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ABSTRACT

It is a known fact that incorporating textures in the contact surfaces can significantly enhance
bearing performances. The purpose of this paper is to outline the effects of texture bottom
profiles and contour geometries on the performances of hydrodynamic textured journal
bearings. The analysis was conducted using computational approach to test eight texture
shapes: rectangular, cylindrical, spherical, triangular (TR, T1, T2, T3) and chevron. The steady-
state Reynolds equation for modelling the hydrodynamic behaviour of thin viscous film was
solved using finite difference technique and mass conservation algorithm (JFO boundary
conditions), taking into account the presence of textures on both full film and cavitation
regions. The comparison with the benchmark data shows good consistency and an
enhancement in bearing performances (load carrying capacity and friction). The results
clearly show that the mechanisms of wedge effect and micro-step bearing for the full/partial
texturing feature are the main crucial parameters, where the convergent wedge effect
present in T2 triangular texture shape can significantly enhance the load-carrying capacity,
while the divergent wedge action causes a net load loss. Considering the right arrangement
of textures on the contact surface, their surface contours can have a significant impact on
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the performance of hydrodynamic journal bearings at high eccentricity ratios.

1. Introduction

The industrial world is currently facing a challenge
where the economic conditions are restricted, due to
the rise in energy prices, and environmental require-
ments. Consequently, many researches are often
directed towards the optimization of existing systems,
reducing energy consumption and increasing perform-
ance. It is well known that the performances of any
machine are directly influenced by its effectiveness in
terms of friction, which is the main cause of wear and
energy losses. For example, in the automobile industry,
more than one-quarter of the consumed energy is used
to overcome the friction between components [1]. This
fact is similar in other industrial sectors, such as aero-
nautics field. The study of these tribological aspects,
i.e. friction, lubrication, wear and contact mechanics,
becomes fundamental. Moreover, the technological
progress that has been achieved in recent years, allows
for a precise control of the surface properties (rough-
ness, grooves, discrete textures/dimples). The technique
of surface texturing is commonly used to control the tri-
bological performances of the considered system. The
idea is originated from the roughness, but in the case
of surface texturing, the operator intentionally incor-
porate a well defined dimple shape to obtain the desired
tribological characteristics [2]. Textured surfaces are
characterized by various geometrical parameters such

as shape, size, area density and orientation distribution
of the pattern. For composing the specific types of
texture patterns, there are various well-known shapes
such as rectangular, cylindrical, spherical, sinusoidal,
triangular, elliptical, chevron, etc, which are commonly
used in published literature [3]. There is a wide range of
industrial techniques that can be used for manufactur-
ing this surface texture, such as laser surface texturing
[4], reactive ion etching [5], LIGA process (lithography,
moulding and electroplating) [6], vibro-rolling [7],
vibro-mechanical texturing [8] and abrasive jet
machining [9].

Surface texturing have many functionalities, e.g. in
the seals industry, this technology is applied to mini-
mize friction and leakage in mechanical [10]/gas seals
[11,12], in the automotive industry, it is used to reduce
friction of piston rings [13]. Furthermore, surface tex-
turing has proved to be very effective in all lubrication
regimes, particularly in the case of hydrodynamic bear-
ing systems [5], where it is employed to improve the
load carrying capacity by providing supplementary
hydrodynamic pressure [14], acting as lubricant reser-
voirs to ensure supply in cases of lubricant starvation
[15,16], entrapping wear debris and abrasive particles
to prevent severe wear [17-21].

The study of textured journal bearing has been the
object of numerous theoretical and experimental



studies. Lu and Khonsari [22] presented a series of
experimental results to examine the effect of fully and
partially textured journal bearings on the Stribeck
curve. They explored the effect of external force, oil
type and texture parameters on the friction character-
istics. It was shown that the friction coefficient in
fully textured bearing, can be reduced, with the appro-
priate selection of texture size, depth and density. One
of the first works focusing on the numerical aspect of
textured journal bearings was conducted by Tala-
Ighil et al. [23,24], where they used a finite difference
model to solve the two-dimensional Reynolds equation
under steady-state conditions. Their objective was to
investigate the effect of the spherical and cylindrical
shapes on the bearing performance, where it was
reported that textured surface affected the main bear-
ing characteristics. Depending on the dimple par-
ameters (size, depth, density and distribution),
texturing can exert positive or negative effects. Further,
they reported, that the partial texturing configuration
including the texturing of multiple zones has a positive
influence on hydrodynamic contact characteristics.
Another study was presented by Ausas et al. [25],
where they numerically investigated the impact of the
cavitation model on the performance of textured jour-
nal bearings. A comparison was made between results
obtained from the classical Reynolds model and the
mass conserving algorithm proposed by Elrod and
Adams [26] for fully textured journal bearings with
rectangular dimples. A slight increase in the minimum
film thickness and friction torque was observed.
Another, numerical study, performed by Kango et al.
[27,28], shows the combined influences of viscous
heat dissipation and non-Newtonian rheology of lubri-
cant on the performance of textured journal bearings.
Spherical dimples using mass conservation algorithm
and oil mixing temperature concepts were used. The
finite difference technique for solving the Reynolds
and energy equations was adopted. It was noticed a
reduction in average temperature of the lubricant in
the presence of surface texturing in comparison to
smooth surface of the bearing. Zhang et al. [29] pre-
sented a parametric design of the surface texturing
on the journal bearing, with the aim of achieving the
optimal textures distribution for improving the load
capacity.

