Vol. 41, No. 3 (2019) 401-415, DOI: 10.24874/ti.2019.41.03.10

Tribology in Industry

RESEARCH

www.tribology.rs

Hydrodynamic Lubrication of Textured Journal
Bearing Considering Slippage: Two-dimensional
CFD Analysis Using Multiphase Cavitation Model

M. Tauvigirrahman?, A. Pratama?, Jamari?, Muchammadb

al.aboratory for Engineering Design and Tribology, Department of Mechanical Engineering, Diponegoro University,
JL Prof. Soedharto, SH., Semarang, Central Java 50275, Indonesia.

bLaboratory for Surface Technology and Tribology, Faculty of Engineering Technology, Twente University,
Drienerloolan 5, Postbus 217, 7500 AE, Enschede, The Netherlands.

Keywords:

Cavitation
Computational fluid dynamics (CFD)

Slippage
Texturing

ABSTRACT

Corresponding author:

Mohammad Tauvigirrahman
Laboratory for Engineering Design
and Tribology, Department of
Mechanical Engineering,
Diponegoro University, Jl. Prof.
Soedharto, SH, Semarang, Central
Java 50275, Indonesia.

E-mail:
mtauviq99@lecturer.undip.ac.id

Partial texturing of the surface of journal bearings have been proven very
beneficial in terms of friction coefficient. In the present work, the load
support of the hydrodynamic textured journal bearing combined with
artificial slippage is fully characterized by means of computational fluid
dynamics (CFD) simulations based on the numerical solution of the
Navier-Stokes equations for incompressible flow. In order to model
slippage, the enhanced user-defined-function (UDF) code is developed.
Realistic boundary condition is employed by implementing the mixture
multiphase model to model a cavitation in the bearing. The numerical
analysis is performed under the condition of different groove depths,
eccentricity ratios and slippage placements along the textured area of
bearing. The simulation results including hydrodynamic pressure and load
support are gained and compared for conventional smooth parameters. A
reference to determine optimal groove depths as well as best artificial
slippage placement of textured bearing under different conditions of
loading are proposed. Based on the present results, favorable slippage-
textured journal bearing design can be assessed.

© 2019 Published by Faculty of Engineering

1. INTRODUCTION

support is highlighted. During the past decades,
due to these attractive features of surface

With increasing worldwide demand for more
efficient energy consumption, the use of textured
surface has emerged out intensive attentions of
tribologist and lubrication scientist all over the
world. A positive influence of textured surface on
the performance of lubricated contact in reducing
the friction and increasing the additional load

texturing, the researchers have focused their work
effort to explore the effect of textured surface on
the journal bearing experimentally (see for
example [1,2]) and/or numerically [3-6]. Up to
now, finding optimal texturing parameters is still
very challenging due to the lack of universal design
recommendations for textured journal bearing.
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Recently, to handle more complex problems of
textured journal bearing and with the
development of computer technology, many
workers have implemented commercial CFD
software which are based on full Navier-Stokes
equation. The reason behind this is that the
Navier-Stokes equation can revoke limitations
under the situations with clear inertia effect of
the lubricant. However, according to literature
survey by Gropper et al. [7], a number of
workers contributed to today’s study around
surface texturing using CFD are very limited.
One of the earliest researches emphasizing the
use of CFD on texturing discussion was
conducted by Cupillard et al. [4]. They studied
partially textured journal bearings and
recommended the choice of texture depth for
different eccentricity ratios. Meng et al. [5] made
the comparison of tribological performance
between journal bearing with compound dimple
and that with simple dimple. The authors
highlighted that the compound dimple has a high
efficiency in reducing the friction coefficient and
providing the additional load support of the
journal bearing. In recent publication, Lin at al.
[6] pointed out that the surface texture may
improve or deteriorate the performance of the
journal bearing depending on the texture
position in circumferential direction.

It is noteworthy that the aforementioned studies
assumed the contacting surfaces as a no-slip
condition. As widely known, in classical
lubrication theory, the so-called “no-slippage
condition” is often used, namely, the velocity at
the fluid-solid interface is equal to zero. This
boundary condition is the universally accepted
approximation only under macroscopic sense.
With the advent of new experimental technology
to measure the microscopic-scale, the partial
slippage has been observed on the fluid-solid
interface [8]. In recent years, with the
development of surface engineering, the
slippage at a fluid-solid interface induced by
(super)hydrophobic surface can be engineered
to enhance the performance of lubricated
contact. By introducing the slippage at the
boundaries, a lower pressure is required to
move the same amount of lubricant, and thus the
reduced energy is achieved. It is worth to
mention the early theoretical work of Spikes [9]
who proposed the design of the bearing whose
ability to not be fully wetted by a fluid by
introducing the slippage. His studies on bearings
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with different configurations found that very
low friction was reported when compared with
traditional bearings. Afterwards, some workers
have evaluated the application of the artificial
slippage (i.e. heterogeneous slip/no-slip surface)
on hydrodynamic bearings. For instance, Fortier
and Salant [10] reported that artificial slippage
surface in journal bearing leads to the increased
load support and the reduced friction. Ma et al.
[11] revealed that the optimization of the size
and the shape of the slip area provides the
journal bearing many advanced behaviors. An
identical result was shown by Wang et al. [12]. A
large pressure, load support and end leakage
rate but low friction were recorded when
artificial slippage was employed. Additionally, to
enhance the stability performance of the three-
layered journal bearing, Rao et al. [13] suggested
the use of partial slip on bearing surface by
choosing the appropriate eccentricity ratio and
optimal angular extent of partial slip region.

