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Abstract

In this paper, the effects of a slippage on an elastohydrodynamic lubrication (EHL) in line contact problem using an
advanced computational fluid dynamics (CFD) model are presented. A cylindrical roller is assumed to be infinitely long
and rotates on a plate under an applied load. In addition, the no-slip and slip boundary conditions were defined between
lubricant and solid walls. The Navier-Stokes and the elasticity equations were solved simultaneously. The Ree-Eyring
model was used to calculate the viscosity of lubricant. The developed CFD model had been applied to the series of cases
of lubricated slippage effect with the applied loads L=1.5 kN and 2.5 kN, slide-to-roll ratios: SRR =0, 1 and 2 under the
thermal condition. The flow characteristics in the CFD model such as the pressure distribution, the fluid film thickness,
the velocity of fluid flow, the viscosity and the temperature distribution were investigated. To illustrate, the developed
CFD model is successively to simulate the EHL line contact problem, and can deal with the slippage problem. The
simulation results show that the slippage effect is significant to the EHL problem, especially in the case of pure sliding.

Keywords: EHL, slippage, lubrication, CFD, Non-Newtonian.

1. NOMENCLATURE 2. INTRODUCTION

E [Pa] Reduced modulus of elasticity The lubrication system plays an important role in
f -] Volume fraction . machines as it can help reduce friction force, as well as
h, [m] The minimum film thickness d d h h 1
I [m] Film thickness prevent and reduce the wear that can occur to a
L [Nm'] Applied load per unit width contacting and moving parts. Thus, lubricants have
P (Pa] Pressure received much interest over the years as it is the lifeblood
P [Pa] Liquid saturation vapor pressure of all mechanical machines, especially in sliding and
R [m] Reduced radii of curvature .

R(i) [m] Surface roughness term rolling elements under heavy loads. .

SRR [ Slide to roll ratio = 2[uy-Rew]/(uy+Rew,) Many researchers have developed different methods,
T (K] Temperature simple or complex for solving lubrication problems. All
A [s] Time step studies in fluid film lubrication were start up from the
“ [m/s] Velocity . 1880s, when a combination of experiments was followed
Ve [-1 A characteristic velocity e .

X [m] Cartesian axis in i direction by a unifying mathematical theory. Osborne Reynolds [1]

~
o

Special character

Viscosity index

Volume fraction of phase

presented the differential equation that is used to state the
relationship between the motion and viscosity of the
lubricant. The Reynolds equation has been used to

o [kg/m’]  Density describe laminar flows for Newtonian fluids in
r [Pa] Viscous stress tensor hydrodynamics lubrication problems for example a thin
B [1/K] Thermal expansivity of lubricant film in gear [2, 3]. Later, some models were suggested for
n [Pa-s] Viscosity of Newtonian fluid improving the Reynold equation such as elastic
n, [Pa-s] Viscosity at ambient pressure deformations due to the contact pressures [4], a pressure—
v [m] Slippage length viscosity effect [5]. After that time, the development and
Subscripts understanding of elastohydrodynamic lubrication (EHL)
¢ Cylinder have been presented. Petrusevich [6] solved the
fn ilta :ﬁe inlet position elastohydrodynamic lubrication problem (EHL) for the
out At the outlet position line contact problem and got the full numerical solution.
o Ambient or reference The result indicated that the pressure profile increased
L Liquid phase gradually at the lubricant inlet region of contact and
’Vn R/,[";E?:rglﬁ; . reaches maximum pressure forming a pressure spike at

Saturation vapor pressure

the minimum film thickness. This character is known as
the ‘Petrusevich Pressure Spike’. Later, outstanding
contributions have been accomplished by numerous
investigators. Many numerical techniques were proposed
to the EHL problems [7-12]. An analytical method
derived from the combination of lubricant properties
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(density and viscosity) and the classic Reynolds equation
were presented [13]. It is well known as the ‘generalized
Reynolds equation’. Earlier, the isothermal theories have
been achieved [14]. Then, the Reynolds equation was
improved to be more realistic by considering thermal
effect [15-18], non-Newtonian fluid [18-22], transient
effect [23, 24] and surface roughness [25-29]. Recently,
a CFD technique has been used to simulate an EHL line
contact problem instead of the Reynolds equation [30-
35].

