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EHL Film Thickness Limitation Theory
Under a Limiting Shear Stress®

YONGBIN ZHANG and SHIZHU WEN
Tsinghua University
National Tribology Laboratory
Beijing, 100084, P. R. of China

It is numerically shown that the elastohydrodynamic lubrica-
tion (EHL) film thickness has a limit under an assumed limiting
shear stress of the contact-lubricant interface in isothermal pure
rolling line contacts. The prediction of the central film thickness
limir is made, and well matches experiments. The present theory
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shows that, in elastohydrodynamic line contacts, the central film
thickness is of molecular scale and part of the contact area is in
non-continuum film lubrication when the equivalent cylinder cur-
vature radius is less than the critical one. This critical radius
depends on the load and the contact-lubricant interfacial limiting
shear stress at low pressures.

KEY WORDS

Elastohydrodynamic Lubrication; Film Thickness Limit;
Interfacial Limiting Shear Stress

NOMENCLATURE

C = dimensionless ambient interfacial limiting shear stress,
T“)/(EIGOA)

Cp =10/ (kE'G"*)

E,E, = Young'’s elasticity moduli of the cylinder and plane

surfaces, respectively
4 = equivalent Young’s elasticity modulus,
VE = 1/201 = )/ Er + (1 = )/ Ex]
o), fi{r) = functions, Eqs.[3] and [4]

G = material parameter, a E’

G, = shear elasticity modulus

h, = central film thickness

e max = central film thickness limit

H,mm = dimensionless central film thickness limit, hc.mx/R, Eq.[19]

k = Ti0/Toep

K, n and

Uy = variables dependent on C, Eqs.[13]-[15]

K, n, and

U, =variables having the values of K, n and U, respectively
when Cp is substituted for C

P = film pressure

Ph = maximum Hertzian pressure, \/wE'/(27R)

P, = lubricant solidification pressure

rq,m, = variables dependent on G, U/ and W, Tables 3 and 4

R = equivalent cylinder curvature radius

R0 = critical equivalent cylinder curvature radius less than which

for the equivalent cylinder curvature radius, the
non-continuum film is generated in line contact EHL

t =time
T =lubricant temperature
u = rolling speed

531

u, = the rolling speed which makes the interfacial slippage start
to occur in the inlet zone

u, = the rolling speed beyond which the central film thickness
remains constant

u, = the rolling speed which is used for prediction of the central
film thickness limit

U = operational parameter, nou/{E'R)

U, = dimensionless form of u, noup/(E'R), Eq. [11]

Up = dimensionless form of w«,,nou,/(E'R), Eq.[18]

w = load per unit axiai length

w = operational parameter, w/(E’'R)

x = coordinate

vy, ¥, = Poisson’s ratios of the cylinder and plane surfaces,
respectively

a = lubricant viscosity-pressure index

oy = interfacial limiting shear stress-pressure proportionality

T = shear stress

T8 = shear stress at the contact-lubricant interface

TIg = ambient interfacial limiting shear stress

n = interfacial limiting shear stress

Tioc = required or critical ambient interfacial limiting shear stress
which prevents the interfacial slippage in the inlet zone

Ti0ep = critical ambient interfacial limiting shear stress for the
speed of U, Eq. [17]

n = lubricant viscosity

My = lubricant viscosity at ambient pressure

[N = lubricant density at ambient pressure

¥ = shear strain rate

Au = film slipping velocity at the contact-lubricant interface,

which is the film speed at the interface minus the contact
surface speed
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INTRODUCTION

Conventional EHL theories are challenged by recently estab-
lished interfacial limiting shear stress and slip EHL theories.
Zhang and Wen (2002a) analyzed EHL of line contacts incorpo-
rating the contact-lubricant interfacial limiting shear stress, and
found EHL film collapse and failure at large slide-roll ratios in the
condition of heavy loads. In an earlier study, Wen and Zhang
(2000) predicted an inlet zone slip and much reduced film thick-
ness compared to conventional EHL theory for pure rolling, and
found the same phenomena of EHL film for large slide-roll ratios
and heavy loads when using a lower interfacial limiting shear
stress. Their results are new for explaining experimentally
observed EHL film collapse and failure (Lee et al., 1973; Czichos,
1974), which is not explained by conventional EHL theories.