Generally speaking, the evidences mentioned
earlier suggest that in order to achieve a higher
load support but lower friction coefficient, the
use of slippage surface as well as textured
surface in journal bearing is advisable. But is it
possible to combine the effect of texturing and
slippage? In the last few years, many works have
been dedicated to the study of combined effects
of texturing and artificial slippage; the
conclusion was that those effects were found to
be critical hypotheses to enhance the behavior of
the journal bearing performance. Rao et al. [14]
evaluated the performance of partially slip
textured concentric journal bearing in gaining
the additional load support and reducing the
friction force. Aurelian et al. [15] revealed that in
combined partial texturing and artificial slippage
pattern, a larger reduction in power loss is
highlighted as compared to the simple partial
texturing. Tauviqirrahman and his group [16-
18] found that the combined texture/slip
configuration, even in the parallel gap situation,
when having low texture cell aspect ratio, high
slip length and low critical shear stress condition
gives higher load support but lower friction
force. Ismail and Sarangi [19] numerically
investigated the influence of slippage and the
texture shape on the performance of parallel
sliding lubricated contact. The authors found
that compared to the traditional textured
contact, introducing the artificial slippage
around the surface texture could improve the
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performance textured parallel sliding surface.
Later, using CFD method Lin et al. [20]
conducted a numerical study on the influences of
combined slip and surface texture focusing on
the optimization of the surface design of journal
bearing. The effect of employing a slip/texture
area to only parts of bearing was of particular
interest. Their main finding was that the
enhanced tribological performance of journal
bearing could be achieved with well-designed
slip/texture surface. In recent lubrication, using
numerical model based on complementary
variables, Biancofiore et al. [21] reported that a
very large increase in the pressure profile and
significant decrease in friction coefficient are
registered by introducing slippage.

In general, based on literature survey the
textured surface combined with artificial
slippage is an effective means of controlling
lubrication performance in journal bearing.
However, to date, based on the available
literature surprisingly numerous textured
bearing investigations appear to have used
Reynolds approach in their work in particular
while incorporating the slippage effect in journal
bearing. The application of Reynolds equation in
textured contacts analysis is questionable when
the contacts are operating at moderate to high
Reynolds number as often found in journal
bearing [22]. In addition, according to Dobrica
and Fillon [23], for cases having low values of
textured aspect ratio as used in the present
study, employing the Reynolds theory may not
be appropriate. Additionally, it is noted that up
until now, almost all the studies on the
lubrication problem of journal bearing are
limited to single-phase flow analysis. As widely
known, in journal bearing under the cavitation
condition the gas-liquid mixture flow exists as
highlighted by recent workers [24-26].
Therefore, more work is required in the area of
textured journal bearing considering slippage
and multiphase cavitation.

In order to represent more real condition, in this
research a multiphase flow analysis is employed
to model the -cavitation phenomena which
allows the phase change of lubricant. The
lubricated journal bearing performance is
calculated by solving the Navier-Stokes for
representative values of eccentricity ratio. As a
note, by employing the Navier-Stokes equation
the inertia terms, which is often neglected in

previously published works, can be solved. This
present work is of direct significance for the
application and the promotion of the artificial
slippage, in particular regarding the effect of
surface texturing. Based on the CFD-based
modeling this paper aims to elucidate the
potential of surface texturing combined with
artificial slippage applied to journal bearing.

This paper is divided into four sections. Firstly, a
background of the research is presented. The
second point explores the governing equations
and numerical approach, followed by the
analysis of different purely textured bearing
configurations. Subsequently in third part, the
promotion of the slippage on textured surface
varying its placement is studied. In some cases,
such performance will be compared with the
performance of a conventional smooth (without
textured) sliding contact. Finally, in the last
section the main interesting results are
concluded.

