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Traction Behavior of Linear Piezo-Viscous Lubricants
in Rough Elastohydrodynamic Lubrication Contacts
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Abstract—The traction behavior of lubricants with the linear
pressure-viscosity response in EHL line contacts is investigated
numerically for smooth as well as rough surfaces. The analysis
involves the simultaneous solution of Reynolds, elasticity and energy
equations along with the computation of lubricant properties and
surface temperatures. The temperature modified Doolittle-Tait
equations are used to calculate viscosity and density as functions of
fluid pressure and temperature, while Carreau model is used to
describe the lubricant rheology. The surface roughness is assumed to
be sinusoidal and it is present on the nearly stationary surface in
near-pure sliding EHL conjunction. The linear P-V oil is found to
yield much lower traction coefficients and slightly thicker EHL films
as compared to the synthetic oil for a given set of dimensionless
speed and load parameters. Besides, the increase in traction
coefficient attributed to surface roughness is much lower for the
former case. The present analysis emphasizes the importance of
employing realistic pressure-viscosity response for accurate
prediction of EHL traction.

Keywords—EHL, linear pressure-viscosity, surface roughness,
traction, water/glycol.

[. INTRODUCTION

HE mechanical components such as gears, cams, roller

bearings etc. are integral parts of almost all the machines
involving the transmission of motion and/or power. Such
components involve highly stressed line contacts operating
within the elastohydrodynamic lubrication (EHL) regime
characterized with extremely thin lubricant films and
significant increase in lubricant viscosity. The accurate
prediction of EHL characteristics is necessary for accurate and
reliable design especially for high precision aerospace and
automotive applications.

Conventional EHL models are based upon the exponential
pressure-viscosity response. However, there is a class of
lubricants with the linear pressure-viscosity response at low
pressures such as water/glycol solutions, low viscosity oils,
and lubricants at high temperature. Kumar et al. [1] reported
that the inlet viscosity of 2-3-dimethylpentane, octane, and
toluene may be represented by a linear function of pressure
within the inlet zone. The water/glycol solutions were found
[2] to yield thinner films as compared to the conventional
lubricants due to the linear pressure-viscosity dependence.
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Besides, the aircraft engine lubricants (L7808, L23699 etc.)
employed in turbine bearings operating at very high
temperatures are known to exhibit linear response at low
pressure [1]. Furthermore, it is well known that for accurate
prediction of EHL behavior, it is important to consider the
effects of thermal softening, shear-thinning, and surface
roughness. Several rheological models, as outlined by Kumar
and Khonsari [3], have been employed in EHL studies over
the last six decades. In recent years, through a series of high
pressure rheological [4], [S] and EHL film thickness
measurements [6]-[9], it has been demonstrated that the
power-law based Carreau model describes the shear-thinning
behavior pertaining to EHL lubricants quite accurately.
Besides, several researchers [10]-[14] have studied the
combined effect of shear-thinning and thermal softening.

As mentioned above, surface roughness is another factor
that affects the EHL characteristics to a great extent. Using a
deterministic description of roughness in EHL calculations,
Venner and Napel [15] proved that the minimum film
thickness decreases due to surface roughness, whereas the
average film thickness remains nearly the same. Kweh et al.
[16] presented the EHL analysis of an elliptical contact
between a rough stationary surface and a smooth moving
surface. Haung and Wen [17] studied the variation in pressure
and oil film thickness with respect to roughness amplitude and
wavelength. Hooke [18] presented a limit analysis for line
contacts with transverse sinusoidal roughness operating in the
elastic piezoviscous regime. Kaneta and Nishikawa [19]
examined the effects of surface roughness on EHL films using
the model irregularities.

The foregoing discussion reveals countless attempts to
capture the realistic behavior of EHL conjunctions. However,
no study is available on linear P-V lubricants under rough
surface condition with or without thermal softening effect.
Therefore, the present paper aims at investigating the traction
behavior of such lubricants in EHL line contacts under near-
pure sliding condition with due consideration to surface
roughness and thermal softening effects. For the comparison
with the conventional oils, the shear-thinning effect has also
been taken into account by employing the power-law based
Carreau model.
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II. THERMAL EHL MODEL

A. Rheological Model

The effective viscosity (1) pertaining to EHL lubricants is
obtained by using the following Carreau shear-thinning
model:

(n-1)
N2 | 2
n=rlj=u 1+(gy] (1)

cr

where, f¢ is the low-shear viscosity. y = Ju /Oy is the shear

rate, n is the power-law index, and G, is a critical stress

representing the Newtonian limit of lubricants.

