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Abstract

A wisely chosen geometry of micro textures with the favorable relative motion of lubricated surfaces in contacts can enhance
tribological characteristics, in this paper, a computational investigation related to the combined influence of bearing surface
texturing and journal misalignment on the performances of hydrodynamic journal bearings is reported. To this end, a numerical
analysis is performed to test three texture shapes: square “SQ”, cylindrical “CY” and triangular “TR”, and shaft misalignment
variation in angle and degree. The Reynolds equation of thin viscous film is solved using finite differences scheme and mass
conservation algorithm (JFO boundary conditions), taking into account the presence of textures on both full film and cavitation
regions. Preliminary results are compared with benchmark data and are consistent with a positive enhancement in misaligned
bearing performances (load carrying capacity and friction). The results suggest that the micro-step bearing mechanism is a
key parameter, where the micro-pressure recovery action present in dimples located at the second angular part of the bearing
(from 180° to 360°) can compensate the loss on performances caused by shaft misalignment, while the micro-pressure drop
effect at the full film region causes poor performances. Considering the right arrangement of textures on the contact surface,
their contours geometries can have a significant impact on the performance of misaligned journal bearings, particularly at high
eccentricity ratios, high misalignment degrees and when the misalignment angle ¢ approaches to 0° or 180°.

Keywords: Hydrodynamic journal bearing, JFO boundary conditions, Misalignment effect, Surface texturing, Dimple shapes.

1 Introduction

With the technological progress that has been achieved in recent years, rotating machinery such as electrical motors, generators,
pumps, compressors, and high-speed machining spindles, etc., becomes increasingly powerful with higher rotation speed. Hy-
drodynamic rotor-bearing systems are important parts in present-day heavy machinery. Because of their efficiency, simplicity,
high precision, low cost, long life, silent operation, low friction and wear and good heat dissipation [1], bearing systems are
widely used in rotor systems and they usually correspond to the best existing technological designs in some rotating machines.
One of the most commonly used industrial bearings are the radial-loaded hydrodynamic journal bearings, required to support
heavy loads at high rotational speeds. However, they present the most important power losses in rotating machines [2]. It is
well known that the misalignment is a disturbing factor that affects directly the operating conditions of journal bearings. Indeed,
misalignment arise generally from: manufacturing tolerances, assembly errors, asymmetric bearing load, deflection of journal
and bearing supports, improper installation and assembly errors, etc. In general, misalignment causes wear and vibration, re-
duces bearing performances and life, thus leading to the system failure. Understanding the nature of misalignment has been the
object of numerous theoretical and experimental studies [3]. The first one was recorded by MCKEE and MCKEE [4], where the
influence of journal misalignment on the maximum pressure location was experimentally analyzed. DUBOIS et al. [5] reported
that, under misalignment, the pressure distribution becomes asymmetric where the peak was located at the bearing ends. Sub-
sequently, an experimental analysis about the effect of a known misalignment couple and eccentricity ratio on the proprieties



of misaligned plain bearings was conducted [6]. Many theoretical studies were also carried out by many researchers in order
to examine the effect of misalignment on the characteristics of various bearing systems. We can quote the following research
examples for: plain bearings [7, 8], partial bearings [9], gas bearings [10, 11], tilting-pad journal bearing [12, 13], hydrostatic
journal bearing [14, 15], two-lobe bearings [16] and three-lobe bearings[17], etc. In recent years, many works were devoted to
the analysis of the combined effects of misalignment and influencing factors; such as: bearing configuration, groove type and
its location [18, 19], cavitation effect [20, 21], thermal effect [22, 23], elastic and thermal deformation [24, 25], porosity effect
[26, 27], turbulent effect [28, 29], non-Newtonian lubricants [30, 31] and water-lubricated plain journal bearings [32], etc.

In all the above theoretical studies, the analysis of misalignment was performed based on the assumptions of smooth surface
bearings. Most recently, the tribology community has been interested on the effect of surface roughness on the performance of
hydrodynamically lubricated contacts. Many works [33, 34, 35, 36] were dedicated to the study of the combined influences of
surface roughness and journal misalignment on bearing systems using either CHRISTENSEN stochastic theory of rough surfaces
[20] or the average flow theory introduced by PATIR and CHENG [37, 38]. The conclusion was that the combined influence
of bearing surface roughness and shaft misalignment is more pronounced at higher eccentricities [33], while others published
encouraging results reporting that surface roughness may compensate the decrease in minimum film thickness caused by shaft
misalignment [35].

Nowadays, the emphasis has been placed on surface texturing and its effect on the performance characteristics of bearing
systems. The idea is similar to the surface roughness, but in the case of surface texturing, the operator intentionally incorporates
a well defined dimple shape to obtain the desired tribological characteristics [39]. Moreover, with the development of man-
ufacturing technology, particularly micro-fabrication techniques (laser surface texturing [40], reactive ion etching [41], LIGA
process [42], vibro-rolling [43], vibro-mechanical texturing [44] and abrasive jet machining [45]) it is now possible to include
textures on contact surfaces. Indeed, surface texturing has proved to be very beneficial in the case of hydrodynamic bearing
systems [41], where it improves the load-carrying capacity by providing supplementary hydrodynamic pressure [46] and may
acting as lubricant reservoirs to ensure supply in cases of lubricant starvation[47], entrapping wear debris and abrasive particles
to prevent severe wear [48] and so reducing friction [49]. The introduction of textures in journal bearings was first initiated by
Lu and KHONSARI [50], they have presented a series of experimental results to examine the effect of fully and partially textured
journal bearings on the Stribeck curve. It was shown that the friction coefficient in fully textured bearing, can be reduced, with
an appropriate selection of texture size, depth and density. TALA-IGHIL et al. [S1, 52] investigated the effect of spherical and
cylindrical shapes on the bearing performance, they used a finite-difference model to solve the two-dimensional Reynolds equa-
tion under steady-state conditions by considering Reynolds boundary condition. It was reported that textured surface affected
the main bearing characteristics. This impact can have either positive or negative influences on this characteristics depending
on the dimple parameters (size, depth, density and distribution). Further, they reported, by means of numerical simulation, that
the partial texturing configuration including the texturing of multiple zones has a positive influence on hydrodynamic contact
characteristics. KANGO et al. [53], performed an investigation related to the combined effects of viscous heat dissipation and
non-Newtonian fluid rheology on textured journal bearing performances. Spherical dimples using classical Reynolds model
and mass conserving (proposed by Elrod and Adams [54]). It was found that JFO boundary conditions provide realistic results
compared with those obtained by Reynolds boundary conditions. Recently, ZHANG et al. [55] presented a parametric design
of texturing surface bearing, with the aim to get the optimal textures distribution and parameters, they reported that, the load
capacity of a textured journal bearing may be improved through an appropriate arrangement of textures on the contact surface.

