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Abstract

Surface texturing is proven to be a feasible technique for enhancement of the
performance characteristics of the hydrodynamic bearings. A considerable amount of
numerical and experimental study is carried out on textured hydrodynamic bearings. The
surface texturing onto the bearing surface can be done using different micro-fabrication
techniques such as laser surface texturing (LST), chemical etching techniques, novel dressing
techniques, Additive manufacturing, abrasive jet machining, photolithography, focused ion
beam, micro-electric discharge machining, electrochemical texturing, ultrasonic machining,
thermal implantation etc. The surface texture of regular geometries, either dimpled or
protruded shapes, can be produced on the bearing surface with the above-mentioned

manufacturing techniques.

The present dissertation deals with implementing a simple computational algorithm,
i.e., the progressive mesh densification (PMD) method, to textured journal bearing problems.
Its computational performance is compared with the multigrid (MG) and fixed mesh density
(FMD) methods while implemented to spherical dimple textured journal bearing. It is found
that the PMD method is superior in computational performance compared to MG and FMD
methods for fixed texture parameters for length-to-diameter (L/D) ratios of 0.2, 1 and 2
whereas, in the case of varying texture parameters for the L/D ratio of unity.

Further, the spherical protruded and dimple textured journal bearings' performance
characteristics are compared with the untextured bearing ones for the L/D ratio of unity. The
discretized governing Reynolds equation considering the mass conserving (JFO) boundary
conditions has been solved using the computationally efficient PMD method. The numerical
code developed is validated with the experimental results available in the literature. It has been
noticed from the numerical analysis that the dimple textured journal bearing provides better
performance compared to the protruded textured and untextured journal bearing for load
carrying capacity and flow coefficient whereas, protruded textured journal bearing gives better
performance compared to the dimple textured and untextured journal bearing for friction
variable. For better performance, dimple and protruded textured bearings must be textured in
the second-half textured region configuration.

XVii
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Chapter 1

Introduction

1.0 State of the art

Tribology is a science that deals with the study of friction, wear, lubrication, and contact
mechanics. It allows us to study the interaction of surfaces and to present solutions for crucial
problems. The increasing range of tribological applications has increased the significance and

interest in this field.

Textured surface application in the enhancement of contact performance is not a recent
concept. For example, the movement of a shark in water is more efficient due to the presence
of texture on its skin. The dimple textured surface of a golf ball also decreases drag to a greater
extent and helps it to fly up to four times the distance when compared to a smooth surfaced
golf ball.

Surface texturing has also significant impact on the enhancement of tribological
performance of hydrodynamic bearings. There are many works in the literature related to the
analysis of the random influence of roughness on the performance of the hydrodynamic
bearing. It was concluded from those studies that the roughness influences the performance of
bearing. The random roughness may be introduced onto the bearing’s surface majorly due to
surface finishing processes in production and minorly due to dust, additives in the lubricant
and wear, while the roughness may be random or deterministic. The deterministic roughness
known as the surface texture can be deliberately introduced on the bearing surface as depicted
in Fig. 1.1 [1]. The regular surface texture in the form of micro-dimples or protuberances has
pre-defined parameters for texture such as feature diameter, depth or height and area density.
The different types of texture geometry can be produced on the surface of the bearings by
different micro-fabrication techniques such as novel dressing techniques, laser surface

texturing (LST), chemical etching techniques, photolithography, etc.
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Textured Area

Fig. 1.1 Textured journal bearing [1]
1.1 Literature review

1.1.1 Effect of surface texture on slider bearing

A slider bearing consists of two plane surfaces, one of which is stationary (fixed or pivoted)
and the other of which moves with a uniform velocity, separated by a lubricating film. The
direction of motion and the inclination are given in such a way that the convergent film is
formed. There are many works related to the study of surface roughness or texture influence
on the bearing performance characteristics. Some of the important research works related to
the surface texture effect on the slider bearing’s performance characteristics is discussed

below.

Hargreaves [2] conducted an experimental investigation on the influence of waviness
provided on the fixed surface of rectangular slider bearing on its load carrying capacity. Later
compared the experimental results with the theoretical ones. From the study, it is shown that
the mean discrepancy between the theoretical and experimental results is 7%. It is concluded
that surface waviness improves the load carrying capacity of the bearing. However, the degree
of improvement depends on the particular type of surface waviness and the tilt angle of the
bearing pad.
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It is important to determine the optimum texture parameters that produces the best
performance of the slider bearing when it is textured. Dobrica et al. [3] carried out a numerical
study to determine the optimal texture parameters such as dimple depth, texture extent and the
dimple aspect for parallel and inclined slider bearings considering mass conserving (JFO)
boundary conditions. The JFO boundary conditions have been implemented considering the
principle of mass conservation at the interfaces between the full-film and the cavitated zones
within the lubricant. Ma and Zhu [4] presented numerical and experimental analyses to obtain
the optimum texture parameters for the elliptical-shaped textured parallel sliders. The authors
have found the optimum texture parameters through numerical simulations, and the model built

was then validated experimentally.

Yu et al. [5] conducted a numerical and experimental analysis on the influence of
dimple texture geometries of various cross-sections such as circular, square and ellipse on the
friction of parallel sliding surfaces. From numerical results, the authors have concluded that
the dimple shape can be optimized for greater hydrodynamic pressure generation. From
experimental analysis, it is concluded that the elliptical dimple gives better hydrodynamic
pressure compared to the other texture geometries. The friction reduction effect also depends
majorly on the texture shape. The elliptical dimple provides better friction reduction under
different load and rotational speed conditions and these results showed good correlation with

those obtained from the numerical model.

Fowell et al. [6] numerically studied the influence of rectangular-shaped dimple
textures on infinitely long convergent bearings using mass conservation analysis. It is
concluded that the surface texture influences the performance of the bearing significantly with

increase in load carrying capacity and reduction in friction.

Ismail and Sarangi [7] studied the influence of surface texture orientation of negative
and positive textures on the performance characteristics such as load, flow coefficient and
friction variable of parallel slider bearing. From their study, the authors concluded that surface
texture orientation of positive textures has a significant positive influence on bearing

performance characteristics.
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Gherca et al. [8] studied the effect of surface roughness and surface texture on the
performance of parallel slider bearing, considering the mass conserving cavitation model.
From the study, it is found that the surface roughness and surface texture have a positive impact
on the performance of the bearing.

Malik and Kakoty [9] theoretically studied the influence of dimple texture on the load
carrying capacity of parallel and inclined slider bearing. It is reported that when texturing is
done from the front end in the width direction, a better load carrying capacity is obtained
compared to texturing from the rear end regardless of the length-to-width ratio, texture portion

and inclination.

Ji et al. [10] numerically studied the effect of partial surface texturing with texture
geometries such as rectangular grooves, triangular grooves and parabolic grooves on the
hydrodynamic pressure generated inside the parallel slider. The authors have reported that the
geometric shape, groove depth and inclination of the grooves have a significant positive effect
on the hydrodynamic pressure. However, the groove width has a very little positive effect on

the hydrodynamic pressure.

Shen and Khonsari [11] determined optimized texture shape for maximum load
carrying capacity for parallel slider bearing for both unidirectional and bidirectional sliding
motion. The authors have compared the performances of optimized texture shapes with those

of conventional texture shapes using mass conserving boundary conditions.

Singh et al. [12] numerically analyzed the texture parameters' effect on the slider
bearing performance. The authors predicted that the better performance of the dimple textured
slider bearing is attained when the bearing surface is textured with a single cylindrical dimple

compared to multiple dimples.

Han and Fu [13] conducted a numerical analysis on the effect of surface texturing on
the performance of the parallel slider bearing under transient conditions. They have concluded
that, due to texturing, the parallel slider bearing tribological performance is greatly improved
in terms of coefficient of friction and friction force.

TH-3148 176103007



Introduction

Fu et al. [14] studied the effect of donut-shaped bump texture on the hydrodynamic
performance of a parallel slider. The theoretical analysis predicted that the hydrodynamic
pressure is developed as the convex of the donut-shaped bump behaves as a micro-step slider.
The optimum values of bump height and horizontal spacing between adjacent textures have

been determined for maximum hydrodynamic pressure.
1.1.2 Effect of surface texture on thrust bearing

Thrust bearings have a number of sector-shaped pads, free to pivot, that are positioned in a
circular fashion around the shaft. These provide wedge-shaped oil regions inside the bearing
between the pads and a rotating disc, supporting the applied axial load and preventing metal-
to-metal contact. The important works related to surface texture influence on the bearing

performance characteristics of thrust bearing are presented below.

Brizmer et al. [15] theoretically studied the LST impact on the parallel thrust bearing.
The optimum parameters for the dimples have been found to attain the maximum load carrying
capacity. The authors have also found the best mode of LST for maximum load carrying
capacity. An experimental study has also been carried out by Etsion et al. [16] on the impact
of LST on the performance parameters, in terms of clearance and friction, of the parallel thrust
bearing. The authors have found a good correlation between their experimental results and the
theoretical results of Brizmer et al. [15]. The authors have reported that the unidirectional and
bidirectional partial-LST bearing provides better performance compared to the untextured

bearing with the increase in clearance and reduction in friction.

Wang et al. [17] carried out an experimental analysis to determine the optimum surface
texture that enhances the load bearing capacity of the thrust bearing lubricated with water. It
was found that there exist optimum texture parameters that give load bearing capacity for

textured bearing as twice that of the load bearing capacity of the untextured bearing.

Etsion [18] conducted a theoretical and experimental study on the impact of surface
texturing on thrust bearing performance. It is reported that friction can be substantially
decreased in textured components compared to untextured ones. Buscaglia et al. [19] have
studied the effect of periodic texture provided on the surface of thrust bearing on its static

performance characteristics.
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Rahmani et al. [20] presented an analytical study to determine the optimum geometrical
parameters of square-shaped micro-dimples for the enhanced performance of partially textured
parallel thrust bearings. The authors have concluded that despite the variation of different
textured geometrical parameters, the optimal values of these parameters remain nearly

constant.

Papadopoulos et al. [21] reported geometry optimization analysis of three-dimensional
micro-thrust bearing textured with partial periodic rectangular texturing to attain maximum

load carrying capacity.

Qiu and Khonsari [22] applied the mass-conservative algorithm to the thrust bearing to
obtain a better understanding of the mechanisms involved and to develop a procedure for

evaluating in realistic way the performance of the surfaces enhanced with dimples.

Marian et al. [23] presented theoretical and experimental analysis on the laser surface
textured thrust bearing. The performance characteristics of the bearing are studied, in terms of
fluid film thickness and friction torque, numerically and experimentally. From the study, it is

reported that the theoretical results are in good agreement with the experimental results.

Shen and Khonsari [24] conducted a numerical and experimental investigation on the
effect of internal structure shape of the cylindrical dimple on the thrust bearing specimen. From
the analysis, the authors have found that the internal structure shape of the dimple has a
profound influence on the load carrying capacity, but its influence on friction torque is

insignificant.

Henry et al. [25] reported an experimental study to investigate the effect of surface
texturing on the steady-state performance of thrust bearing. From the study, it is concluded that
the textured thrust bearing reduces friction up to 30% at low loads.

Gherca et al. [26] numerically studied the influence of surface texturing on the
performance of hydrodynamic thrust bearing. The mass conservative algorithm has been used
to solve the governing Reynolds equation. The authors have reported that the behavior of thrust

bearing is different when the stator is textured compared to when the rotor is textured. Finally,
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it was found that when the rotor is textured, the performance of the thrust bearing is

significantly improved under certain conditions.

Fu and Untaroiu [27] conducted a 3D-Computational Fluid Dynamic (CFD) analysis
to optimize the texture parameters for elliptical textured thrust bearing performance in terms
of load carrying capacity and friction coefficient, considering mass conserving boundary
conditions. The authors have validated their numerical model results with the experimental

results available in the literature.

Panigrahi and Sarangi [28] conducted an experimental study on the effect of texture
size and height on the performance characteristics of the parallel sliding thrust bearing. The
positive textures having cross-sections such as circular, elliptical, square and triangular are
fabricated on bearing surfaces for experimental analysis. Their results show that the textured
bearings, for all texture shapes, produce lesser frictional torque and higher clearance compared
to the untextured bearing under varying loads and speeds. The test results show that when the
texture height is the same, the small size textures produce better bearing performance, followed
by medium and larger size textures for the given range of parameters. Also, when the texture
size is the same, the greater texture height provides better performance characteristics for all

texture shapes for the given range of parameters.

Zhirong et al. [29] presented a numerical analysis to determine the optimal texture
shape that gives maximum load carrying capacity for the parallel thrust bearing. They have
implemented mass conserving boundary conditions to solve the governing Reynolds equation.
They have concluded that the chevron-shaped texture provides the maximum load carrying

capacity.
1.1.3 Effect of surface texture on journal bearing

A journal bearing is the most familiar of all the bearings. The sleeve of the bearing is wrapped
partially or completely around the rotating journal. This bearing can support an externally
applied radial load. It is due to pressure development inside the lubricant present between the
rotating journal and the bearing sleeve due to the wedge action principle. Many researchers

have implemented various techniques pertaining to surface texturing to improve the
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performance characteristics of journal bearings. Some of the works relevant to present study

are described below.