It can be seen from the above literature reviews that
the study of the thin film lubrication problem has been
continually developed. The intent of this paper is an
endeavour to establish a framework for understanding the
slippage effects on to the EHL in line contact problem
using the CFD technique.

3. METHOD

In order to explore and analysis the characteristic of
EHL problem, it is necessary to design a CFD model such

as geometry, boundary conditions and physical properties.

In this paper, the 2D CFD model is created for the
proposed EHL in line contact problem. The cylindrical
roller is assumed to be infinitely long and rotates on the
plate, thus the pressure distribution of the z direction can
be considered to be uniform. Therefore, only the pressure
distribution of the front plane is investigated and
presented. The boundary conditions and geometry model
are maintained the same in all study cases. To identify the
slippage effects, the slip boundary condition is applied at
the plate to compare with a no-slip boundary condition.
Lubricant

Cylindrical roller
P N ]
Inlet{ e e }Outlet
\ Plate

Figure 1 Schematic of the CFD model

In this research, the ICEMCFD software is used to
create the CFD model of the EHL problem, as shown in
Figure 1. Then meshes are generated in the geometry. The
proposed CFD model is examined by completing the
mesh dependent test to ensure that the resolution is
adequate. The spacing of the mesh in the CFD model is
refined from 0.5 pm to 0.25 um and 0.167 um. It is found
that the predicted pressure distributions with the mesh
spacing of 0.50 pm, 0.25 pm and 0.167 um are the same.
Then, the maximum mesh size of 0.25 um was chosen
and applied to the contact zone of the CFD model in this
study.

Table 1: The common data using in the CFD model

Parameters Value Unit
Input data
- An applied load, W 1.0,1.5,2.5 | kN/m
- Average velocity, U, 2.5 | m/s
- Slide to roll ratio (SRR) 0,1,2 | -
Solid properties (Cylindrical roller and plate)
- Elastic modulus of solids, E;, E> 2.1x10" | Pa
- Poisson's ratio of solids, L. U, 030 | -
- Specific heat of solids, Cy,;, Cy2 460 | J/Kg-K
3
- Density of solids, P1° P2 7850 | kg/m
- Thermal conductivity, k;, k> 47 | W/m-K
- Radii of curvature (Cylindrical roller) 0.01 | m
Lubricant properties
- Inlet viscosity of lubricant, n 0.01 | Pa-s
- Vapour dynamic viscosity, u, 8.97x10° | Pa-s
- Liquid density, p; 846.0 | kg/m®
- Vapour density, p, 0.028 | kg/m’
- Thermal conductivity of lubricant, k 0.14 | W/m-K
- Temperature-viscosity coefficient of 0.0476 | /K
lubricant, V4
- Specific heat of lubricant, C, 2,000 | J/ Kg-K
- Thermal expansivity of lubricant, g 6.5x10* | 1/K
- Pressure-viscosity coefficient, z 0.689 | -

The minimum gap between the cylindrical roller and
the plate is 0.1 mm. The quad-mesh type is employed to
generate meshes for the CFD model. There are 20,517
nodes in total. Then the CFD model is solved using the
commercial software ANSYS Fluent 12.

4. THEORY

In the analysis of thin fluid film lubrication, the CFD
approach is used to calculate the velocity and pressure in
fluid flow at the narrow gap between the top cylindrical
roller and the plate instead of the Reynolds equation. The
fluid solver and solid solver are employed. It is a coupling
between the fluid flow (lubricant) and the deformation of
the solid part.