Ehret et al. (1998) established an interfacial slip EHL theory
for explaining the dimples of sliding EHL contacts experimental-
ly observed by Kaneta et al. (1992). Their theory was capable of
explaining Kaneta’s interferograms. However, there are several
questionable results in their theory. One is that the film thickness
increased with slip, which showed that slip increases the load-car-
rying capacity of EHL. films. This result is contradictory to that of
Zhang and Wen (2002a, 2002b), which showed that interfacial slip
leads to EHL film loss. This result may also be contradictory to
that of Rozeanu (1980). His results showed that interfacial slip
reduces the load-carrying capacity of hydrodynamic lubrication
films. The second questionable result in their theory is that the
film pressure increased with slip. However, both the results of
Zhang and Wen (2002a) and Rozeanu (1980) showed that film
pressure decreases with increasing interfacial slip in EHL and
hydrodynamic sliding bearings. The reason for these questionable
results may be that Ehret et al. described interfacial slip with over
assumptions but both Zhang and Wen (2002a) and Rozeanu (1980)
showed substantial physical insights into interfacial slip with rea-
sonable assumptions. The third problem of Ehret’s theory is that it
may be unable to explain film collapse and failure at heavy loads
in Kaneta’s experiment (1992) for the full speed range, which
should occur according to Czichos (1974).

Kaneta et al. (1996) raised their observed dimples at medium
loads of sliding EHL point contacts challenging conventional the-
ories. First, the lubrication in their experiment easily deviates from
conventional EHL theories, since their experiment is where film
collapse and failure easily occurs at modest loads (Lee et al., 1973;
Czichos, 1974). Secondly, they showed abnormal interferograms
of their experimental contacts compared with conventional ones,
but were not aware that their observed phenomena may be the
same with the earlier findings by Lee et al. (1973) for the similar
case, which showed anomalous results of film thickness and its
variation with load in their experiment compared with conven-
tional EHL theories indicating severe film collapse at relatively
heavy loads. Surprisingly, Kaneta et al. (1996) measured the film
thickness higher than conventional EHL theory prediction indicat-
ing dimples of their contacts. Their measurement should be rather
abnormal, since simple sliding normally results in reduced film
thickness compared with conventional EHL theories as measured
by Lee et al. (1973). As the present authors understand, the meas-
urement of EHL film thickness from interferograms is not accurate

because of error judgment of interferometric orders. Despite this,
they later found that thermal Newtonian theory can explain their
phenomena (Yang et al., 2001). As with Ehret’s theory (1998),
their theory showed that simple sliding increases the load-carrying
capacity of EHL films. The present authors seriously wonder
whether their theory is applicable to the case of heavy loads where
severe film collapse occurs. Compared with others’ similar exper-
iments (Lee et al., 1973; Czichos, 1974), Kaneta’s experimental
results (1996) appear too particular. The reason for this may need
to be examined. The second problem of their theory (Yang et al.,
2001) is that it may be unable to explain the irreversibility of
“dimples” with sliding speed observed by Kaneta et al. (1996). 1t
is possible that the combined effect of interfacial slip and oil film
viscous heating generates the observed phenomena of friction
coefficient, abrupt interferogram pattern formation and disappear-
ance, and the irreversibility of interferograms with sliding speed
in Kaneta's experiments (1996), since this effect can cause these
phenomena because of the irreversible interfacial shear stress,
interfacial limiting shear stress and then interfacial slip with slid-
ing speed due to oil film viscous heating. However, this effect
usually results in lower film thickness than conventional EHL the-
ory prediction. It seems necessary to further justify Kaneta's
experiments from the measured film thickness and with the theo-
ries incorporating this effect.

In theory and practice, most challenging to conventional EHL
theories is the film collapse and failure in real EHL contacts in the
condition of high speed, heavy load and high bulk lubricant tem-
perature. It was suggested by Rozeanu (1980) that the bonding
strength between the contact-adhering layer and the bulk lubricant
may be rather limited and the interfacial slippage may be present
and reduce the film load-carrying capacity in hydrodynamic lubri-
cations. Zhang and Wen (2002a) showed that the contact-lubricant
interfacial slippage is convincing in interpreting elastohydrody-
namic film collapse and failure based on conventional interfacial
limiting shear stress predictions. Czichos and Kirschke (1972)
proposed that the endurable contact-lubricant interfacial stresses
can only be low in EHL for high contact surface temperatures.