2. METHOD

2.1 Governing equations of continuum
mechanics

In the present study, the lubricant flow induced
by the wall motion is calculated by solving the
Navier-Stokes for incompressible lubricant. The
reason behind this is the fact that based on the
previously published works, for example, see
[23,27], significant pressure gradients in the
surface-normal direction may exist due to large
dimple depth as employed here, and
consequently, Reynolds theory produces an
incorrect prediction of the hydrodynamic
pressure profile. Therefore, in this work the
Reynolds-averaged  Navier-Stokes  (RANS)
equation coupled with the continuity equation
are adopted to obtain the hydrodynamic
pressure profile. It should be noted that in the
present study, in order to obtain more accurate
results, for all following computations the
turbulence model is employed. The reason
behind this is that according to the work of Song
et al. [28], the values of viscous and inertia forces
change in particular when the slip condition in the
bearing presents. To simplify the numerical
simulation processing, the viscosity-
temperature characteristics of lubrication are
ignored.
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The RANS equation is:
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The continuity equation is:

0
_(Pui) =0 (2)

ox;

1

In Egs. (1-2), p refers to the density of the fluid;

ui and u; denotes the average velocity
components for x, y, z p expresses the
hydrodynamic pressure; y denotes the viscosity;

ui' and u'; express the fluctuation velocities;

- py;'v’; is the Reynolds stress; and i, j = 1, 2, 3

(x, ¥, z). In this work, the Reynolds stress is
solved by the standard k and e models [29],
where k is turbulent Kkinetic energy and e
turbulent dissipation rate.

2.2 Slippage modelling

The slippage boundary on the contacting surface
can be promoted by modifying the roughness and
wetting properties of the surface [9,18]. In this
way, the no-slippage condition assumption is no
longer valid. The Navier-slippage model as
expressed in Eq. (3) is adopted in the present
work. In this model, the slippage length g is
employed to assign the relation between slippage

velocity us and surface shear rate ou / 62|

surface

du
0z

u,=p (3)

surface

For all following simulations, to simulate the
effect of a slippage in a deterministic way, a
user-defined-function (UDF) is developed to in
the ANSYS FLUENT® package. As a note, UDF is
an additional subroutine that allows a user to
define the boundary conditions and material
properties as well as to specify customized
model parameters. In the present analysis, in
order to achieve the optimal behavior of
slippage surface, the slippage length is set to 100
pum based on the work of Choo et al. [30].

2.3 Cavitation Model

As widely known, during the operation of the
journal bearing, the cavitation may occur,
especially in the divergent area. In this study, for
all following computations, the cavitation
phenomenon in the lubricant domain is modelled
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by using a multiphase cavitation model, which
considers that cavitation results from the pressure
change. Additionally, the cavitation model
adopted here allows the growth of gas bubbles
which often accompanies the cavitation process is
calculated. Theoretically, the cavitation and fluid
models are coupled through momentum and
single set of density equations for the mixture. As
a note, the validity of the multiphase cavitation
model employed here has been experimentally
demonstrated in previously published work [26].
In the present work, the multiphase cavitation
model of Zwart-Gelber-Belamri is used due to
their capability (less sensitive to mesh density,
robust and converge quickly) (29,31).

In cavitation, the liquid-vapor mass transfer
(evaporation and condensation) is governed by
the vapor transport equation [29,31]:

%(avpv)wtv.(avpvv):Rg—Rc (4)
where a, is vapor volume fraction and p, is vapor
density. R; and R. account for the mass transfer
between the liquid and vapor phases in cavitation.
For Zwart-Gelber-Belamri model assuming that all
the bubbles have the system size in a system, the
final form of the cavitation is as follows [29]:

3, (1-a,)p, [2P,—P
P<p,, R, =F,,,— —— /— . (5)
e Ry 3 P,

3a,p, [2P-P,
Ry \\3 p,

(6)

pzpv’ Rc :F;‘und

where Feq = evaporation coefficient = 50, Feond =
condensation coefficient = 0.01, Rz = bubble radius
= 10 m, an= nucleation site volume fraction=
5x10-4, p;=liquid density and p, = vapor pressure.

2.4 CFD Model

Recent evidence suggests that in order to
improve the load support and reduce the
coefficient of friction, the partial texturing must
be employed. The model geometry of partially
textured journal bearing studied here is inspired
to the geometry employed in [4].

In order to achieve the effective computational
time, two-dimensional textured bearing geometry
and the corresponding groove texture are used as
shown in Fig. 1. A groove cell is characterized by
its depth (d) and width (Wiexture). For all following
simulations considered here, it is assumed that
the Wiexure is constant and equal to 4 mm, while
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the distance between grooves (Wgp) is fixed at a
value of 0.225 mm. A series of ten “half-round”
grooves applied on the certain area of the bearing
surface is adopted. The reason to choose the
“half-round” shape of groove is that it is easier to
manufacture it in practice. Additionally, based on
literature review there is a little effect of the
groove shape on the tribological performances of
the textured surface. In this work, grooves are
introduced from angular coordinates of 0; = 1220
measured from the position of maximum film
thickness. Based on the previous study [4] on
textured journal bearing, locating grooves at the
maximum pressure zone, which is similar in this
study, results in a significant reduction in the
friction coefficient.

Housin,

bmin

(b)

Fig. 1. (a) Textured journal bearing geometry, (b)
two-dimensional groove texture.

Therefore, in order to complement their
findings, more attention has been paid to
optimizing texturing parameters with respect
to the enhancement of the load support. In the
present work, the variation of the groove deep
is conducted at different loading conditions (i.e.
low, medium, and high loading) and surface
characteristics (i.e. with and without slippage
promotion).

