [J/kgK]
D Deborah number [—]
E,,E, Ball (1) and Disc (2) elastic modulus [Pa] 1
2 2N\~
E' Reduced contact modulus E' = 2< ] — L + 1E—2>
1 2
[Pa]
F*, F~ Traction force in forward (+) and reverse (-) slid-
ing [N]
Fg , Fy Traction force under zero-sliding for U, = U, (+)

andU, = U, (-) [N]

Equivalent shear modulus considering contact
elasticity [Pa]

G Fluid shear modulus in contact [Pa]

h Coefficient of convective heat transfer [W/m?K]

h, Central film thickness [m]

L, Characteristic length of thermal mass [m]

Ly Gupta thermal loading parameter [—]

Na Nahme-Griffith Number [—]

P Mean Hertz Pressure p = %PO [Pa]

P, Maximum Hertz Pressure P, = (%) * [Pa]

R Ball radius [m]

SRR Slide-Roll Ratio SRR = = [%]

ty Characteristic timescale f(;r heat diffusion [s]

t Period of specimen rotation [s]

T, Temperature offset parameter in VFT viscosity
model [K]

U,,U, Ball (1) and Disc (2) surface velocity [m/s]

U, Entrainment speed U, = %(Ul + U,) [m/s]

U, Sliding speed U, = U, — U, [m/s]

w Normal contact load [N]
a Pressure-viscosity coefficient (film-thickness-
derived) [Pa™']

7 Nominal shear strain rate y = % [s7]

n Bulk fluid viscosity [Pa.s] L

Mo Scaling parameter in VFT model [Pa.s]

1y Mean piezoviscous viscosity in contact [Pa.s]

K Thermal conductivity [W/mK]

u Traction coefficient [—]

Hy, u_  Traction in forward (+) and reverse (—) sliding
-]

P Density [kg/m?]

T Mean shear stress 7 = % [Pa]

T, Eyring stress [Pa]

x Thermal diffusivity y = i [m%s]
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1 Introduction

Elastohydrodynamic lubrication (EHL) has received much
research attention during the last 80 years [1-3], leading to
classical regression equations still widely used for predicting
EHL film thickness [4] and their subsequent validation by
experiments [5]. These predictions assume however that the
temperature field is uniform throughout the contact, and so
are not valid at high entrainment speeds where there is sig-
nificant inlet shear heating. Several thermal correction fac-
tors derived from numerical calculations have been proposed
[6], but these do not generalise well to different lubricant
chemistries. Unlike film thickness, prediction of EHL fric-
tion remains very challenging due to the strong dependence
on lubricant rheology at high pressure and shear strain rate.
Friction is less well-studied at high speeds, and there are no
simple closed-form correction factors as there are for film
thickness.

One application which is currently experiencing rapid
growth is electric vehicle technology. As a result, there is
a pressing need to accurately predict efficiency and com-
ponent life in high-speed gearing in electric vehicles [7],
which must transmit very high torques at low speeds, and
where entrainment speeds in gear and bearing contacts may
exceed 20 m/s. The ability to accurately predict the influence
of lubricant rheology on transmission efficiency is currently
of great importance in the optimisation of this emerging
technology [8]. The problem is compounded by the thermal
coupling to macroscopic thermal resistances in these sys-
tems, the complexity of their geometries, and therefore the
wide range of length-scales and time-scales involved. High-
speed thermal EHL is also relevant to high-speed machine
spindle bearings [9] and geared turbofan engines [10], but it
is the need to simultaneously optimise both system energy
efficiency and reliablity in electric vehicles that has brought
thermal EHL traction losses more sharply into focus. This
paper uses the term ‘traction’ to describe friction in the full-
film EHL regime, to emphasise that the forces are transmit-
ted via the fluid film, and not due to solid-solid interactions.

The pioneering EHL solution of Ertel [11, 12] assumed
that film thickness and traction are largely decoupled. This
is the case under conditions where the contact can be con-
sidered isothermal because the film thickness is governed
by lubricant rheology in the inlet, in which the pressure
and shear rate are low compared to the conditions in the
contact itself. Film thickness is therefore well-predicted by
low-shear lubricant properties measured at ambient pressure
[13]. Traction however depends on the in-contact rheology,
which is subject to sub-millisecond transit times, GPa pres-
sures, and shear rates ~ 107 s~!. The rheology of the fluid
under these conditions is highly non-Newtonian and is still
the subject of considerable debate [14, 15], in particular the



Tribology Letters (2024) 72:92

Page3of24 92

Reaction MenTE
Torque 2
Sensor
Temperature Spectrometz_a
Ball
Drive
Motor

Fig.1 EHD-HS test set-up showing driven steel ball resting on roller carriage, partially immersed in lubricant, with temperature probe posi-
tioned near to the contact outlet (left). The transparent disc (right) rests above the ball on the rotating disc spindle flange

Table 1 Material properties of
contacting bodies

Young’s modulus £ Poisson ratio

Thermal conductivity x Thermal

[GPa] v[-] [W/mK] diffusivity y
[mm?/s]
Sapphire 345 0.27 33 10.9
BK7 glass 75 0.22 1.1 0.52
AISI 52100 steel 210 0.3 21 6.1

treatment of the effect of high pressures and high shear rates.
These effects are not well-resolved by EHL traction meas-
urements due to the highly non-uniform temperature and
pressure fields, a limitation of classical efforts to describe
fluid behaviour in EHL contacts [16, 17]. High-pressure vis-
cometers have so far been unable to simultaneously produce
representative magnitudes of shear rate and transit time actu-
ally seen by EHL contacts, partly due to the very challenging
problem of decoupling the influence of heat generation on
the rheology from the rheology itself [18]. Nevertheless, the
separate treatment of pressure and shear rate by models fitted
to various rheology studies has resulted in several numeri-
cal solvers whose outputs show very good agreement with
experiments [19, 20].

Fluid which is not entrained into the contact must be
diverted around it, creating an inlet flow field with signifi-
cant shearing, which generates heat. The heating becomes
more significant as the entrainment speed increases. The
consequent reduction in fluid viscosity in the inlet reduces
film thickness at high entrainment speeds. So-called ‘inlet
shear heating’ has been studied numerically by Cheng [21,
22], by Wilson and Sheu [23], and by Pandey and Ghosh
[24], who provided expressions for central film thickness 5,
of theformh,  =h.  Cp, whereCyisacorrection fac-
tor expressible as a function of fluid properties and contact
conditions. The more recent, and widely-used, correction by

Table 2 Contact conditions using glass and sapphire discs under 50
N load

Reduced modu-  Max. hertz pres-  Contact
lus E' [GPa] sure P, [GPa] half-width a
[pum]
Sapphire 284.9 1.3 137
BK7 glass 117.5 0.72 182

Gupta et al. [6] was appraised by the experimental study of
Hili et al. [25] who used a high-speed ball-on-disc machine
and ultra-thin-film interferometry [26]. Hili found qualitative
agreement with Gupta’s predictions, and provided alterna-
tive coefficients for four base oil types to better fit her meas-
urements. Liang et al. [27] took a dual experimental and
numerical approach, which they used to provide a unified
set of modified coefficients for Gupta’s correction and to
investigate the influence of the temperature field on pressure
profile and film shape.