The EHL film collapse and failure in the condition of high bulk
lubricant temperatures was found not to be explained by conven-
tional EHL theories and attributed to the thermal desorption of the
lubricant from contact surfaces (Czichos, 1974). In this condition,
the contact-lubricant interfacial limiting shear stress may be sig-
nificantly low. For this case, the interfacial slippage may largely
reduce the load-carrying capacity of EHL films.

The conventional interfacial limiting shear stress prediction,
which extrapolates for low pressures from high pressures, was
suspected to overestimate the interfacial limiting shear stress in
EHL inlet zones (Zhang and Wen, 2000). This prediction is ques-
tionable especially for the case of high contact surface tempera-
tures because it lacks experimental data support.

For high contact surface temperatures, the contact-lubricant
interfacial limiting shear stress may better fit the following equa-
tions:

v Ty e
10 7I\P — Ds forp = p, [
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TABLE |—THE LUBRICANT PROPERTY DATA

892kg/m’ (40°C, 100°C)
0.106 Pas s (40°C)
0.012 Pass (100°C)

Lubricant Density, p,
Ambient Lubricant Viscosity, 7,

Lubricant Viscosity-Pressure Index, a 21.9GPa’ 40°C)
15.4GPa”’ (100°C)
0.82GPa (40°C),

Lubricant Solidification Pressure, p,

1.77GPa (100°C)

TABLE 2—QPERATING PARAMETERS

Cylinder Radius, R 20 mm

Elastic Modulus, E,, E, 193.0 GPa
Poisson’s Ratio, v,, v, 0.28

Ambient Interfacial Limiting Shear 1.0MPa (40°C)
Stress, 710 0.5MPa (100°C)
Limiting Shear Stress-Pressure 0.030 (40°C)
Proportionality, Q¢y; 0.028 (100°C)

Equation [1] was proposed by Zhang and Wen (2000) to be
probably better and gives lower values than the conventional inter-
facial limiting shear stress prediction.

Considering interfacial slippage and utilizing Eq.[1], the pres-
ent study explores elastohydrodynamic lubrication of line contacts
in isothermal and pure rolling conditions with high bulk lubricant
temperatures. The purpose of the present study is to examine the
load-carrying capacity of EHL films when the contact-lubricant
interfacial limiting shear stress and interfacial slippage is taken
into account. This is of particular interest to the investigation of
EHL film collapse and failure.

LIMITING SHEAR STRESS

Johnson and Tevaarwerk (1977) proposed by experiment that
when EHL fluid is strongly solidified, it should have a shear
strength. A fluid shear strength as a fundamental fluid property,
has been experimentally identified (Paul and Cameron, 1979). It is
the highest shear stress that the fluid can withstand.

In severely heated elastohydrodynamic contacts as experimen-
tally examined by Czichos and Kirschke (1972), the physical and
chemical reactions at the contact-lubricant interface weakens the
fluid adherence to the contact surface and the endurable interfacial
stresses become low. Rozeanu and Snarsky (1978) showed that
due to entropy repulsion, the bonding strength between the contact
surface-adhering layer and the bulk lubricant is lower than those
between the molecules in the bulk lubricant and between the mol-
ecules in the adhering layer. This means that there is a maximum
endurable shear stress of the interface and this stress can be small-
er than the fluid shear strength.

In isothermal EHL films, the operating limiting shear stress is
at the contact-lubricant interface instead of inside the film (Zhang
and Wen, 2002a). This stress limits the shear stress of the EHL
film. The interfacial limiting shear stress is therefore the maxi-
mum endurable shear stress of the interface or the fluid shear
strength, whichever is less.

In the present study, the interfacial limiting shear stress is not
critically distinguished as the fluid shear strength or the maximum
endurable shear stress of the interface, and is the minimum of

them, However, both the fluid shear strength and the maximum
endurable shear stress of the interface has not been finely under-
stood. Formulating them seems still a difficulty at present. In the
present study, the values of the interfacial limiting shear stress are
chosen and predicted from some experiments on fluid shear
strength.