Sinanoglu et al. [30] studied theoretically and experimentally the influence of texturing
the shaft on the distribution of pressure and, thus, on the load carrying capacity of journal
bearing. The authors have reported that the shaft textured with trapezoidal profile produces

better load carrying capacity compared to the shaft textured with saw profile.

Tala-Ighil et al. [31] conducted a numerical analysis to investigate the effect of surface
texture on the journal bearing characteristics. The spherical dimple textured journal bearing
characteristics are compared with those of the untextured journal bearing. From the analysis,
the authors have reported that the most important bearing characteristics are affected by
texturing. Also, appropriate selection of the texture parameters can have a significant impact

on the bearing characteristics.

Ausas et al. [32] highlighted the importance of consideration of mass conserving
boundary conditions while solving problems of textured journal bearings. The square dimpled
textures are considered in the analysis. The authors have concluded that though the Reynolds
model and mass conserving cavitation model yield the same results for performance
characteristics of untextured bearings, in the case of micro-textured bearings, consideration of

mass conserving cavitation model is crucial for the evaluation of performance characteristics.

Lu and Khonsari [33] investigated the friction characteristic of a journal bearing with
dimpled bushings manufactured using machining and chemical etching techniques. A series of
experimental results are presented to examine the effect of dimples on the Stribeck curve. It is
shown that with proper dimples dimensions, journal bearings' friction performance can be
improved, particularly for light oils. Experimental results also indicate that a bushing with
etched dimples over the entire circumference offers better frictional performance than one with

dimples etched on half of its circumference.

Tala-Ighil et al. [34] studied different texture geometries' effects on the performance of
hydrodynamic journal bearings. The different texture geometries considered are spherical,

cylindrical and parallelepiped. The authors have concluded that the parallelepiped texture
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geometry provides better performance compared to other texture geometries and smooth

surface.

Cupillard et al. [35] performed computational fluid dynamic analysis to predict the
coefficient of friction of the textured journal bearings. The results suggest that introducing the
surface texture of suitable geometry can reduce the friction coefficient.

Tala-1ghil et al. [36] conducted a theoretical analysis of the effect of textured area on
the hydrodynamic journal bearing performance. The authors have considered the cylindrical
texture on the surface of the bearing. The results depict that the most important properties can

be improved through the proper arrangement of the textured area on the bearing surface.

The effect of different types of texture (micro-cavities) on the hydrodynamic journal
bearing performance has been numerically studied by Kango et al. [37]. It has been suggested
that the half wave texture (negative) on the bearing surface produces better bearing

performance than that of the full wave texture (negative).

Brizmer and Kligerman [38] presented a theoretical study on the implementation of
LST on journal bearings. The authors have analyzed the effect of full-LST and partial-LST on
the load carrying capacity and attitude angle of the journal bearing. They have found the
favorable mode of LST and optimum parameters of dimple texture for maximum load carrying

capacity.

Rao et al. [39] studied the influence of texture/slip configuration on the journal bearing
performance in terms of load carrying capacity and coefficient of friction. They presented a
one-dimensional analysis of partially textured slip journal bearing. Partially textured slip
followed by a single groove is considered on the stationary surface of the journal bearing. They
concluded that considering partially textured slip configuration produces higher load carrying
capacity and lower coefficient of friction. Among all the cases considered in the analysis of
concentric journal bearing, the groove region followed by the partially textured slip region
provides an improvement in non-dimensional load carrying capacity and a decrease in

coefficient of friction.
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Li and Wang [40] conducted a numerical analysis on the impact of surface texture in
the form of a bulge around a dimple on the tribological properties of journal bearing. The
authors have concluded that the tribological properties (friction coefficient and eccentricity
ratio) of the journal bearing can be bettered with surface texturing. However, the load carrying

capacity can be negatively affected.

Gupta et al. [41] carried out an experimental study on textured journal bearing
performance. The authors have concluded that the performance of the journal bearing has been
affected due to the textured surface i.e., pressure increases more in textured journal bearing as
compared to smooth journal bearing and in the converging zone of bearing, the surface textures

are more effective.

Kango et al. [42] compared the hydrodynamic performance, in terms of friction
coefficient, of textured journal bearing and grooved journal bearing. The authors have reported
that the micro-grooves on the bearing surface reduce the friction coefficient compared to the

spherical textures.

Lu et al. [43] presented an experimental investigation on the influence of the
phyllotactic pattern arrangement of textures on the friction characteristic of dimple textured
journal bearing. The authors have reported that the phyllotactic pattern arrangement of textures

provides better frictional performance compared to the conventional linear pattern.

Ganji and Kakoty [44] reported a numerical study on the performance characteristics
of micro-elliptical dimple textured journal bearing. The authors have reported that the textured
bearing provides better performance compared to the untextured bearing with proper selection

of texture depth, texture area and dimple area density.

Tala-Ighil and Fillon [45] numerically investigated the influence of surface texturing
on the performance parameters of journal bearing. Firstly, the authors have validated their
numerical results with the experimental results available in the literature and found good
agreement. The authors have concluded from their study that full-texturing does not necessarily
improve performance parameters. However, at very low speeds and adequate texture sizes,
full-texturing can improve the performance parameters. Partial texturing at the outlet zone can
always improve the performance parameters.
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Zhang et al. [46] studied the hydrodynamic effect of dimple textures on the journal
bearing performance. It has been reported that the load bearing capacity can be significantly

improved with partially texturing on the inlet of the bearing sleeve.

Meng et al. [47] showed the influence of compound dimples (rectangular dimple at the
top and the spherical dimple at the bottom) on the performance of journal bearing in terms of
load carrying capacity and friction coefficient. The performance parameters for representative
rectangular-spherical compound dimples on journal bearing have been compared with those of
simple rectangular dimples. It is found that the compound dimple provides better performance

due to its twice hydrodynamic action compared to the simple dimple.

Liang et al. [48] carried out three dimensional CFD analysis to determine the influence
of partial texture location and dimple depth on the performance parameters of partially textured
journal bearing. The authors have concluded that the texture located at the lubricant inlet area
can enhance the performance of the bearing and the shallow dimples give better performance

than the deep ones.

Dadouche and Conlon [49] conducted an experimental investigation on the effect of
surface texture on the steady-state performance characteristics of hydrodynamic journal
bearing under high loads and lubricated with contaminated lubricant. From the experimental
results, the authors have drawn conclusions on the advantage of dimples in capturing

contaminant particles and thus decreasing the possibility of failure of bearing.

Khatri and Sharma [50] studied the effect of surface texture on the performance
characteristics of non-recessed hybrid journal bearing operating with non-Newtonian lubricant.
From their study, it is predicted that surface textured hole-entry hybrid journal bearing provides
a reduction in minimum film thickness for lubricants such as pseudoplastic, Newtonian and

dilatant compared to untextured hole-entry hybrid journal bearing.

Sharma et al. [51] studied the effect of surface texture on a couple stress fluid-based
journal bearings. The authors have considered mass-conserving boundary conditions instead
of Reynolds boundary conditions. It is found that texturing produces an increment in load

carrying capacity only at lower eccentricity ratios for a couple stress fluid-based journal
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bearing, whereas load carrying capacity is increased with a couple stress fluid in smooth

journal bearing at different eccentricity ratios.

Yamada et al. [52] conducted a theoretical and experimental study on the influence of
square dimple texture on the static characteristics of journal bearing. The authors have
suggested that the textured journal bearings produce a lower attitude angle and higher

eccentricity ratio compared to the smooth journal bearing under the same operating conditions.

Shinde and Pawar [53] implemented a multi-objective optimization technique to
optimize surface texturing parameters to enhance the journal bearing performance with

increasing load carrying capacity and reduction in friction coefficient.

Guo [54] theoretically studied the influence of micro-spherical and cylindrical dimple
textures on the load carrying capacity and lubrication performance of the journal bearing with
axial grooves using the JFO boundary conditions.

Usman and Park [55] conducted a numerical analysis to study the effect of surface
textures that are transverse to the sliding direction on the performance of journal bearing at
varying operating conditions. The mass conserving boundary conditions have been
implemented in solving the governing Reynolds equation. The authors have reported that the
frictional characteristic can be significantly improved at a slight expense of load carrying

capacity.

Shinde et al. [56] presented an experimental and numerical investigation on conical
shaped journal bearing with partial texturing. They have considered texture distribution from
0°-90° and 90°-180° on the bearing surface in the circumferential direction. It is predicted that
the texture distribution along 90°-180° produces enhancement in the bearing performance
compared to the plain journal bearing.

Mao et al. [57] performed experimental and theoretical analysis on the effect of
arrangement patterns of round pits on journal bearing’s tribological characteristics. The authors

have reported that texturing of the bearing surface could reduce friction and wear.

The impact of chevron-shaped texture on the journal bearing performance was

theoretically analyzed by Sharma et al. [58]. The authors reported that there would be an
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improvement in the performance parameters if the textured region is situated in the region of
pressure build-up. It was also reported that surface texturing would be more effective in

improving bearing performance for the bearings operating at lower eccentricity ratios.

Galda et al. [59] conducted an experimental investigation on the effect of surface
texture on the performance of journal bearings. They have found that the textured journal
bearings remained in hydrodynamic lubrication for greater time and moved to mixed

lubrication at lower speeds, during the shut-down, compared to smooth journal bearings.

Manser et al. [1] studied numerically the influence of cylindrical texture and non-
Newtonian lubricant on the journal bearing performance using the mass-conserving boundary
conditions. The results suggest that texturing in the bearing convergent zone significantly
improves the bearing performance with enhancement in load carrying capacity and reduction

in friction coefficient, whereas, for full-texturing, there is adverse performance.

Korenaga et al. [60] presented an experimental investigation on the frictional
performance of oil-impregnated sintered bearings with surface texturing. The authors

concluded that friction is low for the dimpled bearings compared to the flat bearings.

Singh and Awasthi [61] studied the influence of dimple location and depth on the
hydrodynamic journal bearing performance. The authors reported that the texturing has a more
significant impact on the bearing performance when it is textured in the upstream zone of 126°

-286° and for dimple aspect ratio nearer to unity.

Manser et al. [62] numerically studied the effect of surface texture on the hydrodynamic
journal bearing performance using JFO boundary conditions. They demonstrated that their

results were in good agreement with the bench mark results available in the literature.

Singh and Awasthi [63] theoretically investigated the influence of different dimple
textures with geometrical shapes such as spherical, triangular, cylindrical and kite on the
journal bearing performance. The authors mentioned that there is better improvement in the
journal bearing performance when the bearing surface is textured with spherical shaped dimple

textures compared to other texture shapes.
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Awasthi and Mann [64] studied the effect of surface texture on the hydrodynamic
journal bearing performance operating under a turbulent regime. From the results, the authors
concluded that the performance of the journal bearing improves if the bearing surface is
textured at a proper location.

Filho et al. [65] conducted an experimental study to determine the static performance
parameters of journal bearing when its journal surface is textured with different texture
geometries. From the study, the authors reported that the performance parameters are affected

due to the texturing of the journal surface.
1.1.4 Progressive mesh densification (PMD) method

PMD method is the computational procedure where the computations are performed at
different levels of mesh sizes. In this method, computational mesh is progressively densified,
with movement of levels from lower level to higher level, to accelerate the solution process
and ensure numerical accuracy. It is a simple computational method that is easy to implement.
Within the PMD method itself, different Schemes may be adopted based upon the
combinations of different levels to improve its computational efficiency.

Zhu [66] conducted a numerical investigation on thin-film and mixed lubrication. In
this investigation, the author has presented a PMD method and compared it with the multigrid
method. He concluded that the PMD method has an advantage over the multigrid method as it

reduces computational time significantly for moderate and thick-film cases.

Pu et al. [67] numerically studied the mixed Elasto-hydrodynamic lubrication (EHL)
implementing the PMD method. They compared their results with those from the direct
iteration method with a fixed mesh and concluded that the PMD procedure has better
computational performance no matter with or without surface roughness is involved. The
stability of the PMD procedure is also investigated and concluded that it is stable for mixed
EHL problems and capable of accelerating the numerical process, maintaining numerical

accuracy.

Kumar et al. [68] implemented the PMD method to study the thermo-EHL lubrication
in the Rayleigh step bearing numerically. The authors compared their results with the fixed
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mesh results and concluded that implementation of PMD leads to better computational
performance, with lesser number of iterations, over the fixed mesh density (FMD) method for
both EHL and thermo-EHL conditions. They found out better scheme within the PMD method,
which depends on the movement of levels from coarser mesh to fine mesh. Kumar et al. [69]
later implemented the PMD method to investigate the combined effect of stochastic roughness,
thermal effect, and elastic deformation of surfaces on Rayleigh step bearing performance.
Kumar et al. [70] implemented the PMD method in their study on the influence of surface
roughness and deformation on Rayleigh step bearing under thin film lubrication. Further,
Kumar et al. [71] implemented the PMD method in rough thrust pad bearing under thermo-
elastohydrodynamic lubrication. Kumar and Azam [72] also used the PMD method in their
work on the influence of directionally oriented random roughness on the performance of a
Rayleigh step bearing operating under mixed-EHL.