In this work, simultaneous measurements of traction
and film thickness are reported at entrainment speeds up
to 20 m/s, using a high-speed optical tribometer developed
during this study which implements a novel traction meas-
urement technique. The extent to which the measurements
deviate from the well-known EHL film thickness prediction
of Chittenden, and the widely-used thermal correction of
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Fig.2 Schematic of film thickness measurement by ultra-thin-film interferometry

Gupta, is quantified over a wide speed range for seven fluids
chosen to represent base fluids commonly used in transmis-
sion lubricants. The traction measurements demonstrate the
effect of fluid viscosity and chemical composition, showing
the significant change in traction response with increasing

@ Springer

entrainment speed. The implications of these measurements
for understanding the thermal response of the contact, and
the relevance of these findings to future efforts to measure
traction at high speeds, particularly for dissimilar contacting
materials, is discussed.
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Fig.3 Spectrograms taken with HVI 60 mineral oil for steel-on-
glass contact at 45% SRR and 20°C, showing entrainment speeds and
measured film thicknesses. The lighter band shows the position of the

2 Methods
2.1 Test Set-up

A new test rig, the EHD-HS from PCS instruments, was
used during this study. The machine comprises a rotating
steel ball supported from below by three steel rollers, see
Fig. 1, in contact with a transparent flat disc rotating directly
above it, in the same manner as the EHD?2 ultra-thin-film
measurement system [26]. The ball and rollers are partially
submerged in a temperature-controlled lubricant sump. The
ball is loaded against the disc by the roller carriage, to which
the load is transmitted via a load cell by a compliant lever
connected to a lead-screw-type stepper motor, enabling load
control. Ball and disc are mounted on separate perpendicular
shafts driven independently by servomotors such that any
surface speed between 0.05 and 20 m/s can be achieved on
either surface, enabling independent control of entrainment
and sliding speeds.

2.2 Contact Conditions

The ball specimens were made of standard AISI 52100
bearing steel, and discs made of both glass and sapphire
were used. Specimen material properties are taken as those
in Table 1. The balls were polished to a roughness below
R, ~ 10 nm, and the ball radius is 9.525 mm. The corre-
sponding contact pressures are given in Table 2 for a ball
load of 50 N.

2.3 Film Thickness Measurement

Film thickness measurements were made using ultra-thin-
film interferometry [26], which is briefly described in this
section. The transparent disc is coated on its contacting sur-
face by a silica ‘spacer layer’, of thickness approximately
560 nm, and beneath that is a very thin semireflective chro-
mium layer. White light is shone into the contact through
the transparent disc, and is split by the chromium layer
into a transmitted and a reflected beam, as shown in Fig. 2.
When the surfaces are in motion, an elastohydrodynamic

20 m/s

2> 3

1078 nm SRR 45 %

—

5

1019 nm SRR 45 %

averaging region, from which the peaks used for the measurement of
central film thickness are obtained

reaction
torque
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lip seal
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O\
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Fig.4 Schematic of ball drive mechanism

lubricant film is developed between the ball and disc. The
transmitted beam travels through the spacer layer and lubri-
cant film, reflects off the ball, and recombines with the
reflected beam at the chromium interface. The optical path
difference between the two beams causes them to interfere
destructively or constructively depending on wavelength.
The resultant interferogram is then analysed using a spec-
trometer, which detects the wavelengths of minimum and
maximum intensity, from which the optical path difference,
and hence the film thickness, are calculated. At the start of
each test, the spectrometer is used to measure the thickness
of the spacer layer when the ball and disc are motionless and
the film thickness is therefore zero. The spectrometer trig-
gers at the same pre-specified angular position on the disc
each time to ensure the spacer layer thickness is consistent
for each measurement.

To enable EHL film and traction measurements at high
speeds, the EHD-HS rig used in this study includes several
modifications compared to previous implementations of this
technique on standard EHD rigs. The ball-carriage rollers
(which in previous setups comprise the cylindrical outer
race of a centrally-mounted bearing) are conical, their cone
angle being chosen to amortise spin in the contacts with
the ball, thereby reducing parasitic carriage traction. The
drive motors used are capable of achieving surface speeds
of 24.5 m/s, and a camera exposure time of 1 ms is used to
limit motion blur. A telecentric objective of magnification

@ Springer
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5X, achieving a working distance of over 60 mm, enables
sufficient separation between lubricant and lens to avoid oil
splashing onto the lens, a much greater issue at high speeds
due to flow turbulence. Example spectrograms are given
in Fig. 3 to illustrate that these measures achieve adequate
fringe visibility over the whole speed range.

Film measurements are performed from the analysis of
five consecutive spectrometer measurements taken in quick
succession (spaced by approx. 200 ms, or consecutive disc
rotations, whichever is slower), so that the measurement is
minimally affected by temperature transience. The tempera-
ture control of the lubricant is achieved by circulating silicon
oil via a cooler through separate cooling channels in the steel
pot, which also houses electrical resistance heaters, with the
controller tuned to respond to rapid changes in energy dis-
sipated by viscous shear, as the motor speeds change during
the test. The temperature is measured approx. 5 mm from the
outlet of the contact by a platinum resistance thermometer
as in other setups. Temperature control of the oil reservoir
to within +1°C is achieved below 10 m/s. At higher entrain-
ment speeds for some of the fluids tested, excursions from
the nominal temperature greater than this were unavoidable,
and the film thickness measurements have been corrected
accordingly so as to be comparable at the nominal tempera-
ture, as detailed in Appendix A.

2.4 Traction Measurement

The EHD ultra-thin-film measurement system, although an
inline torque sensor is included between the ball drive shaft
and ball motor, cannot measure traction in the same way
as other ball-on-disc tribometers designed for this purpose,
such as the MTM. This is because the ball torque due to the
ball-on-disc contact traction is superposed with the parasitic
torques from the three ball-carriage bearings, fluid drag, and
the radial lip seal on the driveshaft where it enters the sump
(Fig. 4). These three additional torques are challenging to
measure or estimate, and depend on the ball speed, tempera-
ture, load, and lubricant properties. In most cases they are of
similar magnitude to the traction torque, thereby completely
obscuring the measurement.

This study overcomes this problem by using a novel trac-
tion measurement procedure which enables these parasitic
torques to be measured and eliminated. The technique relies
on the assumption that the parasitic torques, although they
depend on ball speed, are insensitive to disc speed. This
assumption is weakest with reference to fluid drag, because
the flow field depends on both surface speeds, but as the
ball is only partially submerged in lubricant and the disc
sits entirely above the fluid level, fluid drag is expected to
be the smallest of the parasitic torques, and the influence of

@ Springer
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Fig.5 Summary of ball and disc speeds under four cases used for
traction measurement

disc speed due to oil and air interactions is expected to be
relatively weak.

Consider the case where an entrainment speed U, and
slide-roll ratio SRR (Eq. 1) are specified, and traction force
under these conditions is to be measured. The meridional
ball surface speed U, and disc tangential speed U, are given
by Eq. 2, where a positive SRR implies the disc speed is
greater.