At high contact surface temperatures, the physical and chemi-
cal reactions between the lubricant and the contact surface reduces
the interfacial shear strength to low values (Czichos, 1974; Bailey
and Cameron, 1973). Due to this fact, relatively low vaiues of the
limiting shear stress such as below 1MPa are taken in the present
study. These values may be correct in an EHL contact, however
may be unobservable in a usual viscometer because of different
interfacial conditions. Here, the interfacial limiting shear stress is
assumed to follow Eq. [1].

ANALYSIS

Zhang and Wen (2002a) derived an analysis for EHL, which
directly showed the relation between interfacial slip and interfa-
cial limiting shear stress. Interfacial slip is a result of interfacial
shear stress exceeding interfacial limiting shear stress. Since inter-
facial limiting shear stress physically exists, interfacial slip in
EHL is physically existent. Although Ehret et al. (1998) consid-
ered interfacial slip in EHL, they failed to describe the depend-
ence of interfacial slip on interfacial limiting shear stress. This
makes the validity of their analysis heavily questionable.

The present study adopted Zhang and Wen’s analysis (2002a).
This analysis is numerical and based on the following fluid model:

ny

T:{si ()T forl7| < 7
IRV for || 2 m 2l

where 77 is the interfacial limiting shear stress.

In the present study, the contacts are formed by a cylinder and
a plane, and are ideally smooth. The flow is one dimensional. The
condition is isothermal, steady-state and pure rolling.

PARAMETERS

In the present analysis, the rolling speed varies from 0.02m/s
to 10.0m/s, and the load varies from 150N/mm to 12000N/mm
corresponding to the maximum Hertzian pressures from 0.5 GPa
to 4.47GPa. The lubricant is a paraffinic mineral oil. The lubricant
property data are shown in Table 1.

The operating parameters are listed in Table 2.

FILM THICKNESS RESULTS

The present results show that for low rolling speeds (less than
0.1m/s), there is no interfacial slippage in the inlet zone and the
central film thickness is the same as based on the Newtonian fluid
model. When the lubricant temperature T is 40°C and the load is
300N/mm (which gives the maximum Hertzian pressure p,
0.71GPa), for the rolling speed 0.4m/s, there is no appreciable
interfacial slippage in the inlet zone but the subsequent rolling
speed increase generates interfacial slippage rapidly. This is
shown in Fig. 1. The interfacial slippage is found from the inter-
facial slipping velocity Au, which is the film speed at the interface
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Fig. 1—The slipping velocity at both the cylinder-lubricant and plane-
lubricant interfaces in the inlet zone for different rolling speeds.
The Hertzian zone is from -0.27mm to 0.27mm, p, =0.71GPa,

T=40°C.
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Flg. 2—The central film thickness-speed relations under different loads,
T=40°C. Solid line denotes the results based on the present
model and dashed line denotes the results based on the
Newtonian fluid model.

minus the contact surface speed. The interfacial slipping velocity
shows the slippage region Au = O represents no interfacial slip-
page.

Figure ! shows that the rolling speed increase rapidly enlarges
the extent and magnitude of the interfacial slippage and results in
the interfacial shear stress in a much increased region (where the
interfacial slippage occurs) reduced by the interfacial limiting
shear stress. This reduces the film thickening effect of the rolling
speed increase.

Figure 2 shows the central film thickness-speed relations for
different loads. For the load 300N/mm or p, = 0.71GPa, for the
rolling speed over 0.4m/s, the central film thickness-speed rela-
tion based on the present model deviates from that based on the
Newtonian fluid model. For the load 1500N/mm or p, = 1.57GPa,
the central film thickness is insensitive to the variation of the
rolling speeds over 2.0m/s. For the load 6000N/mm or p, =
3.16GPa, the central film thickness for the rolling speeds over
2.0m/s is nearly constant. Figure 2 indicates that the interfacial
limiting shear stress effect limits EHL film thickness.