1.1.5 Multigrid (MG) method

Multigrid techniques are computationally efficient methods compared to the most standard
iterative techniques with enormous reduction in central processing unit (CPU) time. In MG
method computations are performed at different levels of mesh sizes, the mesh density going
up and down repeatedly in a V- or W-cycle. Multigrid methods are difficult to implement in

comparison to the PMD method.

Qiu and Khonsari [22] studied cavitation behavior in flat dimple-enhanced surfaces
using the mass-conservative algorithm. The authors compared cavitation theories in predicting
pressure distribution, film rupture and reformation boundaries. The authors have used

multigrid method to accelerate the convergence speed.

Quinonez and Morales-Espejel [73] carried out a study to ascertain the effects of
general surface roughness in wide exponential land slider bearings. The authors developed an
analytical solution method and obtained full numerical results using finite difference
discretization techniques and MG methods for convergence acceleration to verify the method.

Awati and Kengangutti [74] presented the thermo-hydrodynamic performance of

textured journal bearing with lubricant as a couple stress fluid with the help of the MG method
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to solve the modified Reynolds equation and energy equation together with the heat transfer

equation. The performance parameters are estimated for different couple stress parameters.

Wang et al. [75] developed a simplified MG method based on the one presented by
Venner et al. [76]. It is suggested that the algorithm can be implemented for both steady state
and transient isothermal line contact EHL problems. Su et al. [77] conducted a two-
dimensional Elasto-hydrodynamic numerical study on surface textured sliding bearings with
relatively soft material. The authors used the MG method with a finite difference scheme to

estimate the bearing performance.

Liu et al. [78] explored the MG method in depth to simulate two-dimensional EHL
problems for smooth, wavy and rough surfaces. The authors considered the mass-conserving
algorithm in the MG method to deal with micro-cavitations. Liu et al. [79] conducted numerical
analysis on elastohydrodynamic lubrication of line contacts involving micro-cavitations using
the MG method.

MG method has been used in some more works such as Ji et al. [10], Shen and Khonsari
[11], Fu et al. [14], Shen and Khonsari [24], Li and Wang [40], Chang et al. [80], Venner and
Lubrecht [81], Noutary et al. [82], Awati et al. [83], Liu et al. [84], Reichelt [85] etc.

1.1.6 Fixed mesh density (FMD) method

In the FMD method, the governing Reynolds equation is solved in a single fixed mesh
throughout the computing process till convergence. It is easy to implement and so commonly
used in most of the numerical works that are available in the literature. Some of the noted
works are listed here, such as Manser et al. [1], Malik and Kakoty [9], Tala-Ighil et al. [31],
Ausas et al. [32], Tala-Ighil et al. [34], Tala-Ighil et al. [36], Kango et al. [37], Kango et al.
[42], Ganji and Kakoty [44], tala-Ighil and Fillon [45], Zhang et al. [46], Guo [54], Manser et
al. [62], Elrod [86], Fesanghary and Khonsari [87] etc.

The comparison of computational performances of PMD method with the FMD method
for EHL, thermo-EHL and mixed-EHL conditions corresponding to the works of Zhu [66], Pu
et al. [67] and Kumar et al. [68], are shown in Table 1.1. It is observed from Table 1.1 that the
PMD method reduces the number of iterations tremendously in Mixed-EHL [66, 67] problems,
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compared to the FMD method, whereas, in EHL [68] and Thermo-EHL [68] problems it

reduces the number of iterations significantly.

Table 1.1 Comparison of computational performance of PMD and FMD methods in terms of

number of iterations

Number of iterations
Lubrication Regime

PMD FMD
Mixed-EHL [66] 1010 2485
Mixed-EHL [67] 222 761
EHL [68] 11547 16132
Thermo-EHL [68] 12089 16984

1.2 Research gap

From the literature, it has been observed that the PMD method has better computational
efficiency than the FMD method for solving the Reynolds equation of mixed Elasto-
hydrodynamic lubrication problems, while it has better computational efficiency compared to
the MG method in solving thin and mixed lubrication problems. It has also been observed from
the literature that the PMD method has been implemented in thin EHL, mixed-EHL and
thermo-EHL problems but not in textured hydrodynamic bearing problems. Further, it is
observed from the literature that incorporating the textures on the bearing surface enhances its
performance when the texture geometry, location of texture zone, texture depth/height, texture
area density etc., are properly chosen. It is found that there is better improvement in the journal
bearing performance when the bearing surface is textured with spherical shaped dimple
textures compared to cylindrical-, triangular- and kite-shaped textures [63]. It is also observed
that no attempt has been made to compare performance characteristics such as load carrying
capacity, friction variable and flow coefficient of dimple textured and protruded textured
journal bearing with untextured journal bearing, for spherical texture geometry, implementing

mass conserving boundary conditions using the PMD method.
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1.3 Scope of the present work

In view of the above, an attempt has been made to carry out a numerical analysis of textured
journal bearing to improve its computational efficiency and generate design data which

includes the following objectives.
1.3.1 Objectives

1. To improve the computational efficiency of dimple textured hydrodynamic journal
bearing using the progressive mesh densification method.

2. To study the influence of texture and bearing parameters on the computational
efficiencies of PMD, MG and FMD methods while implementing to dimple textured
journal bearing problems.

3. To compare the performance characteristics such as load carrying capacity, friction
variable and flow coefficient of dimple textured journal bearing, protruded textured
journal bearing and plain journal bearing implementing mass conserving boundary

conditions using the PMD method.
1.4 Organization of the thesis

The present work deals with the improvement of the computational efficiency of dimple
textured journal bearing problems using the PMD method in comparison with the MG and the
FMD methods. Further, the bearing performance characteristics of the dimple textured journal
bearing and the protruded textured journal bearing have been compared with the untextured
journal bearing. The present thesis is broadly divided into six chapters.

Chapter 1 deals with the state of the art and literature review of the previous works.

The scope of the present work has been drawn based on the literature review in this chapter.

Chapter 2 presents a theory for textured journal bearing using Reynolds boundary
conditions and mass conserving (JFO) boundary conditions. In the theory for textured journal
bearing using Reynolds boundary conditions, the governing Reynolds equation, fluid film
thickness equation for the spherical dimple textured bearing, boundary conditions, solution

scheme and the equations for estimation of bearing performance parameters are presented. In
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the theory for textured journal bearing using mass conserving (JFO) boundary conditions, the
governing Reynolds equation, fluid film thickness equations for the spherical dimple and
protruded textured bearing, solution scheme and the equations for estimation of pressure in the
full film region and the bearing performance parameters are presented. Further, computational
methods such as PMD and MG have been briefly discussed in chapter 2.

Chapter 3 deals with the comparison of computational efficiencies of PMD, MG and
FMD methods while solving textured journal bearing problems related to different L/D ratios

for a fixed set of texture parameters.

Chapter 4 presents the comparison of computational efficiencies of PMD, MG and
FMD methods while solving textured journal bearing problems related to the L/D ratio of unity
for varying texture parameters such as texture portion, dimple area density, dimple aspect ratio,

non-dimensional clearance and non-dimensional length.

Chapter 5 deals with the comparison of performance characteristics of protruded
textured journal bearing and dimple textured journal bearing, in terms of load carrying
capacity, friction variable and flow coefficient, with untextured journal bearing for different
texture configurations such as full textured region, first-half textured region and second-half
textured region. Two ways of comparison of performance characteristics have been presented.

One is based on eccentricity ratio and the other is based on load.

Finally, the major inferences and conclusions drawn from the work carried out in this

thesis are presented in Chapter 6.
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Chapter 2

Basic equations, boundary conditions and

computational methods

2.0 Introduction

This chapter presents a theory for textured journal bearing using Reynolds boundary conditions
and mass conserving (JFO) boundary conditions. In the theory for textured journal bearing
using Reynolds boundary conditions, governing equation, fluid film thickness equation for the
spherical dimple textured bearing, boundary conditions, solution scheme and the equations for
estimation of bearing performance parameters are presented. In the theory for textured journal
bearing using mass conserving (JFO) boundary conditions, governing equation, fluid film
thickness equations for the spherical dimple and protruded textured journal bearing, solution
scheme and the equations for estimation of pressure in the full film region and the bearing
performance parameters are presented. Furthermore, the different computational methods used
in the present work, such as progressive mesh densification (PMD) and multigrid (MG), have
been briefly discussed in this chapter.

2.1Theory for textured journal bearing using Reynolds boundary conditions
2.1.1 Governing equation

The Schematic diagram of the hydrodynamic journal bearing having dimple texture on the
inner surface is shown in Fig. 2.1. The front view of the dimple textured journal bearing is

depicted in Fig. 2.1(a). Here, the radii of journal and bearing are r and R respectively. There is
fluid lubricant filled in between journal and bearing surfaces with thickness,h(@,z). The

pressure is developed in the lubricant inside the bearing as the journal starts rotating with a
rotational speed of @ (= U/R, U being the sliding velocity of the journal ), under the influence

of an external load W. The journal assumes a stable position after some time. The distance
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between the journal and bearing centers after stability is attained is e. The magnified view

depicts the micro-dimple with base circle diameter as 2r,, dimple depth as h, and local

dimple depth as h,, . Figure 2.1(b) depicts the developed view of one-half of the hydrodynamic

journal bearing in z—direction. The amount of texturing (texture portion) along
circumferential direction is « . The magnified view depicts a small imaginary square cell of

the side length consisting of a micro-dimple at the center.

(b)
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Fig. 2.1 Schematic diagram of the textured journal bearing (a) front view and (b) developed

view of one-half of bearing in the z-direction
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The generalized Reynolds equation related to the hydrodynamic lubrication, where the
lubricant is compressible and obeys the Newtonian law of viscosity and the flow is laminar,

for an unsteady state can be written as:

ﬁ(phS apJ a( he apj 67U o(ph) | 1,0(PN) @2.1)

OX OX 0z 0z OX ot

The governing Reynolds equation for the hydrodynamic journal bearing, where the
lubricant is incompressible and obeys the Newtonian law of viscosity and the flow is laminar,

for the steady-state case is [44]:

0 op) O(,50p oh

—|h® = |+=— 6nU — ,

6x( 6xj 0z ( 62) 7 OX (22)
The parameters used for defining spherical dimple texture in the non-dimensional form

are non-dimensional clearance &, non-dimensional bearing radius R, non-dimensional local
dimple depth ﬁm , non-dimensional film thickness h, non-dimensional x-coordinate X, non-

dimensional z-coordinate z , non-dimensional length L and non-dimensional dimple aspect

ratio y .

The non-dimensional form of the parameters mentioned above is as follows [38]:
» Y=o (2.3)

After substituting non-dimensional parameters from Eqn. 2.3 in Eqgn. 2.2, following

non-dimensional governing Reynolds equation is obtained

2 f—
P [.'2) Shap oh i 30 p 3hzap8h 12 oh (2.4)
06, 06, 00, 0z 0z 01 0o° 00,
where non-dimensional pressure, p =
3nU
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The dimple area density(sp) , defined as the ratio of the area of the dimple to the area

of the imaginary square cell, used in the analysis is

r?

0= (25)
1
- n 1|z
f =—=— |—
tor 2ys, (2.6)

Eqgn. 2.4 is discretized using a central difference quotient. The pressure at each node is

obtained as follows:

. Ai p|+lJ+B|Jp|lj+C|Jp|j+l+D|Jp|Jl i,]j
p|J F

i

(2.7)

where
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2.1.2 Fluid film thickness

The general form of non-dimensional fluid film thickness considered for the textured journal

bearing is

h(0)=1+¢cos(8)+hp (2.8)

The non-dimensional fluid film thickness for the dimple textured journal bearing is

given as follows [38]:

h =1+gcos(¢9)—(8‘//i5—gj—5j+ J(ﬁ%j L) +(a) ) when () +(a) <1
h=1+scos(6) when (Z)2 -‘r(Z_l)z >1

(2.9)

- Z . . . ] -
where X, :rﬁ and z, = r—l are non-dimensional local coordinates with origin at the center of
p p

a dimple square cell.

2.1.3 Reynolds boundary conditions

The Reynolds boundary conditions used for the solution of the Eqn. 2.4 are as follows:

B(H,i%) =0
B(o,E)z_p(zn,E)

a—f’zo atz=0
0z

0=0, P _0ato-0
00

(2.10)

where 6, is the angle at which film cavitates

25
TH-3148 176103007



Chapter 2

In Egn. 2.10, the first boundary condition presents that pressure at the ends in axial
direction of the bearing is ambient pressure, the second boundary condition means that the
pressure in circumferential direction of the bearing is same at the start and the end of the
angular coordinate in the analysis, the third boundary condition depicts that the change in
pressure gradient at the midplane in axial direction of the bearing is zero and the last boundary
condition presents that the pressure, where the fluid film cavitates, is ambient pressure and its

gradient in circumferential direction is zero.
2.1.4 Solution scheme

The pressure at any node point is expressed in terms of the pressure of four adjacent points.
The non-dimensional pressure at all mesh points is assumed to be zero to start with the iteration
process. Gauss-Seidel method coupled with successive over relaxation (SOR) scheme has been
used for solving the equations of pressure at each node satisfying the boundary conditions in
Eqgn. 2.10 [38]. The significane of using successive over relaxation (SOR) scheme with Gauss-
Seidel method is that the convergence of the solution becomes faster; for which a parameter

called over relaxation factor is used.