U? U2_U1
SRR= — =2—— (1)
U, Uu+U,

If it is assumed that the traction forces due to positive and
negative SRR are equal and opposite, then the sign of the
nominal SRR is irrelevant for traction measurement; only
the magnitude is significant (an assumption later discussed
in the context of thermal EHL at high speeds). In this case,
transducer offset can be removed by calculating the traction
coefficient from Eq. 3 where traction force is denoted F,
with a superscript indicating the sign of the sliding speed,
such that F* and F~ have equal entrainment speed and oppo-
site sliding direction, and w is contact load. This approach
is relied upon in many widely-used tribometers including
the MTM. It assumes that the only force contributing to F'
that changes with ball and disc speeds, arises from contact
traction.
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Table 3 Lubricants tested,

. . . . . Vaoec Viooec U200 A0 X000

showing measured kinematic \ \ \

viscosities and pressure- Group [cSt] [eSt] [GPa™] [GPa™] [GPa™]

viscosity coefficients fitted from . .

film thickness measurements Heavy mineral oil I 68.5 8.8 24.3 16.6 15.4
HVI 60 | 233 4.5 21.1 18.8 13.8
CHN 100R I 21.2 44 21.1 16.5 13.6
Yubase 4 I 19.5 4.3 16.3 12.3 11.4
Spectrasyn 4 (PAO4) v 18.8 4.3 17.6 13.3 11.4
Durasyn 145 (PAOS) v 25.3 5.3 17.8 15.2 12.3
Santotrac 50 - 28.3 5.2 333 20.0 13.9

+ _ - + + — —
M:u 3) _#++M—_(F _Fo)_(F _Fo) (5)
2w :uavg - 2 - w

The EHD by contrast sees several forces contributing to F
which all depend on ball speed, and cannot therefore use
the difference between F'* and F~ to measure traction if the
ball speed is different for the F* and F~ measurements. One
approach to overcome this, used by the EHD?2, is to set the
ball speed equal to the nominal entrainment speed in both
cases, and to enforce the sliding by changing only the disc
speed. This is undesirable as the F* and F~ cases have dif-
ferent entrainment speeds and hence any nonlinearity in the
traction response (such as that introduced by thermal effects)
influences the measurement and is not itself quantifiable.

The novel method proposed here addresses this issue.
An additional two new measurements of traction force are
introduced, in which the SRR is zero, and so (close to) zero
traction force is expected. In the F’ g case, the disc speed is
brought to the same speed as the ball when F* was meas-
ured, and likewise F N implies both surfaces match the ball
speed used for F~ measurement. F (J)r and F; therefore meas-
ure the ball parasitic torques when the ball speed is equal
to U, and U,, respectively. The traction coefficient in each
sliding direction can therefore be calculated from Eq. 4.
The assumption that forward and reverse-sliding traction
are equal and opposite leads to Eq. 5.

The (F* — F, (J)' ) term represents forward traction force, and
the (F~ — F}) term reverse traction force. The four traction
measurements are taken in the sequence shown in Fig. 5 by
a series of 10 ms bursts from the transducer, accumulated
after the motor speeds have stabilised until a stable average
traction force is obtained over 10 consecutive bursts (total
range within +0.032 N) or until 2 s have elapsed.

2.5 Lubricants

Seven different lubricants were used in this study, chosen
to cover a range of base oil types and a viscosities. These
are listed in Table 3 together with their kinematic viscosi-
ties. Table 3 also lists estimated pressure-viscosity coeffi-
cients for each fluid; these are derived from film thickness
measurements and should not therefore be interpreted as
describing lubricant rheology. The film thickness predic-
tion according to Chittenden [28] for circular contact is
fitted by finding the best fit line with gradient 0.68 on the
plot of log (h,) vs log (U,) for U, < 2.4 m/s and SRR < 4%.
All other parameters are known a priori, such that, once
h. is measured, a can be calculated.

Dynamic viscosity and density were measured at a low
shear rate (below 10 s~1) at atmospheric pressure for each

Fr-F F-F o . : .
Hy = Ho=———— (4)  fluid using a Stabinger SVM 3000 viscometer, at a series of
5 temperatures between 20°C and 100°C. Refractive index
et 1ol vty g B Lo o & "o
density and refractive index [mPa.s] (K] (K] [ke/m*°C] [kg/m’] [°C] (-]
g’é;’“g ricants tested, as pet Mineral oil 004901 10077 1709  —0.6125 8746 —0.000363 1482
HVI 60 0.06948 797.4 172.2 —0.6315 875.5 —0.000342 1.485
CHN 100R 0.07021 803.7 167.6 —0.6285 852.3 —0.000315 1.471
Yubase 4 0.06970 807.7 164.6 —0.6310 844.0 —0.000339 1.469
Spectrasyn 4 0.06576 843.3 158.1 —0.6275 829.3 —0.000339 1.466
Durasyn 145 0.05365 951.7 153.0 —0.6235 833.4 —0.000339 1.466
Santotrac 50 0.1330 630.2 193.0 —0.6450 913.7 —0.000334 1.495
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for PAO4 at three temperatures for selected SRRs in forward slid-
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Fig. 8 Traction and film thickness vs entrainment speed U, and slide-roll ratio SRR measured simultaneously for three temperatures with PAO4
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Fig.9 Traction curves for various speeds at 20°C (a, b, ¢) and 100°C (d, e, ), for five fluid types spanning Groups I-IV, with corresponding
dynamic viscosities given in the legend for each. Steel ball on glass disc, 50 N load, 0.73 GPa max. Hertz pressure

was measured at the sodium D-lines at {40, 60, 80,90}°C
using an Abbe refractometer. The Vogel-Fulcher—Tam-
mann (VFT) viscosity model [29] (Eq. 6), was fitted to the
viscosity-temperature data, incurring errors smaller than
+0.5% in all cases.

B
n= rloeﬁ (6)

The parameters In (1), T,y and B — T}, In (#,) were obtained
by multivariate linear regression from Eq. 7, which follows
from Eq. 6 and is of form y = a,x; + a,x, + k, to give 7,
T, and B.

Tlny=TInny+ Tylnn+ B —Tjlnn, @)

Linear dependence of density p (Eq. 8) and refractive index
n (Eq. 9) with temperature is assumed. The linear models

were found to incur errors not exceeding +0.1% compared
to measurements.

p=nT+p, @®)

n=mT+n, ©)

The parameters obtained by these regressions are given in
Table 4, assuming 7T in Kelvin for viscosity, and 7 in °C for
density and refractive index. Dynamic viscosity # is given
in mPa - s and density in kg/m’.

2.6 Test Procedure

Traction coefficient and film thickness were meas-
ured simultaneously for entrainment speeds in the set
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Fig. 10 Percentage overestimation, compared to measurement in positive sliding direction, of central film thickness h, from the Chittenden
model at 20°C and 100°C for three SRRs, with corresponding dynamic viscosities shown in legend

{0.05,0.1,0.2,0.3,0.6,1.2,2.4,4,7,10, 13, 16, 18,20}

m/s, and for slide-roll ratios in the set
{0,0.5,1,2,4,6,8,10, 15,20, 30,45, 60, 80,100} %, pro-
ducing, for each test, a series of film thickness and trac-
tion measurements. These were performed at temperatures
20, 60, 100°C. In total, over 6500 film thickness and trac-
tion measurements were made. Measurements were taken
only for conditions where:

e The minimum predicted film thickness 4,;, according to
Chittenden [28] exceeded 40 nm, guaranteeing a A ratio
greater than 3, and hence maintaining full-film condi-
tions.

e The central film thickness measured was less than 2 pm,
above which the resolution of the ultra-thin-film interfer-
ometry technique begins to degrade significantly.

e The specimen speeds were strictly slower than 24.5 m/s
(hence the highest SRR tested at 20 m/s entrainment was
45 %).