In order to explain the behavior of lubricant inside micro-textured surfaces of mechanical seals, several mechanisms have
been proposed. We can cite the following works: “Micro-wedge action” generated by micro-textured features identified by
HAMILTON et al. [46] and ANNO et al.[56]. “ Inlet roughness” mechanism proposed by T@NDER et al. [57, 58]. “Collective
dimple effect” proposed by ETSION and BURSTEIN [59]. “Load support mechanism” of inlet suction observed in OLVER et al.
[60] and FOWELL et al. [61] works. And finally, “Balancing wedge action” reported by YAGI and SUGIMURA [62]. Based on
these mechanisms, NANBU et al. [63] reported that textures with bottom shapes containing a micro-wedge and/or a micro-step
bearing mechanisms tend to increase film thicknesses and pressure lift. While, recently, M.S UDDIN et al. [64] mentioned that
texture shapes with convergent (positive) wedge bottom profile offer the best performance, divergent (negative) wedge bottom
profile perform the worst. Moreover, they also reported that the dimple shape with micro-step features would be beneficial in
reducing the friction.

The above-mentioned works show that, the tribological 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. The added feature in this study is the combination of the influences of surface
texturing (full/partial) and journal misalignment (degree/angle) on the performance of hydrodynamic journal bearings, using
Elrod’s efficient mass conservation algorithm for implementation the JFO boundary conditions.

This paper is organized as follows. Section 2 provides the description of modified Reynolds equation, cavitation boundary
condition, governing equations and computational procedure. Section 3 is devoted to numerical results and discussions, which
contains the preliminary validation and performance analysis of textured misaligned journal bearing. Finally, our conclusions
are given in the last section.

2 Governing equations

2.1 Reynolds equation and ELROD Cavitation Algorithm

In lubrication theory, Reynolds equation of thin viscous fluid films is usually used for the prediction of the pressure distribu-
tion. For a Newtonian lubricant in laminar flow with constant viscosity, under the isothermal condition, taking into account
assumptions that the bushing is stationary and the axial movement of the shaft is neglected, the steady state Reynolds equation
(in Cartesian coordinates), takes the following form:

9 39p) 9 39p) _ d(ph)
ax(f”’ 3x>+8z(ph )—6“U o M

where, p : lubricant pressure, / : film thickness, ¢ : dynamic viscosity, p : lubricant density and U : shaft speed in x

direction.
In 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 [65] and OLSSON [66]
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 lubricant cavitation, especially in: misaligned,
dynamical-loaded and textured bearings [20, 22, 23, 67, 53].

To use the JFO boundary conditions, ELROD [54] 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 introducing 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 variation of the lubricant compressibility in the full-film region and the

pressure p is given by:

_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 [54]:

p=pc+BgIn(O) (7

where, p. is the cavitation pressure.
By introducing the following dimensionless parameters:

06=x/R Z=z/L h=h/C F=y/h B=
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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.+BgIn(®) )

2.2 Film thickness

Oil film thickness “h” is the gap between the journal and the bushing, filled with a liquid lubricant which generate required
hydrodynamic pressure. It is one of the most important parameters in Reynolds equation, which needs to be carefully considered
in the analysis. Therefore, the Reynolds equation should be modified to allow the variation of film thickness in both directions,
taking into account the combined effect of bearing surface texturing and shaft misalignment.

1. Smooth misaligned journal bearing

In the case of general misaligned conditions, the approach taken from MASPEYROT and FRENE [68] paper is used to
represent the oil film thickness distribution inside the bearing with provision for misalignment in both circumferential and
axial directions as shown in figure 1.

1
higz =C+eo(1+cos(0))+e (i—2> cos (60— ) (10)

where ¢eg is the eccentricity at the bearing mid-plane, ¢’ is the magnitude of the projected journal axis on the bearing
mid-plane, « is the misalignment angle between the line of centers and the rear center of the misaligned journal (see
figure 1).

The dimensionless film thickness is described by:
_ = 1
hg 7 = (1+¢&cos(0))+¢€ <ZZ) cos (6 — ) (11)

the parameters € is the eccentricity ratio at the bearing mid-plane (&€ = ¢o/c) and €’ is the misalignment eccentricity ratio,
which represent the magnitude of the projection of the complete journal center line on the mid plane, and can be computed
from [20]

(12)

where D,, the dimensionless degree of misalignment (values from O to 1) and €], is the maximum possible value of €/,
is given by:

e,’,mzz( 1—e2sin’(a) —¢ |cos((x)|> (13)
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Figure 1: Representative scheme of misaligned journal bearing

2. Textured misaligned journal bearing

Normalized lubricant film thickness in the case of textured misaligned journal bearing is described by a function of the
form:

hto7 = sz) +E(e,7) (14)

where, E< 0.7) denotes the smooth part (without textures equation 11) of the film geometry and Aih(ej) is the film thickness
variation due to the dimple surface, it characterizes the depth of the fluid film in the texture (Fig 2).
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Figure 2: Representative scheme of journal bearing: a) a straight section of the textured journal bearing; b) detailed section for
the texture scheme