To explain the behaviour of the lubricant inside the
micro-textured surfaces, several mechanisms have been
proposed. The most common mechanisms were: the
‘micro-wedge action’ [14,30], the ‘collective dimple
effect’ [31], the ‘inlet roughness’ [32,33], the ‘load sup-
port mechanism’ [34,35], and the ‘balancing wedge
action’ [36]. Based on these mechanisms, Nanbu
et al. [37] reported that textures with bottom shapes
containing a micro-wedge and/or a micro-step bearing
tend to increase film thicknesses and pressure lift.
Recently, Uddin et al. [38] investigated the effects of

surface texture shape, geometry, bottom profile, orien-
tation, depth and density on the tribological perform-
ances of parallel rotating thrust bearings. It was
mentioned that considerable improvement in the bear-
ing performance is achieved by texture shapes with
micro-wedge and/or micro-step features.

The above-mentioned works show that, the tribologi-
cal performances of textured surfaces are very sensitive
to the texture mechanism. Indeed, some dimple shapes
with micro-wedge and/or micro-step features perform
better by increasing the load lifting capacity and lowering
the friction force. No systematic study dealing with the
wedge effect and/or contour geometries of texture shapes
on the particular case of journal bearing appears to exist
in the open literature. Thus, the objective of this
numerical study is to bring elements of a response to
the questions related to the effect of texture contour geo-
metries and bottom profiles on the main journal bearing
characteristics (i.e. film thicknesses, pressure distri-
bution, load carrying capacity, friction coefficient, side
leakage, etc), using Elrod’s efficient mass conservation
algorithm for implementation the JFO boundary
conditions.

The content of this paper is organized as follows :
Section 2 provides the description of the modified Rey-
nolds equation, cavitation boundary condition and the
computational procedure. Section 3 is devoted to
the numerical results and discussions, which contains
the preliminary validation and performance analysis.
Finally, conclusions are given in the last section.

2, Governing equations for hydrodynamic
journal bearing

2.1. Reynolds equation and Elrod cavitation
algorithm

In the lubrication theory, Reynolds equation is
employed for the computation of the pressure distri-
bution of thin viscous fluid films. Based on the assump-
tions [1] that : the fluid is Newtonian; isoviscous and
incompressible under laminar flow, the Reynolds
equation for a journal operating at steady state regime
(in Cartesian coordinates), can be written as:

(1 ,0p (1 _;0p\ 1 d(ph)
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where p : lubricant pressure, h : film thickness, y :
dynamic viscosity, p : lubricant density and U : shaft
speed.

In the full film zone, the density is constant and
Equation (1) becomes:
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In rupture zone, the pressure remains constant at
the cavitation pressure. Hence, Equation (1) is



reduced to:
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In order to take into account the effect of film rupture
and reformation, Jakobsson, Floberg [39] and Olsson
[40] proposed the so-called JFO boundary conditions.
The JFO boundary condition have been added to be
more realistic then Reynolds boundary condition
and sufficiently accurate model to account for lubri-
cant cavitation, especially in: misaligned, dynamical-
loaded and textured bearings [25,27,41].

To use the JFO boundary conditions, Elrod [26]
suggested to combination of the two Equations (2)
and (3) into a single ‘universal’ equation that covers
both the cavitated and the full film regions, by introdu-
cing a new parameter called fractional film content
= p/p., where p, is the cavitated oil density.

The resulting mass conservative form of the
Reynolds equation where the unknown is the factional
film content instead of the pressure can be written as
follows:
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where f3 is the bulk modulus which represents the vari-
ation of the lubricant compressibility in the full film
region and the pressure p is given by:

p=p2 ®)

and g(@) is the switch function (cavitation index)
which is zero in the cavitation zone and equal to
unity in the full film zone.
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After solving Equation (4) for ®, the pressure in the full
film region can be determined using the following
relation [26]:

p=pc+gBIn(6) @)

where, p, is the cavitation pressure.
By introducing the following dimensionless par-
ameters:

2
6=x/R Z=z/L h=h/C F=y/h p=§%

where, R: bearing radius, L: bearing length and C: radial
clearance.

The dimensionless form of the modified Reynolds
equation becomes:
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and the dimensionless pressure is described by:
P=P,+gBIn(6) 9

where dimensionless film thickness is described by

h62) = hsmooth(e) + Ah(az) (10)

where, ﬁs"woﬁ,(g) denotes the smooth part of the film
geometry (Es,m,o,h(g) =1+4+ecosf) and M(O,Z)
is the part due to the textured surface, it
characterizes the depth of the fluid film in the texture
(Figure 1).

2.2, Texture shapes, geometries and
configurations

In general, textures can be characterized by their
shape (contour geometry, bottom profile), size (con-
tour dimension, depth), number (along axial/circum-
ferential directions), density and distribution. Based
on textured thrust pad bearing studies reported in
the literature, Zhang et al. [42] demonstrated that,
square texture shape performed the best hydrodyn-
amic enhancement, followed by the triangle, circle
and rectangle. While, Uddin et al. [38] showed that
texture shapes with convergent (positive) wedge bot-
tom profile offer the best performance, while, texture
shapes with divergent (negative) wedge bottom profile
perform the worst. According to that reasoning, in
this study, eight different texture shapes are con-
sidered and grouped into two main categories. Four
texture shapes with constant dimple depth or flat bot-
tom (Ah = cst): square, cylindrical, triangular and
chevron fall within the first category. The second cat-
egory concerns another four texture shapes with vari-
able dimple depth or wedge bottom (Ah # cst): T1,
T2, T3 and spherical. It should be emphasized that
the first category is chosen to highlight the effect of
texture contour geometries at the bearing surface
and the second one to examine the effect of bottom
shape profiles. Texture geometries, parameters and
equations are summarized in Tables 1 and 2, respect-
ively. The coordinates of the texture centre C are
noted (x., y., z;). This centre is located on the bearing
surface, making y, = 0. Texture dimensional par-
ameters are 7y, 1, and 7, in the x, y, and z directions,
respectively.