B. Reynolds Equation

The dimensionless Reynolds equation for the case of EHL
line contact is:

ﬁ — = f ﬁ — S ﬂ — 1
3 1 (2)
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The integral functions used in (2) are defined as:
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where Y =y/h and 17 =17/

C. Boundary Conditions

P=0at X=X, “)
P:%:O at X=X, (5)

D.Film Thickness Equation

2
H(X)=H0+X—+

1 : =
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where 4 and 4 are the dimensionless amplitude and

wavelength of surface roughness, respectively, and Dj; are the
influence coefficients:
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E. Density-Pressure-Temperature Relationship

(N

The Tait’s equation of state is used here to represent
lubricant compressibility:

pR—L——ln+£+'x+a7
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where
K, =K ooexp(_ ﬂkg)

F. Viscosity- Pressure-Temperature Relationship

The following Doolittle free volume equation is used here:
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G.Load Equilibrium Equation
X,
IPdX . (10)
K 2
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H.Mean Temperature Equation

The following mean fluid temperature equation is derived
from the classical energy equation [14]:

8, +0,, _ (28, 108
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For a detailed definition of the symbols used in the above
equations, the readers may refer to Kumar and Khonsari [14].

1. Surface Temperature Equation

X n !

—~ 1(06 dx
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where;

1255



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950
Vol:10, No:7, 2016

3/4
iz

\/”pl/zcl/zkuz [E'U(TS/2)|R

D, = (13)

III. RESULTS AND DISCUSSION

TABLE 1
INPUT PARAMETERS
Inlet density, p, 864 kg/m’
Equivalent radius of the disks, R 0.02m

Equivalent elastic modulus, £’ 2.1x10'" Pa
Density of gears, Pia 7850 kg/ m’
Specific heat of lubricant, ¢ 2000 J/kg K
Specific heat of rollers, ¢, , 460 J/kg K
Thermal conductivity of lubricant, k& 0.14 W/mK
Thermal conductivity of rollers, kl 5 47 W/m K

The thermal EHL model described in the previous section is
solved using the solution algorithm presented by Kumar and
Khonsari [14]. The solution domain (—4< X <1.5) is
discretized by using a uniform mesh with a grid size of AX =
0.005. The values of various input parameters used here are

specified in Table I. The present analysis employs the actual
rheological properties (Table II) of two lubricants, viz, L7808

(linear P-V oil) and PAO (conventional oil).

TABLE I

DOOLITTLE-TAIT AND CARREAU PARAMETERS [5], [20]

Parameters Linear P-V oil (L7808) Conventional oil (PAO)
My [Pas] 0.0029329 142
B 2.4473 4.422
Voo Ve 0.64289 0.6694
& [K'] ~3.8402 x 107* 8 x 10
K! 9.8749 12.82
K, [GPa] 8.4139 115
B, K1 0.0055817 0.006
a, [K"] 9.16 x 10°* 0.0007
0,. 0r ] 493.15,372 348, 348
«
O [GPa'] 71 15
n, G, [kpa] 0.3, 4000 0.74, 31
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Fig. 1 Variation of temperature rise with slide/roll ratio for L7808 and PAO

A. Thermal Effect

The viscous shearing of lubricant generates substantial
amount of heat leading to significant temperature rise and
hence, reduction in lubricant viscosity. Therefore, Fig. 1
compares the variation of maximum temperature rise with
respect to slide/roll ratio (S) for L7808 and PAO oils with the
dimensionless load and speed parameters at W=1.425x10"
and U=6x10"? under smooth surface condition. It is quite
apparent that the lubricant temperature increases with
increasing slide/roll ratio; however, this increase is much more
pronounced for the case of linear P-V oil (L7808) as
compared to that for PAO. This is due to the fact that the inlet
viscosity for the case of 17808 oil is extremely low, and hence,
the rolling velocity is much higher as the value of U is equal

for both the oils. Therefore, 17808 oil shears at a higher rate
within the EHL conjunction leading to much more
pronounced heat generation as compared to that for PAO.
This is an important observation as lubricants are usually
selected by comparing the minimum film thickness values
predicted on the basis of dimensionless speed parameter U.
However, due to the excessive heat generation, the lubricant
temperature may reach its flash point in case the designer
assumes isothermal conditions.