The characteristics of fluid flow can be explained by
the conservation form of the fluid flow. This combines
the continuity equation and momentum equation which
can be written in the general form:

Conservation of mass:

ap _ ey
—4+V. =0
o V(i)

Conservation of momentum:
%+V-(puu):7Vp+V-r )
where T =—77(Vu+(Vu)T)+§nIV-u 3

Conservation of energy:
¥+V-(puT)=V-(kVT)+ST )
where Sr=Qoewr +anm;.; Q)

[ U(Vu :VuVu(Vu)' —%(V ~u)2) ©)
AT
Qoo = L ) )
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The density of lubricant ( p ) is a pressure dependent.
It is well known that the generated pressure in the contact
zone is very high. For that reason, this effect cannot be
neglected. As Dawson and Higginson presented, there
was a linear variation on pressure and density [11]. The
relation between pressure and density can be stated as
follows:

0.59x10” p, (8)
p; =Po£l+mj[l—ﬂ(T—To)]

where g is thermal expansivity of lubricant.

The viscosity of lubricant also depends on the
pressure as well as the density. The increasing of the
viscosity with pressure can be calculated as proposed by
Roelands and Houpert [12].

(7138

Drtopers =T exp{[lm]y +9A61]|:—l+(1+541><l()’9pl) ][ ]—C(T—];])} 9)
T,-138

where ,9 [ S, ]
c=(In7,+9.61)(1+5.1x10" p,) | —— 10
(In7, +9.61)( ) T, (10)
(1,138
S°_7[1n%+9461] an
and
Teying = ~-sinh” ("LJ (12)
g Ty

The Ree-Eyring model can be used to present the
viscosity in each cell. It depends on the equivalent shear
rate as the following conditions;

_ {ﬂHrmpen ) 7}(»(, < 1075

Mg 7y 2107 (13)

i

The cavitation effect [39] is not modelled by the
Reynolds equation. However, the occurred negative
pressure in conjunction zone can be solved by applying a
cavitation model to the CFD model for the EHL problem.
The full cavitation model [13] has been employed in this
research is:

Aeal) (o 5,,)=V(v7 ) A5 (9

where A and B are given by (15)

4=002Y 5 5. 2Apu =) p)(l—f) (16)
o 3p

B:0.0l&p,p‘ Z(P—l’mr)(f) amn
o 3p

The density of a lubricant for a liquid phase is a
function of pressure as defined in equation (8). Thus the
density of the vapor phase should be calculated from the
fraction equation. Therefore the density of a mixture
phase can be written as:

p=a‘,p‘,+agpg+(l—a‘,—ag)p, (18)

The local lubricant film thickness or the gap at the
contact zoned can be calculated by a geometric equation.
The geometry of the contacting elastic solids is defined
as shown in Figure 1. The full-film lubrication is assumed
in this study. Then the lubricant film thickness is
depended on the physical geometry of the cylindrical
roller and the elastic deformation term [36] which is
governed by the pressure distribution of the contact [37].

X2 : (19)
h,.=h0+E+R(1)—”—E:!;p(§)ln(x—§) dé

The gap between the cylindrical roller and the bottom
plate must be corrected in each iteration and updated until
the generated pressure is equal to the applied load. Then,
the constant s, can be solved using a force balance
equation [38].

R = b + defect (20)
where defect = L — Tp,dx

As the cylindrical roller and plate surfaces are defined
to be moving with different velocity. Especially, in case
of high SRR, the shear strain is very high. Then the
lubricant can be slipped along a solid-liquid interface.
This phenomenon can be calculated by:

Ou, 21
M/ =
' 0z |\an
where u, indicates the streamwise slippage velocity at the
hydrophobic surface.

5. NUMERICAL METHOD

The finite-volume method is used in this study. The
integral form of the transport equations (1) and (2) has to
be applied to a discretized equation. The geometry
domain is subdivided into a finite number of subdomain
as shown in Figure 1.