The Gauss-Seidel method coupled with a successive over relaxation scheme (SOR) is

used to determine new pressure as follows [38]:
(pi’j)new :(pi’j)md +err, . xorf (2.12)

where,
error is err, ;= Right-hand side (R.H.S) of Egn. 2.7 - (Bi’j)old and orf is the over relaxation

factor. The ‘orf’ value needs to be considered in between 1 and 2 for the above-mentioned
method whereas, for Gauss-Seidel method its value becomes unity.

The Convergence criterion used is as follows:

‘(ZBL])M_l _(ZB”)
(Ze.),

M

<107 (2.12)
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2.1.5 Bearing performance parameters

The load carrying capacity components and load carrying capacity are given below [38]:

L/22x

W =—2§j jﬁcos@d@d?
0 0

—

227

W, =2§j j_psinededi (2.13)
0 0
W =W, +W,"

The Sommerfeld number is a bearing performance parameter that is used in the design
of hydrodynamic journal bearings. It is very important in lubrication analysis as it contains all
the design variables specified by the designer. The Sommerfeld number equation is given as
follows [38]:

5= L_(E] (2.14)

Load carrying capacity is obtained numerically through double integration using
Simpsons 1/3 rule. Using Simpson’s 1/3 rule, the approximate solution to the definite integral

can be obtained through quadratic approximation of the function or integrand.

2.2 Theory for textured journal bearing using mass conserving (JFO)

boundary conditions

2.2.1 Governing equation

In the theory of lubrication, the Reynolds equation is employed for determining the pressure
distribution of viscous fluid films. Assuming that the lubricant obeys the Newtonian law of
viscosity and the flow is laminar, the governing Reynolds equation for the journal bearing

operating at steady state condition can be written as:
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0 op 0 op oph
—| ph® = |+ =| ph® = | =6yU -£— ,
OX (p axj 0z (p 0z j 7 OX (2.15)

where p isthe local pressure, h is the fluid film thickness, 7; is the viscosity, p is the density

and U is the sliding speed.

In the full-film region, assuming the density of the lubricant to be constant, the Eqn.
2.15 becomes [87]:

0 op) O op oh
—| x|+ == |=6pU — _
8x( ax) 62( azj L OX (2.16)

In the cavitation region, since the pressure remains constant at the cavitation pressure,

thus for this region Eqn. 2.15 reduces to [87]:

oph

0 2.17
o (2.17)

The film rupture and reformation neglected in Reynolds boundary conditions are
considered with the implementation of mass conserving boundary conditions. The mass
conserving boundary conditions proposed by Jakobsson, Floberg and Olsson provides a more

realistic solution than the Reynolds boundary conditions [87].

To implement the mass conserving boundary conditions, Elrod [86] has introduced a
new parameter called fractional film content & (= p/p,) that would combine two Eqgns. 2.16

and 2.17 into a single ‘universal’ partial differential equation (PDE) that covers both the full-
film and the cavitated regions. However, a switch function ‘g’ is necessary to make the
resulting PDE consistent with the uniform pressure assumption within the cavitated zone.
Therefore, a switch function ‘g’ has been proposed by Elrod [86] and later it was modified by
Fesanghary and Khosari [87] to improve numerical instability and avoid convergence issues.
In the present analysis, the modified switch function of Fesanghary and Khosari [87] has been

used.
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The resulting mass conservative form of the Reynolds equation can be written as
follows [87]:

{ﬂ g(f)@fﬂ {ﬂ g(ﬁ)@fﬂ UL (2.18)

op is the lubricant’s bulk modulus.

where g = p—-
op

The discretized form of Eqgn. 2.18 has been obtained from the work of Fesanghary and

Khonsari [87], where they have employed a Finite difference scheme for discretization.

The discretized equation is presented below:

A& +AS L TAG 1+ AS . tB +B, +B;

&= A (219)
where
U
A.L = E[(l_ gi—l,j )hi—l,j ] +1277(LAX)2|:9|—11h|3—1/2 j ]
Y __ B B e
AZ 1277(AX) I:g|+lj i+1/2, j:I As 1277(AZ I:g| -1, 1—1/2] A4 1277(AZ) [g| j+1A, ]+1/2:|
U
LN e L UM BV e CHL R
B - U | 9ia; (2— gi'j)hi_lj s i (gi—l’j -2+ gm,j)hl j Gii1; 9 o
2AX 2 ' 2 ’ 2
B :L[_g_ e 40 (h3 +hd .)—g. h3 }
2 1277(AX)2 i-1,j 1-1/2,j i,j i+1/2,j i-1/2,j i+1,j i+12,
Y NP 3
Bs = 2 [ gi,j—lhi,j—llz +0; (h| jae T h| i 1/2) gi,j+lhi,j+1/2]
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2.2.2 Fluid film thickness

The general form of fluid film thickness is given as follows:
h=h th (2.20)

where h (=C-+ecos®) is fluid film thickness for plain journal bearing, h, is the local

depth/height for texture, the ‘+’ sign is for dimple texture and the ‘-’ sign is for protruded

texture.

The fluid film thickness for spherical texture is given below:

r2+hp2 r2+hp2 ? 2 2
_ | p P _ 2 2 2
h=h %/ h, ( on ]+\/{ on ((xl) +(zl)) when (x)* +(z)° <r,
=h, when (x)*+(z,)* 21,

(2.21)

where X, =X—1 and z, =z -1, are local coordinates with origin at the center of the square
cell having the length as “21,°, the ‘+’ sign is for spherical dimple texture and the ‘-’ sign is for

spherical protruded texture.

Figure 2.2 represents the geometry of a spherical protruded textured journal bearing
highlighting the significant bearing and texture parameters. For geometry of spherical dimple
textured journal bearing, Fig. 2.1 in Sec. 2.1 may be referred.

In this case, half of the length of the unit square cell is given as follows:

= |—" (2.22)

where S is dimple area density and r, is the base circle radius of the spherical dimple
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Fig. 2.2 Geometry of spherical protruded textured journal bearing

2.2.3 Solution scheme

Here, the Gauss-Seidel iterative method coupled with a successive over-relaxation (SOR)

scheme has been implemented to solve Eqn. 2.19 for fractional film content parameter <& .
The finite difference grid is selected in such a way that it is fine enough to capture the film
rupture and reformation boundaries accurately. The mass conserving boundary conditions

implementation has two convergence criteria to be satisfied; one for the film content parameter
£ at the inner loop and the other for the switch function ‘g’ at the outer loop [87]. The ultimate

error tolerance for the film content parameter is taken as 10~ whereas the switch function is
said to be converged when the present iteration values for ‘g’ repeats with the previous iteration
ones. In the present study, the modified switch function proposed by Fesanghary and Khonsari

[87] is used to improve convergence stability.

2.2.4 Pressure in the full film region

As the cavitated region in the bearing contains gaseous and vapor content the pressure in that
region is cavitation pressure. However, as the full film region in the bearing is filled with

lubricant the pressure in that region is greater than cavitation pressure.
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The pressure in the full film region can be determined, after solving Eqn. 2.19 for film

content parameter ‘¢ °, from the equation given below [87]:
=p,+pIng ; (2.23)

where p, is the cavitation pressure

2.2.5 Non-dimensional bearing parameters

After the non-dimensionalization, the pressure and the fluid film thickness in non-dimensional

form can be obtained in the following way:

_ C2
=4 2.24
p R (2.24)
— h
h=— .
c (2.25)

) . ) - X -z
Here, non-dimensional coordinates are x = = and z = T

The non-dimensional load carrying capacity components and load carrying capacity is

given below:

1
W = [ psinododz (2.26)
00

The friction variable can be found from the equation below:

1t%(hop 1
= u(36)= G 1[5 5 oo e
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The non-dimensional flow can be obtained from the equation below:
~  1(D\¥=ap
Q=——(—jj'h3—9d6? (2.28)

2.2.6 Performance enhancement ratio (PER)

PER is the parameter that provides the effectiveness of texturing the bearing surface compared
to untextured bearing in terms of load carrying capacity and friction variable in combination.

Higher the value of PER better is the performance.

In the present study, based upon the PER presented in Sharma et al. [58], the PER is

given as follows:

Load carrying capacity of textured bearing
Load carrying capacity of untextured bearing

PERz(

(2.29)

Friction variable of textured bearing
Friction variable of untextured bearing

2.3 Multigrid (MG) method

The MG algorithm of V-cycle, for three level situation, where the coarser grid has half of the
grid points and the coarsest grid has one-fourth of the grid points of the finest grid, concerning

Sec. 2.1, is described in detail in the following steps [22].

1. The Gauss-Seidel iteration scheme is applied to the system of equations (Eqn. 2.7), at
finest level, a few times. It gives an approximate solution of Bi,j at every node (i, ).

The Residual at each node can be calculated from the equation:

R,=F,;pi; _(Ai,j PigjtBijPiyj+CiiPijatDiPijai— Ei,j) (2.30)
2. The Residual R is transferred to the coarser grid using the restrictor operator, which is
given as

1/16 1/8 1/16
Res=|1/8 1/4 1/8 (2.31)
1/16 1/8 1/16
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The resulting residual can be expressed in the following form

1

RL.=—(R.,..+R.. . +R .. . +R ..
i,] 16 ( i+1, j+1 i+1,j-1 i-1,j+1 I—l,j—l) (232)
1 1
+ g(Rm,j +R;FR .t Ri,j—l) +Z Ri;

3. The equations on the coarser grid are obtained by replacing E, ; in Eqn. 2.7 with Rli,j

and solving for the corresponding pressures having their respective coefficient terms
on the coarser grid. Here, Gauss-Seidel relaxation scheme is implemented a few times.
4. Steps 2 and 3 are repeated on the coarsest level.
5. The solution obtained on the coarsest level is transferred back to the coarser level. The
coarsest level nodes sitting in the place of coarser level nodes are directly transferred
to the coarser level, whereas the intermediate nodes of the coarser level are interpolated

using the following interpolation operator.

1/4 1/2 1/4
Pr=|1/2 1 1/2 (2.33)

1/4 1/2 1/4

6. The values in the matrix represent the weight of the coarsest grid node in the
intermediate nodes of the coarser grid. After prolongation, the correction to the
pressures at the coarser grid is obtained. The latest pressure values are obtained by
adding the correction to the previous pressures at the coarser grid.

7. The Gauss-Seidel relaxation scheme is applied a few times to refine the results.

8. Steps 5 and 6 are repeated on the finest grid.

The procedure described above is for one V-cycle and the same procedure has to be
repeated until the convergence criterion for pressures is satisfied. The flow chart of the MG
method is illustrated in Fig. 2.3.
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2.4 Progressive mesh densification (PMD) method

The PMD method and the MG method are theoretically similar. Using an iterative relaxation
procedure, the errors whose wavelengths are of the order of mesh size can be rapidly reduced.
But, the errors whose wavelengths are far away from mesh spacing may take more time to
diminish. If the error wavelength is not comparable to mesh size, then the error may often
barely decline, and consequently, after a few iterations, the convergence slows down and the
asymptotic convergence rate may become very small. That is why different mesh levels are
needed to speed up the solution process. However, there is a prime difference between the
PMD and the MG, that is, in the MG, mesh density goes up and down in the form of a V- or
W-cycle, whereas in the PMD method mesh density varies from lower to higher mesh density
with gradually improving mesh density step by step till the desired mesh density is reached
[67].

In the PMD method, the computational procedure is started with a lower level (N=1)
with lower mesh density and it eventually moves towards higher levels (N=2, 3) until the
highest mesh density is attained. The Lagrange interpolation technique is used to transfer the
locally converged solution from the lower level to the higher level. This process of
convergence and interpolation at each level repeats till the ultimate solution is attained in the
highest mesh density. Figure 2.4 shows the procedure followed in the PMD method in the form

of a flow chart.

To start with the PMD method, the mesh size for the initial level has to be selected.
Since the texture bearing governing equation is a 2-dimensional one, the mesh size (m X n)
is to be selected. The divisions in the axial direction (n) are selected and the divisions in the
circumferential direction follow from the relationship between m and n, i.e.,
m=(27zn)/(L/ D) which ensures that the grid selected is square. The mesh size (mxn)

for level 1 is found so that the minimum number of iterations is required to achieve the loose

convergence criterion (€rror < 10’3) and the solution obtained is nearer to the exact solution.