2.3 Texture shapes and geometries

In general, textures can be characterized by their shape (contour geometry, bottom profile), size (contour dimension, depth),
number (along axial/circumferential directions), density and distribution. ZHANG et al. [69] reported that square texture shape
performed the best hydrodynamic enhancement, followed by the triangle, circle and rectangle. According to that reasoning, in
this study, three texture shapes are adopted: square, cylindrical and triangular to highlight its effect on the particular case of
journal bearing. Table 1 summarizes the texture geometries, parameters and equations. The coordinates of the texture center C
are noted (x, y.,z.). This center is located on the bearing surface, making y. = 0. The depth of any point located on the texture
geometry is given by Ak, ;). Texture dimensional parameters in the x, y, and z directions, are ry, ry , and r;, respectively.
DE-KRAKER et al. [70] reported that the ratio S between the film thickness Ay, and the dimple depth ry is the key texture
parameters, they demonstrated that Reynolds equation can be used to investigate the effects of texture when a ratio § < 1 exists.
According to that reasoning, the following shape dimensions are chosen, r, = r, = 3mm and r, = 0.025 mm, where S = 0.8.
TALA-IGHIL et al. [52] simulated 25 cases of cylindrical texture shape with different texture distributions including full
texturing and partial texturing with one or multiple separated zones of the bearing surface. They reported that, in one side, fully



texturing have a detrimental effect, and the partially texturing, in the other side, has a positive influence. Further more, they
reported that, optimal region where texturing can provide more efficiency is located at the second half of bearing surface, where
the area under the declining part of the pressure field is situated. Due to this, two texture configurations, as shown in figure 3,
are considered herein for exploration.

Table 1: Geometric parameters and equations for the studied texture shapes

Square Cylinder Triangle
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Figure 3: Illustration of textures distribution in the circumferential and axial directions on the bearing surface: a) fully textured
cases (from 0° to 360°) ; b) partially textured cases ( from 180° to 360°)



2.4 Computational procedure

Based on mass conservation algorithm (JFO boundary conditions), the approach proposed by VIJAYARAGHAVAN and KEITH
[71] 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 [67]. Moreover, this method is very easy to implement which makes it the preferred
solver for small and medium-sized problems [72]. In order to improve the convergence speed and avoid the problem in stabi-
lizing the cavitation zone, the modified switch function algorithm developed by FESANGHARY and KHONSARI [72] is used in
the computational code, where the “gfactor” is chosen from the range of 0 to 0.9.

The computational process consists of :

* Introduction of input data: L/p, €, D, and «;

* Input initial values of : fractional film content (9(06 7 binary switch function g(()e 2) and film thickness h(()e,z);

* Solve the modified Reynolds equation (4);
 Imposition of boundary conditions on affected nodes (JFO condition);

|AG; |

 The fractional film content is obtained by verifying the following convergence condition: <tolg at each node

iJ
(i, ) of the bearing surface mesh.

* Once the convergence condition is satisfied, the pressure profile can be determined using equation (7) and the bearing
characteristics can be deduced.

The process described above corresponds to the resolution of direct problem whose eccentricity ratio € ,D,, and o are known,
for the inverse problem which consist on the determination of the position (the relative position € , the degree D,, and the angle
o of misalignment ) of the journal in the bearing for an imposed applied load F and moment (magnitude M and direction ¢y) .

The procedure consists of :
* Input initial values of : the eccentricity ratio &, the degree Dy, and the angle o of misalignment;

* Solve the direct problem for the value of &, D,,,and o;

e The calculated load-carrying capacity W is compared with the applied load F; the calculated misalignment direction
O, is compared with the applied moment direction ¢y, and the calculated misalignment moment M is compared with
the applied moment M;

* Calculation of a new eccentricity ratio €, new angle of misalignment ¢ and new degree of misalignment D,, by the method
of Brent [73];
. . [We—F o
 The process stopping after the load convergence condition —>=_ "1 < o], ; the misalignment angle convergence
7 <

criteria \(])MC —ou| < tolg,, and the moment convergence condition |MC: | < toly are satisfied.

We present, the global computational procedure in the following flowchart (figure 4).



Input data :
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Figure 4: Flowchart of global computational procedure

2.5 Miscellaneous parameters

Performance characteristics of misaligned journal bearing for smooth/textured cases are computed using the following relations:
The dimensionless load components in the circumferential and the axial direction are given as:

1
Wo = —/ Pcos(0)dodz
2 (15)



Then the total bearing load capacity and the attitude angle are:
We=\/Ws+W,
w
¢ = arctan (9>
Wz

The dimensionless leakage flow-rate through the ends of the bearing, noted Q; from the left-hand bearing end and Q, from
the right-hand bearing end, are given by:

(16)
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The dimensionless friction force acting on the journal surface is given by:

1 65 P 1951 12717%
— 7 = v = 7 1
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where, 6y is the angular coordinate at the starting cavitation zone and /; is the equivalent of oil film thickness in cavitation
zone.
Consequently, the frictional coefficient is obtained as follows:

R Ft
b <c> =W (20)

Under misalignment, the bearing pressure is not symmetric to its mid-plane and it will produce some misaligned moments
to act on the journal. Two dimensionless components of the moment, circumferential and axial can be written as follows:

2
/ﬁ(Z—O.S) sin0dodz
. 21

0
/ﬁ(Z—O.S) cos0dOdzZ
0

Mo =
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then the total misalignment moment and its direction angle are:

M=\ /3y + M, (22)
M
@y = arctan <_Me) (23)
z

All numerical integrations was carried-out by means of : SIMPSON 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 computational code. To this end, a comparison analysis is performed between the results of the present
analysis and those from researchers works [22, 23, 52] for aligned/misaligned journal bearings with smooth/textured surfaces.