For all following computations, a textured
bearing model by using a cosine profile is
employed as shown in Fig. 2. The profile of the
lubricant film thickness h of the journal bearing
used here reads: h = c (1 + € cos 6) [32,33]. The
bearing model depicted in Figs. 1-2 has the
following dimensions: the shaft radius r is 50
mm, the housing radius R is 50.145 mm, and the
angular velocity of shaft is 48.1 rad/s. For
lubricant properties, the dynamic viscosity u
used is 0.0127 Pas, and the density of lubricant p
is 840 kg/ms3, while for the lubricant vapor the
vaporization pressure used is 20 kPa, and the
dynamic viscosity is 2 x 10-5 Pas and its density
to 1.2 kg/m3.

In the present simulation, as shown in Fig. 2
the boundary condition of the model is set as
follows: One side of the maximum film
thickness is used as an inlet and the other as
an outlet. The pressure at the inlet (Pix) and
outlet (Pou) boundaries is taken as the
ambient pressure, i.e. zero pressure. The
upper surface of the lubricant film is modelled
as a stationary wall, while the lower surface is
modelled as a moving wall with no-slip
condition and a rotational velocity equal to
that of the shaft. During the simulation in
ANSYS FLUENT® software, the location of
cavitation and the pressure profile are
calculated in the MIXTURE model.

Housing

y Pimax Pressure Pressure
Inlet (Pw) Outlet (Pout)
% | No slip
o G 0=122° 0=170 v—> =360
Shaft
L

Fig. 2. Textured bearing modelled as a cosine profile.
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2.5 Solution Setup

Before the solution of the bearing performance,
the meshing of lubrication film needs to be
performed. The computational domain is meshed
with the uniform quadrilateral grid. In this way,
the grid system can minimize the relative
percentage difference of the simulation result up
to no more than 1 % at the convergence criteria
for the velocity parameter (set to be 1.0x10-6),
which is adequate for engineering calculation in
particular of Dbearing. Additionally, more
refinement of the grid system in particular in the
dimple area is also performed in order to get
mesh independent, see Fig. 3, for example. From
the figure, it can be observed that if the mesh
number is above 80,000, the simulation results
do not differ anymore. But obviously the
computational cost increases. Therefore, the
mesh number used for all following situations is
approximately 80,000 - 90,000 nodes across the
film depending on the groove depth.

48253 |- b
ag2s2 [\ 4
48251 | 4

48250 |- -

©
a
v 48249 m e
2 48248 | |
- .
48247 | B8 -
-
48246 |- —— -
48245 1 " L " 1 " L "
2000 4000 6000 8000 10000

Mesh Number (x10)

Fig. 3. Independent mesh of the model.

In the present numerical analysis, the pressure-
based solver is adopted. The pressure-velocity
coupling is treated using the SIMPLEC algorithm,
while for the momentum equations the second
order upwind discretization scheme is chosen.
For the volume fraction equation, the turbulent
kinetic energy as well as the turbulent
dissipation rate, the QUICK discretization
scheme is chosen. For more accurate result, a
convergence tolerance of 1x10-6 is employed for
all residual terms.

In the present study, the hydrodynamic pressure
as well as the load support is of particular
interest. Once the hydrodynamic pressure is
solved through Eq. (1), the load support of the
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bearing can be calculated from the integration of
the hydrodynamic pressure acting on the journal
as indicated in Fig. 2. It reads:

L
F=[p(x)dx 7)
0

where F refers to load support.

3. RESULTS AND DISCUSSION

In the present work, the simulation has been
carried out for two main configurations of
partially textured journal bearing as described in
Table 1. For the first configuration, that is, purely
textured bearing, the prediction of the
tribological performance is calculated when the
no-slippage situation is assumed. Emphasis has
been given to the second configuration which are
calculated for textured surface combined with
artificial slippage. This is of particular interest
because it is believed that based on several recent
studies, including [14-17], the textured surface
modification with proper slippage pattern may
lead to a significant improvement of their load
support, achieving in certain cases an increase of
200% in comparison to conventional designs.
However, in their works, the single-phase
cavitation model was still used.

For two configurations of bearing studied here,
the effect of the groove depth will be discussed
further in this work. As widely known, the
groove depth is a critical design parameter,
important for the performance of textured
bearing. In this work, two categories of the
groove are introduced in terms of minimum film
thickness hAmin, i.e. deep groove (i.e. d/hmin = 4.5
and 6 in this case) and shallow grooves (d/hmin =
0.45 and 1). It should be pointed out that the
variation of the groove depth is carried out such
that the groove depth does not exceed half of the
groove width.

Table 1. Simulated type of contact.

Ratio of groove
] . Type of depth to minimum
Configuration surface film thickness
(d/hmin)
Configuration 1 | Pure texturing 0.45;1;4.5;6
Combined
Configuration 2 | texture and 0.45;1;4.5; 6
slippage
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3.1. Validation

Before the investigation of the texturing effect
(with/without slippage) on the journal bearing
performance is explored, it is necessary to check
the validation of the CFD solution setup of
bearing model as well as the multiphase
cavitation model implemented in this
simulation. A comparative study in terms of the
hydrodynamic pressure of the smooth bearing
between the simulation data in literature [4] and
the present work is performed for the validation
purpose. The geometry as well as the operating
condition simulated in the present work is
similar to those in literature [4].