3 Results
3.1 Measurements of Traction and Film Thickness

Example traction coefficients (u™, positive SRR, disc faster)
for PAO4 (polyalphaolefin) are shown in Fig. 6 for a selec-
tion of entrainment speeds. The simultaneously-measured
central film thicknesses are shown in Fig. 7.

These data are summarised by the 3D plots in Fig. 8,
which show the traction (Fig. 8a) and film thickness
(Fig. 8b) measurements vs both U, and SRR. Similar plots
were obtained for each fluid, over 400 simultaneous traction
and film thickness measurements having been conducted for
each, and these are included for reference as Supplementary
Data.

Traction curves for four base fluid types (Group I is rep-
resented twice at two different viscosities) are shown in
Fig. 9, which demonstrates that the novel traction meas-
urement method successfully replicates familiar trends and

100°C
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Fig. 11 Percentage difference between central film thickness A, predicted by Gupta model, and measurement in positive sliding direction, for

20°C and 100°C with corresponding dynamic viscosities shown in legend
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Fig. 12 Interferometric images of ball-on-disc contact for steel-on-glass, 50N (0.73 GPa), 20°C for PAOS5 at four nominal entrainment speeds
and 40% SRR, showing each of the four measurements from Fig. 5 in the sequence they were measured

representative values of EHD friction for these base fluids at
various speeds and temperatures. The four lowest-viscosity
fluids are chosen to have comparable viscosity at 100°C,
although their different viscosity indices lead to differing
viscosity at lower temperatures.

It can clearly be seen in Figs. 7 and 8b that film thick-
ness is lower than the corresponding Chittenden predic-
tion [28] at high speeds. The reduction is the greatest at
lower temperatures, high slide-roll ratios, and in the nega-
tive sliding direction. At higher speeds the traction curve
has larger gradient at low slide-roll ratios, and flatter gra-
dient above the maximum-traction point. Film thickness
continues to depend comparatively weakly on SRR even
beyond the maximum-traction point, until approx. 50%
SRR when there is a slight reduction for forward sliding,
and a more pronounced reduction for negative sliding.
The contact remains fully-flooded, and the reduction in
film thickness at high speeds is not due to inlet starvation,
as shown in Fig. 12 later.

3.2 Comparison to Film Thickness Predictions

The deviation from the film thickness predicted by Chit-
tenden is quantified in Fig. 10. The film thickness devia-
tion is given as a percentage of the measurement in for-
ward sliding, according to Eq. 10. It is evident that the
predicted film thickness can exceed the measured thick-
ness by a factor of as much as 2 in pure rolling at 20 m/s.
The overprediction is the largest at 20°C for the 4 ¢St
fluids. This effect depends on both base fluid type (Group
I and II oils show greater deviation) and base fluid vis-
cosity (compare PAOS5 to PAO4, labelled ‘Group IV’
higher viscosity increases the deviation). At 100°C, and
hence for low viscosities of the order 4 mPa.s however,

the difference between measured and predicted film thick-
nesses is very small.

heps —ht
Sh. = Chittenden c % 100%

c h:

(10)

Film thickness measurements are also compared in the
same way to the model of Gupta, (Egs. 11 and 12), where
L; is the thermal loading parameter, P, is the maximum
Hertz pressure, and k; is the thermal conductivity of the

fluid, taken here as a first approximation to be 0.15 W/mK.

P
hchittenden ( 1-13.2 E(/) L(;Az)

Ry = (1)
O 40.213(1 +2.23SRR%$) 1004

L =_("_’7>iz=_’73 ve a2
r oT ] ky (T — T0)2 Koil

The gradient of viscosity with temperature in Eq. 12 is cal-
culated analytically from Eq. 6 using the relevant parameters
from Table 4. The deviations of the current measurements
for the Gupta predictions obtained in this way are plotted in
Fig. 11, which shows that the Gupta model under-predicts
the measurement by around 25% at 100% SRR in rolling-
sliding conditions. However, the Gupta model is quite accu-
rate in pure rolling, incurring errors not more than 10% for
the fluids and conditions tested here.

3.3 Interferometric Images of the Contact
An additional test was conducted with PAOS at 20°C, using

an LED white light source and an RGB camera to record the
interferogram of the whole contact directly, instead of using
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(a) Steel-on-Glass 50 N

(b) Steel-on-Sapphire 50 N
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Fig. 13 Mean shear stress 7 vs shear strain y for PAO5 (Group IV) with a steel ball on glass disc (a) and sapphire disc (b) at 20°C and 50 N load

for selected speeds (forward sliding, disc faster)

the spectrometer. Interferometric images of the contact at
selected speeds are shown in Fig. 12. These provide some
insight in to EHL film shape at different entrainment and
sliding speeds and confirm that:

At all entrainment speeds up to 24 m/s, the characteristic
features of an EHD contact are retained, namely a wide
central plateau, a sharp constriction at the outlet, and
regions of minimum film thickness on the sidelobes.
The contact remains fully-flooded, there is no starvation
and no transition in behaviour of the cavitation region up
to 24 m/s entrainment in this set-up. This confirms that
any reduction in film thickness observed at high speeds
is not due to inlet starvation.

The central plateau remains wide enough, and the image
stable enough even at the highest speeds employed here
(24 m/s), to reliably measure central film thickness.

No central dimple was observed (this is true of all tests
in this study).

The shape of the outlet region changes under high-
sliding conditions (SRR>10%) at high speeds, with the
sidelobes coalescing as the outlet constriction expands in
the entrainment direction, consistent with the findings of
Hili [25] and Liang [27].

3.4 Mean Shear Stress and Shear Strain Rate
Simultaneous measurements of both traction and film

thickness enable the calculation of both mean shear stress 7
(Eq. 13) and shear strain rate y (Eq. 14).

@ Springer
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T = — =
—S =M (13)
. US
=g (14)

The true shear stress and shear strain rate experienced by
the fluid are non-uniform throughout the contact, and highly
spatially nonlinear. The mean values calculated here are
therefore not intended to describe fluid rheology, but are
convenient normalisations of traction and film thickness
which allow comparisons between fluids and contact condi-
tions, and which illustrate the change in traction response
at high speeds. Mean shear stress vs strain rate is shown
for a PAOS in a steel-on-glass contact in Fig. 13a, and for
steel-on-sapphire in Fig. 13b. Note that the strain rate ranges
compare well between figures because the film thicknesses
measured were similar, the dependence of reduced contact
modulus in regression equations for film thickness being
relatively weak (h, o E'=0117),
These figures contain five features worthy of note:

1. At low shear strain rates a Newtonian/viscoelastic
behaviour is seen as an increasing gradient on the linear/
log graph.

At high strain rates, shear stress is considerably reduced
as a result of the thermal response of the film to shear
heating, which reduces mean viscosity in-contact. This
reduction eventually becomes so severe that the gradient
of shear stress with strain rate becomes negative.

At intermediate strain rates there is a region of shear-
thinning behaviour which appears to obey the Eyring
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Fig. 14 Difference between traction coefficient in forward and reverse
sliding directions for Group I (a, b, ¢) and Group IV (d, e, f) fluids of
similar v;,, vs SRR for selected entrainment speeds. Traction difference

model, clearly seen here as a proportionality between 7
and log (7). The origins, applications and limitations of
the Eyring model are discussed in great detail by Spikes
and Zhang [14].