Case 1 : Misaligned journal bearing with smooth surface

1. Comparison with experimental results

BOUYER and FILLON [22] performed experimental measurements in a misaligned journal bearing, and showed the max-
imum pressure in the mid-plane and the minimum film thickness, as a function of misaligned moment at a fixed bearing
load. Figure 5 shows the comparison between the present predicted results, and those carried out by BOUYER and FIL-
LON [22]. As the bearing is aligned, the moment is nil. When the moment increases, the maximum pressure and the
minimum film thickness decreases. The results of the present comparison are in good agreement with those of the already
mentioned paper [22]. It should be emphasized that the predicted results are slightly higher than those measured experi-
mentally. The noticed differences are most probably due to the adopted assumptions : the negligibly cavitation pressure,
Newtonian fluid in isothermal regime (7 = 40°C).

The two dimensional results of film thickness, fractional-film content and pressure distributions obtained by the compu-
tational code are plotted in figure 6 and 7, for aligned (case M = ON.m ) and misaligned (case M = 50N.m ) journal
bearings, respectively, in order to further check its validity. In figure 6, the film thickness evolution remains constant in
the axial direction, and, its minimum value occurs near O = 181°. 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, while, in the cavitation region, drops signif-
icantly to ® = 0.4. 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 fractional-film content at z = 0 and z = L is assumed to be ® = 1, while on circumferential
boundary, is due to the bearing oil supply conditions. The simulations also show the pressure distribution for aligned
bearing, where, the maximum pressure occurs near 0 = 138° in the bearing mid-plane z = L/2.

The influence of misalignment is shown very clearly in figure 7. The minimum film thickness occurs near 8 = 140° on
the rear end z = 0 and near 6 = 265° on the front end z = L. The variation in the fractional film content in the axial
direction is very severe, and, the cavitation region begins after the minimum film thickness and disappears in the bearing
groove. Moreover, the boundary between the full film and the rupture regions is twisted severely, as a results of variation
in axial minimum film thickness locations. The maximum pressure location is shifted to the rear end z = 0, and, its value
is greater, compared to the aligned bearing. The highest pressure at each axial location occurs before the minimum film
thickness, and its direction is roughly matching with the direction of the minimum film thickness.
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2. Comparison with numerical results

Here, a comparison analysis is performed between our results and those computed by JANG and KHONSARI [23], for
aligned/misaligned journal bearings with smooth surfaces.

Parameters adopted for this comparison are :
* Bearing data : (a) amplitude of external load F' = 20000 N; (b) amplitude of applied moment M = Oor76 N.m; (c)
applied moment diraction ¢y, = 224.5°; (d) journal diameter D = 0.040m; (e) bearing length L = 0.080m; (f) radial

clearance C = 0.00003 m; (j) rotational speed N = 2500 rpm; (h) lubricant viscosity 4 = 0.02 Pas; (i) bulk modulus
B =5GPa.

11



* Computational method parameters : (a) finite-difference method (FDM) with JFO boundary conditions (b) grid size
(91, 41); (c) convergence criteria tolg = 107, toly = 1074, tolyy = 1073, toly,, = 1072,

Table 2 presents the comparison between our predictions and those of the already mentioned paper [23]. It can be noted

that the obtained values are very close to the reference ones with slight difference which may be due to the computational

errors in the simulation.

Table 2: Comparison of performance characteristics of aligned/misaligned journal bearings

Present study

JANG and KHONSARI [23]

Imposed misalignment torque M (N.m)

Eccentricity ratio €

Degree of misalignment Dy,

Angle on misalignment a
Maximum pressure Puax (MPa)
Leakage flow-rate Q (em’[s)
Attitude angle o°

Friction coefficient f

0 76 0 76
0.395  0.373 0.392 0.378

- 0.500 - 0.53

- 121° - -
5799 6.976 5.90 6.81
3153 3.702 2.9 3.1
67.618  65.616 69.1 68.0
0.0037  0.0039 0.0039 0.0040

Case 2 : Textured journal bearing

In order to develop more confidence in the developed computer program, a comparison analysis is performed between our
results and those of TALA-IGHIL et al. [52], for textured journal bearings with cylindrical dimple shape.

* Parameters adopted for this case are :

— Bearing data : (a) amplitude of external load F = 12600N; (b) journal diameter D = 0.063m; (c) bearing length
L = 0.063m; (d) radial clearance C = 0.00003m; (e) angular speed @; = 625.4rad/s; (f) lubricant viscosity y =

0.0035 Pas.

— Bearing texture data : (a) cylindrical texture shape (b) texture radius r, = r, = 1mm; (c) texture depth ry, = 0.015 mm.

— Computational parameters : number of nodes per texture along : circumferential nN;g = 10 and axial nN,z = 10

directions.

— Computational method parameters : (a) finite-difference method (FDM) with Reynolds boundary conditions (b) grid

size (891, 142); (c) convergence criteria tol, = 10~* and toly = 107°.

Unlike in TALA-IGHIL et al. [52] work, Simpson’s rule was used to compute all numerical integrations and the Brent

method [73] for the estimation of the new eccentricity ratio € in the convergence loop.

The comparison results are presented in table 3. The results of the present comparison are in good agreement with one

slight difference, which is due to the choice made concerning the numerical integration method.