Based on Fig. 4, the hydrodynamic pressure
predicted by the present study matches well
with the corresponding simulation results in the
literature [4], which indicates the validation of
the used solution setup (i.e. bearing model and
cavitation model). Therefore, all following
simulations are carried out based on the cosine
profile model.

500

Cupillard et al. [4]

=

----- Present Study

300

Pressure (kPa)

100

0 b0

-100

Position (degree)

Fig. 4. The comparison of hydrodynamic pressure
between the simulation by present study and that by
Cupillard et al. [4].

3.2. Pure Texturing

As widely known, the lubrication bearing
performance is directly influenced by the
eccentricity ratio representing the loading
during operation. Therefore, in the present
study the prediction of the performance is also
made for different eccentricity ratios, i.e. £=0.2
(light loading), &€= 0.5 (medium loading) and
¢ = 0.8 (heavy loading).

Figure 5 shows the hydrodynamic pressure of the
textured and smooth journal bearings for light
loading (i.e. low eccentricity ratio). It can be seen

there is a shift of the location of the maximum
pressure if the texturing is used. The results also
show that the textured journal bearing operates
with lower value of maximum hydrodynamic
fluid film pressure in comparison to smooth
journal bearing. However, when the textured
surface is introduced, the length of the cavitation
area becomes shorter. As a consequence, the
improvement of the performance of the textured
bearing is highlighted. The results of the load
support of the textured bearing become higher
compared to that of smooth case. Depending the
ratio of depth to minimum film thickness d/hmin,
the increase in load support ranges from 34% to
50%. With respect to the effect of groove depth, it
can be found that the pressure profiles have a
similar trend in terms of cavitation zone. Clearly,
based on physical point of view the promotion of
surface texturing is able to reduce the cavitation
phenomena irrespective of the groove depth.

120 ’ : : T . T T T T T

Smooth
dfh =045
—=—d/h =1
—e—dfh =45
“—dfh =6 —

Pressure (kPa)

0 i 60 . 120 I 180 ‘ 240 i 300 I 360
Position (degree)
Fig. 5. Hydrodynamic pressure distributions for low
loaded bearing (¢ = 0.2).

Further, from Fig. 5 one can find that the
textured bearing, compared to the smooth
bearing, induces the valley located at the
starting position of the groove. This prevails for
all value of groove depths. In the case of textured
bearings, there exists jump value in the
maximum hydrodynamic pressure at the
circumferential angle of about 170¢. This result
may be explained by the fact that there is a
sudden change in the film thickness at the
location of the end position of the groove. The
most interesting finding is that there is an
optimum value for d/hmin for texturing case. It is
evident from Fig. 5 that the d/hmin of 1 generates
the highest load support which indicates that for
low loaded bearing the use of shallow dimple is
recommended for improving the load support.
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Figures 6 and 7 provide a comparison of the
hydrodynamic pressures between the smooth
bearing and the textured one for medium (i.e.
e= 0.5) and heavy loadings (&= 0.8),
respectively. Comparing Figs. 6 and 7 shows that
the cavitation zone of the high loaded bearing
covers 30 % larger than that of the medium
loaded bearing. For the case of medium loaded
bearing, the cavitation occurs at the
circumferential angle of about 230°. When the
eccentricity ratio is increased to be 0.8, there is a
shift of the starting location of the cavitation
toward the inlet of the contact. Generally, to
compensate the decrease in the pressure due to
the cavitation, the lubricant in the convergent
area must produce more hydrodynamic
pressure as reflected in Figs. 6 and 7. As
expected, the peak pressure increases with the
increase in the eccentricity ratio for all cases (i.e.
smooth and textured contact).

400

300

[
=]
=}

Pressure (kPa)
=
o

0 60 120 180 240 300 360
Position (degree)

Fig. 6. Hydrodynamic pressure distributions for
medium loaded bearing (¢ = 0.5).

T i T % T L T i T b4
A

1200 - Smooth b
d/h,,, =045
1000 |- ——dfh,=1 | T
—e—d/h_ =45
s60 L min |
—dfh,, =6

o
T

Pressure (kPa)
s
T

200

|
-

ﬁ.—h—‘rﬁh'““‘ifk‘

-200 " 1 N I " 1 N 1 N I
0 60 120 180 240 300 360

Position (degree)

Fig. 7. Hydrodynamic pressure distributions for
heavy loaded bearing (& = 0.8).
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[t is interesting to note that comparing the
three results in Fig. 5 (i.e. low loaded bearing),
Fig. 6 (i.e. medium load bearing), and Fig. 7 (i.e.
heavy loaded bearing) the textured bearings
generate the larger pressure profile compared
to the smooth one. Surprisingly, for textured
bearing with d/hmin of 1 the peak pressure
reaches the highest value compared to other
patterns irrespective of the eccentricity ratio. It
indicates that the groove depth which is set
equal to the minimum film thickness is the
optimal value of groove depth for inducing the
highest load support. Further analysis shows
that unlike the low loaded bearing, the medium
load bearing as well as the high loaded bearing
with texturing flatten the hydrodynamic
pressure locally and maximum pressure is
influenced. In the area of maximum pressure,
the pressure profile is truncated without
presenting the valley of pressure.