Tala-Ighil et al. [43] simulated 25 cases of
cylindrical texture shape with different texture
distributions including full texturing and partial
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Figure 1. Representative scheme of: (a) straight section of the textured journal bearing; (b) detailed section for the texture scheme.

texturing with one or multiple separated zones of the  texturing, in the other side, has a positive influence.
bearing surface. They reported that, in one side, full Furthermore, they reported that, the optimal region
texturing have a detrimental effect, and the partial = where texturing can provide more efficiency is

Table 1. Texture profiles and geometric equations four shapes with flat bottom profiles (adapted from [2]).
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Table 2. Texture profiles and geometric equations for shapes with wedge bottom profiles (adapted from [37]).

Description Texture shape
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located at the second half of bearing surface, where
the area under the declining part of the pressure
field is situated. In this study, two texture configur-
ations, as shown in Figure 2, are considered.
Dobrica et al. [44] studied fully and partially tex-
tured parallel slider bearings by applying a two-
dimensional = mass-conserving form  of the
Reynolds equation. They showed that, in one hand,
the fully textured surface can only generate load car-
rying capacities when the inlet is textured, on the
other hand, the partially textured sliders are capable
of creating substantial hydrodynamic lift, especially
when the supply pressure is higher than the cavita-
tion pressure and textures are placed at the inlet. Fur-
thermore, they demonstrated that the texture density
cannot be optimized for the partially textured sliders,
because the load carrying capacity always increases
with density, resulting in an optimum density of
100%. However, a density of 100% actually results
in a stepped slider and the term texture becomes
questionable. In practice, that means that the optimal

texture density is the maximum achievable, limited
by the fact that high densities may lead to stress
concentration, weakening the surface. In this paper,
four densities (20%, 40%, 60% and 80%) are
considered.

2.3. Numerical procedure

Based on the mass conservation algorithm (JFO
boundary conditions), the approach proposed by
Vijayaraghavan and Keith [41] is used herein. The
finite differences method with Gauss-Seidel iterative
process  (successive over-relaxation ‘SOR’) is
employed to compute the fractional film content
(). Usually, an iterative loop with a convergence
criterion is required when JFO boundary conditions
are imposed [25]. Moreover, this method is
very easy to implement which makes it the preferred
solver for small and medium-sized problems [45]. In
order to improve the convergence speed and avoid
the problem in stabilizing the cavitation zone, the
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Figure 2. lllustration of textures distribution in the circumferential and axial directions on the bearing surface: (a) full textured case

(0° to 360°); (b) partial textured case (180° to 360°).

modified switch function algorithm developed by
Fesanghary and Khonsari [45] is used in the compu-
tational code, where the ‘gfactor’ is chosen from the
range of 0 to 0.9, and then, the dimensionless
pressure field in the full film region can be deter-
mined using the Equation (9).

The computational process consists of:

¢ Introduction of input data: geometrical parameters
(L, D, C, and e), operating conditions (N, y and f3),
texturing parameters (nCy, nC,, 1y, 1, 1, 01, 0, 2,
and z,) and grid size and convergence criteria;

e Input initial values of: fractional film content @?9)2)
and binary switch function gf’g,z);

¢ Compute the film thickness using Equation (10);

¢ Solve the modified Reynolds Equation (8);

e Imposition of JFO boundary conditions on affected
nodes (Equation (6));

e The fractional film content is obtained by
verifying the following convergence condition:

% < tolg at each node (i, j) of the bearing surface
L)

mesh;
¢ Once the convergence condition is satisfied, the
pressure profile can be determined using

Equation (9) and the bearing characteristics can
be deduced.

The process described above corresponds to the
resolution of direct problem whose eccentricity ratio
€ is known, for the inverse problem which consist of
determining the position (the relative position ¢) of
the centre journal in the bearing for an imposed
applied load F.

The procedure consists of:

 Input initial values of: the eccentricity ratio &o;

¢ Solve the direct problem for the value &;

o The calculated load carrying capacity W¢ is com-
pared with the applied load F;

e Calculation of a new eccentricity ratio &£ by the
method of Brent [46];

e The process stopping after the load convergence

condition ”—V%—‘ﬂ < toly is satisfied.

We present, the global computational procedure in
the following flowchart (Figure 3).

2.4. Static characteristics of hydrodynamic
journal bearing

Performance characteristics of the journal bearing for
smooth/textured cases are computed using the follow-
ing relations:
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Figure 3. Flowchart for resolution of hydrodynamic problem.

The dimensionless load components in the circum-
ferential and the axial direction are given as:

1 p27
Wg = — J J 1—)(9,2) COS(G) dedz
0Jo

1 p27 (1 1)
Wz = J J T’(g,z) Sll’l(@) d6dz
0J0

Then the total bearing load capacity and the attitude
angle are:

— Y — W
We = \/W?, + Wéd) = arctan% (12)

The dimensionless lubricant axial film flow discharging

Evaluation of journal bearing
performance characteristics

from the two ends of the bearing, is given by
1 6. 2.5
— * R aP(O’end) -3 — (= -
q, = j 0 L (I) S (7~ 1) d0dy (1)

The dimensionless friction torque acting on the journal
surface is given by:

(14)

Where, hg, 7 is the equivalent of oil film thickness in
cavitation zone.