In order to further show the effectiveness of our computational code, figures 8 and 9 present the prediction results for the

film thickness and the pressure profile for smooth, fully and partially textured cases. The results present in these figures

show very clearly the influence of textures on film thickness evolution and pressure profile, when compared to smooth

surface bearing case.
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Table 3: Comparison of performance characteristics of smooth/textured aligned journal bearings

Present study TALA-IGHIL et al. [52]
- Fully  Partially - Fully  Partially
Smooth Textured Smooth Textured
Eccentricity ratio € 0.6010  0.6995  0.5992 0.601  0.709 0.595
Minimum film thickness Ay, (m) 11.969 9.0145 12.0245 11.97 8.71 12.16
Maximum pressure Prax (MPa) 7.673 8.191 7.591 7.71 8.26 7.58
Attitude angle o° 50.380  46.151 49.05 50.5 46.1 49.3
Axial flow 0x1073 (m/s) 1.723 1.412 1.714 1.743 1.422 1.733

6.6

Full textured case from 0° to 360°

*
N

Smooth bearing case

4.95

33

1.65 -

Film Thickness (z m)

6.6
Partial textured case from 180° to 360°

4.95

Film Thickness (1 m)
o w
aw

©

Figure 8: Film thickness evolution on the contact for smooth/textured journal bearings
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0

Figure 9: Pressure profile on the contact along the circumferential direction at bearing mid-plane for smooth/textured journal
bearing cases
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3.2 Performance analysis of textured misaligned journal bearing

In this section, our objective is to point out the preponderant effect (in terms of tribological properties) between bearing texture
surface and journal misalignment. To achieve this end, a series of obtained results for smooth/textured bearing cases are
presented to investigate the effect of the misalignment degree and angle on the performances of fully and partially textured
journal bearings through three texture shapes (square “SQ”, cylindrical “CY” and triangular “TR”).

Bearing geometrical characteristics, as well as texturing parameters are given in table 4.

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

Geometrical parameters Dimensionless variables

Shaft diameter D (mm) 40

Bearing length L (mm) 40 L/p 1
Radial clearance C (um) 50

Eccentricity ratio e (um) 30 e/C 0.6

Texturing parameters

Texture diameter dy(mm) 6 d,=d,/R 0.3
Texture length d(mm) 6 d,=d,/L 0.15
Texture depth ry (um) 25 7y =r,/C 0.5
Full textured Partial textured
Texture number along the circumference nCy
16 8
Texture number along the length nCy 5
Operating conditions
Journal speed N (rpm) 3000
Viscosity u (Pas) 0.05
Bulk modulus B (MPa) 100 40
Grid size and convergence criteria
Nodes per texture along the circumference niNy x 15
Nodes per texture along the length niN;; 13
Nodes in circumferential direction nNg 421
Nodes in axial direction niN; 121
Nodes across the fluid film nNy 121
Convergence criteria tolg 10-8

Figures 10 and 11 show the 3D representations of textured bearings. Note that, the bearing is with a line groove of negligible
thickness, situated at the maximum film thickness and extending at the bearing ends.
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Figure 11: Geometrical representation of partial textured bearing “180° to 360°” (square (left), cylinder (middle) and triangle
(right))

3.2.1 Textured aligned/misaligned journal bearing: 2D Versus 3D simulations

In order to examine the validity of three-dimensional 3D and two-dimensional 2D analysis of developed computational code, we
provide benchmark results for smooth and full/partial textured aligned (D,, = 0) and misaligned (D,, = 0.75) journal bearings.

Figures 12, 13, 14 and 15 show the three-dimensional 3D distribution of lubricant film thickness computed at the contact
interface for smooth, fully and partially textured bearings with square texture shape. In figure 12, the bearing is aligned, the
film thickness evolution for smooth (figure 12a), fully textured (figure 12b) and partially textured (figure 12c) surface bearings
remain constant in the axial direction, and, its minimum value occurs near 8 = 181°. As the bearing is misaligned, the film
thickness evolution for smooth (figure 13), fully textured (figure 14) and partially textured (figure 15) surface bearings, is plotted
for three values of misalignment angle: (a) @ = 0°, (b) ox = 90° and (c) o = 180°. Compared to aligned bearing, the minimum
film thickness value occurs near & = 181°, on the rear end (z = 0) for a = 0° (figures 13a, 14a and 15a), and on the front end
(z=1L) for oo = 180° (figures 13b, 14b and 15b). While, in the case when o = 90°, the minimum film thickness occurs two
values, near 8 = 140° on the rear end and near 8 = 230° on the front end (figures 13c, 14c and 15¢).
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Figure 12: Evolution of dimensionless film thickness versus axial and circumferential coordinates for aligned journal bearing:
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Figure 14: Evolution of fully textured dimensionless film thickness versus axial and circumferential coordinates for misaligned
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Figure 15: Evolution of partially textured dimensionless film thickness versus axial and circumferential coordinates for mis-
aligned journal bearing: (a) oc = 0°; (b) &x = 90°; (c) ox = 180°