For T=40°C, u=10.0m/s and 7;9=1.0MPa, the present results
show that the central film thickness for the load 1500N/mm is
105nm and that for the load 2500N/mm is 77nm. For T=100°C,
which gives T;g 0.5MPa, and u=10.0m/s, the central film thick-
ness for the load 1500N/mm is 98nm and that for the load
2500N/mm is 70nm. Note that for these heavy loads, the rolling
speed 10.0m/s gives central film thickness nearly independent of

the rolling speed. The comparisons of the above data shows that
the central film thickness limit is independent of lubricant viscos-
ity but related to the ambient interfacial limiting shear stress .

It is clear that the present film thickness limit results from the
reduction of the shear stress at the contact-lubricant interface by
the limiting shear stress (Zhang and Wen, 2002a). For a fixed load,
in the EHL inlet zone, since the film thickness rapidly increases
with rolling speed but the film pressure gradient has a relatively
weak sensitivity to rolling speed, according to the relation,
Op/0x = 27,/ h, increasing rolling speed makes the shear stress
at the interface in the inlet zone increase rapidly because of the
film pressure gradient and the film thickness. When the limiting
shear stress at the interface is low so that a modest rolling speed
makes the interfacial shear stress exceed the interfacial limiting
shear stress in the inlet zone and consequently makes the interfa-
cial slippage occur there, the interfacial slippage region is rapidly
enlarged by a further rolling speed increase as shown by Fig. 1.
Hence it is expected that, when the rolling speed is sufficiently
high, the effective interfacial shear stress for building the film
pressure gradient and the film thickness in the inlet zone, which is
close to the Hertzian zone and is the interfacial limiting shear
stress, should become not varied with rolling speed, the film pres-
sure gradient in the inlet zone has a very weak sensitivity to rolling
speed, and therefore the film thickness remains constant in the
inlet zone and consequently in the Hertzian zone in spite of further
rolling speed increases. This film thickness is considered as the
film thickness limit. Figures 3 and 4 shows the rolling speed influ-
ence on the film pressure profile and the interfacial shear stress in
the inlet zone. Figure 5 shows the film thickness distributions for
different rolling speeds.

THE BOUNDARY IN LINE CONTACT EHL BETWEEN
THE VISCOELASTIC-LUBRICANT AND
VISCOPLASTIC-LUBRICANT REGIMES

Conventional EHL theories do not consider the contact-lubri-
cant interfacial limiting shear stress. Its lubricant rheological
model is commonly written as :

1 dr 1

e + %‘fo('r) (3]

¥

Equation [3] represents a viscous and elastic lubricant.

However, Eq. [3] does not fit the lubricant behavior at high shear

rates. This behavior exhibits a ‘solid-like’ plastic flow due to the

interfacial limiting shear stress. Hence, the lubricant rheological
model for EHL should be better written as :

"Y:Z;%%Jr%ﬁ(’f,ﬁ) (4]
where 7; is the interfacial limiting shear stress. Eq.[4] represents a
viscoplastic and elastic lubricant. When 7; tends to infinity, Eq. [4]
reduces to Eq. [3].

In elastohydrodynamic lubrication, it was shown by Zhang and
Wen (1998) that when the ambient interfacial limiting shear stress
Tio exceeds the critical interfacial limiting shear stress 79, no
interfacial slippage occurs in the inlet zone and Eq. [3] is valid for
film thickness calculation, while when T;9 < 7., interfacial
slippage occurs in the inlet zone, Eq. [4] must be utilized for film
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Fig. 3—The rolling speed influence on film pressure profile. p, = 3.16
GPa, T=40°C.
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Fig. 4—The rolling speed influence on the cylinder-lubricant interfacial
shear stress in the inlet zone. p, = 3.16 GPa, 7=40°C.

thickness calculation, and the resulting film thickness is lower
than conventional theory predicts. It is therefore clear that at least
two lubrication regimes i.e. the viscoelastic-lubricant regime and
the viscoplastic-lubricant regime play in two separate elastohy-
drodynamic lubrication operational regions and the transition
between these two regimes occurs on certain operating points
when the interfacial limiting shear stress is considered. When
EHL is in the viscoelastic-lubricant regime, conventional EHL
film thickness prediction is valid, while when EHL is in the vis-
coplastic-lubricant regime, the EHL film thickness should be
based on the lubricant rheological model which incorporates the
interfacial limiting shear stress.