With the optimized mesh size (m X n) for level 1, the first approximate solution is obtained

quickly, which eventually ensures that the converged target solution at the highest mesh

density is also attained quickly.
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Fig 2.4 Flow chart of the PMD method

2.4.1 Lagrange interpolation

Y
Stop

The Lagrange interpolation in graphical representation is depicted in Fig. 2.5. In the graph

f(x) and X represents the pressure function and distance of the nodes from the inlet,

respective

ly.

In Lagrange interpolation, if the pressures at two node points are known, then the

pressure at the intermediate node points can be found with the help of the following formula.

TH-3148 176103007
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— (X_Xz) + (X_Xl)
(Xi_xz) ' (XZ_Xl)

P, P, (2.34)

where
P, is the pressure at an intermediate node at a distance of X from the inlet
P, is the pressure at node 1 at a distance of X, from the inlet

P, is the pressure at node 2 at a distance of X, from the inlet

p

A

X2 Py
>( )p=f(x)

(%:.P,)

> X

Fig. 2.5 Graphical representation of Lagrange interpolation

2.5 Summary

Theories for textured journal bearing, using Reynolds boundary conditions and JFO boundary
conditions, are discussed in this chapter. The governing Reynolds equation, fluid film thickness
equation, solution scheme and formulations for estimating bearing performance parameters
related to both theories are presented. Further, computational methods such as PMD and MG
are discussed briefly in this chapter. The equations mentioned above, formulations and

computational methodologies are used in the following three chapters.
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A Computational algorithm for textured journal
bearing: progressive mesh densification (PMD) and
multigrid (MG)

3.0 Introduction

There are several methods used to estimate the performance characteristics of textured
bearings. However, Progressive Mesh Densification (PMD) method is not yet used for textured
journal bearings, while it has been used for mixed elastohydrodynamic lubrication (EHL) and
thermo-EHL problems. Therefore, the PMD method is implemented to estimate the
performance parameters of the textured journal bearing for different L/D ratios for the fixed
set of texture parameters. Its computational performance is compared with the computational
performance of multigrid (MG) and the fixed mesh density (FMD) methods and is found to be
very effective in improving computational efficiency in some cases of L/D ratios. The theory
pertaining to Sec. 2.1 is applicable to this study.

3.1 Comparison of computational efficiencies for different L/D ratios

The PMD, MG and FMD methods are used to estimate the bearing performance parameters

for the textured journal bearing with fixed texture parameters such as non-dimensional

clearance 0 = 0.05, dimple aspect ratio y = 0.06, dimple area density S,= 0.13, over

relaxation factor orf = 1.8, texture portion « = 1, non-dimensional length L = 20 for L/D
ratios of 0.2, 1 and 2. The schematic diagram for the dimple textured journal bearing may be

referred to as Fig. 2.1 in Chapter 2.
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The Sommerfeld number obtained for PMD (Scheme 1) and MG methods are
compared with those of Brizmer and Kligerman [38], for validation, for both textured and
untextured bearings, as depicted in Fig. 3.1. The input parameters and their values considered
for the validation study are shown in Table 3.1. It is observed from Fig. 3.1 that the present
results predicted by PMD and MG methods are very close to that of Brizmer and Kligerman
[38]. Therefore, the codes developed for the PMD and MG methods have been implemented

to obtain the solution of problems pertaining to dimple textured journal bearing.

In validation, to avoid convergence issues for the texture case of the PMD method, the

plain journal bearing results of pressure converged to a loose convergence criterion

-3 . 4 . .
(erl’Ol’ <10 ) at the coarsest grid are provided as input pressure values. However, in the case

of the MG method, the texture bearing results of pressure itself converged to a loose

h-- -3 ; . - .
convergence criterion (error <10 ) at the coarsest grid are interpolated to the finest grid and

provided as input pressure values.

Table 3.1 The input parameters for the validation of results

Parameters Value
Length-to-Diameter ratio, L/D 0.2
Non-dimensional clearance, ¢ 0.05

Dimple aspect ratio, 0.06

Dimple area density, S, 0.13

Texture portion, o 1
Non-dimensional length, L 20
Over-relaxation factor (orf) for PMD 1.7

PMD, Mesh Sizes 754x24, 1508x48, 3016x96
MG, Mesh Sizes 3016x96, 1508x48, 754x24

The over relaxation factor (orf) influences the speed of convergence of the solution (see
Sec. 2.1.4). So, it is necessary to find the orf range in which the solution converges faster for

the PMD method. For the numerical process to accelerate, the orf should be considered
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between 1 to 2. Table 3.2 depicts the range of orf, for Schemes 1 and 2 of the PMD method,
for different L/D ratios. Scheme 1 is the movement of levels from the lowest mesh density
(level 1) to higher mesh density (level 2) and ultimately to the highest mesh density (level 3).
Scheme 2 is the direct movement of levels from the lowest mesh density (level 1) to the highest
mesh density (level 3). Since the numerical analysis is carried out for textured journal bearings,
the range of orf is found for textured bearings (L/D = 0.2, 1 and 2) only. However, the orf range
for the non-textured bearing of L/D = 0.2 has been found as it has been considered for
validation. For textured bearing (L/D = 0.2), Scheme 1 has no convergence for orf varying
from 1.1 to 1.5 and Scheme 2 has no convergence for orf varying from 1.1 to 1.5 and 1.9.
However, for other cases, there is no convergence issue for orf beyond the mentioned range in

Table 3.2, except that the convergence takes more time.

100 T T T T T |
——PMD (textured)

. N & ——MG (textured)
(2} \ Brizmer and Kligerman[38] (textured)
5 P ——PMD (non-textured)
a qof — MG (non-textured) H
g —4—Brizmer and Kligerman[38] (non-textured)
c
o L i
[
t
g 1f |
£
[*]
) L _

0 1 | | | | | | | |

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Eccentricity ratio (¢)

Fig. 3.1 Validation of the present results of the MG and PMD methods

The mesh convergence study for different L/D ratios of a textured journal bearing is
carried out. In case of L/D ratio of 0.2, the mesh convergence takes place at the finest mesh
size of 3140x100. However, in the PMD method, to satisfy the condition that the first
approximate solution should be nearer to the final solution and also to avoid convergence
issues, the mesh size of 3016x96 has been selected. In the case of L/D ratios of 1 and 2, the
mesh convergence takes place at the finest mesh sizes of 1132x180 and 502x160, respectively.
In both cases of L/D ratios of 1 and 2, the condition in the PMD method that the first
approximate solution should be nearer to the final solution is taken care of.
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Table 3.2 Range of over relaxation factor (orf) for convergence in PMD method

Texture Non-texture
Lb Scheme 1 Scheme 2 Scheme 1 Scheme 2
0.2 16-1.9 1.6-1.8 1.1-1.9 11-19
1 14-138 14-138 - -
2 1.3-138 1.3-1.38 - -

3.1.1 Comparison of computational efficiencies for L/D = 0.2

Table 3.3 shows the movement of levels from lower to higher, for two different schemes in the
PMD method, with the movement of the number of divisions in the z-direction for L/D = 0.2.
As levels move from one level to another, the number of divisions get doubled in the PMD
method, starting from the number of divisions in the z-direction with 24 and subsequent levels
having 48 and 96 divisions. The number of divisions in @ direction can be obtained from the

relationship between m and n, i.e., m=(2zn)/(L/ D). In the PMD method, the level 1 grid

size is 754x24, the level 2 grid size is 1508x48 and the level 3 grid size is 3016x96 for L/D =
0.2. The computational performance of the PMD method is compared with the MG and FMD
methods for the textured bearing of L/D = 0.2, as shown in Fig. 3.2. In the MG method, the V-
cycle style with three levels has been used to determine the computational performance. The
top level is meshed with the finest mesh of 3016x96, whereas the bottom level has been meshed
with the coarsest mesh of size 754x24 and the intermediate level has been meshed with a
coarser mesh of 1508x48 mesh size. In the PMD method and the MG method, the initial
pressure values are obtained similarly, as mentioned in validation. In the FMD method, the
computational performance has been estimated at 3016x96 mesh size at orf = 1.7. However, to
start with the procedure of the FMD method, the results of pressure for plain journal bearing
at the mesh size of 3016x96 are given as initial pressure values to avoid convergence problems
for higher eccentricity ratios. Hence the majority of the number of iterations required for

convergence constitutes the iterations to obtain input pressure values.

The Sommerfeld number has been estimated to find how close PMD method results
are to MG and FMD ones for L/D = 0.2, as shown in Fig. 3.2(a). The Scheme 1 and 2 results
for the Sommerfeld number have a negligible difference at all eccentricity ratios varying from
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0.1t0 0.9. There is a negligible difference between the Sommerfeld number results of the PMD
and the MG method for eccentricity ratios of 0.4 and 0.6, whereas, for other eccentricity ratios,
there is a little difference. There is a negligible difference in Sommerfeld number results for
Scheme 1 and Scheme 2 compared to the FMD method results for eccentricity ratios varying
from 0.3 to 0.6 and 0.9, whereas for other eccentricity ratios, there is a slight difference. From
Fig. 3.2(b) and Fig. 3.2(c), it is evident that the MG method has moderately better
computational performance at all eccentricity ratios over scheme 1 and scheme 2, in terms of
both the number of iterations and computational time, and it has much better computational
performance when compared to FMD method. It is observed from Fig. 3.2(b) that the MG
method has moderately less number of iterations compared to both schemes of the PMD
method and much less number of iterations compared to the FMD method. In Scheme 1, the
number of iterations is less compared to Scheme 2 at all eccentricity ratios. It is observed from
Fig. 3.2(c) that computational time in the MG method is moderately less compared to Scheme
1 and Scheme 2 of the PMD method and much less compared to the FMD method at all the
eccentricity ratios. The computational time in Scheme 1 is less compared to Scheme 2 for all
eccentricity ratios. Since the MG method has better computational performance compared to
Scheme 1, Scheme 2 and the FMD methods, it can be implemented to estimate the bearing

performance parameters of textured journal bearing for L/D = 0.2.

Table 3.3 Different Schemes for texture journal bearing (L/D = 0.2)

Schemes Movement of Levels Movement of Divisions (n)
Scheme 1 1— 2—3 24 —> 48 —> 96
Scheme 2 1— 3 24 — 96

3.1.2 Comparison of computational efficiencies for L/D = 1

Table 3.4 depicts the movement of levels from lower to higher, for two different schemes of
the PMD method, with the movement of the number of divisions in z-direction for the textured
bearing of L/D = 1. The number of divisions considered in z-direction for levels from lower to
higher is 45, 90 and 180, respectively. Consequently, the lower level grid size is 283x45, the
intermediate level grid size is 566x90 and the higher-level grid size is 1132x180.
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Fig. 3.2 Comparison of the computational efficiency of PMD method, MG method and FMD
method for L/D = 0.2 (a) Sommerfeld number vs. eccentricity ratio (b) Number of Iteration
Vs. eccentricity ratio (c) Time vs. eccentricity ratio

Table 3.4 Different Schemes for texture journal bearing (L/D = 1)

Schemes Movement of Levels Movement of Divisions (n)
Scheme 1 1— 2—» 3 45 — 90 — 180
Scheme 2 1— 3 45 — 180

The computational performance of the PMD method has been compared with the MG
and the FMD method for the textured bearing of L/D = 1, as shown in Fig. 3.3. The mesh sizes
considered for different levels of the V-cycle MG method are 1132x180 for the top level,
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566x90 for the intermediate level and 283x45 for the bottom level. In the PMD method, the
initial guess values of pressure are obtained similarly as mentioned in validation. However, in

the case of the MG method, the plain bearing results of pressure converged to a loose

convergence criterion (€rror < 10_3) at the coarsest grid are interpolated to the finest grid and
provided as input pressures. In the FMD method, the mesh size considered is 1132x180. The
plain journal bearing results of pressure at the mesh size of 1132x180 are provided as input
pressure values for texture case, in the FMD method, in a similar way as it is done for texture
bearing of L/D = 0.2. It has been observed from Fig. 3.3(a) that the Scheme 1 results of
Sommerfeld number have a little difference compared to Scheme 2 ones, for eccentricity ratios
varying from 0.1 to 0.5 and no difference at all for eccentricity ratios varying from 0.6 to 0.9.
The PMD method results have a slight difference with the MG method results for all
eccentricity ratios. There is a slight deviation in Sommerfeld number results compared to FMD
method results for both Scheme 1 and Scheme 2 for eccentricity ratios varying from 0.1 to 0.8
with the exception of an eccentricity ratio of 0.9. It is evident from Fig. 3.3(b) and Fig. 3.3(c)
that the number of iterations and computational time for Scheme 1 are lesser compared to
Scheme 2 and moderately lesser compared to the MG method, whereas compared to the FMD
method they are much lesser. It is observed from Fig. 3.3(b) that the number of iterations
required for Scheme 1 of the PMD method to reach the converged solution is less than 88%
and 6% that of the MG and the FMD method, respectively. For Scheme 2 of the PMD method,
the number of iterations required for computation to reach the converged solution is less than
91% and 7% that of the MG and the FMD method, respectively. It can be seen from Fig. 3.3(c)
that the time of computing for Scheme 1 and Scheme 2 is less compared to MG method and
much less compared to the FMD method at all eccentricity ratios. Scheme 1 has lesser
computational time compared to Scheme 2 for all eccentricity ratios varying from 0.1 to 0.9.
Scheme 1 can be used to estimate the performance parameters of textured journal bearing of
L/D =1 as it has better computational efficiency compared to Scheme 2, the MG method and
the FMD method.