The variation in the dimensionless pressure distribution for smooth/textured surface aligned/misaligned journal bearings
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are shown in figures 16, 17, 18 and 19. As the bearing is aligned (figure 16), in smooth bearing case (figure 16a), the dimen-
sionless maximum pressure location occurs near 8 = 147.66° in the bearing mid-plane z = L/2, with the value of 2.95, which
corresponds to 3.71 MPa, while, the maximum rupture angle reaches Osmqc = 189.80°. Compared with the smooth bearing,
in fully textured case (figure 16b), the angular position of P,,,, moves backward near 6 = 137.90°, and, its value decreases
with about 56 %, while, the maximum rupture angle value increases by 6.12°. For partially textured case (figure 16¢), the
maximum pressure angular position moves forward near 8 = 150.20°, and, its value increases with about 5 %, whereas, Oy,
increases by 12.25°. Not that, when the rupture angle value increases, the full film region increases and then the cavitation
area reduced, which causes in generation of additional hydrodynamic pressure and enhances the load lifting capacity. In the
presence of misalignment (D,, = 0.75), the pressure distribution is plotted at various angles of misalignment (figure 17, 18 and
19), from these figures, is very clearly that the misalignment influenced the pressure fields in the axial direction and the location
of the pressure peak. Compared to aligned journal bearing, for smooth bearing (figure 17), the maximum pressure location is
shifted to the rear end for o = 0° (figure 17a) and to the front end for o = 180° (figure 17c), with a single peak appears at
same circumferential location 0 = 147.66°, with the same value about 6.13, which corresponds to 7.70 M Pa, twice larger than
aligned bearing, while, the maximum rupture angle location remains constant 8,,,, = 189.80° for both cases. For o = 90°
(figure 17b) the maximum pressure occurs two values, near 8 = 120° on the rear end and near 6 = 190° on the front end, as a
results of the two minimums of film thickness caused by this misalignment condition (figure 13c), the maximum rapture angle,
also, shifted to the rear end near 0;,,, = 227.75°. Compared with the misaligned smooth bearing, in fully textured cases (figure
18), for o = 0° and & = 180°, the location of P,,,, moves backward near 8 = 144°, and, its value decreases with about 59 %,
while, the maximum rupture angle value increases by 9.8°. For o¢ = 90°, the maximum pressure location moves backward and
the maximum rupture angle value increases with about 2 %. For partially textured bearing cases (figure 19), the pressure peak
location moves forward near 6 = 150.10°, for &« = 0° and o = 180° , and, its value increases with about 4.8 %, while, 6,4
increases by 12.14°. Furthermore, for @ = 90°, the maximum pressure location moves forward, while, the maximum rupture
angle value decreases with 0.5%.
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Figure 16: Distribution of dimensionless pressure versus axial and circumferential coordinates for aligned journal bearing: (a)
smooth bearing; (b) fully textured bearing (from 0° to 360°); (c) partially textured bearing (from 180° to 360°)
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Figure 18: Distribution of fully textured dimensionless pressure versus axial and circumferential coordinates for misaligned
journal bearing: (a) oo = 0°; (b) o =90°; (c) ox = 180°
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Figure 19: Distribution of partially textured dimensionless pressure versus axial and circumferential coordinates for misaligned
journal bearing: (a) o = 0°; (b) ox = 90°; (¢) o = 180°

The effect of texture shapes on two-dimensional 2D pressure profile for aligned/misaligned journal bearings is visualized
in figures 20, 21 and 22. Each figure is plotted in circumferential direction, at the mid-plane for aligned bearings and in rear
end (Z = 0.15), front end (Z = 0.75) and mid-plane (Z = 0.5) for misaligned bearings. In the absence of misalignment, in
fully textured cases (figure 20a), the dimensionless film pressure for all considered texture shapes are less than the smooth case.
This can be explained by the fact that, dimple shapes with flat bottoms (“SQ”, “CY” and “TR”) have a micro-step bearing
mechanism. Due to this mechanism, 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). As the texture
contour geometry increases, the micro-pressure drop effect increases. Unlike the previous case, a significant improvement
on pressure profile caused by partially textured features is clearly shown in figure 20b, as a results of micro-pressure recovery
mechanism, which causes a nil pressure drop in full-film region and a highest pressure recovery will be generated in rupture film
region. For misaligned bearings, Fully textured features (figure 21) reduce the pressure profile at any section, while, partially
textured features increase the pressure profile (figure 22), as a results of micro-step bearing mechanism.
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Figure 20: Effect of texture shapes on two-dimensional pressure distribution along the circumferential direction at bearing mid-
plane for aligned journal bearing: (a) fully textured cases (from 0° to 360°) ; (b) partially textured cases ( from 180° to 360°)

20

360°



7 T T 35 T T
Fully textured cases Fully textured cases
Z=0.15 Z=0.5
4 25 |- 4
| 2L |
[
| 150 |
| 1k |
| 05 |
I 0 L
270° 360° 0° 90° 180° 270°
b) 0
(@) (b)
15 T T
Fully textured cases
1.25F il
Z=0.75

1k |

|~0.75 il

05F B

0.25- B

0 I Y L
0° 90° 180° 270° 360°
) 0
©

360°

Figure 21: Effect of fully texture shapes on two dimensional pressure distribution along the circumferential direction at: (a)

Z=0.15;(b) Z=0.5; (c) Z = 0.75 for misaligned journal bearing (D,, = 0.75, a = 180°)
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Figure 22: Effect of partially texture shapes on two dimensional pressure distribution along the circumferential direction at: (a)

Z =0.15;(b) Z=0.5; (c) Z = 0.75 for misaligned journal bearing (D,, = 0.75, a = 180°)
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In the next subsections, the obtained results for smooth/textured misaligned bearing cases are compared in terms of : max-
imum pressure, leakage flow-rate, load-carrying capacity, load-attitude angle, friction force and coefficient, misalignment mo-
ment and moment direction.

3.2.2 Influence of degree of misalignment D,,

The curves of a number of bearing performance parameters as a function of the degree of misalignment are shown in figures
23a—23h (for smooth and full/partial textured bearing surface cases). Note that in this subsection, the misalignment angle o is
fixed at o = 180°, while the degree of misalignment varies in the range of (0 —0.9).

The curves of dimensionless maximum pressure P, for various degree of misalignment D,,; is shown in figure 23a. It
is found that the rate of increase in Py, for all considered cases is pronounced at higher values of misalignment degree D,,
(especially when D,, > 0.5), simply due to the smaller minimum film thickness. It should be emphasized that, when D,, = 0 the
bearing is aligned, and when D,, — 1, the minimum film thickness hmin — 0 (surfaces come into direct contact), and the max-
imum pressure P,,,, — c. Moreover, previous figure also show the comparative graph for smooth, fully and partially textured
bearing surfaces. Maximum pressure values are clearly different from those recorded for the smooth surface. In addition, it can
be seen from this figure that the main feature of fully texturing bearing surfaces is to reduce the maximum pressure, as a results
of micro-pressure drop effect. While, partially texturing gradually increase the maximum pressure, this behavior is due to the
dimple pressure recovery generated by textures in the rupture film region.