The discussion above shows that only when the rolling speed
exceeds a critical value u,, the central film thickness deviates from
that based on the Newtonian fluid model. EHL film thickness is
determined by the lubricant rheological behavior in the inlet zone.
This behavior is Newtonian according to the present model unless
there is a location in the inlet zone where the interfacial shear
stress reaches the interfacial limiting shear stress or the interfacial
slippage occurs (Zhang and Wen, 2002a). «, can be considered as
the rolling speed which makes the interfacial shear stress in the
inlet zone start to reach the interfacial limiting shear stress and
therefore makes the interfacial slippage start to occur there. For
the present case, the required or critical ambient interfacial limit-
ing shear stress which prevents the interfacial slippage in the inlet
zone is (Zhang and Wen,1998) :

11.9

S—O—EITit(l " r?t)_0'5G0'4U0'74W—0'2 (5]

Tioe =

0. 0021
l v=10. On/s
— = — u=2,0u/s
0.0018 1 ...... u=0. 4a/s
’é‘ooms - o=« y=0. la/s
< 0.0012 -
g
5 0. 0008
L]
E 0.0006
=
0. 0003
o.0000 —
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Fig. 5—The film thickness distributions for different rolling speeds. p, =
3.16 GPa, 7=40°C.

where, E’ is the equivalent contact modulus of elasticity,
G=aF, W=w/(F'R), U=mnu/(E'R), and 13 is a
parameter dependent on G, U and W. To give a more precise pre-
diction for 70, Eq. [5] is corrected as :

11.9

Toe = 55 M E'ri (1 — rl?t)_0'5C¥0'4(]0'74W_O'2 [6]

where m,, reduces the prediction error, which is caused by the
numerical values of 7;; and the equation prediction of the central
film thickness (see Zhang and Wen, 1998), and is written as :

My = mw(G7 U> W) [71

For the ambient interfacial limiting shear stress 79, the non-
dimensional form (U,) of u, satisfies:

11.9 _ _
Tio = 50 me’mt(l - rizt) 0'5G0'4U£'74W 0.2 [8]
Define:
Ti0
C= E/(G04 [9]

and rewrite Eq. [8] as :

11.9 —0. -
C=gomura(l—rR) " PURTW =02 o)
Solving the coupled equations of r;; = 73, (G,U, W), Eq.
[7] and Eq. [10] for U, gives :

Uy = f(G,W,C) [11]

For the typical case G=4500, 73; and m,, is shown in Tables 3
and 4, respectively. m (G,U,W) and 74(G,U,W) are obtained from
numerical computation. The untabulated values of m_ and 7;; can
be interpolated or extrapolated from their available values.

For E’= 209GPa, G = 4500 and ;5 =0.0 to 20.0MPa, C is
between 0.0 and 3.302x10°°. For G=4500, the solution of U, is:

K
Ub=Ubo+W [2]

where Uy, K and n are regressed out as :
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TABLE 3-THE VALUES of 7}, (G=4500)
w 277 1107 | 1.79 | 2.74 | 3.58 | 537 | 7.16 | 1.07 | 1.43 | 2.15 | 3.58 | 5.97¢ 9.55 1.43 2.15 2.87
e-6 e-5 c-5 [ 3] e-5 e5 -5 -4 e4 e4 e-4 -4 e4 e-3 e-3 &3
rll
2.53e-10 0712 | 77 | osoo | og19 | 08 [ 0900 0.950 | 0970 0.980 0.984 0.990 0.993
1.77¢-10 0724 | 013 | ose | o843 | 0879 | 0918 0952 | o9m 0.983 0.986 0.991 0.594
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Fig. 6{a)}—~The boundary between the viscoelastic-lubricant and vis-
coplastic-lubricant regimes, G=4500.

