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Abstract

This study presents a numerical analysis for point contact Elasto-
hydrodynamic lubrication EHL. The oils used are (0W-30 and 10W-40)
as lubricants. The pressure and film-thickness profiles for point contact
EHL are evaluated. The aims of this study are to estimate the effect of
oil’s temperature on friction force, coefficient of friction and load
carrying capacity. By using FORTRAN program, the Forward-iterative
method is used, to solve two dimensional (2D) EHL problem. The
viscosity is updating in the solution by using Roeland’s model. After the
convergence of pressure is done, the friction force, friction power losses,
and friction coefficient are calculated. The temperature used ranges from
(20 to 120 °C). The results showed the film-thickness decreases with the
increasing of temperature. Though the maximum pressure is not affected,
only the pressure distribution and profile are changed, inlet pressure
decreases and the pressure profile tends towards a hertzian (dry contact)
one. The friction force and the coefficient of friction decrease with the
increasing of temperature.

Keywords: Elasto-Hydrodynamic Lubrication; Point Contact; Numerical
Analysis; Friction Force.
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1. Introduction

Elasto-hydrodynamic Lubrication (EHL or EHD)
is the type of hydrodynamic lubrication (HD), which
includes physical interaction between the elements in
contact, which is caused by the fluid of lubricants.
The surfaces of contact are elastically deformed, and
as the viscosity changes with pressure which plays
essential roles [1]. The surfaces of contacts in various
engineering applications, such as rolling contact

bearings, cams, gears, etc., are not conformal.
However, the resulting regions of contacts are very
small, and the resulting pressure are high [2].
Generally, EHL is divided into two types of problems
based on their contacted bodies, line contact 1D, and
point contact 2D. The line contact problems are
presented as a cylindrical Roller bearing. The rolling
and load regions are angularly positioned in line
contact type, and the rolling region is smaller than the
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load region. The point contact problems is
represented as a contact between a spherical balls, or
a contact between spherical ball with plane, as shown
in figure (1) [3].

It is significant to appreciate the major EHL
features, and to be able to predict the key properties
of EHL problems, such as film-thickness, pressure
and friction. EHL friction is becoming gradually
important in the studies for increasing the mechanical
transmission efficiency, and thus minimizing energy
consumptions [4]. This study will summarize some of
the major EHL features. Especially how to determine
EHL minimum film-thickness, friction force and
friction coefficient for changes in temperature. Many
researches focus on friction in elastohydrodynamic
lubrication [5]; found in, among others bearings, and
gears. Wang WZ, et al [6] presents a numerical
method to simulate sliding friction between
engineering surfaces, with (3D) roughness in point
contacts. By wusing “Universal Material Tester”
(UMT), the friction is measured with a different
sliding speed in rotary motion and fixed load. Roland
L, et al [7, 8] made a friction test by using a ball-on-
disc test rig. In addition, they calculated the friction
coefficient with velocity and slide to roll ratio SRR.
Several tests are made with a number of parameters
that changed while studying the coefficient of
friction, such as surface roughness, oil viscosity, oil
temperature, and SRR. The results of this study show
that the mapping is efficient in showing the different
types of friction that may occur in an EHL contact.
Moreover, they show that the friction behavior can
be strongly affected by varying surface roughness,
base oil viscosity, and operating temperature.

Numerical calculation that are based on point
contact calculation of pressure and film-thickness by
Hamrock B.J. and Dowson D. [9] will be used.
Hamrock and D. Dowson illustrated how to solve
EHD Problems of highly loaded point of contact by
evaluating the elastic-deformation and film-thickness.
Especially at the inlet area, and close to the pressure
spike, where dP/dX is high. This technique is used in
this paper, because it gives more reliable result due to
large pressure variation. The variation of pressure
then will cause a change in the film thickness. A ball
on disc is appropriated as the physical problem for
this modeling simulation. Where it is presented as a
point contact, such as a spherical surface contacted
with plane [10]. Analyses are conducted for two
dimension Reynold-equation. The material of the pin
and disc are steel, which its elastic modulus (E) is
(210 GPa) and poisons’ ratio (v = 0.3). The Oils used
as lubricants in this analysis are (0W-30 and 10W-40).
The temperature used are between (-20 and 120 °C)
because this range of temperature is available in most
machines. Dynamic viscosities and temperatures atre
shown in (Table 1) [11]. The other input parameters
for this simulation are assumed constant.
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(b): Equivalent reduced geometry

R'=R'+R;'

(a): EHL point contact

Figure (1): A representation of EHL point contact
[3].