To illustrate the computational efficiency of the PMD method in a better way, for
textured journal bearing of L/D = 1, the computational efficiencies of Scheme 1 and Scheme 2

of the PMD are compared with the MG and FMD methods for an eccentricity ratio of 0.8 as
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shown in Fig. 3.4 and Fig. 3.5, respectively. The average non-dimensional pressure (mean of
pressure values at all nodes) at each iteration versus the number of iterations is depicted in
these figures. Since the fluid film thickness is constant for every iteration in the present
analysis, it hasn’t been considered for obtaining these figures, whereas Pu et al. [64] have

considered average film thickness in their case, as it is time dependent and varies at every

iteration.
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Fig. 3.3 Comparison of the computational efficiency of PMD method, MG method and FMD
method for L/D = 1 (a) Sommerfeld number vs. eccentricity ratio (b) Number of Iteration vs.
eccentricity ratio (¢c) Time vs. eccentricity ratio

Figure 3.6 depicts the comparison of Scheme 1 results for different eccentricity ratios
of texture journal bearing (L/D = 1) at orf = 1.8. It is observed from Fig. 3.6 that the number
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of iterations for computing is minimum for the case of eccentricity ratio of 0.8 when compared

to other eccentricity ratios of 0.2, 0.4 and 0.6.
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Fig. 3.5 Comparison of Scheme 2 (PMD) results with the MG method and the FMD method
results for L/D =1 at an eccentricity ratio of 0.8

The computing speeds of Scheme 1 (PMD), with respect to MG and FMD methods,
have been compared with that of Scheme 2 computing speeds for textured journal bearing of
L/D =1 at an eccentricity ratio of 0.8 as shown in Fig. 3.7. The ratio of time of computing for
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the MG method (Tm) to time of computing for the PMD method (Tp) gives the computing
speed of the PMD method with respect to the MG method. Similarly, the computing speed of
the PMD method with respect to the FMD method can be found. The computing speeds of
Scheme 1, with respect to the MG and FMD methods, are 14.2 and 242, respectively, whereas

the computing speeds of Scheme 2 are 5.7 and 97.4, respectively.
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3.1.3 Comparison of computational efficiencies for L/D =2

The movement of levels and movement of the number of divisions in the z-direction, for two
different Schemes of PMD method, has been shown in Table 3.5 for textured journal bearing
of L/D = 2. The process of selection of mesh size for different levels in the PMD method is the

same as explained above for the case of L/D = 0.2.

Table 3.5 Different Schemes for texture journal bearing (L/D = 2)

Schemes Movement of Levels Movement of Divisions (n)
Scheme 1 1—2—»3 40 — 80 — 160
Scheme 2 1—3 40 —» 160

For textured journal bearing of L/D = 2, Fig. 3.8 depicts the computational efficiency
of Schemes 1 and 2 compared with the MG method and the FMD method. In the PMD method,
computation is performed at a level 1 grid size of 126x40, then for successive levels at 252x80
and 504x160, respectively. In the MG method, the computation is performed at the grid sizes
of 504x160 for the top level, 252x80 for the intermediate level and 126x40 for the bottom
level. In the PMD method, the initial guess values of pressure are obtained similarly as
mentioned in validation. However, in the case of the MG method, the plain bearing results of

pressure converged to a loose convergence criterion (€rror 31073) at the coarsest grid are
interpolated to the finest grid and provided as input pressures. The mesh size considered in the
FMD method is 504x160. For the initial guess values of pressures in the FMD method, the
same procedure as mentioned above, for texture bearings of L/D ratios 0.2 and 1, has been
followed. It is evident from Fig. 3.8(a) that the Sommerfeld number results of Scheme 1,
compared to Scheme 2 have been the same for most of the eccentricity ratios from 0.1 to 0.9,
with a negligible difference at eccentricity ratios of 0.1 and 0.3, when compared to the MG
method ones, there is a negligible difference at eccentricity ratios of 0.1, 0.3 and 0.8 and slight
variation at other eccentricity ratios. The estimated Sommerfeld number for Schemes 1 and 2
has a little variation with the results of the FMD method for eccentricity ratios of 0.1 to 0.3,
negligible variation at eccentricity ratios of 0.4 and 0.9 and no variation for the rest of the

eccentricity ratios. It has been observed from Fig. 3.8(b) that for Scheme 1, the number of
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iterations is less compared to Scheme 2, MG method and FMD method. Scheme 1 and Scheme
2 have a lesser number of iterations compared to MG and FMD methods. It is seen from Fig.
3.8(c) that the computing time for Scheme 1 is lesser compared to Scheme 2 for all eccentricity
ratios. Both Scheme 1 and Scheme 2 have lesser computing time compared to MG and FMD
methods for all eccentricity ratios. Since Scheme 1 has better computational performance
compared to Scheme 2, MG and FMD methods, the bearing performance parameters can be

estimated using Scheme 1 for textured journal bearing of L/D = 2.

MG method has better computational performance compared to both Schemes of the
PMD method and the FMD method for L/D = 0.2, whereas Scheme 1 has better computational
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Fig. 3.8 Comparison of the computational efficiency of PMD method, MG method and FMD
method for L/D = 2 (a) Sommerfeld number vs. eccentricity ratio (b) Number of Iteration vs.
eccentricity ratio (c) Time vs. eccentricity ratio
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performance compared to Scheme 2, the MG method and the FMD method for L/D ratios 1
and 2. The MG method is computationally efficient, in the case of L/D ratio of 0.2, compared
to both schemes of the PMD method and the FMD method, it is may be due to different way
of estimating input pressure values for MG method in case of L/D ratio of 0.2 than in cases for

L/D ratios of 1 and 2. In case of L/D ratio of 0.2, the textured bearing results of pressure itself
converged to a loose convergence criterion (error < 10‘3) at the coarsest grid are interpolated
to the finest grid and provided as input pressures. However, in case of L/D ratios of 1 and 2,
the plain bearing results of pressure converged to a loose convergence criterion (error < 10‘3)

at the coarsest grid are interpolated to the finest grid and provided as input pressures. The two
different ways of estimating input pressure values for MG method, in case of L/D ratio of 0.2
and L/D ratios of 1 and 2, have been followed so that the number of iterations and computing
time to obtain the ultimate pressure results are minimum and also convergence issues to obtain

the ultimate pressure results are avoided.

Figure 3.9 shows the comparison of Scheme 1, MG and FMD method results for
different L/D ratios at corresponding optimum orf values at an eccentricity ratio of 0.8. It has
been observed from Fig. 3.9 that the convergence of results occurs at the minimum number of
iterations of 229 for Scheme 1 of L/D = 1, and the maximum number of iterations of 9118 are

taken for convergence for the FMD method of L/D = 1.

The computational process is carried out using MATLAB, with a processor having
configurations of Intel® Core™ i7-3770 CPU @ 3.40 GHz 3.90, RAM of 4 GB.

3.2 Summary

In the present work, the comparison of computational efficiencies, in terms of the number of
iterations and computational time, of PMD, MG and FMD methods has been done for the
textured journal bearing problems for different L/D ratios of 0.2, 1 and 2 for the fixed texture
parameters. It is found that the PMD method is the computationally efficient one compared to
MG and FMD methods for textured journal bearings of L/D =1 and 2, whereas the MG method
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is a better one in computational performance compared to PMD and FMD methods for textured

journal bearing of L/D = 0.2.
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Influence of texture parameters on computational
efficiencies of PMD, MG and FMD methods

4.0 Introduction

The comparison of computational efficiencies of the progressive mesh densification (PMD),
multigrid (MG) and fixed mesh density (FMD) methods has been carried out for the fixed set
of texture parameters for different L/D ratios in Chapter 3. Here, in this chapter, the influence
of texture parameters such as texture portion, dimple area density, dimple aspect ratio, non-
dimensional clearance and non-dimensional length on the computational efficiencies of PMD,
MG and FMD methods has been investigated for dimple textured journal bearing of L/D ratio

of unity. The theory pertaining to Sec. 2.1 is applicable to this study.
4.1 Influence of texture parameters

The influence of texture parameters on the computational efficiencies, in terms of the number
of iterations and computational time, of PMD, MG and FMD methods for dimple textured
journal bearing of L/D ratio of unity has been studied. The different cases corresponding to
texture parameters such as texture portion, dimple area density, dimple aspect ratio, non-
dimensional clearance and non-dimensional length are investigated as presented in the

following sub-sections.

Here, the computational procedure has been performed using MATLAB, with a
processor having configurations of Intel® Core™ i7-3770 CPU @ 3.40 GHz 3.90 and 4 GB
RAM.
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The mesh sizes considered in PMD, MG and FMD methods are the same as for the L/D
ratio of unity in the fixed texture parameters study in chapter 3. However, a brief description

of mesh size selection is presented below.

In the PMD method, with a maximum of three levels of mesh refinement considered,
two schemes such as Scheme 1 and Scheme 2 have been used for the solution of the textured
journal bearing problem. In Scheme 1, the movement of levels is such as level 1, level 2 and
level 3. However, in Scheme 2, the levels move directly from level 1 to level 3, skipping level
2. Since, in the PMD method, as we move up from one level to the next level, the mesh size
gets doubled, the mesh sizes considered in Scheme 1 for level 1, level 2 and level 3 are 283x45,
566x90 and 1132x180, respectively. The mesh sizes considered for level 1 and level 3, in
Scheme 2, are 283x45 and 1132x180, respectively.

In the MG method, the three-level situation of the V-cycle has been considered having
top-level meshed with the finest mesh of 1132x180, intermediate level meshed with the coarser
mesh of 566x90 and bottom level meshed with the coarsest mesh of 283x45. The FMD method
has been implemented with a mesh size of 1132x180.

Here, to avoid convergence issues, the pressures obtained for plain bearing at the

coarsest mesh of PMD that are converged to loose convergence criterion (€rror < 10’3) are
provided as input pressure values. However, in the case of the MG method, the pressures
obtained for plain bearing at the same coarsest mesh of PMD are interpolated to the finest mesh

size and provided as input pressure values.

It is necessary to find out the over-relaxation factor (orf) for which the solution
converges efficiently with a lesser number of iterations and less computational time. Therefore,
the over-relaxation factor (orf) has been found out for the PMD method such that the
convergence issues are avoided and the solution is obtained with a lesser number of iterations
and less computational time. In the FMD method also, the over-relaxation factor has been
found for which the results are obtained with a lesser number of iterations and less
computational time. In the MG method, the over relaxation factor (orf) should be considered

as unity as a standard procedure. The over-relaxation factor (orf) considered, in the present
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study, for Scheme 1 and Scheme 2 of PMD and FMD methods while implementing to different

cases of texture parameters has been presented in Table 4.1.

Table 4.1 Over-relaxation factor (orf) for the PMD and FMD methods

Texture Texture Dimple area Dimple aspect Non- Non-

parameters  portion (o) density (S) ratio (y ) dimensional dimensional

clearance () length (L)

Method
04 0.8 005 01 004 0.08 0.03 0.06 30 50

Schemel 18 1.8 18 18 138 1.8 1.7 1.8 1.7 1.7
Scheme2 18 1.8 18 18 138 1.8 1.7 1.8 1.7 1.7
FMD 19 18 19 19 19 1.8 1.9 1.8 1.9 1.9

4.1.1 Influence of texture portion

The effect of texture portion on the computational efficiencies of PMD, MG and FMD methods
is studied for two cases of texture portion (¢ ) of 0.4 and 0.8, as depicted in Fig. 4.1 and Fig.
4.2, respectively. The other non-dimensional parameters considered constant are dimple area

density (S,) = 0.13, dimple aspect ratio (v ) = 0.06, non-dimensional clearance (o) = 0.05

and non-dimensional length (L) = 20.