Upy = 27.8249C? + 2.115843 x 10~°C — 1.11009 x 10~'2  [13]

K =5.46235 x 107'°C +5.391 x 10~ 7 [14]
n=1.02806x 10" C* - 2.4495x10'? C? + 1.91326x10° C + 0.8582
for C < 3.302x107

n=2347x10° C + 1.1825
for C >3.302 x 107 [15]
The comparison shows that Eq. [12] is comparatively precise
at least when W = 1.0x10° to 1.0x107%, U = 1.0x10™" to 1.0x10”

Fig. 6(b)—The boundary between the viscoelastic-lubricant and vis-
coplastic-lubricant regimes, G=4500. Solid line denotes the
precise boundary (resulting from Eq. [11]) and dashed line
denotes the predicted boundary from Eq. [12].

and C=8255x10" t0 1.981x10°. This operational scope usual-
ly corresponds to 1;9 from 0.5MPa to 12.0MPa. The boundary
between the viscoelastic-lubricant and viscoplastic-lubricant
regimes predicted by Eq. [12] is shown typically in Fig. 6(a).
Figure 6(b) describes the boundaries for various C and compares
the precise and predicted boundaries.

PREDICTION OF THE CENTRAL FILM THICKNESS
LIMIT

The film thickness results section showed that when the rolling
speed exceeds a certain value u,, the central film thickness



Downloaded by [McGill University Library] at 06:04 14 October 2014

EHL Film Thickness Limitation Theory Under a Limiting Shear Stress 537

10.0 — o — « (=8, 75¢-8

- =C=1, 75e~7
- = == (=3, 5e-7
C»7. Oe-7

b
o

8.0
7.0
6.0 \
5.0 AN

4.0 .
3.0 [\
2.0 >~

Centra) film thickness limit H__, x10°

1.0 Gl ST =Py Sy QU DU S DU W

0.0

0 96 192 288 384 4B0 576 672 768 864 960
Load Wx10'

Flg. 7—The central film thickness limit against load, G=4500.

remains constant and the central film thickness for u, is consid-
ered as the central film thickness limit. It seems exacting to derive
the central film thickness limit with 1, A simple method is to
assume the central film thickness for U, predicted from conven-
tional EHL theory (Wen, 1990) as the central film thickness limit.
According to this, the central film thickness limit is:

Hemaz = 11.9G4U0 AW 02 [16]

Assume the critical ambient interfacial limiting shear stress for
Up IS Tyocp, 1.6
11.9

Tiocp = meElTit(l ~ Tft)_O'SGOAUS'MW_O'z [17]

Define k = 710/ 7i0cp; Eq. [11] gives :
Up = f(G:VVan) [18]

where Cp, = 70/(kE'G%*) and k depends on G, U and W. For
G=4500, the numerical results show that £ has the value 0.53.
Hence, for this case the central film thickness limit is:

He maz(W,Cp) = 344.2(Uy; + %)0.74‘”_0.2 (1]
where, Cp = 1.887C =0.065219/ E', U, |, K, and n have the val-
ues of U, K and n respectively when substituting C » for C.

Figure 7 plots the central film thickness limit against load for
various C. Figure 7 shows that the parameter C has a decisive
effect on the central film thickness limit; the central film thickness
limit is sensitive to the variation of load in the light load range but
insensitive to that in the heavy load range. Figures 8(a) and 8(b)
compares the prediction from Eq. {19] with the numerical results.
Since the lubricant temperatures (T) 40°C and 100°C respectively
give G=4500 and G=3200, Fig. 8(a) shows that the lubricant tem-
perature and therefore G has a weak influence on the central film
thickness limit for a given 7.

The central film thickness limit usually occurs under high
rolling speeds. This condition commonly generates remarkable
lubricant film viscous heating. Equation [16] shows that the cen-
tral film thickness limit is determined by G, W and Up and is inde-
pendent of fluid viscosity. The interpretation for this is that the
central film thickness limit will occur under higher rolling speeds
when the fluid viscosity is lower but its magnitude remains con-
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Fig. 8(a)—Comparison between the prediction of the central film thick-
ness limit and the numerical results. Solid line denotes the
prediction from Eq. [19] and dashed line denotes the numeri-
cal results.
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Fig. 8(b)—Comparison between the prediction of the central fitm thick-
ness limit and the numerical results. Solid mark denotes the
prediction from Eq. [19] and empty mark denotes the numer-
ical results.

stant. Hence, the temperature effect on the present film thickness
limit is caused by the strong influence of temperature on the inter-
facial limiting shear stress. These are shown in the film thickness
results section and Fig. 8(a).