At high entrainment speeds, the shear stress is lower
than at low speeds, for equivalent shear rate. This effect
is evident even at speeds below which there is significant
reduction in film thickness, and at shear rates well below
the bounds of the thermoviscous regime. Spikes and
Zhang [14] note that the viscoelastic term is significant
when contact transit times are short (less than ~ 107%s)
and shear rates are low (less than 10° s™1). At U, = 20
m/s, transit times are of the order 1073 s, so we may
consider the shortening of transit times at high entrain-
ment speeds to extend the significance of the reduction
in shear stress by viscoelasticity to higher shear rates.
The gradient of the linear regime (which corresponds
to the Eyring stress 7,) decreases at very high speeds,

Slide Roll Ratio (SRR) [%]

Slide Roll Ratio (SRR) [%]

is confined to within the noise threshold of +0.002 for PAOS in the steel-
on-glass contact at all three temperatures, but for the Group I fluid at the
lowest temperature the average traction metric incurs errors ~ +0.005

the onset of this decrease corresponding to the speeds at
which the film thickness falls significantly below Chit-
tenden’s prediction.

3.5 Changes in Traction and Film Thickness
with Sliding Direction

It was found during the development of the method that both
traction and film thickness varied in a repeatable manner
between forward (disc faster) and reverse (ball faster) sliding
direction. The difference between the traction coefficients
measured in forward and reverse sliding is shown in Fig. 14
for two fluids and three temperatures. The magnitude of the
traction difference varied with fluid viscosity, fluid type, and
contact pressure, and was found only to be significant for flu-
ids, viscosities and contact conditions leading to mean shear
stresses greater than 4.0 MPa. Figure 14 shows that the u*
and p~ cases are significantly different at 20°C for the Group
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Fig. 15 Percentage difference between central film thickness 4, in forward and reverse sliding directions for Group I (a, b, ¢) and Group IV (d, e,

f) fluids of similar v,,, vs entrainment speed for selected SRRs

I fluid, but that this effect is not seen at the same temperature
(and similar viscosity) for the Group IV fluid (at the lower
contact pressure). This suggests that the effect originates
from the rheology of the fluid in-contact, and not from the
higher far-field fluid viscosity incurring a speed-dependent
drag on the ball specimen and hence influencing the traction
measurement. This demonstrates the validity of the assump-
tion that the difference in drag due to oil flow around the ball
between the forward and reverse sliding cases is negligible.
In circumstances where the specimens in contact have dif-
ferent material properties, geometries and/or contact track
lengths, it is therefore necessary to measure traction and film
thickness in the forward and reverse cases separately, or at
least to state the sliding direction. The definition in Eq. 5
should be avoided unless it can be shown not to differ from
the unidirectional case for all conditions tested.

@ Springer

The difference in central film thickness between forward
and reverse sliding conditions is shown for a Group I and
a Group IV fluid, each at three temperatures, in Fig. 15.
This difference depends strongly on viscosity, and weakly
on base fluid type at low speeds. It was only found to be
significant at relatively high SRRs (>20%), and lower tem-
peratures (higher viscosities, above ~20 mPa.s) produce a
more pronounced difference. At low speeds, the difference
increases with entrainment speed. It appears from Fig. 15a
that at 20°C there is an entrainment speed above which the
effect diminishes in magnitude, approx. 4 m/s for the Group
I fluid. From Fig. 15d this speed appears closer to 16 m/s for
the Group IV fluid. Thus it seems that this speed depends on
base fluid type (although the evident viscosity contribution
may also be significant given these two fluids do not have
the same viscosity at 20°C).
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Fig. 16 Mean shear stress 7 vs shear strain rate 7 for base fluids in Group IV (a) and Group I (b) at three temperatures, steel ball on glass disc at
50 N load for selected speeds, showing the effect of base fluid type on shear stress under forward and reverse sliding
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Fig. 17 Mean shear stress 7 vs shear strain rate y for higher-viscosity Mineral Oil at (a) 20°C and (b) 60°C, steel ball on glass disc at 50 N load

for selected speeds, showing the effect of viscosity on shear stress under forward and reverse sliding

3.6 Shear Stress Response to Viscosity and Fluid
Composition

Increasing the bulk fluid temperature, and hence reducing
viscosity, has the effect of increasing shear strain rate due
to the reduced film thickness, while also lowering friction
in-contact, so reducing shear stress. The lower shear stress
delays the onset of shear-thinning to higher strain rates.
Mean shear stress vs strain rate is shown for three tempera-
tures in Fig. 16, for two fluids. For the PAO, the forward
and reverse sliding cases correspond very closely, whereas

for the Group I oil they differ significantly across the whole
speed range at low temperature, due to the traction coeffi-
cient difference shown in Fig. 14 for this fluid.

Figure 17 examines the mean shear stress vs shear strain
for a higher-viscosity heavy mineral oil, for two tempera-
tures. The shear stress in forward sliding is again higher
than in the reverse direction and this discrepancy widens as
entrainment speed increases. Note that the sequence of meas-
urements was such that each slide-roll ratio was completed
before moving on to the next, and that all slide-roll ratios
were measured for a particular speed in order of increasing
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Fig. 19 Nahme-Griffith number Na vs shear strain rate for the data from Fig. 13

SRR, before moving on to the next entrainment speed. This
means that the forward and reverse traction measurements
(to give T) for each SRR (hence for each y) were taken just
seconds apart. The thermal inertia of the oil sump and steel
casing are such that single-degree bulk temperature changes
take minutes to come into effect, so the thermal contribution
to the difference between forward and reverse traction seen
here is certainly confined to contact length-scales (pm) and
time-scales (ps).

Traction measurements and calculated mean shear
stresses for the traction fluid Santotrac 50 are shown in
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Fig. 18. The rheology of this fluid differs significantly from
the others studied here in that the fluid exhibits a far stronger
pressure-viscosity response, and this leads to higher film
thickness and to very high traction coefficients, which rise
sharply in a Newtonian fashion with sliding speed and then
(at low entrainment speeds) remain approximately constant,
exhibiting a limiting shear stress [30]. For these high trac-
tion coefficients, sliding speeds were limited by the torque
capacity of the ball drive motor, and so only slide-roll ratios
below 20% were measured for this fluid.
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4 Discussion
As entrainment speed increases, it is seen that:

e Film thickness falls below the isothermal prediction of
the form £, US'Gs. At lower viscosities, the effect is
postponed to higher speeds.

e Film thickness and traction both depend increasingly
on sliding direction. In a steel-on-sapphire contact, this
dependence is stronger than in a steel-on-glass contact at
the same load.

e Traction is increased in the Newtonian regime (at very
low SRRs), and reduced elsewhere. The extent of this
change strongly depends on viscosity—for viscosities
around 4 cSt, traction almost does not depend on speed
in the range 4-20 m/s.

e The ‘plateau’, shear-thinning, and Newtonian regimes
are eventually absorbed by the thermoviscous regime,
in which case traction is globally reduced, becoming a
monotonically increasing function of sliding speed.