Table (1): Viscosity values with Temperatures

[11].

T N of 10W-40 | m of 0W-30
[°C] [mPa.s] [mPa.s]
-20 735.42 474.65

0 385.53 249.94

20 208.89 142.17

40 79.330 55.926

60 37.147 27.008

80 19.690 15.064
100 15.093 11.734
120 11.877 9.3466

2. Governing Equations

The governing equations of the steady state, point
contact EHL using Newtonian lubricants can be
described as follows: Supposing the fluid flow is
laminar, and neglect the compressibility of fluid the
Reynolds equation for point contact EHL problem
that showed in figure (1), given as [12]:

d (ph® o d (ph® 0 dph
G R Gk o EEETE e
Jx\ n 0x dy\ n ady 0x
Where: u = u142-u2 average speed. The non-

dimensional parameters used for converting the
problem to dimensionless state are as follows [13]:
y

X=§ asaresult x =aX —->dx=adX , Y=;
asaresulty=aY —dy=adY
P=-- ,asaresultp=PhP - dp=PhdP

h

hR o] n w
H:—X = == W=
az ’ P Po N o ER% ’
u
G=aE , U=-12-
2ERy

Then Reynolds equation in non-dimensional form is
became as follows [12]:
da ( 0P I 0 ( dP\ 0d(p"H)
ax(8 ax) * aY(s 6Y> x 0 @
Where: K is the ratio of (a to b), (K =1 when AX =
AY) the mesh generation is equally divided in two
direction. In this study we will use (AX = AY).
“H3 12n,uR%

€= "]m ,and A= _:31’},
The boundary conditions are as follows:
P(i,1) = P(1,j) = 0 Pressures at the inlet
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P=2=2 =0 on cavitation boundary at the As the elastic deforrpatlon and viscosity change with
" ox oy pressure, the following steps of the method used to
exit.

The film-thickness of EHL at any point on the

contact sutfaces is as follows [12]:
2 2

+Y
H=H, + — + Hger(X,Y) .(3)
Where the elastic deformation is as follows [12]:
YbXe
2 P(X',Y")dX'dY’
Heet(X,Y) = P fJ— X — X')2 Y — Y2
N Ot

The density and viscosity of oils are a function of
pressure. Roeland-equation used to calculate the
viscosity is as follows [14]:

4

e{(ln n0+9.67)[—1+(1+m)z]}

n"(p) = Po =+ (5)
Non-dimensional form of density equation that are
given by Dowson and Higginson will be used, and it
is as follow [15]:

0.59 x 10 P py, ;
1+1.7x109P py, - (6)

The load balance equation in non-dimensional form
is as [12]:
YbXe

2
fj P(X,Y)dXdY = 37T = 0
YaXo
The friction force can be calculated by integrating the
shear stress on the surface along the entire lubricating
area. Friction force equation is as follows [12]:

F = ff T|z=0,n dxdy ..(8)

Where the shear stress is as follows [12]:

10P ) n
_ZBX( z—h)+ (uh uo)h
Substituting the lower surface coordinate (Z = 0) and
the upper surface coordinate (Z = h) in the above
equation, and integrating gives the friction forces on
the two surfaces. In this study, the friction on the
lower surface are used. After obtaining the friction
force, the friction coefficient could be calculated [12]
(u=F/W), as well as the viscous friction powet
losses.

p*(P) =1+

(D)

T

3. Numerical Technique

With the central and forward discrete differential
formulas, the discrete form of the non-dimensional
Reynolds equation (2) can be calculated. By numerical
integral, the dimensionless film-thickness equation (3)
and load balance equation (7) also can be written in
the discrete forms. These equations are given as
follows: final iteration equation of Reynolds-equation
for calculating new pressure is as follows [15]:

. r — AXp;D1 Py + AXpi_1;D2B; ©)

! € — AXp;;Dy + AXpi_y ;D

Film thickness equation [12]:

Xt+Yyr 1 W
k=11=1
Load balance equation [12]:
nn nn
2T
AXAYZZPij -5=0 (1)
i=1 j=1
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solve the problem. First, assumed an initial condition.
The initial pressure are (Hertzian pressure). Calculate
the film-thickness, density, and viscosity. Substitute it
in equation (9), to calculate a new pressure. The
cavitation is handled by set the negative pressure to
be zero. Repeat the steps until the difference between
the pressures’ distributions are less than the error that
is given, which is about 10E-5 or less. When the
convergence is done, the final pressure distributions
and film-thickness with elastic-deformation ate
calculated. Then calculate the friction force and
coefficient of friction. The convergence equation that
is used to end the iteration is as follows [12]:

LR PP

Shr

The hereafter iterative procedure was followed to
solve the simultaneous system of compressible
Reynolds’ equation (2), elasticity-equation (4), and
film-thickness equation (3). The flow chart shown in
figure (2) illustrates the computational procedure
implemented in the program. The input data to the
program are shown in (Table 2).

<e=10"* . (12)

Set initial pressure (Hertz Pressure), and
input initial parameter(X, Y, W etc.).

i ;
Calculate: the elastic deformation and
Film thickness, Viscosity, and density.

Solve for the new Pressure in discrete
Reynolds equation.
peld — puew Modify Ho
pold _ puew

NO

YES

Does the load balance
obtained from NO
integrating pressure
agree with input load?

YES
Convergence is done, Calculate friction
force and friction coefficient

Print results End.

Figure (2): Flow chart of calculation procedure.

Table (2): Data input in program calculation.

Parameters Values
nn 33x33
W 100 N
X0 -2.0
Xe 1.5
Yo -2.0
Ye 1.5

u 1.5 m/s
R 0.025m
Z 0.68 [16]
E 221 GPa[16]
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4. Results and Discussion

Results are presented in dimensionless form in
figure (3 and 4) are obtained from the developed
program. This results have a good agreement with
that results presented by Ranger A.P, et al. [17]. This
represents the characteristic feature for the iso-
viscous elasto-hydrodynamic regime [18, 19].

The initial minimum film thickness used was
calculated from equation of Hamrock and Dowson
[19] for point contact in non-dimensional form:

Hpin = 3.63U0-68G0-49—0.073 (%)2

The range of initial non-dimensional minimum
film-thickness and the three parameters of Hamrock
and Dowson of point contact that calculated are
shown in (table 3).

Figures (5a and 5b) show the pressure profile of
the centerline in X direction of contact region with
temperature  changes.  Whenever  temperature
increases the oil viscosity decreases, the pressure
profile is altered, Inlet pressure is reduced, and the
pressure profile tends towards a Hertzian (dry
contact) one. Figures (6a and O6b) show the film-
thickness profile of the centerline in X direction of
contact region with temperature variations. The film
thickness decreases with the decrease of the viscosity
as result of temperature increase.

Figure (7) show the wvariation of maximum
pressure (Pmax) with the change of temperature.
When the temperature increases the maximum
pressure is not affected and remain approximately
constant. Figure (8) show the variation of minimum
film thickness (Ho), where it decreases gradually with
the increase of temperature (decrease of viscosity).
Where the minimum film thickness is directly
proportional with the viscosity as in Hamrock
equation. Figure (9) show the variation of friction
force, it decreases gradually with the temperature
increase. Figure (10) show the variation of friction
coefficient where it decreases with the decrease of oil
viscosity. Figure (11) show the load carrying capacity,
where it remain equal to the given applied load.

PRESSURE PROFILE
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6.00E-01
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1.3 5 7
9
111315 17 19 2123
2272931 33
(X) Non-dimensioal

m 0.00E+00-2.00E-01 m 2.00E-01-4.00E-01 m4.00E-01-6.00E-01
6.00E-01-8.00E-01 m 8.00E-01-1.00E+00 m1.00E+00-1.20E+00

Figure (3): Non-dimensional pressure profile.
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Non-dimensional X
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Figure (4): Non-dimensional film-thickness profile.