Table 3. Comparison of performance characteristics of smooth
journal bearing.

Present study Jang and Khonsari [47]

Eccentricity ratio e 0.395 0.392
Maximum pressure  Prmax (MPa) 5.799 5.90
Leakage flow-rate Q (cm3/s) 3.153 29
Attitude angle &° 67.618 69.1
Friction coefficient f 0.0037 0.0039

Consequently, the frictional coefficient is obtained

as follows:
R F,
—) == 15
f(c) Wc¢ &

All numerical integrations was carried-out by means of
Simpson’s 1/3rd rule.

3. Numerical results and discussions
3.1. Preliminary validation

Based on the analysis described in the present paper, a
Matlab computer program was developed. This section
is devoted to the validation of our code. To this end, a
comparison analysis is performed between our results
and those from researchers works [24,47], for
smooth/textured surfaces of the bearings.

Case 1: Smooth surface
Parameters adopted for this comparison are:

¢ Bearing data: (a) amplitude of external load F=
20000 N; (b) journal diameter D = 40 mm; (c) bear-
ing length L=80mm; (d) radial clearance
C = 30 wm; (e) Shaft speed N =2500 rpm; (f) lubri-
cant viscosity = 0.02 Pa s; (g) bulk modulus B =5
GPa.

¢ Computational method parameters: (a) finite-differ-
ence method (FDM) with JFO boundary conditions
(b) grid size (91,41); (c) convergence criteria
tolg = 107, tolyy = 1074,

Table 3 presents the comparison between our pre-
dictions and those of the already mentioned paper
[47]. It can be noted that the obtained values are very
close to the reference ones.

The two dimensional results of film thickness, frac-
tional film content and pressure distributions

ES

g
Ez
E
H

Fractional film content

b

obtained by the computational code are plotted in
Figure 4 in order to further check its validity. Note
that, in fractional film content distribution, the area
where @ > 1 represents the full film region, and the
area where @ <1 represents the cavitation region;
the variation in fractional film content in full film
region is very small due to the large bulk modulus.
However, a small variation in fractional film content
in the full film region causes large change in the
pressure distribution, as a results of the large value
of the compressibility. Due to the atmospheric
pressure imposed on the axial boundary, the frac-
tional film content at z=0 and z=L is assumed to
be @ = 1, while on circumferential boundary, is due
to the bearing line groove, situated at 6 = 0° and
extending at the ends of the bearing.

Case 2: Textured surface
Parameters adopted for this case are:

e Bearing data: (a) amplitude of external load F=
12600N; (b) journal diameter D =63 mm; (c) bear-
ing length L=63mm; (d) radial «clearance
C = 30 wm; (e) angular speed w; = 625.4 rad/s; (f)
lubricant viscosity = 0.0035 Pas.

¢ Computational method parameters: (a) finite differ-
ence method (FDM) with Reynolds boundary con-
ditions (b) grid size (391, 142); (c) convergence
criteria tol, = 10™* and toly = 107°.

¢ Bearing texture data: (a) spherical texture shape (b)
texture radius r, = r, = 5mm; (c) texture depth
r, = 1um; (d) distribution along: circumferential
nCy=1,2, ...,9 and axial nC; = 2 directions.

The comparison results are plotted in Figure 5.
The results of the present comparison are in good
agreement with one slight difference which may be
due to the computational errors in the
simulation, especially the choice made concerning
the numerical integration method, where in [24]
they used the rectangular integration method and in
our model we used a more precise method i.e. Simp-
son’s 1/3rd rule.

In order to further show the effectiveness of our
computational code, Figure 6 presents the prediction
results for the film thickness and the pressure distri-
bution for smooth/textured cases. The results in

Figure 4. Film thickness evolution, fractional film content and pressure distributions on the contact for the validation case.
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Figure 5. Variation of: (@) maximum pressure; (b) minimum film thickness for smooth and textured surfaces.

Figure 6(b) show very clearly the effect of textures on
film thickness evolution and pressure distribution,
when compared to smooth case (Figure 6(a)).

3.2. Performance analysis of textured journal
bearing

In this section, our objective is to point out the prepon-
derant effect (in terms of tribological properties) between
texture contour surface and dimple bottom profile.

Bearing geometrical characteristics, as well as tex-
turing parameters are given in Table 4. Note that, the
bearing is with a line groove of negligible thickness,
situated at the maximum film thickness and extending
at the ends of the bearing.

In the next subsections, the obtained results
obtained from the full-textured/smooth bearing cases
are compared in terms of: maximum pressure, load
carrying capacity, attitude angle, axial film flow,
friction coefficient, film rupture angle, film thickness,
fractional film content and pressure distributions.
Moreover, the choice of the best texture shape depends
on the following criteria: the increase in pressure and
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load carrying capacity and the decrease in load attitude
angle and friction coefficient.

3.2.1. Maximum pressure

The curves of dimensionless maximum pressure Ppax
for various eccentricity ratios; are shown in Figure 7
(a,b) (for flat/wedge bottom profile cases). It is found
that the rate of increase in Pnax for all considered
cases is pronounced at higher values of eccentricity
ratio &. Furthermore, the previous figures also show
the comparative graph for smooth/textured surfaces
with all studied texture shapes. Maximum pressure
values are clearly different from those recorded for
the smooth surface. However, it can be seen from
Figure 7(a) that the main feature of all texture shapes
with flat bottom profiles is to reduce the maximum
pressure, which is due to the sudden change in the
gap, causes a much large film thickness divergence.
In the opposite way, texture shapes with wedge bottom
profiles (Figure 7(b)) gradually reduce pressure via
their diverging leading wedges. While, the reduction
rate of T3 is more severe because it has a longer diver-
gent wedge, which causes the highest film thickness

x10° 10

0
360°

Figure 6. Film thickness evolution and pressure distribution on the contact for smooth/textured journal bearing for the validation
case. (a) smooth journal bearing and (b) textured journal bearing.