Fig. 2 compares the traction-slip characteristics pertaining
to isothermal and thermal EHL analyses for the case of L7808
oil under the same operating conditions as in Fig. 1. It can be
clearly seen that thermal effect causes significant reduction in
the values of traction coefficient for linear P-V oils in the
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same manner as for the case of conventional oils. However, as
discussed subsequently, the values of traction coefficient
shown in Fig. 2 are very low.

B. Speed and Load Effects

Figs. 3 (a) and (b) pertaining to L7808 and PAO,
respectively, compare the variation of traction coefficient with
the dimensionless speed parameter (U) for two different
values of load parameter (/) indicated therein under near-
pure sliding condition ($=1.99). It can be seen that the value
of traction coefficient decreases with increasing speed
parameter for all the cases considered here. The corresponding

percentage reductions for an increase in U from 107 to 10"
are indicated in Figs. 3 (a) and (b). From these values, it is
evident that traction is more sensitive to the speed at higher
loads, and this effect is highly pronounced for the case of
PAO. Further, it can be seen that traction curves pertaining to
the two values of W tend to converge with increasing speed.
For L7808, the traction coefficient remains higher for higher
load only up to U=2.9x10-'? beyond which it drops slightly.
However, for the case of PAO, this "cross=over" speed
parameter appears to be much beyond the range of U
considered here.
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Fig. 2 Comparison of isothermal and thermal traction-slip characteristics for L7808
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10000
Smooth Surface
W=1.425x 10, U=6 x 10™*? e T
1000 - S$=1.99 / .
/ N\,
L7808 / \
——— PAO °
100 - / \
=
2
10 -
1
0.1 : :
2 A 0 1
X
Fig. 4 Comparison of viscosity distributions for L7808 and PAO
TABLE III is a function of pressure, temperature, and shear stress. The
COMPARISON OF FILM THICKNESS VALUES FOR TWO OILS fluid temperature itself is a function of viscosity, velocity, and
wx10'  Ux10" he (um) i (nm) film thickness. Hence, the EHL traction is governed by a
L 7808 PAO L 7808 PAO . .
superposition of several interdependent effects.
10 181 172 155 131 . . . . o .

1425 315 96 %4 % 7 While traction coefficient tends to increase with increasing
’ '1 46 41 4l 36 speed, the associated increase in the fluid temperature leads to
10 154 153 132 102 a reduction in viscosity. The latter effect dominates over the
2.85 315 84 74 73 5 former under the present operating conditions and therefore,
1 39 34 37 27 there is a net reduction in traction coefficient with increasing

In order to explain the above observations, it is important to
understand the role of various factors in this regard. The EHL
traction increases with increasing contact zone viscosity and
sliding velocity, while an increase in film thickness tends to
reduce it. However, these factors are interdependent, for
instance, film thickness depends upon viscosity which, in turn,

speed as observed in Figs. 3 (a) and (b). An increase in load
causes higher pressure with a consequent increase in viscosity
and hence, traction coefficient. However, this increase in
viscosity tends to increase the fluid temperature as well. With
increasing speed, the thermal reduction in viscosity tends to
dominate over the piezo-viscous effect, which is the reason for
converging curves in Figs. 3 (a) and (b). Furthermore, it may
be noted that the traction coefficient values pertaining to
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L7808 are over one order of magnitude lower than those for
PAO even though the film thickness values for both the oils
are comparable (Table III). This is attributed to extremely low
contact zone viscosity for the case of L7808 as shown in Fig.
4.