In figure 23b, the leakage flow-rate Q slightly increases with increasing degree of misalignment, which can be justified
by the large pressure gradient on the both ends. It is also visible that, in the case of fully textured bearings, all considered
texture shapes reduce the leakage flow-rate, which is in fact resulting from the larger pressure drop by the presence of dimples
in full film bearing surface. While, in the case of partially textured bearings, all considered dimples increase slightly the leakage
flow-rate, which is due to the fact that pressure field trend to accumulate inside the texture cavity (micro-pressure recovery
mechanisms) and thus adding a supplementary pressure which increase the pressure gradient.

Figure 23c shows that, the load-carrying capacity increases with increasing degree of misalignment. Firstly, the increase in
W has the same behavior as the previous dimensionless maximum pressure (figure 23a) for smooth and full/partial textured
cases. Secondly, texturing the whole bearing surface does not enhance the load carrying capacity, while partial texturing causes
a significant improvement in W¢. These results can be justified by the presence of flat bottom profiles micro-step bearing
mechanism (explained previously), which causes, in full film region, a thicker film thickness, and so largest pressure drop (pre-
senting a bad performance in W¢). While, in rupture film region, a significant pressure recovery will be generated (presenting
an improvement in W), these results are consistent with those described in [64]. Here, an emphasis is placed on the texture
contour geometry, which present a key parameter in flat bottom profile contour geometry. In fully texturing case, as the texture
contour geometries increases, the micro-step bearing mechanism effects increases (highest film thickness divergence and largest
pressure drop). In partially texturing case, square texture shape performed the best hydrodynamic enhancement, followed by
the triangle and circlr, which confirms the results obtained by ZHANG et al. [69].

Beside the load-carrying capacity, the figure 23d presents the variation of the load-attitude angle ¢ against the degree of
misalignment D,, for smooth/textured surface bearings. It can be discerned from the figure that for any studied texture shapes
for full/partial textured cases, the values of load-attitude angle are obviously different from those of smooth surfaces. However,
¢ decreases with the increase in D,,, this decrease is more considerable at higher values of degree of misalignment to support
the large bearing load. For fully texturing features, the load attitude angle increases compared to the smooth surface bearing
case, as a results of decreases load, while the main features of partially texturing is to increase the load attitude angle compared
to the smooth surface case, which is due to the increases of bearing load.

The evolution of dimensionless friction force F; and friction coefficient f . (R/c) for different values of degree of misalign-
ment Dy, in cases of smooth/textured surface bearings are shown in figures 23e and 23f, respectively. In figure 23e, it is noticed
that for all considered configurations (smooth and full/partial textured surface bearing), the friction force increases with the
increase of D,,, and it is also visible that all texture feature reduce the friction force. However, compared to the friction force
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(figure 23e), the resulting friction coefficients values have an opposite trend. Moreover, it can be also observed that, the friction
coefficient f. (R/c) decreases with the increases of degree of misalignment Dy, for all studied cases. However, in the case of
fully textured bearings, the friction coefficients 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 partially textured bearings, the square shape “SQ” shows the greatest friction
reduction, followed by the triangle and circle. This is due to the increase in load carrying capacity, caused by the pressure
recovery of these textures.

The total misalignment moment M and its direction angle ¢, are computed at the given misalignment conditions and plotted
in figures 23g and 23h, respectively. It can be noticed that, both bearing moment and its direction angle increase with increasing
degree of misalignment, This is due to the larger pressure and its asymmetric shape. Furthermore, texturing the whole bearing
surface reduces the bearing moment and the moment angle for any texture shapes, compared to the smooth surface, as a results
of micro-pressure drop mechanisms. While, partially surface texturing increases the misalignment moment and its direction
angle, presenting a good performance, which also results from textures micro-pressure recovery mechanism.

3.2.3 Influence of misalignment angle o

The bearing performance parameters at various angle of misalignment are presented in table 5. Note that in this subsection, the
degree of misalignment D,, is fixed at D,,, = 0.75, while the angle of misalignment varies in the range of (0° — 180°). Moreover,
the case where the misalignment angle varies from 180° — 360° is not presented in the table since both cases are physically the
same, observed in an opposite direction (i.e. at & = 0° the results is the same as those at ¢ = 180°).

From table 5, it can be seen that the computed dimensionless maximum pressure and dimensionless leakage flow-rate of
smooth/textured journal bearings decreases till the position & = 90° and then increases with increasing . This behavior can
be explained by the fact that, the minimum film thickness increases with increasing o until & = 90° and then decreases with
increasing ¢. The other noticeable points in table 5 are the decrease in the maximum pressure and leakage flow-rate after
the incorporating of textures in full bearing surface, which explained previously by micro-pressure drop effect. Moreover, the
increase in the maximum pressure and leakage flow-rate when the second half of bearing surface is textured, is a results of
micro-pressure recovery mechanism.

The variation of the dimensionless bearing load is similar to that of the dimensionless maximum pressure. As mentioned
above, the produced pressure in partially textured surface bearing enhances the load lifting capacity, and so decreases the load
attitude angle values and friction coefficient. While the fully textured cases cause a net load loss, and so increases the load
attitude angle values and the friction coefficient. Table 5, also presents the variation of dimensionless friction force, it can be
noticed that, corresponding to each misalignment angle o, all textures reduce the computed friction force values. Moreover,
it is worth noting that, when o approaches to 0° or 180°, the misalignment moment and its direction increases, this can be
justified by the fact that, the maximum pressure occurs near the front or rear end. For any misalignment angle «, as the whole
bearing surface is textured, the moment and its direction decreases, while the partially textured bearing surfaces improve the
misalignment moment and its direction.