Table 4. Geometrical and Texturing parameters for the studied
journal bearing.

Dimensionless

Geometrical parameters variables
Shaft diameter D (mm) 40 L/D 1
Bearing length L (mm) 40
Radial clearance C (um) 50
Eccentricity e 10—-45 e/C 0.2-0.9
Operating conditions
Journal speed N (rpm) 3000
Viscosity u(Pas) 0.05
Bulk modulus B (MPa) 100 40
Texturing parameters
Texture diameter Iy (mm) 6 T« =r/R 03
Texture length r, (mm) 6 r,=r/L 0.15
Texture depth ry(m) 15 r=r/C 03
Texture density Prex 40%
Texture number along the nCy 14
circumference
Texture number along the nG, 4
length
Grid size and convergence
criteria
Nodes per texture along the NNy 21
circumference
Nodes per texture along the nN;, 19
length
Nodes in circumferential nNy 441
direction
Nodes in axial direction nN, 121
Convergence criteria tole 1078

divergence and largest pressure drop. Triangular shape
T2 shows a significant increase in the maximum
pressure Py, this singular behaviour is due to the
highest pressure recovery given by the long convergent
wedge of this texture shape, which results in shallow
pressure drop and highest additional pressure gener-
ation in the lubricated area. These results are coherent
with the analysis described in [37,38].

3.2.2. Load carrying and attitude angle

Figure 8(a,b) show the variation of dimensionless load
carrying capacity W¢ with eccentricity ratio & for
smooth and textured profiles. Firstly, the increase in
W has the same behaviour as for the previous dimen-
sionless maximum pressure (Figure 7(a,b)) for smooth
and textured cases. Secondly, texturing the whole bearing
surface does not enhance the load carrying capacity

08 09

except for the T2 texture shape. This enhancement is a
consequence of the convergent wedge action provided
by T2. This can be explained by the fact that, in full
film region, dimple shapes with flat bottoms have a
micro-step bearing feature. While, the dimple shapes
with micro-wedge has a divergent/convergent wedge
(an arc in SP or linear in T1, T2 and T3). Due to these
mechanisms, the micro-step bearing causes a much
large film thickness divergence, so a significant pressure
drop (in full film region) and a smaller pressure recovery
will be generated (in rupture film region), which results in
a poor load carrying capacity. Note that, the texture con-
tour geometry of the flat bottom profile, in the full film
region, has an important effect, as the texture contour
geometries increases, the micro-step bearing mechanism
effects increases (higher film thickness divergence and
larger pressure drop). In one hand, the comparison
shown in Figure 8(b), indicates that the same reduction
rate in load carrying capacity, compared to the smooth
surface, for textured bearing with triangular shape T1
and spherical is observed. This can be justified by the
fact that the two shapes are affected by the same mechan-
ism, the micro-wedge action, with a slight difference in
geometrical bottom profile (an arc in SP and a broken
line in T1). In the other hand, the two extreme trends cor-
responding to the load carrying capacities of T2 and T3
texture shapes are also due to the micro-wedge action
mechanism, which is positive (convergent) in the first
case (T2) and negative (divergent) in the second case
(T3), these results are consistent with those described
in [34,35]. Here, an emphasis is placed on the rotation
direction, which present a key parameter in the wedge
profile orientation (convergent or divergent).

Figure 9(a,b) present the variation of the load atti-
tude angle ¢ against the eccentricity ratio & for
smooth/textured surface bearings. It can be discerned
from the figures, that for any texture shapes, the values
of load attitude angle are obviously different from those
of smooth surfaces. For all studied cases, ¢ decreases
with the increase in &, this decrease is more consider-
able at higher values of eccentricity ratio to support
the large bearing load. However, for all considered
texture shapes with flat bottom profiles (Figure 9(a)),
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Figure 7. Dimensionless maximum pressure versus eccentricity ratio for smooth/textured surface bearings. (a) flat bottom cases

and (b) wedge bottom cases.
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Figure 8. Dimensionless load carrying capacity versus eccentricity ratio for different texture profiles. (a) flat bottom cases and (b)

wedge bottom cases.
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Figure 9. Load attitude angle versus eccentricity ratio for considered texture profiles. (a) Textures with a constant/flat dimple

depths and (b) Textures with a variable/wedge dimple depths.

the load attitude angle slightly increases compared to
the smooth surface bearing case. These results can be
explained by the presence of micro-step bearing mech-
anism, which causes a pressure drop and makes its
distribution more asymmetric on the circumferential
direction. In Figure 9(b), the effect of texture bottom
profiles on load attitude angle is more noticeable,
where, it adopts two different behaviours: increases
for spherical and T1 and even more for T3 profiles
and decreases for T2, when compared to smooth sur-
face. This is due to the micro-wedge bearing effect,
which causes a large pressure drop in the case of diver-
gent bottom profile: spherical, T1 and T3, and a high
pressure recovery in the case of convergent bottom:
T2, giving more symmetric pressure distribution on
the circumferential direction, and leading towards nil
load attitude angle.