A prevailing question is, what is role of inlet heating in mod-
ifying traction and film thickness? Both inlet shear heating,
and heating of the lubricant in the inlet by the solids must
be considered (at high shear rates we may safely neglect
the contribution of compression heating [31, 32]). Classical
flash temperature analysis has followed Jaeger [33], who
assumed the contact is bounded by two semi-infinite bod-
ies whose inlet temperatures match the nominal bulk fluid
temperature. At high speeds in a ball-on-disc tribometer with
significant heat dissipation from the contact however, the
surface temperatures at the inlet may become considerably
higher than the bulk fluid temperature. The thermal analysis
presented in Appendix B concludes that the contact track
is unable to reject heat to the rest of the ball fast enough
for the surface temperature to have relaxed to the bulk tem-
perature each time it re-enters the contact. The ball surface
temperature will therefore rapidly rise during the test until a
steady-state is reached, a circumstance which was observed
during the tests by significant bulk fluid temperature rise
in the vicinity of the ball at high speeds. Active cooling of
the oil sump was employed to counteract this. It is worthy
of note that high-speed EHD contacts in gears and bearings
also recirculate, and the design of these machine elements
will determine at what speed the thermal response of the
solids becomes significant.

The Nahme-Griffith number Na describes the ratio of
temperature rise caused by shearing to temperature rise
required for significant (O(1)) viscosity increase

as)

where f is the temperature coefficient of viscosity taken here
(at atmospheric pressure) as

_lon B

ﬁ: -
nol  (1-1,)°

(16)

when Na > 1, the thermal viscosity reduction may be con-
sidered to make a significant change to contact traction. Na
is plotted in Fig. 19 for the results from Fig. 13, showing
that for steel-on-glass, at the lowest speeds there is a clear
isothermal region up to shear rates ~ 10°, whereas for steel-
on-sapphire, in almost all cases the fluid viscosity is strongly
influenced by temperature change in contact (the Nahme-
Griffith number does not, of course, account for the effect
of inlet shear heating or solid recirculation). The results for
steel-on-glass case at least, with a wide isothermal region,
show that the Eyring response is not just a thermal arte-
fact. Fluid viscosity and entrainment speed therefore also
fundamentally influence the contact temperature rise in this
set-up, as the ball and disc surface convective heat trans-
fer coefficients outside the contact strongly depend on vis-
cosity and speed (particularly as the flow transitions from
laminar to turbulent). It should also be noted that the value
of fluid thermal conductivity «; = 0.15 W/mK used in the
calculation of Na, and of L; in the Gupta correction, was an
approximation which did not account for the variation in
with temperature, fluid type, and most significantly, pressure
[34]. The true value is not expected however to deviate from
0.15 W/mK by a factor of more than 2 for the steel-on-glass
contact, and this does not significantly influence the conclu-
sions regarding the Gupta correction and the Nahme-Griffith
number made here.

The traction measurements clearly display the four dis-
tinct regimes detailed in the numerical study of Habchi, Bair
and Vergne [35], namely linear, shear-thinning, plateau and
thermoviscous. A key qualitative difference between their
results and the experimental data obtained here however is
the change in concavity of the traction curves in the ther-
moviscous region (see Fig. 9), indicating a second plateau at
very high sliding speed. This difference is corroborated by
the experimental results from Wedeven’s WAM tribometer
at lower speeds presented by those same authors in Bjorling
et al. [19], which display the same change in concavity as
the results presented here. The discrepancy is concluded by
Bjorling to be attributable to the numerical treatment of fluid
rheology. The higher-speed measurements here, combined
with simultaneous film thickness measurement, enable the
effect to be examined with respect to mean shear stress and
shear strain rate.

Firstly, the thermal reduction in shear stress appears to
act in all cases before a limiting shear stress is reached—the
shear stress curves have quite sharp peaks even at low speeds
in Fig. 17, and the deviation from the Eyring line in Fig. 13
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coincides very closely with the point at which the Nahme-
Griffith number rises above unity in Fig. 19.

Secondly, it appears that in the thermoviscous region,
thermal recirculation by the specimens (even, in Fig. 17a,
at quite low speeds) has a highly significant effect on trac-
tion, leading to vastly different traction coefficients and shear
stresses for equivalent shear strain in forward and reverse
sliding for some fluids. Regrettably, it is rarely made clear
in the literature whether measurements of forward, reverse,
or an average traction value are being quoted—these three
metrics may produce very different values. In some cases,
choosing the average traction would widen the shear stress
plateau, as the thermal reduction causes a local maximum at
different shear rates for the two sliding directions, giving the
illusion of limiting shear stress behaviour. In addition, the
confounding effect of macroscopic viscous drag on the trac-
tion measurement increases at high speeds under high-slid-
ing conditions in both the EHD-HS and WAM tribometers.
The result may therefore be an artefact of the ball-on-disc
experimental set-up rather than the fluid rheology.

Thirdly, it appears, although the relevant shear rates
were not reached in this study, that for very high shear rate
(~ 108 s71) there is some thermoviscous limit to which the
mean shear stress converges at all speeds. For the fluids
studied, regardless of viscosity, this appears to lie some-
where between 5 and 10 MPa. In this limit, it is tentatively
proposed that the viscosity in-contact would become highly
non-uniform in the entrainment direction and the central
plateau would shrink. Toward the thermoviscous limit, the
exponential decrease in viscosity with temperature would
outstrip the lower-order dependence of temperature on
shear strain rate, yielding approximately constant traction

(a) Steel-on-Glass 50 N

at very high-sliding as shear-heating competes with shear
thinning. This is however only conjecture—the fluid rheo-
logical response under these extreme conditions is a subject
of considerable debate, and experiments which could cool
the fluid fast enough to obtain stable steady-state conditions
and take relevant temperature measurements would be chal-
lenging. Only experimental work under EHD-representative
pressures and shear stresses, for example in actual EHD con-
tacts, is currently capable of definitively resolving this ques-
tion—the use of the infrared mapping technique [36, 37]
with the new EHD-HS for example, would go some way to
addressing this.

4.1 Difference in Traction with Sliding Direction

It can be seen from Fig. 13 that at high viscosities, even at
modest sliding speeds within the Newtonian regime, shear
stress is lower at high entrainment speeds, highlighting the
thermal coupling between inlet shear and shear in-contact.
(At low viscosities by contrast, the Newtonian regime pro-
liferates to much higher strain rates (~ 107 s~!) on account
of the shear stress remaining well below z,, which here
is around 4.0 MPa, and the effect of entrainment speed is
greatly reduced.)

The consistent discrepancy between film thickness in the
positive and negative sliding cases is also relevant. By their
nature, the specimens in the EHD-HS see the contact repeat-
edly pass over any given point on the track, and the pass
frequency increases with speed. A speed must exist where
the specimen surface does not have time to cool to (nearly)
the far-field temperature before it is recirculated into the con-
tact, and in this case the temperature profile of the contact

(b) Steel-on-Sapphire 50 N
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Fig.20 Mean shear stress 7 vs shear strain y for PAO5 (Group IV) with a steel ball on glass disc (a) and sapphire disc (b) at 20°C and 50 N load

for selected speeds showing both forward and reverse sliding directions
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must change by comparison to the hypothetical case where
the material ahead of the contact is always at the far-field
temperature. This is different for each surface, and depends
on the recirculation time, which is a function of the both the
geometry and the speeds—here the disc track is between
3.6 and 4.6 times longer (depending on chosen disc track
radius) than the ball track, and although the thermal bulk
of the glass is larger in total, it has a much lower thermal
conductivity than steel [38]. All of these conditions imply
the ball would take on heat more rapidly (owing to its higher
thermal diffusivity), and would lose it by convection less
rapidly elsewhere (owing to its smaller surface area per unit
volume) than the glass disc, if all else were equal.