C. Surface Roughness Effects

Fig. 5 compares the pressure profiles for L7808 and PAO
under the rough surface condition. It can be seen that the
localized pressure peaks at the asperity tips are much lower
for the case of L7808. Figs. 6 (a) and (b) pertaining to L7808
and PAO, respectively, further compare the variation of
traction coefficient with roughness amplitude (@) for two
different values of roughness wavelength (A) under near-pure

sliding condition ($=1.99). It can be seen that the traction
coefficient increases with increasing amplitude and decreasing
the wavelength of surface roughness. As indicated in the
figures, the percentage increase in traction coefficient for
L7808 is much lower than that for PAO. In fact, it may be
noted that a is increased up to 150 nm to obtain a noteworthy
increase for the case of L7808, whereas it is increased only up
to 100 nm for PAO.

The aforesaid increase in traction is caused by higher
contact zone viscosity due to the localized pressure peaks in
the presence of surface roughness. The above observations for
the case of L7808 are due to lower peaks and less pronounced
piezo-viscous increase in the contact zone viscosity.
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Fig. 6 Variation of traction coefficient with roughness amplitude for (a) L7808, (b) PAO

IV. CONCLUSIONS

The thermal EHL performance of lubricants with the linear
pressure-viscosity (P-V) response is investigated numerically
under smooth as well as rough surface conditions. The
temperature modified Doolittle-Tait equations are used to
determine lubricant viscosity and density as functions of
pressure and temperature. The lubricant rheology is described
by the power-law based Carreau shear-thinning model. In this
analysis, the actual properties of two commercially used EHL
lubricants, L7808 and PAO, are used to simulate the linear
and conventional pressure-viscosity response, respectively.
Based upon the simulation results presented in the previous
section, the following conclusions are drawn:

1. The rise in lubricant temperature attributed to viscous
shearing increases substantially with slide/roll ratio and
this increase is found to be much more pronounced for
the case of linear P-V oil (142 °C) as compared to that for
conventional oil (19 °C). Therefore, it is concluded that
the use of linear P-V oils should be restricted to relatively
low speed parameters so that flash point temperature is
not attained. Instead of minimum film thickness
predictions based upon conventional formulas, a
comprehensive thermal EHL analysis should form the
basis of lubricant selection.

2. For a given set of dimensionless speed and load
parameters, the oil with linear pressure-viscosity response
is shown to yield slightly thicker EHL films along with
extremely low (around one-tenth) traction coefficients as
compared to the conventional oil. Also, the sensitivity of
traction coefficient to speed and load is quite low for the
case of linear P-V oil. Therefore, it is more suitable under
conditions involving frequent variations in operating
conditions.

3. The localized pressure peaks at the asperity tips for the
case of linear P-V oil are found to be 20-32% lower with
respect to those for conventional oil. Therefore, it is
concluded that such oils significantly reduce the contact

stresses under rough surface condition and hence, provide
better protection against wear.

The traction coefficient increases with increasing
amplitude and decreasing wavelength of surface
roughness. For linear P-V oils, this increase in traction is
not appreciable; however, for high-precision applications,
it is necessary to carry out thermal EHL analyses with
realistic lubricant properties and surface topography for
accurate prediction of traction.

NOMENCLATURE

half width of Hertzian contact zone (m)
effective elastic modulus of rollers 1 and 2 (Pa).
film thickness (m)

dimensionless film thickness, H =hR/b
dimensionless offset film thickness

Pressure (Pa)

maximum Hertzian pressure, (Pa)
dimensionless pressure, P=plp,

equivalent radius of contact (m)

slide to roll ratio, S =(uw,—u,)/u,

average rolling speed, 4, = (u‘ ti, )/2 , (m/s)

velocities of lower and upper surfaces, (m/s)

U= Hty
dimensionless speed parameter, ER
applied load per unit length (N/m)
dimensionless load parameter, for line contact
shear strain rate across the fluid film, (s™)
inlet density of the lubricant (kg/m")
lubricant density at the local pressure (kg/m’)

inlet viscosity of the Newtonian fluid (Pa.s)

generalized Newtonian viscosity (Pa.s)
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