3.2.4 Influence of eccentricity ratio £

In the previous subsections, the effect of journal misalignment in smooth/textured bearing surfaces is studied by varying the
misalignment angle (¢ from 0° to 180° ) and degree (D,, from 0 to 0.9), while, the eccentricity ratio € was set to € = 0.6. Here,
various eccentricity ratios (€ from 0.5 to 0.9 ), fixed misalignment angle (o = 180°) and degree (D,, = 0.75) are considered.
Computed performance characteristics as a function of eccentricity ratios are plotted in figure 24a—24h. The results observed is
that: as the eccentricity ratio increases, the dimensionless bearing performances such as: maximum pressure, leakage flow-rate,
bearing load, friction force and the moment increase due to the decrease in the minimum film thickness, while the load attitude
angle and friction coefficient decrease due to the large bearing load. Fully textured bearings have a detrimental effects (reducing
the load-carrying capacity, misalignment moment, and increasing the friction coefficient). While partially textured bearings
perform better by increasing the load lifting capacity, misalignment moment and lowering the friction coefficient and is more
pronounced at higher values of eccentricity ratios €. This is clearly due to the micro-step bearing effect, which can positively or
negatively affects the tribological characteristics of the misaligned journal bearing (much depends to texture zone location).
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Figure 23: Variation in bearing performances with degree of misalignment for smooth/textured surface bearings for: A = 1;
€=0.6; ¢ =180°
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Figure 24: Bearing performances versus eccentricity ratio for smooth/textured surface bearings for: A =1; D,,, = 0.75; o¢ = 180°
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4 Conclusion

In this paper, a numerical study was conducted to highlight the potential of combined influences of bearing surface texturing
and journal misalignment on the performance characteristics of hydrodynamic journal bearings. Three texture shapes with flat
bottoms: square (SQ), cylindrical (CY) and triangular (TR) and shaft misalignment variation in angle o , and degree D,,, were
considered. The model employed herein was solved by means of finite difference technique with taking into account the lubri-
cation film rupture and reformation by adopting the mass-conserving cavitation algorithm (“JFO” boundary conditions). The
predictions made with the present numerical model were validated against available theoretical and experimental data in the
literature.

The findings from the present numerical investigation can be summarized in the following points:
1. The texture contour geometry and its location has proved to be key parameters in journal bearing performances.

2. Fully textured bearing with flat/constant bottom dimples poorly affect the main bearing performances as compared to the
smooth case, which is directed by micro-pressure drop effect, Moreover, as the texture contour geometry increases, the
micro-pressure drop effect increases. While, partially texturing significantly enhance all bearing performances, which can
be explained by the effect of micro-pressure recovery mechanism. These facts were more noticeable at high eccentricity
ratios, high misalignment degrees and when o approaches to 0° or 180°.

3. The square “SQ” texture shape appears to be the most favorable to improve the misaligned bearing performances, followed
by the triangular “TR” then cylindrical “CY”.

4. As the degree of misalignment increases, the maximum pressure, the leakage flow-rate, the bearing load, the friction force
and the moment increase due to the decrease in the minimum film thickness, while the load attitude angle and friction
coefficient decrease due to the large bearing load. Also the inclusion of textures at requisite location can compensate the
reduces bearing performances caused by shaft misalignment, especially when ¢ — 0° or ov — 180°.

5. The previous observations concerning texturing the second angular part of the bearing (beyond 180°), 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.

6. The optimum textured location depends strongly on the geometrical parameters (type of misalignment) and the operating
conditions of the journal bearings.

The conducted study is constrained by the selected texturing parameters; fixed density, number, disposition, orientation and
dimension; the chosen problem assumptions; by applying Newtonian rheology and mass-conserving cavitation; selected ge-
ometrical parameters: bearing length and diameter, eccentricity ratio and misalignment condition, and neglecting changes in
viscosity, density and temperature, etc. On one hand, breaking these constraints will open to us new possibilities of finding the
optimum texture shapes required to each bearing configuration, on the other hand, difficulties on the computational aspect will
be faced (CPU-time and cost). The need of efficient and fast algorithms becomes more than necessary. In this context, con-
siderable efforts have been made by our research team to efficiently reduce the computation time using model order reduction
(MOR) [74]. The application of this technique for the simulation of textured misaligned journal bearing is planned as the next
step of this research.
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X, ¥, Z

Txs T2y Ty

Ah

Pe

p max

Eccentricity at the bearing mid-plane(m)

Magnitude of the projection of the misaligned journal axis on the mid-plane (m)
Radial clearance (m)

Bearing diameter (m)

Degree of misalignment

Bearing length (m)

Bearing radius (m)

External applied force (N)

Cavitation switching function

shaft speed (m/s)

Global Coordinate system ()

Texture dimensions (m)

Film thickness (m)

Variation of film thickness due to the presence of the texture (m)
Lubricant pressure (Pa)

Cavitation pressure (Pa)

Maximum pressure (Pa)

Load-carrying capacity

Leakage flow-rate(m? /s)

Friction force (N.m)

Friction coefficient

Misalignment moment (N.m)

Number of textures along circumferential 0 and axial Z directions
Relative convergence criterion on pressure

Relative convergence criterion on load

Relative convergence criterion on moment magnitude

Relative convergence criterion on moment direction
Dimensionless maximum pressure

Dimensionless load-carrying capacity

Dimensionless axial film flow
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F, Dimensionless friction force
M Dimensionless moment
h Dimensionless film thickness [A/C]
hs Dimensionless equivalent of oil film thickness in cavitation zone
Ah Dimensionless variation of film thickness due to the presence of the texture
P Dimensionless lubricant pressure
P. Dimensionless cavitation pressure
0,y,Z Dimensionless global Coordinate system
T, T, Ty Dimensionless texture dimensions
a Angle between ¢ and the rear center of the misaligned journal
B Bulk modulus (Pa)
B Dimensionless bulk modulus
p Fluid density of the oil (kg/m?)
Pe Fluid density at the cavitation pressure (kg/m>)
C) Fractional film content ® = p/p.
Aspect ratio A = L/p
Attitude angle (deg)
Om Misalignment direction (deg)
0] Angular velocity (rad/s)
u Dynamic viscosity (Pas)
€ Eccentricity ratio € = eo/c
¢ Misalignment eccentricity ratio € = ¢/c
6, Angular position of the rupture zone (deg)
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