Under sliding conditions however, a longer portion of the
track on the faster surface is in contact per unit time than on
the slower surface, affording the faster surface greater oppor-
tunity to take on heat. Consequently, if this surface becomes
considerably hotter than the far-field temperature, there is
less opportunity for the contact to cool via this surface, and
near to the inlet, the entrained fluid may be heated. The ball,
with its shorter recirculation time and higher diffusivity, is
therefore likely to assume a higher upstream temperature,
and therefore to give a higher temperature rise in-contact
when it is the faster surface. The test constantly oscillates
between forward and reverse sliding conditions, spending
only a few seconds in each, too short a time for the bulk fluid
temperature to change significantly, so this effect is certainly
contact-local. The film thickness is lower in reverse sliding
by up to 25% in some cases, the magnitude of the difference
increasing with speed (shorter recirculation time) and SRR
(higher heat flux).

It is therefore unsurprising that the effect of reversing
sliding direction on traction and mean shear stress is con-
siderable in cases of high shear stress, and in cases where a
significant heat flux is likely to be very unequally partitioned
between bodies. For all fluids except Santotrac 50, when the
ball is faster, lower or equal traction is measured compared
to the disc-faster case. Figure 20 shows the disc-faster shear
stresses from Fig. 13 overlaid with the ball-faster case. For
steel-on-sapphire with PAOS at 20°C, the traction difference
is quite substantial. Figure 17 shows the same is true of the
high-viscosity mineral oil. The ball-faster case also produces
lower film thickness, which implies higher inlet temperature,
and hence lower viscosity in-contact, leading to lower trac-
tion. Both traction and film thickness differences are greater
at higher entrainment speeds.

A notable exception is the traction fluid, for which the
ball-faster case imparts slightly higher traction, and the
effect is instead strongest at low speeds, although the film
thickness trend remains the same as for the other fluids: ball-
faster incurs (very slightly) lower film thickness. This sug-
gests that in the case of the very high traction coefficients
and therefore heat fluxes for Santotrac 50 at low speeds,

the recirculated heat is small compared to the flash heat-
ing, and so the ball-faster condition enables the contact to
run cooler on account of the greater thermal conductivity of
steel. The thermal conductivity of Santotrac 50 was meas-
ured by Larsson [34] to be about half of that for other com-
mon lubricating base oils, and this effect proliferates at high
pressures, which could further increase the influence of heat
storage within the film, and diminish the effect of surface
heat recirculation.

At high speeds, increasing the SRR (which strongly
increases flash temperature) has a significant impact on
film thickness, and this effect is stronger in reverse sliding,
suggesting that the recirculation of shear heat from the con-
tact into the inlet is responsible for this. It should be noted
however that SRRs in the range between 60 and 200% are
unusual in machine elements, so the influence of high-slid-
ing conditions on EHL film thickness is not commonly seen
in real applications. This effect is generally less significant
than the influence of entrainment speed on film thickness,
compared to the isothermal case.

4.2 Viscoelasticity

The Johnson and Tevaarwerk model [39] expresses shear
strain rate y according to Eq. 17, as the sum of the viscous
(sinh term) and elastic (i—: term) response.

'—Esinh z +Ld—r 17
v My T, G, dt a7

The relative strength of the elastic response is indicated by
the Deborah number D (the ratio of fluid relaxation time to
transit time), with elastic shear significantly lowering mean
shear stress where D > 1. A procedure for evaluating the
Deborah number for the tests on PAOS in this study is pre-
sented in Appendix C, which shows that the assumptions
made are likely to significantly overestimate D. Despite this,
D is found to be less than unity in all cases except for the
lowest temperature with the sapphire disc, where the value
remains below 4. Considering the inevitable underestima-
tion of the shear modulus by fitting to traction measure-
ments, it is likely that D < 1holds for PAOS at both contact
pressures tested. Viscoelasticity is therefore considered to
remain insignificant in this study for the results with PAO.
The effect of viscoelasticity on EHL traction is not gener-
ally negligible however. Viscoelastic effects may become
more significant at high entrainment speeds when transit
times are short, and at high shear stresses, particularly for
higher-viscosity, more strongly piezoviscous lubricants at
high contact pressures. Definitive evaluation of these effects
relies on a reliable estimate of 7, and G,, which was not avail-
able for the mineral oils tested.
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4.3 Measurement Limitations

The assumption that, in the F, g and analogous F' , cases, the
zero-sliding traction force from the contact is negligible,
may break down at high entrainment speed, where there is
clearly a viscous (inlet shear) contribution to traction. The
Poisseuille contribution (proportional to the streamwise
pressure gradient) is also expected to change as the film
thickness and pressure profiles change shape with speed.
This may account for some of the reduction in traction at
low-sliding but high-entrainment speed conditions. In addi-
tion, the spin in the contact, resulting from perpendicular
axes of rotation of the ball and disc, may influence the trac-
tion behaviour, although the difference in entrainment speed
from one side of the contact to the other is very slight, esti-
mable by the ratio of the contact width to the disc track
radius, which is less than 1%. The small contribution of both
of these effects to traction force is not expected to signifi-
cantly influence the trends presented except at very small
slide-roll ratios of less than 2% in magnitude, and no attempt
is made here to quantify or compensate for these. The values
for traction coefficient presented herein should therefore be
considered in deference to these assumptions.

5 Conclusions

A high-speed optical tribometer has been employed to
simultaneously measure film thickness and traction in an
elastohydrodynamic contact up to 20 m/s for the first time.
Film thicknesses were measured using ultra-thin-film inter-
ferometry, and traction was measured using a novel trac-
tion measurement procedure developed in this study. The
technique has been used to map traction and film thickness
for entrainment speeds between 0.2 and 20 m/s, and SRRs
between 0 and 100%, for base fluids representing those in

Fig. 21 Film thickness cor-

rection [Ty )/1(Tpess )|
vs sliding speed for all fluids
tested showing only a small
minority of measurements incur
a substantial correction due to
excursions in temperature at
high sliding speeds

—_
(63}

—_
o

o

Film thickness correction [%]
n 3

common use in transmissions, spanning API Groups [-IV
and including a traction fluid. The main findings are:

e The results at low speeds show good agreement with
existing traction and film thickness measurements for
these fluids.

e The simultaneous measurement of film thickness and
traction has enabled mean shear stress and mean shear
strain rate to be calculated from measurements, enabling
the thermal dependence of the mean shear stress in the
plateau and thermoviscous traction regimes to be exam-
ined.

e At entrainment speeds above a certain threshold (the
exact value of which depends on the fluid type and vis-
cosity) the measured film thickness is lower than that
predicted using classical isothermal EHL regression
equations. A difference of up to 100% of the measure-
ment was found at the highest speeds.

e The deviation from the isothermal film thickness pre-
diction is found for all fluids to match the prediction of
Gupta quite well in pure rolling, but for rolling-sliding
contacts Gupta predicts considerably lower film thick-
nesses than those measured.

e The reduction in film thickness was observed under fully-
flooded conditions, so was not caused by starvation in
any of the tests here.