By comparing the maximum value of fluid film
pressures for three cases studied here, it has
been found that the higher the loading of the
bearing operation, the higher the predicted
maximum hydrodynamic pressure both for the
case of smooth journal bearing and textured one.
The most possible explanation is that the journal
bearing with high eccentricity ratio ¢ generates
more converging and diverging fraction for
hydrodynamic action compared to that with low
€. Generally speaking, from these pressure
profiles depicted above, it has been easily
investigated the effect of textured surfaces as
well as the groove depth on the fluid film
hydrodynamic pressure distribution along the
circumferential direction of the corresponding
bearings. For each eccentricity ratio, it can be
observed that the truncation profile is
dependent on the groove depth. For deep
groove, the truncation in the pressure profile
seems flatter compared to the cases with
shallow groove. For example, in the case of ¢ =
0.5 when the ratio of the groove depth to the
minimum film thickness d/hmin is increased by a
factor of 10 (d/hmin = 4.5 in this case), the
truncation in the pressure distribution becomes
flatter. However, for optimal groove depth, that
is, d/hmin = 1, a unique feature is observed, that
is, the peak pressure is found to be highest
compared to other depths. This is the reason
why the largest load support predicted by the
bearing with d/hmin of 1 can be achieved.
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In more detail, the effect of groove depth at
different eccentricity ratios on the load support is
shown in Fig. 8. Here, the result is presented in
terms of performance ratio, that is, the ratio of the
load support predicted by the textured bearing to
that smooth bearing. The negative value means
that the deterioration of the bearing performance
is noted. Figure 8 illustrates that the texturing
effect becomes more dominant for the case of low
eccentricity ratio (i.e. low load) irrespective of the
groove depth. A contradictive result is observed
for heavy loaded bearing. The use of texturing
does not affect the load support very much for
each groove depth. Based on the physical point of
view, the large eccentricity ratio can weaken the
hydrodynamic action of the texturing because of
enhancement in the cavitation phenomena in the
divergent area. In fact, for deep groove (d/hmin > 1
in this study) the negative effect of texturing on
the load support can be clearly highlighted for
high & The reduce in load support, compared to
the smooth bearing, reaches 14 % for deep
groove. It indicates that for the case of high
loaded bearing (i.e. high eccentricity ratio) the
use of textured surface with deep groove is not so
effective in improving load support.

60
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-20

Be=0.2 €=0.5 Be=08

Increase in load support (%)

d/hyin = 0.45 d/hyin =1 d/hyin =45 d/hyin =6

Fig. 8. Effect of texturing on the load support
performance varying the eccentricity ratios for
different d/hmin. (Note: The performance prediction is
evaluated in comparison with the smooth
conventional bearing).

By further inspecting Fig. 8, it can be seen that
an optimum groove depth with respect to the
load support is identified for all cases studies
here. On the other words, an interesting way of
improving the load support of partially textured
bearing is by designing the groove depth equal
to the minimum film thickness, that is, d = hmi, as
mentioned earlier. Based on physical point of
view, this behavior is more due to the effect of
the presence of the truncation in the maximum
pressure area rather than the cavitation
phenomena as demonstrated in Figs. 5-7.

3.3. Slip Texturing

As discussed by Zhang et al. [34], the
arrangement of slippage boundary on smooth
surface of journal bearing has a crucial effect on
the tribological performance including the
occurence of cavitation. However, the available
literature survey indicates that the studies related
to slippage arrangement on textured surface of
journal bearing are very limited. Therefore, it is
also interesting to check whether a different
placement of the artificial slippage applied on
textured contact has a significant effect on the
tribological performance. In the present study in
order to further explore the advantage of the
existence of the fluid-solid interface slippage, in
the following computations the predicted
performance simultaneously will be evaluated.

In the present work, three placements of artifical
slippage, applied to create three hydrophobic
textured patterns (Fig. 9), are proposed and
compared with each other. With respect to the
load support enhancement, the textured surface
with shallow groove (d/hmin < 1) is chosen based
on the results discussed in the previous section.

Figure 10 shows the influence of slippage
placements applied of textured bearing on the
hydrodynamic pressure for two different values
of the groove depth: d/hmin = 0.45 and d/hmin = 1.
In this analysis, the performance of slippage
textured bearing is compared to the solely texture
bearing (without slippage) to assess the influence
of slippage promotion. As illustrated in Fig. 10 (a),
in the case of d/hmin = 0.45, the slippage-textured
bearing with “slip gap” pattern is characterized
by substantially same level of peak pressure as
well as the length of the cavitation zone, in
comparison to the solely textured bearing. It is
also found that a very large increase in the
hydrodynamic pressure profile is registered
when the slippage is promoted at more edges of
the groove cells, that is, “slip texture” and “slip
full”. For such patterns, the pressure increases
and then decreases to minimum value along the
convergent zone. However, at textured area the
pressure makes a pressure jump which yields the
peak pressures for “slip texture” and “slip full”
patterns become higher compared to “slip gap”
and “no slip” patterns. Additionally, the most
interesting finding based on Fig. 10 (a) is that the
length of the cavitation section reduces a lot at
the divergent zone.