3.2.3. Axial film flow

The evolution of the dimensionless axial film flow Q,
for different values of eccentricity ratio & in the cases
of smooth and textured surface bearing are shown in
Figure 10(a,b). In Figure 10(a), it is noticed that for

all considered configurations (smooth and textured
surface bearing with constant/flat dimple depths),
the axial film flow increases with the increase of ¢,
which can be justified by the large pressure
gradient on the both ends, and it is also visible that
textures with flat bottom profiles reduce the axial
film flow, as a result of micro-step bearing mechanism
effects. In Figure 10(b), the same evolution is observed
for all texture shapes with wedge bottom profiles except
for T2 texture, which has an important axial flow when
the eccentricity ratio is less than 0.75, and decreases for
€ > 0.75, compared to smooth bearing case.

This can be explained by the fact that, at low
eccentricity ratios, the additional hydrodynamic
pressure generated by the long convergent wedges
of the triangular T2 textures in the lubricated area
is more important, which increases the bearing
pressure gradient and so increases the axial film
flow. At high eccentricity ratios (¢ > 0.75) the effect
of T2 texture shape is negligible when compared
with the effect of bearing convergent zone, in this
case, the T2 texture shape adopt the same behaviour
as the other textures.
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Figure 11. Variation curves of the dimensionless oil film thickness and radial direction components at the bearing end for various
eccentricity ratios. (a) dimensionless oil film thickness and (b) dimensionless radial direction.

In order to clarify the previous behaviour of T2 tex-
ture, a variation analysis of the main components of
axial film flow Equation (13) (pressure gradient

Q%Q, film thickness E?ﬂ,end)’ radial direction y(y — 1))
will be presented in Figures 11 and 12.

Figure 11(a,b) show the variation curves of the
dimensionless oil film thickness and radial direction
components, respectively, for smooth and T2 texture
shape at various eccentricity ratios (¢ = 0.6 and
€ =0.8). It should be emphasized that, results in
Figure 11(a) is concern the bearing end at z =1L,
which is the same in both cases (smooth and T2 tex-
ture shape), while in Figure 11(b), results are about
the variable ¥ (dimensionless distance between the
shaft and the bearing ranging on [0, 1]) which

270° 360°

-80

(@)

makes it independent to the surface’s nature and
the eccentricity ratios.

The curves of dimensionless pressure gradient at
bearing end is presented in Figure 12(a) for smooth
and T2 texture shape, at € = 0.6 and £ = 0.8, it is
well observed that the areas under the curves of T2
are important compared to smooth case, which in the
fact, confirms the previous finding of dimensionless
maximum pressure (Figure 7(b)) and load capacity
(Figure 8(b)).

The variation of the dimensionless axial film flow
gradient, which is in fact resulting from the multipli-
cation of the previous components entities, is shown
in Figure 12(b). It is noticed that, at £ = 0.6; the
area in the case of smooth surface is under

25

SM

—T2 €=06

€=06"

€=08""" M£=0.6

9Q = (0P, 02)((hm)*)- @G~ 1)

180°
0

90° 270° 360°

(®)

Figure 12. Variation of the dimensionless pressure gradient and axial film flow gradient component at the bearing end for smooth
surface and T2 texture shape. (a) dimensionless pressure gradient and (b) dimensionless axial film flow gradient.
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Figure 13. Friction coefficient versus eccentricity ratio for studied texture profiles. (a) flat bottom cases and (b) wedge bottom

cases.

the curve of T2 texture shape, but at € =0.6 a
reverse behaviour is noted; which explain and
correspond well to the results already expressed in
Figure 10(b).

3.2.4. Friction coefficient

The dimensionless friction coefficients f. (R/C) for
smooth/textured surface bearings are plotted in
Figure 13(a) (for flat/wedge bottom profile cases,
respectively). It can be noticed that, compared to the
maximum pressure (Figure 7(a,b)) and load carrying
capacity (Figure 8(a,b)), the resulting friction coeffi-
cients values have an opposite trend. Moreover, it can
be also observed that, the friction coefficient f. (R/C)
decreases with the increases of eccentricity ratio &, for
all studied cases. However, in the case of textured bear-
ings with flat bottom profiles, the friction coefficients
shallowly increases compared to the smooth surface
case, presenting a bad performance. This is due to
the fact that the flat bottom profiles causes a pressure
drop, which decreases the load carrying capacity, and
so increases the friction values. In the other case of tex-
tured bearings with wedge bottom profiles, the triangu-
lar shape T2 with convergent (positive) wedge action
shows the greatest friction reduction. This is due to
the increase in load carrying capacity, caused by the
highest pressure recovery. The triangular shape T3
with divergent (negative) wedge action performs the
worst friction value.

In the following sections, the eccentricity ratio will
be fixed at € = 0.6, in order to present properly the
results of film thickness evolution, fractional film con-
tent distribution and pressure distributions.

3.2.5. Film thickness, fractional film content and
pressure distributions

For the sake of clear representation, Figure 14 shows
the three-dimensional distribution of lubricant film
thickness computed at the contact interface for all
studied cases. This figure shows that the film thick-
ness evolution for smooth (Figure 14(a)) and textured
(with flat, Figure 14(b), and wedge, Figure 14(c), bot-
tom profiles) surface bearings remain constant in the

axial direction, and, its minimum value occurs near
0 = 181°.

Figure 15 shows the variation of fractional film
content in circumferential (at the mid-plane)
direction, for smooth and textured surface bearing,
with constant (flat bottom) and variable (wedge bot-
tom) dimple depths. In the case of texture shapes
with flat bottom profiles (Figure 15(a)), it can be
seen that all curves of texture fractional film content
are less than the smooth surface, as a results of
micro-pressure drop effect of these textures, it is
also very clear that as the texture contour geometry
increases, the micro-pressure drop effect increases.
Unlike the previous case, a considerable effect of
texture shapes with wedge bottom profiles (Figure 15
(b)) on fractional film content is clearly noticed,
especially in the case of triangular shape T2, which
presents a significant improvement in the film fluid
area (increasing the value of rupture angle).