e The shear rate at which mean shear stress deviates from
the Johnson and Tevaarwerk model is that at which the
Nahme-Griffith number exceeds unity, up to a shear stress
of 35 MPa in a steel-on-sapphire contact with PAOS.
Consequently no isothermal behaviour attributable to a
limiting shear stress is seen under these conditions.

e Both traction and film thickness depend on sliding direc-
tion in a high-speed ball-on-disc set-up where the bound-
ing surfaces are made of dissimilar materials and the
specimens rotate at different angular frequencies. The
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effects of sliding direction were found to increase with
sliding speed, Hertz pressure, and fluid viscosity. The
film thickness difference is significant in this study above
20% SRR. The traction difference is significant in cases
where the mean shear stress exceeds 4.0 MPa. The mag-
nitude of the difference is likely to depend on the relative
thermal resistances of the two contacting bodies (which
varies significantly among tribometers), and their relative
recirculation rates, which varies with specimen geometry,
entrainment and sliding speeds.

e The results show that at speeds which are commonly
encountered in electric vehicle transmissions, aerospace,
and other high-speed applications, the oil film thickness
and traction behaviour differs significantly from the con-
ventional theory derived from isothermal observations
at low and moderate speeds. These results can therefore
help to inform better design of such high-speed systems,
not least in optimising lubricant selection.

Appendix A

Correction to Measured Film Thickness for Bulk
Temperature Variation

Temperature control of the oil reservoir to within +1°C is
achieved below 10 m/s, and globally within +5°C of the
nominal temperature. The expected film thickness error
incurred by the measured bulk fluid temperature devia-
tion, assuming &, o #%%8, is up to 2.5% at 100°C, and up to
12% at 20°C for the steel-on-glass tests. The film thickness
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Fig.22 a Eq. 23 fitted to T vs 7 for SRR < 5% at four entrainment
speeds, for PAO5 with glass disc, showing tangent to curve at y =0
and gradient used to find shear modulus G,. b shows the values of
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measurements have therefore been corrected using Eq. 18,
which accounts for the viscosity change as a result of the
measured deviation from the nominal value, where #(T) is
the dynamic viscosity predicted by the VFT relationship at
temperature T (Eq. 6), T, is the fluid temperature meas-
ured by the temperature probe close to the ball, and 7, is
the nominal fluid temperature, i.e. 20°C, 60°C or 100°C.

n(Tnom,) 0.68
hc=hcm<—n(T )) (18)

For the majority of measurements presented, this correction
changes the film thickness by less than 0.5%. The magnitude
of the correction exceeds 5% for only 4% of the measure-
ments (see Fig. 21), principally those at the highest sliding
speeds with the higher-traction mineral oils. The correction
is applied to improve the quality of the comparisons made
between tests on different fluids, but even without this cor-
rection, the conclusions regarding the considerably greater
discrepancy between these measurements and the predic-
tions of Chittenden and Gupta remain unchanged.

Appendix B
Surface Temperature Rise
Consider the Biot number Bi (Eq. 19), which examines the

relative strength of convective and conductive modes at the
ball surface, where « is the thermal conductivity of steel.

—=—Disc Faster
— = —-Ball Faster

0 5 10 15 20
Entrainment Speed [m/s]

G, calculated and compares them to the reciprocal of the solid elastic
compliance term E'h,/2a
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Bi="r, (19)

K C

We shall assume a convective heat transfer coefficient
h ~ 500 W/m2K outside the contact, and conservatively take
the characteristic length L, as the ball radius (in reality the
predominant thermal gradients are seen across much shorter
length-scales). This produces Bi ~ 0.2, and so convection
is slower than conduction, which means that heat diffusion
within the ball is the predominant path for heat energy from
the contact track, before eventually being rejected else-
where on the ball surface by convection. Conduction via
the quill shaft which drives the ball can safely be neglected
on account of its geometry.

Following Archard [40], we next consider a characteristic
timescale for heat diffusion from the contact into the ball
specimen #, (Eq. 20), where a is the contact half-width, and
x is the thermal diffusivity of steel. Consider also the time
taken for the contact to traverse the circumference of the ball
once, the recirculation time #,.

a? 2xR t. 4z yR
ty=— t = =

2y Ty 5_ a*l,

(20)

We find that, for U,,; ~ 20 m/s, t,/t, ~ 1, and so for the
EHD-HS which uses a 3/4" ball, and ignoring convection
on account of the low Biot number, we conclude that the
contact track is unable to reject heat to the rest of the ball
fast enough for the surface temperature to have relaxed to the
bulk temperature each time it re-enters the contact.

Appendix C

Deborah Number

The Deborah number D is given by

— npUe
" 24aG,

@1

The equivalent shear modulus G,, accounting approximately
for the additional effect of elastic deformation in the solids,
is found from the parallel combination of the fluid shear
modulus G, and the reduced contact modulus multiplied by
the aspect ratio of the contact [41].

I 1 2a
o G_p + E'h, (22)

G

e

The conclusions drawn about the significance of viscoe-
lasticity based on the value of D strongly depend on the
assumptions made in evaluating G, and 7, both of which
are strong functions of temperature, pressure, and molecular
structure. In lieu of a model for G, the exponential in Eq. 23

@ Springer

is fitted to the values of 7 and y calculated from the reported
traction measurements where SRR < 5% (Fig. 22a), and A
and B are positive fitting coefficients. G, is then obtained
from Eq. 24, according to the method used by Loewenthal
and Rohn [42].

TnA(l-e?) (23)
U, o7 U

G, ~—= a—T ~AB—% (24)
a ady =0 a

This method has the disadvantage that it requires the Debo-
rah number to be high (Johnson and Tevaarwerk [39] sug-
gest D > 100), which for most fluids requires pressures not
achieved in this study. However, if it is the case that D is
low, then viscous shear superposes with elastic shear and
the film appears more compliant, reducing G, and increasing
D. This means the values of D calculated here are in their
upper limit.

It can be seen in Fig. 22b that the reciprocal elastic com-
pliance E’'h,/2a is over 2 orders of magnitude higher than
the value of G, calculated from the fits to traction measure-
ments, whereas we might expect them to be of comparable
order, especially given the relatively low E’ of the steel-glass
contact. This supports the hypothesis that if D is low, and
viscous shear predominates, the ‘shear modulus’ is under-
estimated. G, is expected to increase approximately linearly
with pressure (and the gradient is reduced by increasing
temperature), so higher temperatures produce lower shear
moduli. The fact that the ‘shear modulus’ appears to increase
with speed here (instead of remaining constant, as would be
expected isothermally, or decreasing due to inlet shear heat-
ing at high speeds) also supports this hypothesis.

The mean piezoviscous viscosity in the contact 7, is cal-
culated using the improved Yasutomi correlation fitted to
viscosity measurements of PAO4 at high pressure by Bair
[43]. Firstly it is assumed that the PAOS used in this study
bears sufficient rheological similarity to PAO4 that its vis-
cosity can be estimated from fits for PAO4 by adjusting the
temperature given to the Yasutomi correlation (downwards)
to that at which PAO4 has the same atmospheric-pressure
viscosity as PAOS at the nominal temperature. Secondly,
the pressure assumed is the mean Hertz pressure. These two
approximations allow 7, to be estimated to within an order
of magnitude.
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