409



M. Tauvigirrahman et al, Tribology in Industry Vol. 41, No. 3 (2019) 401-415

¥ B outlct
X
a=0 a=122 r‘?:."?ﬂ* [ SR | 0 =360
Shait
— I —
(a)
gap
|
d
I =
!
“](L’X(Uﬂ.’
(b)
ap
|
d
Ir L
A
(@

Fig. 9. Three placements of slippage on textured surface, (a) “Slip Gap” (i.e. slippage covers only valley edge of

the groove), (b) “Slip Texture” (i.e. slippage applied on the internal edge of the groove), (c) “Slip Full” (i.e.
slippage applied on all edges of the groove).
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Based on physical point of view, it indicates that
more (super)oleophobic materials used to
mimic the slippage on textured area generate
more positive effects in enhancing the pressure
profile. This finding matches well with the
results of Muchammad et al. [18] who
analytically concluded that employing more
slippage could retard cavitation level. As
indicated in Fig. 10, the pressure rise is due to a
shorter cavitation region at the divergent area,
while at the convergent area in particular at the
textured area, the “slip full” textured region
generates higher pressure gradient.

In the case of d/hmin = 1, based on Fig. 10b two
specific features can be drawn. First, in general in
comparison with the purely textured bearing, the
slippage-textured bearings give the similar
performance both at the convergent zone and the
divergent zone. The difference lies only in the
value of peak pressure depending on the groove
depth. Second, it is very interesting to note that
compared to the case of d/hmin= 0.45 (Fig. 10a), the
peak pressure for “slip texture” as well as “slip full”
case becomes lower. It indicates that introducing
more slippage condition on textured zone does not
affect the performance very much. This is different
when the groove with d/hmin of 0.45 is employed;
the more (super)oleophobic material used on
textured area, the larger the corresponding load
support becomes. It should be noted that based on
Fig. 10, the predicted load support of slippage-
textured bearing will be a function of pressure in
textured area and pressure distribution in the
cavitation zone. For more details, the load support
predicted by textured bearing with or without
slippage for two different groove depths is
summarized in Fig. 11.
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(UMMM
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B
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No Slip Slip Gap Slip Texture Slip Full

Surface boundary condition
Fig. 11. The load support of textured bearing at

different surface conditions for two values of groove
depth. All results are evaluated at € = 0.2.

Obviously, the results suggest that: (1) if the
textured bearing is designed to have a very
shallow deep (for example, d/hmin = 0.45 as
studied here), for achieving the maximum load
support it is very advisable to use more slippage
conditions on groove cells (i.e. full slip), (2) if the
textured bearing with higher groove depth is
employed (d/hmin = 1, for instance), the use of
the slippage is not necessary; the texturing itself
is able to provide the load support.
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Fig. 12. Effect of slippage placement on the load
support performance of the low loaded bearing. Note:
The performance prediction is evaluated in
comparison with the conventional smooth bearing.

Finally, it is necessary to investigate the load
support improvement in comparison with the
conventional bearing (without texturing and/or
slippage) for various possible textured surfaces.
Figure 12 shows the effect of texturing
application with various slip conditions for two
values of shallow groove depths, i.e. d/hmin= 0.45
and d/hmn = 1 on the load support. All
calculations are compared with the performance
of the conventional bearing (i.e. smooth without
slippage). It can be seen that when the
improvement in load support is superior for the
purely textured bearing (50 % larger compared
to smooth bearing), the slippage-textured
bearing with the same groove depth (in this case
d/hmin = 1) produces slightly more load support
(only up to 7 % larger) compared to purely
textured bearing. As mentioned earlier, it
indicates that the texturing with d/hmin= 1 has a
more dominant effect than slippage effect. A
different result is shown for lower groove depth
(i.e. d/hmin = 0.45). The textured bearing with
lower groove depth yields a very significant
increase in the load support by adding the
slippage boundary condition on groove cells. For
example, for case of “slip full”, the 88 % and 40
% improvements of load support are obtained
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compared to conventional bearing and purely
textured bearing, respectively. In fact, as
illustrated in Fig. 8, for low loaded bearing the
purely textured bearing with d/hmin = 0.45 gives
lowest increase in load support (only up to 34
%) compared to other textured configurations.
Generally speaking, these results demonstrate
how slippage combined with texturing can be
very promising way for designing very high load
support lubricated bearing in certain conditions.