The effect of texture shapes with flat/wedge bottom
profiles on the dimensionless pressure profile is visu-
alized in Figure 16(a,b), respectively. Each figure is
plotted in circumferential (at the mid-plane, case
(c)) and axial (at the maximum pressure plane 6,
case (d)) directions. The dimensionless film pressure
for all texture shapes with flat bottom profiles
(Figure 16(a)) are less than the smooth surface film
pressure, which confirm the influence of micro-step
bearing mechanism. Moreover, it can be noticed
that the maximum pressure plane for all textures
profiles is constant at 6, = 146.45°.

The results shown in Figures 16(b) for all texture
shapes with wedge bottom profiles are the same as
in the previous figure, except for some minor
differences:

¢ The dimensionless pressure profile and the rupture
angle of T2 texture shape are sharply higher than
other cases,

e Some fluctuations appeared on the T1 and T2
pressure profiles,

 The maximum pressure planes ¢, increase in the
case of triangular texture shape with convergent
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Figure 14. Evolution of dimensionless film thickness versus axial and circumferential coordinates for smooth and different texture
profiles. (a) smooth surface bearing, (b) flat bottom profile cases and (c) wedge bottom profile cases.

wedge T2 and decrease in T3 triangular texture
shape with divergent wedge.

These differences are due to the convergent and/
or divergent wedge bottom profiles micro-wedge
bearing mechanism, that directly affect the pressure
distribution.

3.3. Effect of texture density and location

In the previous sections, the whole bearing surface was
textured (from 0° to 360°) and the texture density p,,,,
which is the surface occupied by dimples units per the
total bearing surface, was set to 40%. Here, two texture
configurations (Figure 2) and four texture densities are
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Figure 15. Effect of various texture shapes with a flat bottom profile on fractional film content distribution along the circumfer-
ential direction at bearing mid-plane. (a) flat bottom cases and (b) wedge bottom cases.

considered, including the previous one of 40% and 20%,
60% and 80%. Computed characteristics corresponding
to each texture density are summarized in Table 5. In
full textured cases, the result observed is that: except T2
texture shape, all textures have a detrimental effect (redu-
cing the load carrying capacity and increasing the friction
coefficient). Where, for flat bottom profiles, the square
texture performs the worst effect, due to the larger contour
geometry followed by the circle, triangle and chevron.
While, in wedge bottom profiles, T2 performs the best
and T3 the worst, as a results of convergent/divergent
wedge profiles, which can positively or negatively affects
the tribological characteristics of the journal bearing.
This was confirmed by simulation results shown in
Figures 7-16, where T2 and T3 have the highest and low-
est effects, respectively. Moreover, as the texture density
increases, the micro-step and micro-wedge bearing

—SM
—sQ
—CY
—TR

CH

Z~0.5 (mid-plane)

0 90° 270°

360°

mechanism effects increases. In partial-texturing cases,
(from 180° to 360°), all texture shapes with constant dim-
ple depths perform better by increasing the load lifting
capacity and lowering the friction coefficient, and is
more pronounced at higher texture densities. Due to, no
pressure drop (in full film region) and a smaller pressure
recovery generated (in rupture film region) by micro-step
mechanism. Square texture shape performed the best
hydrodynamic enhancement, followed by the triangle
and circle, which confirms the results obtained by
Zhang et al. [42]. For textures with variable dimple depths,
the micro-wedge mechanism of convergent profile causes
a large micro-pressure recovery and so enhance the bear-
ing performances.

It was found, from this numerical study, that the
wedge effect and the micro-step bearing of full/partial
texturing feature are a key parameters in the journal
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Figure 16. Effect of various texture shapes with a flat/wedge bottom profiles on dimensionless pressure profile. (a) flat bottom

profile and (b) wedge bottom profile.



Table 5. Variation of tribological characteristics for full/partial textured bearings with different texture densities.

I//I') —1 e=10.6

Prexture® 20 40 60 80 20 40 60 80
nCp 10 14 17 18 5 7 8 9
nG; 3 4 5 6 3 4 5 6

M Load carrying capacity  Full textured 7,560 Partial textured 7.560

SQ 6,153 5223 4073 3228 (from 180° to 360°) 7.578 76117 7918  7.951
cY 6.630 6.047 5.296 4.783 7.565 7,581 7.667 7.792
TR 6889 6515 5878 5616 7574 76103 7779  7.799
CH 6.977 6.638 6.144 5.883 7.570 7,591 7.691 7.797
T 6994 6467 5864  5.659 7543 7530 7491 73025
T2 8386 10.793 11.265 11.546 7.585 8.866 9440 11.075
T3 5283 3.134 2338 1730 7534 7526 7488 7300
SP 7191 6614 6274 5715 7557 7541 7539 7449
M Friction coefficient Full textured ~ 3.403 Partial textured 3,403

SQ 3736 3907 4913 5730 (from 180° to 360°)  3.265  2.878 2702 2577
cY 3671 3835 4131 4369 3332 3.059 2831 2797
TR 3586 3668 3908  3.859 3314 2791 2762 2755
CH 3561 3636 3798  3.859 3343 2998 2824 2787
T 3633 4629 5.112  5.664 3799 3834 3859  3.861
T2 2639 2519 2149 2109 2881 2501 2377 2052
T3 3895 4975 6574  9.133 3813 3.818 3.837 3.861
SP 3511 3913 4579 5.116 3818  3.833 3865  3.889

bearing performances. The same observation has
been made for other types of seals in several works
[34-38,48]. Wedge effect mechanism (micro-wedge
action) has produced tangible results in the particular
case of textures with variable dimple depths or wedge
bottom profiles (SP, T1, T2 and T3 shapes). A pressure
reduction has been noticed for textures with divergent
wedge profiles (SP, T1 and T3), while the opposite
trend is observed for texture with convergent wedge
shape (T2). The produced pressure in T2 texture
shape enhances the load lifting capacity, while the
divergent film in other textures causes a net load
loss. Micro-step bearing mechanism, with the
right arrangement of textures on the contact surface,
can significantly enhance the bearing performances,
by the effect of texture micro-pressure recovery
mechanism.