The pressure and velocity variables in the domain are
calculated by using the PISO algorithm. In addition, the
spatial discretization methods are applied to the CFD
model such as least square cell base, second order, second
order upwind, and quick for calculating the gradient,
pressure, density and momentum, respectively. Then the
transport equation in a general form can be used to solve
iteratively for all cells in the domain, as demonstrated

below:

| Set boundary condition and initial condition

—'I Solve discretized momentum equation I

I Solve pressure correction equation |
Update geometry l

UDF for dynamic mesh
I Update pressure and velocities

T 1

Update properties | Solve all other discretized transport equation

UDF for density and viscosity l

Convergence?

No

Figure 2 The flow chart for solving the EHL problem of
the CFD model

Naresuan University Engineering Journal, Vol.13, No.2, July — December 2018, pp. 19- 25 21



NUEJ

Naresuan University
Engineering Journal

At the beginning of the iteration process, the velocity
and pressure fields are approximated. Then these
parameters are used to solve the momentum equation and
the pressure correction equation. These values will be
corrected in each iteration, until the acceptable
convergence of pressure and velocity is achieved as
shown in Figure 2.

6. RESULTS AND DISCUSSION

The results of the proposed CFD model were
compared with that from the Reynolds equation presented
by Chu et al [40]. Figure 3 depicts that the pressure
distribution and the film thickness of both methods are in
good agreement [41]. It can be clearly seen that the
characteristics of EHL problem can be simulated by using
the CFD technique very well.

14 1 % P-Reynolds r 5.0
1.2 --P-CFD
10 R H-CFD - 4.0 -
a0 H-Reynold

0.8 - 3.0
0.6 / a
.0 KN x

4 ¥ - 20
04 - N ¥
0.0 m ; R

40 30 20 -10 00 10

X
Figure 3 Comparison of dimensionless film thickness (H)
versus pressure distribution (P) between the CFD model and
the Reynolds equation

The simulation results of two parameters varied are
presented in this paper. The first case shows the effect of
slippage with the ratio of the different velocity between
the cylinder and the plate (SRR) varied. Then the second
case presents the slippage influences with the applied
load varied.

Figures 4, 5 and 6 show the effects of slippage on the
pressure distribution and the fluid film thickness at the
contact zone when SRR=0, 1 and 2, respectively. It is
found that the slippage condition is significantly to the
characteristics of the EHL problem. The effect of
slippage is increased when the SRR between the plate and
the cylinder was increased. The pressure distribution of
the slippage case of SRR=1 and 2 is clearly higher than
the no slippage case. This is due to the fact that the film
thickness of the slippage case is thinner than the no
slippage case as shown in Figure 6.

0.25 3.0

P (No slippage) |
020 25

P (Slippage)
- = = = H (No slippage) i {20
H (Slippage)

o
Z [um]

Pressure [GPa]
o
S

0.05

X x103 [m]
Figure 4 Comparison of pressure distributions and film

thicknesses between no slippage and slippage when SRR=0
and L=1 kN/m

0.25 3.0
P (No slippage)
P (Slippage) 125
= = = = H (No slippage)

020

H (Slippage)

0.15 |

Pressure [GPa]

Z [um]

0.10 |

0.05 |

0.00

X x1073 [m]

Figure 5 Comparison of pressure distributions and film
thicknesses between no slippage and slippage when SRR=1

and L=1 kN/m
0.25 30
------- P (No slippage)
R P (Slippage) 123
g H (No slippage)
S, H (Slippage) 20
e -
2 N
1.0
0.5
0.0

X x107 [m]

Figure 6 Comparison of pressure distributions and film
thicknesses between no slippage and slippage when SRR=2
and L=1 kN/m

Some results illustrate that the effect of slippage on
the EHL problem is very small when the applied load was
increased for the SRR = 0 (no slide between both solid
surfaces). Figure 7 shows the comparison of the pressure
distributions and the fluid film thickness profiles between
no slippage and slippage applied for the plate when L=1.5
kN/m and 2.5 kN/m. It is found that the pressure
distribution and the fluid film thickness are quite
similarly in either case. However, the comparison of
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pressure distribution is different when the SRR increased
as presented in Figure 7. It can be clearly seen that the
slide to roll ratio is significant on the slipped wall
condition.