Figure 4.1(a) depicts the comparison of Sommerfeld number results obtained from
Scheme 1 and Scheme 2 of the PMD method, MG method and FMD method for texture portion
of 0.4. It shows that Scheme 1 and Scheme 2 predicted the same Sommerfeld number results
for all eccentricity ratios except for 0.2 and 0.3, with a negligible difference. The MG method
predicted the Sommerfeld number having a slight difference from that of Scheme 1, Scheme 2
and FMD method at all eccentricity ratios. The FMD method results also have a slight
difference from that of Scheme 1 and Scheme 2 of the PMD method at most of the eccentricity
ratios. Figures 4.1(b) and 4.1(c) shows the computational efficiency, in terms of the number of
iterations and computing time, of Scheme 1, Scheme 2, MG method and FMD method for the
texture portion of 0.4. It is evident from Fig. 4.1(b) that Scheme 1 has better computational
performance in terms of the number of iterations compared to Scheme 2, MG method and FMD

method at all eccentricity ratios except at 0.6 compared to Scheme 2 where both the schemes

55
TH-3148 176103007



Chapter 4

predicted the same result. It is also evident that Scheme 1 takes the least number of iterations
to get a converged solution followed by Scheme 2, MG method and FMD method. From Fig.
4.1(c), it is shown that Scheme 1 also takes lesser computational time compared to Scheme 2
at all eccentricity ratios, whereas it takes moderately lesser computational time compared to
the MG method and greatly lesser computational time compared to the FMD method at all
eccentricity ratios. The number of iterations for the MG and FMD methods is greater than 1.23
and 13.94 times that of Scheme 1, respectively. The Scheme 1 computing speed (ratio of
computational time of Scheme 1 to computational time of compared method) is at least 2.31
and 22.86 compared to the MG and FMD methods, respectively.
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Fig. 4.1 Computational efficiency comparison for PMD, MG and FMD methods for texture
portion of 0.4: (a) the Sommerfeld number, (b) the number of iteration, and (c) the time,
versus the eccentricity ratio
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Figure 4.2(a) shows the Sommerfeld number results comparison obtained from Scheme

1 and Scheme 2 of PMD method, MG method and FMD method for texture portion of 0.8. It

shows that the Sommerfeld number results predicted by Scheme 1 and Scheme 2 are very close

to each other for the eccentricity ratios up to 0.5, whereas, for the other eccentricity ratios, both

the schemes predicted the same results. The Sommerfeld number results predicted by the MG

method have a slight difference from that of Scheme 1, Scheme 2 and the FMD method at all

eccentricity ratios. The FMD method predicted results for Sommerfeld number also have a

slight difference with that of Scheme 1 and Scheme 2 of PMD method at most of the

eccentricity ratios. Figures 4.2(b) and 4.2(c) depicts the computational efficiency, in terms of

the number of iterations and computing time, of Scheme 1, Scheme 2, MG method and FMD
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method for texture portion of 0.8. From Fig. 4.2(b), it can be observed that the number of
iterations taken by Scheme 1 to obtain the converged solution is lesser compared to Scheme 2.
However, it is greatly lesser and moderately lesser compared to the FMD and MG methods,
respectively. Here, the number of iterations taken by the MG and FMD methods is greater than
1.23 and 18.57 times that of Scheme 1, respectively. Figure 4.2(c) depicts that the
computational time of Scheme 1 is lesser compared to Scheme 2, moderately lesser compared
to the MG method and tremendously lesser compared to the FMD method. The Scheme 1
computing speed is at least 1.25 and 16.41 compared to the MG and FMD methods,

respectively.
4.1.2 Influence of dimple area density

The dimple area density is varied keeping other parameters constant such as texture portion

(a) = 1.0, dimple aspect ratio (v ) = 0.06, non-dimensional clearance (6) = 0.05 and non-

dimensional length (L) = 20. The influence of dimple area density on the computational
efficiencies of PMD, MG and FMD methods has been investigated for two cases of dimple

area density (S ) of 0.05 and 0.10, as shown in Fig. 4.3 and Fig. 4.4, respectively.

The comparison of Sommerfeld number results, obtained from Scheme 1 and Scheme
2 of PMD method, MG method and FMD method, for dimple area density of 0.05, is shown
in Fig. 4.3(a). It depicts that the Sommerfeld number results predicted by Scheme 1 and
Scheme 2 of PMD are the same for all eccentricity ratios except for 0.1 and 0.9, with a
negligible difference. The Sommerfeld number results of the MG method have a slight
difference with the results of Scheme 1 and Scheme 2 at all eccentricity ratios, whereas, with
respect to the FMD method, the difference is negligible at most of the eccentricity ratios. The
Sommerfeld number results predicted by the FMD method also have a slight difference from
that of Scheme 1 and Scheme 2 of the PMD method at most of the eccentricity ratios. Figure
4.3(b) depicts the comparison of computational efficiency, in terms of the number of iterations,
of Scheme 1, Scheme 2, MG method and FMD method for dimple area density of 0.05. From
Fig. 4.3(b), itis evident that the number of iterations of Scheme 1 is lesser compared to Scheme
2, whereas compared to the MG method and FMD method moderately lesser and tremendously
lesser, respectively. The number of iterations taken for convergence by the MG method and
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FMD method is more than 1.15 and 10.41 times that of Scheme 1, respectively. Figure 4.3(c)
presents the comparison of the computational efficiency of Scheme 1, Scheme 2, MG method
and FMD method, for dimple area density of 0.05, in terms of computational time. It is
observed from Fig. 4.3(c) that Scheme 1 has better computational efficiency in terms of
computational time compared to Scheme 2. Also, Scheme 1 has lesser computational time
compared to Scheme 2, moderately lesser computational time compared to the MG method
and greatly lesser computational time compared to the FMD method. The computing speed of
Scheme 1 is greater than 1.86 and 20.48 compared to the MG and FMD methods, respectively.
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Fig. 4.3 Computational efficiency comparison for PMD, MG and FMD methods for dimple
area density of 0.05: (a) the Sommerfeld number, (b) the number of iteration, and (c) the
time, versus the eccentricity ratio
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Figure 4.4(a) illustrates the comparison of Sommerfeld number results estimated from
Scheme 1, Scheme 2, MG method and FMD method for dimple area density of 0.10. From Fig.
4.4(a), it is evident that the Sommerfeld number results for Scheme 1 and Scheme 2 have a
negligible difference at eccentricity ratios from 0.1 to 0.5 and no difference at the other
eccentricity ratios. The Sommerfeld number results of Scheme 1 and Scheme 2 have a slight
difference from that of the MG method and FMD method. The Sommerfeld number results
estimated by the MG method also have a slight difference from that of the FMD method at
most of the eccentricity ratios. Figures 4.4(b) and 4.4(c) presents the comparison of the
computational efficiency of Scheme 1 and Scheme 2 of the PMD method, MG method and
FMD method for dimple area density of 0.10 in terms of the number of iterations and
computational time, respectively. It is evident from Fig. 4.4(b) that the number of iterations for
Scheme 1 is lesser compared to Scheme 2 and the MG method and greatly lesser compared to
the FMD method. It is also observed from Fig. 4.4(c) that Scheme 1 has lesser computational
time compared to Scheme 2, moderately lesser computational time compared to the MG
method and tremendously lesser computational time compared to FMD method. The number
of iterations taken by the MG method and FMD method is greater than 1.13 and 10.74 times
that of Scheme 1, respectively. The percentage reduction in computational time for Scheme 1

compared to MG and FMD methods is above 58 and 91, respectively.
4.1.3 Influence of dimple aspect ratio

Here, the computational efficiencies result for two cases of dimple aspect ratio (y ) of 0.04

and 0.08 are shown in Fig. 4.5 and Fig. 4.10, respectively. The other parameters that considered

constant are texture portion () = 1.0, dimple area density (S,) = 0.13, non-dimensional

clearance (&) = 0.05 and non-dimensional length (L) = 20. The more detailed results are
illustrated in figures 4.6 through 4.9, showing the variation of averaged Sommerfeld number
and averaged non-dimensional pressure with the number of iterations at the dimple aspect ratio

of 0.04 and eccentricity ratio of 0.8.

60
TH-3148 176103007



Influence of texture parameters on computational efficiencies

S =0.10
P
(a) {b)10000
20 —n— Scheme 1 (PMD) 9000
18 I?A‘é’eme 2 (PHe) 8000
oy e 7000
D e < 6000
5 = 5000
£ 12 @ 4000
2 L
< 1.0 S
2 0s 5 800
£ oe E 600
= =
S oa 400
0o 200
0

.0
00 01 02 03 04 05 06 07 08 09 10

Eccentricity ratio (&)

(€) 700

A I I l I
=

B8 Scheme 1 (PMD)
B scheme 2 (PMD)
e

B rvD

0
01 02 03 04 05 06 07 08 09

Eccentricity ratio (.5‘)

B888 scheme 1 (PMD)
B scheme 2 (PMD)

BN MG
I FviD

0.1 02 03 04 05 06 07 08 09
Eccentricity ratio (&)

Fig. 4.4 Computational efficiency comparison for PMD, MG and FMD methods for dimple
area density of 0.10: (a) the Sommerfeld number, (b) the number of iteration, and (c) the
time, versus the eccentricity ratio

Figure 4.5(a) depicts the comparison of the Sommerfeld number obtained from Scheme
1 and Scheme 2 of the PMD method, MG method and FMD method for a dimple aspect ratio
of 0.04. It is observed that the Scheme 1 results of Sommerfeld number have negligible

differences from that of Scheme 2 for eccentricity ratios from 0.1 to 0.5, and at other

eccentricity ratios, both the schemes predicted the same results. The Sommerfeld number

results of Scheme 1 and Scheme 2 have negligible difference from that of the MG method at

most of the eccentricity ratios. Also, the Sommerfeld number results predicted by Scheme 1

and Scheme 2 have a slight difference from that of the FMD method. Figures 4.5(b) and 4.5(c)

show the comparison of computational efficiency, for dimple aspect ratio of 0.04, of Scheme

1, Scheme 2, MG method and FMD method in terms of the number of iterations and

TH-3148 176103007
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computational time, respectively. From Fig. 4.5(b), it is evident that Scheme 1 takes a lesser
number of iterations to reach convergence compared to Scheme 2 and the MG method and
tremendously lesser iterations compared to the FMD method. The percentage reduction in the
number of iterations for Scheme 1 compared to MG and FMD methods is above 12 and 88,
respectively. It is observed from Fig. 4.5(c) that the computational time of Scheme 1 is less
compared to Scheme 2, MG method and FMD method. It is also noticed that Scheme 1 and
Scheme 2 takes moderately less computational time compared to the MG method and very less
computational time compared to the FMD method. The percentage reduction in computational

time for Scheme 1 compared to MG and FMD methods is above 17 and 77, respectively.
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Fig. 4.5 Computational efficiency comparison for PMD, MG and FMD methods for dimple
aspect ratio of 0.04: (a) the Sommerfeld number, (b) the number of iteration, and (c) the time,
versus the eccentricity ratio
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Figure 4.6 shows the averaged Sommerfeld number variation with the number of
iterations for Scheme 1, MG method and FMD method at the dimple aspect ratio of 0.04 and
an eccentricity ratio of 0.8. The averaged Sommerfeld number and the number of iterations,
for Scheme 1, at the convergence are 0.05 and 532, respectively. Also, the Sommerfeld number
value and the number of iterations for the MG method and the FMD method are 0.053, 912
and 0.051, 5426, respectively.
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Fig. 4.6 Comparison of Sommerfeld number results of Scheme 1, MG method and FMD
method at the dimple aspect ratio of 0.04 and an eccentricity ratio of 0.8

The averaged non-dimensional pressure is also plotted against each iteration till
convergence, for Scheme 1, MG method and FMD method, at the dimple aspect ratio of 0.04
and an eccentricity ratio of 0.8 as depicted in Fig. 4.7. Figure 4.7 shows that when the FMD
method is selected the number of iterations taken for convergence is tremendously high that
are 5426. The number of iterations taken by the MG method till convergence is 912. However,
Scheme 1 of PMD takes only 532 iterations to reach a converged solution with the number of
iterations on coarser mesh levels, i.e., level 1 and level 2 as 185 and 129, respectively and finer
mesh level 3 as 218. The averaged non-dimensional pressure values obtained at the
convergence for Scheme 1, MG method and FMD method are 779.40, 813.99 and 782.43,

respectively.
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The averaged Sommerfeld number variation with the number of iterations for Scheme
2, MG method and FMD method at the dimple aspect ratio of 0.04 and an eccentricity ratio of
0.8 is depicted in Fig. 4.8. It is observed from Fig. 4.8 that the averaged Sommerfeld number
and the number of iterations, for Scheme 2, at the convergence are 0.05 and 894, respectively.
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Fig. 4.7 Comparison of averaged pressure results of Scheme 1, MG method and FMD
method at the dimple aspect ratio of 0.04 and an eccentricity ratio of 0.8
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Fig. 4.8 Comparison of Sommerfeld number results of Scheme 2, MG method and FMD
method at the dimple aspect ratio of 0.04 and an eccentricity ratio of 0.8
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Figure 4.9 depicts the averaged non-dimensional pressure variation against number of
iterations till convergence is obtained, for Scheme 2, MG method and FMD method, at the
dimple aspect ratio of 0.04 and an eccentricity ratio of 0.8. It is observed that Scheme 2 takes
894 iterations to get the converged results. The number of iterations taken at level 1 and level
3 of Scheme 2 is 185 and 709, respectively. The averaged non-dimensional pressure value

obtained at the convergence for Scheme 2 is 779.30.
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. 4.9 Comparison of averaged pressure results of Scheme 2, MG method and FMD
method at the dimple aspect ratio of 0.04 and an eccentricity ratio of 0.8

Figure 4.10(a) presents the Sommerfeld number results comparison obtained from
Scheme 1 and Scheme 2 of the PMD method, MG method and FMD method for a dimple
aspect ratio of 0.08. It shows that the Sommerfeld number results obtained from Scheme 1 and
Scheme 2 are very close to each other for the eccentricity ratios up to 0.5, whereas, for the rest
of the eccentricity ratios, both the schemes predicted the same results. The Sommerfeld number
results obtained from the MG method have a slight difference from that of Scheme 1, Scheme
2 and the FMD method. The results for the Sommerfeld number predicted by the FMD method
also have a slight difference from that of Scheme 1 and Scheme 2 of the PMD method at most
of the eccentricity ratios. Figures 4.10(b) and 4.10(c) presents the computational performance,
in terms of the number of iterations and computing time, of Scheme 1, Scheme 2, MG method
and FMD method for a dimple aspect ratio of 0.08. From Fig. 4.10(b), it can be seen that the

number of iterations taken by Scheme 1, to predict the converged solution is lesser compared
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to Scheme 2 and the MG method. However, it is tremendously lesser compared to the FMD

method. The number of iterations reduction percentage for Scheme 1 compared to the MG
method and FMD method is 14 and 90, respectively. Figure 4.10(c) depicts that the
computational time of Scheme 1 is lesser compared to Scheme 2, moderately lesser compared

to the MG method and greatly lesser compared to the FMD method. The computational time

reduction percentage for Scheme 1 compared to the MG method and FMD method is 17 and

80, respectively.
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Fig. 4.10 Computational efficiency comparison for PMD, MG and FMD methods for dimple
aspect ratio of 0.08: (a) the Sommerfeld number, (b) the number of iteration, and (c) the time,
versus the eccentricity ratio
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4.1.4 Influence of non-dimensional clearance

The non-dimensional clearance (o) is varied, keeping other parameters constant such as

texture portion (a ) = 1.0, dimple area density (S ) = 0.13, dimple aspect ratio (y ) = 0.06 and

non-dimensional length (L) = 20 to study its effect on the computational efficiencies of PMD,
MG and FMD methods for two different cases of 0.03 and 0.06 as shown in Fig. 4.11 and Fig.
4.12, respectively.