To validate the above conclusion about the
advantages of the combining texturing with
slippage in the case of low loaded bearing, the
tribological analysis of medium and heavy loaded
textured bearings is also conducted. For this, the
eccentricity ratio is changed to be 0.5 and 0.8,
respectively, while other input parameters for
these calculations are the same as ones employed
for low loaded bearing analysis.
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Fig. 13. Effect of slippage placement on the load
support performance of medium loaded bearing (¢ =
0.5). Note: The prediction is evaluated in comparison
with the smooth conventional bearing.
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Fig. 14. Effect of slippage placement on the load
support performance of heavy loaded bearing (¢ =
0.8). Note: The prediction is evaluated in comparison
with the conventional smooth bearing.

Figure 13 and 14 provide the results of load
support for slippage-textured bearing under
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medium loading (i.e. € = 0.5) and heavy loading
(i.e. € = 0.5), respectively. Two specific features
can be observed based on these figures. First, in
general with respect to the performance of
conventional smooth bearing the increase in
load support of the medium loaded bearing as
well as the heavy loaded one is not as large as
that of the low loaded bearing. It seems that the
positive effect of texturing reduces with the
increase in the eccentricity ratio. Obviously, this
behavior is similar to the performance of purely
textured bearing. Second, with respect to the
effect of groove depth, the bearing with very
shallow groove (i.e. d/hmin = 0.45) results in
more significant improvement in the load
support compared to that with deeper shallow
(d/hmin = 1 in this case) when more slippage
conditions are induced on textured area. For
example, for the case of “slip full” the difference
in performance is quite large. For pattern with
d/hmin = 1, the increase in load support achieves
20% while for d/hmin = 1, the increase is just up
to 3%. The latter gives the same performance
with the purely textured one. On the other
words, as discussed earlier, combining the
slippage with deeper groove depth is less
effective to produce the load support for all
loading conditions considered here.

[kg/sfsse-os 2.28e-02 4.57e-02 6.85e-02 9.13e-02 1.14e-01 1.37e-01 1.60e-01 1.83e-01 2.05e-01 228e-01
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[ — _—

3.05e-11  1.18e-02 2.36e-02 353e-02 4.71e-02 589e-02 7.07e-02 825e-02 942e-02 1.06e-01 1.18e-01

[kg's]

)
Fig. 15. Stream function in the dimple geometry of
purely textured bearing with d/hmin = 4.5 for case: (a)
£=0.2, (b) £=0.8.

To investigate why texturing with/without slip is
more effective at low loaded bearing in terms of
load support, one needs to understand the main
factors contributing the hydrodynamic pressure.
Two specific factors can be drawn. First, in the
case of low loaded bearing (i.e. low eccentricity
ratio), as indicated in Fig. 5 and Fig. 10,
respectively, for pure texturing and slip-texturing
cases, some additional pressure can be generated
due to the dimples. The dimples seem to be able
to produce a higher gradient pressure compared
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to the dimples in the case of higher eccentricity
ratios (i.e. € = 0.5 and 0.8 as shown in Figs. 6 and
7, respectively). Second, as reflected in Fig. 15 a
recirculation zone in the flow inside the dimples
in the case of ¢ = 0.2 is found to be larger
compared to ones in the case of € = 0.8. It can be
seen that the vortex decreases in size as the
eccentricity ratio increases. This is as expected
because for the same d/hmin the dimple depth
changes following the eccentricity ratio. This
difference leads to the change of flow
characteristic inside the dimple. Based on the
work of Shankar and Deshpande [35], a stretched
recirculation zone as depicted in Fig. 15 (b) leads
to lower pressure gradient and thus lower
pressure generation as shown in Figs. 6 and 7.

4. CONCLUSION

This study investigates the hydrodynamic
performance of textured journal bearings
considering the slippage. Large numbers of CFD
analyses are conducted to find the influence of
groove depth, slippage placement, and
eccentricity ratio on ultimate load support and
hydrodynamic  pressure. The  multiphase
cavitation model used here revises the traditional
single-phase cavitation model that neglects the
phase change within the divergent zone. Based on
the simulation results, the following conclusions
can be drawn from the study:

1. The simulation results show that the higher
the eccentricity ratio, the lower the positive
effect of introduction of texturing. This
prevails both for the purely textured bearing
and the slippage textured one.

2. In the case of purely textured bearing, the
optimum groove depth exists to a achieve the
maximum load support. For a purely textured
journal bearing with given eccentricity ratio,
the groove depth which is equal to minimum
film thickness results in the highest
additional load support.

3. In the case of a combination of slippage and
texturing, a well-chosen placement of the
artificial slippage condition on textured zone
of the bearing has more positive effect with
respect to the load support, compared to
purely textured surface. Introducing the
slippage boundary on all groove edges of
textured area leads to a significant
enhancement in load support.

4. The positive effect of the slippage-textured
bearing would have been more significant in
enhancing the tribological performance if a
relatively shallow groove depth has been
used. This finding may have useful
implications for enhancing the additional
load support.

For future, in order to investigate the potential
application of slippage in more detail, the work
will be dedicated to the comparison analysis
between the texturing effect and slippage effect
on the load support and friction generation.
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