COMPARISON WITH EXPERIMENTS

Experimental film thickness results were presented by Kannel
and Bell (1971) with a paraffinic mineral oil and a polypheny!
ether (SP4E oil). The film thickness was measured under the
rolling speed 46.23m/s /9100fpm. Their measured film thickness
was shown not to be explained by conventional EHL theories, but
examined by themselves to be correct. Kannel and Bell’s film
thickness measurement with the X-ray technique may be less
accurate compared to the lubricant film thickness measurement
with optical interferometry technique. Currently, the optical inter-
ferometry technique is more adopted in lubricant film thickness
measurement because of its higher precision. In spite of this,
Kannel and Bell’s film thickness measured with X-ray technique
can be compared with the present results.

Kannel and Bell’s measured film thickness very slightly varies
with the rolling speed when the rolling speed is over
34.54m/s/6800fpm. This is unable to be explained by convention-
al isothermal and thermal EHL theories. No theories were found
to well match them. These film thicknesses may be the film thick-
ness limit. The present theory is compared with these film thick-
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Flg. 9(b)—Comparison of the current theories with the experimental
results. The rolling speed is 46.23 m/s /9100 fpm and the lubri-
cant temperature is 81°C /178°F, polypheny! ether (SP4E oil).

nesses in Figs. 9(a) and 9(b). Other theories are also compared. In
the comparison, the ratio between the minimum and central film
thickness in Kannel and Bell’s experiment is assumed to be 0.75,
and the thermal reduction factors of the central film thickness
used by thermal theory are 0.6 and 0.45 for the mineral oil and the
polyphenyl ether, respectively.

Figure 9 shows the conventional isothermal and thermal EHL
theories much overestimate the film thickness but underestimate
the film thickness sensitivity to heavy loads under high rolling
speeds, while the present theory well matches the experimental
film thickness.

THE CRITICAL RADIUS IN LINE CONTACT EHL FOR
THE NON-CONTINUUM FILM REGIME

EHL film actually disappears under sufficiently heavy loads
(Czichos and Kirschke,1972). EHL film failure stage transition is
suspected to be gradual. In EHL, preceding film failure there may
be a stage with an extremely thin film in part of the lubricated area
with the thickness in molecular scale. The rheological behavior of
this ultra thin film is different from the conventional ones and
known as non-continuum-fluid (Tichy,1995).The lubricant film
was identified as non-continuum when its thickness is lower than
a critical value (Johnston et al., 1991). The present theory shows
that around the Hertzian center of line contact EHL plays the non-
continuum lubricant rheological behavior when:

L
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g / 1 1 |- - -C=1. 75e-7
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Fig. 10—The R, values, G=4500.
30nm

Hc,ma:z:(W, Cp) < [20]

R

if 30nm is the critical film thickness of the non-continuum lubri-
cant film. Equation [20] can be rewritten as :

30nm
R< ——"7 21
= Homaz(W,Cp) (1]
Define:
Repg = ——200m [22]

Hc,maa: (VV, Cp)

Equation [21] predicts that the equivalent cylinder curvature
radius (R) which is less than R_, generates the non-continuum
lubricant film in line contact EHL. This manifests that when R <
R, a mixture of the films in different rheological behaviors is
produced in the whole elastohydrodynamic line contact, since the
film in most of the inlet zone is understood as always continuum
because of its thickness. For this case, conventional EHL analysis
is incorrect. Figure 10 shows R for G = 4500, which is:

W0.2

Rero = 8.716 x 1078
0 Upt + 747)

55g T [23]

CONCLUSIONS

This paper investigates line contact EHL film thickness in
isothermal and pure rolling conditions considering the limiting
shear stress at the contact-lubricant interface. Based on the inter-
facial limiting shear stress, the EHL film thickness deviates from
conventional predictions for comparatively high rolling speeds.
The film thickness limit was found and the central film thickness
limit was predicted.

Comparisons with the experimental results of Kannel and Bell
support the present theory. The concept of the critical radius for
the non-continuum lubricant film presence was proposed for line
contact EHL. This concept shows that in line contact EHL, a mix-
ture of the films in different rheological behaviors is produced in
the whole lubricated area when the equivalent cylinder curvature
radius is smaller than the critical one. This critical radius is deter-
mined by the load and the limiting shear stress at the interface.
For this case, conventional EHL analysis is incorrect.
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