Table (3): The range of parameters for (-20 to 120

OC)
Parameters 0W-30 Oil 10W-40 Qil
H. 5.0327E-01to 5.7581E-01 to
min 7.5308E-02 1.0035E-01
wW* 7.2398E-07 7.2398E-07
U 3.3361E-11to 4.2398E-11to
2.7013E-12 3.9366E-12
G 5600.34 to 5725.23 to
3890.50 4450.16
PRESSURE PROFILE
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1.00E+0
[
2
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a
®
c
)
e
@
E
i
c
o
2
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Non-dimensional (X)
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——T=60C —T=80C —T=100C——T=120C

Figure (5a): The variation of Pressure profile with
Temperature (OW-30 Oil).



NJES 22(3)180-186, 2019

Sami et al.
PRESSURE PROFILE T vs Pmax
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Figure (5b): The variation of Pressure profile with
Temperature (10W-40 Oil).

FILM THICKNESS PROFILE
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Figure (6a): The variation of film-thickness profile
with Temperature (0W-30 Oil).

FILM THICKNESS PROFILE
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Figure (6b): The variation of film-thickness profile
with Temperature (10W-40 Oil).
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——10W-40 ——0W-30

Figure (7): The variation of maximum pressure with
Temperature.

Tvs Ho

Ho (m)

-20 0 20 40 60 80 100 120 140
T(q)
——10W-40 —=—O0W-30

Figure (8): Vatiation of minimum film-thickness
with Temperature.

TvsF

Friction Force (N)

-20 0 20 40 60 80 100 120 140
T(C)
——10W-40 —=—0W-30

Figure (9): The variation of friction force with
Temperature.
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Tvspu ® The load carrying capacity remain constant and
7.0E-02 equal to applied load.
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5. Conclusion
The Numerical results presented in this study

confirm the results of several previous analysis

available in literature. For the increasing of oil
temperature in EHL contacts case, it can be
concluded:

e The maximum pressure is not affected. Only the
pressure profile is affected, the inlet pressure
decreases, and pressure profile tends to Hertzian
(dry contact) because of the decreases of
viscosity and film thickness of lubricant in
contact.

e The minimum film thickness decreases gradually
approximately by 90.2%, because of the
decreases of viscosity. Where the minimum film
thickness is directly proportional with the
viscosity as in Hamrock equation.

e The friction coefficient decreases approximately
by 96.4%, because of the decreases of lubricant
viscosity.
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Notation
a the half-width in the point contact w The applied load (N).
Dkl The two—dlrnenslgnal el;@tsnc deformation W The non-dimensional load.
Y stiffness’s.
B The equivalent elastic modulu§ of the two W The load parameters.
contact surface materials.
F The Friction force (N) X The non-dimensional coordinate of x.
G A material parameter, G = oF. Xo, The non-dimensional coordinates of the inlet
Xe and outlet.
h The oil film thickness (m). v The non—dlmenm.onal.coordmate in the y
direction.
hdef The elastic deformation (m). The coordinate in the film thickness direction.
ho The minimum oil film thickness (m). z The coefficient of viscosity pressure formula.
H The non-dimensional film thickness. « the pressure cocfficient of ofl viscosity—
pressure formula
Hdef The non-dimensional elastic deformation. AX . The equally divided non-dimensional
increment between the nodes of the mesh.
Ho The non-dimensional central film thickness. 3 The Reynolds coefficient.
nn The number of nodes. A the parameter of the coefficients e.
P The pressure (Pa). " The oil viscosity (Pa.s).
PH Hertz contact pressure (Pa). No The oil viscosity at PO.
P The non-dimensional pressure. n* | The non-dimensional viscosity of the lubricant.
R The equivalent radius of curvature (m). " The friction coefficient.
T The temperature (OC). o) The lubticant density (Kg/m3).
u The average velocity of the upper and lower o* The non-dimensional density of lubricant.
surfaces contacted (m/s).
U* The velocity parameters. SSR Slide to roll ratio
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