4, Conclusion

In this paper, a numerical study was conducted to high-
light the potential of surface texturing on journal bear-
ing performances. Texture shapes with (1) flat bottoms:
square, cylinder, triangle (TR) and chevron; and (2)
wedge bottoms: triangular (T1, T2, T3) and sphere
were considered. The computational model employed
herein was solved by means of finite difference tech-
nique with taking into account the lubrication film rup-
ture and reformation by adopting the mass-conserving
cavitation algorithm (‘JFO’ boundary conditions). The
simulations made with our numerical model were
compared to the existing theoretical data, available in
the literature.

The findings from the present numerical investi-
gation can be summarized in the following points:

(1) The geometricshape of the texture has proved to be
a key parameter in journal bearing performances.

(2) Fully textured bearing with flat/constant bottom
dimples slightly affect the main performances as
compared to the smooth bearing case, which can
be explained by the effect of micro-step mechan-
ism (micro-pressure drop effect), Moreover, as
the texture contour geometry increases, this mech-
anism effect increases. While, textures with wedge/
variable bottom profiles significantly influence all
bearing characteristics, which is directed by the
micro-wedge mechanism effect.

Partial textured cavitation bearing area with con-
stant dimple depths enhance the load lifting
capacity and lower the friction coefficient, due to
the effect of micro-pressure recovery mechanism.
These facts were more noticeable at high texture
densities. While, textures with divergent bottom
profiles causes a net load loss.

Among all considered cases of texture shape, T2
appears to be the most favourable to improve the
bearing performances; e.g. for a texture density of
40%, it increases the pressure field by a factor of 5
to 6 over the value of the smooth one which in turn
increases by 43% the load carrying capacity and
decreases the friction coefficient by 26%. While T3
texture shape, presents the worst performances.

The previous observations concerning T2 texture
shape are due to the convergent wedge effect,
while, texturing the second angular part of the
bearing (beyond 180°) by textures with flat bottom
profiles, are due to the micro-pressure recovery
effect, which generates additional hydrodynamic
pressure and serve as fluid reservoirs that provides
lubricant to the contact in starvation cases, and so,
enhance the main bearing performances.

The square ‘SQ’ texture shape appears to be the
most favourable to improve the bearing perform-
ances, followed by the triangular “TR’ then chevron
‘CH’ and cylindrical ‘CY’.

3)

(4)

(5)

(6)



This study is restricted to the selected texturing par-
ameters; fixed density, number, disposition, orientation
and dimension; and the chosen problem assumptions;
by applying Newtonian rheology and mass-conserving
cavitation and neglecting changes in viscosity, density
and temperature, etc. On one hand, breaking these con-
straints will open to us new possibilities of finding the opti-
mum texture shapes, on the other hand, difficulties on the
computational aspect will be faced (CPU-time and cost).
In this context, the application of model order reduction
(MOR) [49] for the simulation of textured journal bearing
is planned as the next step of this research.
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Appendix

e Eccentricity (m)

C Radial clearance (m)

D Bearing diameter (m)

L Bearing length (m)

R Bearing radius (m)

F External applied force (N)

uw Velocity components in directions 6 and Z.

XYz Global coordinate system (m)

I, Iz, ty  Texture dimensions (m)

h Film thickness (m)

Ah Variation of film thickness due to the presence of the texture (m)

p Lubricant pressure (Pa)

Pe Cavitation pressure (Pa)

Prmax Maximum pressure (Pa)

Wc Load carrying capacity

S Sommerfeld number

Q, Axial film flow (m3/s)

F Friction force (N.m)

f.(R/C)  Friction coefficient

g Cavitation switching function

nCy, nC;  Number of textures along circumferential 6 and axial Z

directions

tolg Relative convergence criterion on pressure

toly, Relative convergence criterion on load

ﬁ,,,ax Dimensionless maximum pressure

P. Dimensionless cavitation pressure

We Dimensionless load carrying capacity

uw Dimensionless velocity components in directions 6 and Z.

Q, Dimensionless axial film flow

Fe Dimensionless friction force

h Dimensionless film thickness [h/C]

i Dimensionless equivalent of oil film thickness in cavitation zone

h Dimensionless variation of film thickness due to the presence of
the texture

P Dimensionless lubricant pressure

0.y, Dimensionless global coordinate system

Iv, Iz, T,  Dimensionless texture dimensions

Prew Texture density

0 Fluid density of the oil (kg/m?)

Pe Fluid density at the cavitation pressure (kg/m?)

B Bulk modulus (Pa)

B Dimensionless bulk modulus

0 Fractional film content @ = p/p,

Ty Shearing stresses (Pa)

@ Attitude angle (deg)

w Angular velocity (rad/s)

u Dynamic viscosity (Pa s)

& Relative eccentricity

s Angular position of the rupture zone (deg)

0, Angular position of maximum pressure (deg)
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