0.35 30
............. P (L=1.5kN)
....... P (L=2.5kN)
0.30 + P (L=1.5 kN, Slippage) 125
P (L=2.5 kN, Slippage)
H (L=1.5 kN)
025 H (L=2.5 kN) 20
_ H (L=1.5 kN, Slippage)
&£ 0.20 H (L=2.5 kN, Slippage) =
£ E]
S 1.5 =
£ 015 N
2
2 1.0
& 0.10
0.05 1%
0.00 : ) ] 0.0
202 0.1 0 0.1
X x1073 [m]

Figure 7 Comparison of pressure distributions and film
thickness profiles between no-slippage and slippage when
L=1.5 kN/m, 2.5 kN/m and SRR=0

0.25 v 0
........... P (Slippage)
_______ P (No slippage) 125
0.20 + i ‘
H (Slippage) £
. 3
— = = = H(Noslippage) ¢ e
E ) X { 2.0
5015 N i e
= . £ 1153
: \ § N
$ 0.10 \\ i
I3
2 N y: 1 1.0
LY L
N =~
L Y
0.05 " Y 405
Ll +”
/f" = - P >
0.00 R — 00
02 -0.1 0 01
X x103 [m]

Figure 8 Comparison of pressure distributions and film
thickness profiles between no-slippage and slippage when
L=1.5 kN/m, and SRR=1

Figures 9-13 reveals the behaviour of thin fluid film
lubrication when the slippage effect considered. The
cylindrical roller was rotated around 125 rad/s. while the
plate was moved with v=3.75 m/s. It explores that the
cylinder is more influent on lubricant velocity than the
plate as shown in Figure 9. This is because the lubricant
was slipped from the solid wall (Plate). Therefore, in this
case, the velocity of lubricant is dominated by the
velocity of the cylindrical roller.

Figure 10 shows the contour of the pressure
distribution of the lubricant at the conjunction zone. The
maximum pressure is about 1.6 MPa. The pressure very
high because the fluid film is very thin. The shear stress
and shear rate of the layer of fluid film near the cylinder
are higher than the plate where the slip wall condition was
applied as shown in Figures 11 and 12.

1.0E-06
8.0E-07
6.0E-07 45
E i 3.6
N4.0E-07 2L
1.7
0.8
2.0E-07 -0.1
-1.0
0.0E+00 .
-0.0002 -0.0001 0 0.0001
X [m]
Figure 9 The contours of lubricant velocity [m/s]
1.0
8.0
6.0
= 1.6E+08
g 1.4E+08
N 40 1.2E408
9.8EH07
7.8E+07
2.0 5.8E+07
3.9EH07
1.9E4+07
0.0F
-0.0002 -0.0001 0 0.0001
X [m]
Figure 10 The contours of static pressure [Pa]
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Figure 11 The contours of velocity gradient, du/dx [s™!]
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-0.0002 -0.0001 0
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Figure 12 The contours of velocity gradient, du/dz [s™']
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Figure 13 The contours of temperature [K]

Naresuan University Engineering Journal, Vol.13, No.2, July — December 2018, pp. 19- 25

3222
3192
3162
3132
3102
307.2
304.2
3011

23



NUEJ

Naresuan University
Engineering Journal

Figure 13 presents the temperature contour at the
contact zone. The temperature rises because the heat
sources were generated by the Qgnear and Qcompress terms as
presented in equations (6) and (7).

7. CONCLUSION

An advanced 2D CFD model has been successfully
developed for simulating the characteristics of the EHL
line contact problem, with a focus on the effects of
slippage condition. The CFD model has been used
successively to simulate the pressure distribution, the
generated temperature, and the velocity of lubricant
under the varied slide to roll conditions. The results show
that the CFD model can be a useful tool for the EHL line
contact problem, and can deal with the slippage problem.
The main findings are summarized below:

- The slippage condition is a very important factor that
affects the shear strain, especially for the case of pure
sliding (SRR=2).

- The fluid film thickness is thinner than the no
slippage case.
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