From Fig. 4.11(a), it is seen that the Scheme 1 predicted results for Sommerfeld number
are very close to that of Scheme 2 and MG method and fairly close to the FMD method results.
The results predicted by the MG method are over-estimated to the other methods with slight
difference at the lower eccentricity ratios up to 0.5 and negligible difference at the other
eccentricity ratios. The computational performance, in terms of the number of iterations and
computing time, is presented in Fig. 4.11(b) and Fig. 4.11(c), respectively. It can be seen from
figures 4.11(b) and 4.11(c) that the number of iterations and computational time taken by
Scheme 1 is lesser compared to Scheme 2, moderately lesser compared to the MG method and
greatly lesser compared to the FMD method. The number of iterations taken by Scheme 1 to
obtain the converged solution is less than 86% and 19% that of the MG method and FMD
method, respectively. Similarly, the computational time taken by Scheme 1 to reach the
converged solution is less than 59% for the MG method and 35% for the FMD method.

It is depicted in Fig. 4.12(a) that the Scheme 1 predicted results for Sommerfeld number
are very close to that of Scheme 2 for eccentricity ratios from 0.2 to 0.5 and the same as that
of Scheme 2 for the rest of the eccentricity ratios. Also, the Sommerfeld number results of
Scheme 1 are fairly close to the MG method and FMD method results. Figures 4.12(b) and
4.12(c) depicts the computational performance in terms of the number of iterations and
computing time, respectively. From Fig. 4.12(b), it is shown that the number of iterations taken
by Scheme 1 is lesser compared to Scheme 2, MG method and tremendously lesser compared
to the FMD method. It is seen from Fig. 4.12(c) that the computing time taken by Scheme 1 to
reach the converged solution is lesser compared to Scheme 2, moderately lesser compared to
the MG method and greatly lesser compared to the FMD method. The number of iterations
taken by Scheme 1 is less than 88% and 4% that of the MG and FMD methods, respectively.
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Similarly, the computational time taken by Scheme 1 to reach the converged solution is less
than 49% of MG method and 5% of FMD method.
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Fig. 4.11 Computational efficiency comparison for PMD, MG and FMD methods for non-
dimensional clearance of 0.03: (a) the Sommerfeld number, (b) the number of iteration, and
(c) the time, versus the eccentricity ratio

4.1.5 Influence of non-dimensional length

The effect of non-dimensional length on the computational efficiencies of PMD, MG and FMD

methods is studied for two cases of non-dimensional length (L) of 30 and 50, as presented in
Fig. 4.13 and Fig. 4.14, respectively. The other non-dimensional parameters considered

constant are texture portion (o) = 1.0, dimple aspect ratio () = 0.06, dimple area density

(Sp): 0.13, non-dimensional clearance (&) = 0.05.
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Fig. 4.12 Computational efficiency comparison for PMD, MG and FMD methods for non-
dimensional clearance of 0.06: (a) the Sommerfeld number, (b) the number of iteration, and
(c) the time, versus the eccentricity ratio

Figure 4.13(a) shows that the Sommerfeld number results for Scheme 1, Scheme 2,
MG method and FMD method are very close at the eccentricity ratios up to 0.5, and at the
other eccentricity ratios, the difference is negligible. From Fig. 4.13(b), it is seen that the
number of iterations taken by Scheme 1 to reach the converged solution is lesser, moderately
lesser and much lesser compared to the Scheme 2, MG method and FMD method, respectively.
Similarly, the computational time taken by Scheme 1 is lesser, moderately lesser and much
lesser compared to Scheme 2, MG method and FMD method, respectively, as depicted in Fig.
4.13(c). The number of iterations to reach the converged solution for the MG and FMD

methods are greater than 1.57 and 22.26 times that of Scheme 1, respectively. The Computing
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time to reach the converged solution for the MG and FMD methods is more than 1.62 and 7.08

times that of Scheme 1, respectively.
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Fig. 4.13 Computational efficiency comparison for PMD, MG and FMD methods for non-
dimensional Length of 30: (a) the Sommerfeld number, (b) the number of iteration, and (c)
the time, versus the eccentricity ratio

Figure 4.14(a) presents that the Sommerfeld number results for Scheme 1 have
negligible difference from that of Scheme 2 and the MG method at most of the eccentricity
ratios. However, the Sommerfeld number results predicted by the FMD method are very close
to those predicted by Scheme 2, MG and FMD methods. It is observed from Fig. 4.14(b) that
the number of iterations taken by Scheme 1 to attain the converged solution is lesser,
moderately lesser and much lesser compared to the Scheme 2, MG method and FMD method,
respectively. It is depicted in Fig. 4.14(c) that the computational time taken by Scheme 1 to

reach convergence is lesser, moderately lesser and much lesser compared to the Scheme 2, MG
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method and FMD method, respectively. The number of iterations to attain the convergence for
the MG method and FMD method are more than 1.27 and 14.77 times that of Scheme 1,
respectively. The Computing time to attain the convergence for the MG method and FMD
method is more than 2.72 and 9.44 times that of Scheme 1, respectively.
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Fig. 4.14 Computational efficiency comparison for PMD, MG and FMD methods for non-
dimensional Length of 50: (a) the Sommerfeld number, (b) the number of iteration, and (c)
the time, versus the eccentricity ratio

Scheme 1 is the computationally efficient method compared to Scheme 2, MG and
FMD methods in all the above cases of variation of texture parameters. The computational
efficiency of Scheme 1 compared to the MG and FMD methods, for all cases of texture

parameters variation, is presented in Table 4.2. It is presented as the percentage of number of
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iterations and computing time taken by Scheme 1 with respect to that of the MG and FMD
methods. On overall, from all the cases of texture parameter variation as shown in Table 4.2,
it can be observed that the number of iterations taken by Scheme 1 to obtain the converged
solution is less than 88% and 19% that of the MG and FMD methods, respectively. Also, the
computing time taken by Scheme 1 is less than 83% and 35% that of the MG and FMD

methods, respectively.

Table 4.2 Percentage of number of iterations and computing time taken by Scheme 1 with
respect to the MG and FMD methods

No. of iterations (%) Computing time (%)
Texture parameters Scheme 1 Scheme 1 Scheme 1 Scheme 1
w.r.to MG w.r.to FMD w.r.to MG w.r.to FMD
0.4 80.91 71.17 43.25 4.37
¢ 0.8 80.69 5.38 79.74 6.09
0.05 86.60 9.60 53.59 4.88
S 0.10 87.77 9.30 41.56 9.02
0.04 87.12 11.25 82.39 22.64
v 0.08 85.54 9.94 83.00 19.99
0.03 85.74 18.89 58.69 34.47
o 0.06 87.88 3.74 48.98 4.24
B 30 63.64 4.49 61.48 14.12
L 50 78.70 6.77 36.65 10.59

4.2 Summary

In this chapter, the comparison of computational efficiencies, in terms of number of iterations
and computing time, of PMD, MG and FMD methods has been done by varying texture and
bearing parameters, for dimple textured journal bearing of L/D = 1, such as texture portion,
dimple area density, dimple aspect ratio, non-dimension clearance and non-dimensional
length. It is observed that the PMD method is the computationally efficient one compared to
the MG and FMD methods, irrespective of any texture parameter value considered.
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Dimple and protruded textured journal bearing

5.0 Introduction

The spherical protruded and dimple textured journal bearing's performance characteristics in
terms of load carrying capacity, friction variable and flow coefficient are compared with the
untextured bearing for different texture configurations such as full textured region, first-half
textured region and second-half textured region for L/D ratio of unity. Here, two different ways
of comparison are presented. One comparison is based on eccentricity ratio and the other
comparison is based on load. The governing Reynolds equation considering the mass
conserving (JFO) boundary conditions is solved using the computationally efficient
progressive mesh densification (PMD) method. The theory pertaining to Sec. 2.2 is applicable
to this study. The numerical code developed is validated with the experimental results available

in the literature.
5.1 Comparison of performance characteristics

5.1.1 Comparison of present results for friction coefficient with the experimental results

The friction coefficient results obtained using the PMD method (with three levels) for one
sectorial segment (simplified to parallel slider) of textured parallel thrust bearing are compared
with the experimental results of Etsion et al. [16] for varying load at a speed of 1500 rpm, as

illustrated in Fig. 5.1. The comparison is made for unidirectional texturing (L/B = 0.75, S =
0.6 and « =0.734) and bidirectional texturing (L/B = 0.75, S =0.614 and « = 0.633). In Fig.

5.1, itis seen that the theoretical model for unidirectional texturing predicted higher coefficient
of friction values for loads under 320 N and lower coefficient of friction values for loads above

300 N compared to experimental results. Similarly, the theoretical model for bidirectional
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texturing has predicted higher coefficient of friction values for loads below 250 N and lower
values beyond 250 N compared to experimental results. The percentage difference between the
theoretical and experimental results of both unidirectional and bidirectional texturing is less
than 10%. However, at the load of 160 N, the difference in the theoretical and experimental
results of unidirectional texturing is 13%. As the trends of the present results for friction
coefficient are similar to that of the experimental results and the present result values for
friction coefficient are also fairly close to those of experimental results. Therefore, the codes
developed are used for the analysis of textured bearings. The input parameters used for the

validation are presented in Table 5.1.

0.03 T I I
—--Present result (Unidirectional)
=B Etsion et al. [16] (Unidirectional)
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Fig. 5.1 Validation of the present results with the experimental results of Etsion et al. [16]

As the experimental results for spherical textured journal bearing in the literature are
limited and difficult to compare numerically, the experimental results for spherical textured
thrust bearing of Etsion et al. [16] are used for validation. After validating the developed code
for spherical textured thrust bearing with the experimental results of Etsion et al. [16], it has

been modified for the spherical textured journal bearing.
5.1.2 Comparison based on eccentricity ratio

The parameters for journal bearing with spherical dimple and protruded texture considered in
the present analysis are presented in Table 5.2. The protruded and dimple textured journal

bearing performance characteristics such as load carrying capacity, friction variable and flow
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coefficient in non-dimensional form are estimated for different non-dimensional texture
depth/height (i.e., ratio of texture depth/height to the clearance) with various eccentricity ratios.
The eccentricity ratios considered here are 0.2, 0.4, 0.6 and 0.8. The different textured region
configurations of full texturing and partial texturing that have been considered in this study are

full textured region (0°- 360°), first-half textured region (0°- 180°) and second-half

textured region (180° - 360°). The 3-level situation of the PMD method is implemented with
mesh sizes for level 1, level 2 and level 3 as 56x18, 112x36 and 224x72, respectively. The
ultimate convergence criterion followed is 10~°. The comparison of bearing performance
characteristics, in non-dimensional form, for dimple textured and protruded textured bearing
with untextured bearing are presented in the following sub-sections. The texture depth in Fig.
5.2 through Fig. 5.10 represents height of the texture for protruded textured bearing and depth

of the texture for dimple textured bearing.

Table 5.1 Parameters used for validation

parameter Value Parameter Value
L/B 0.75 Speed 1500 rpm
Slider width B 50 mm Velocity U 4.9 m/s
Dimple base radius r, 30 um Bulk modulus /3 2.1 GPa
Dimple depth h, 6.5um Cavitation pressure p, 0.9 bar
Viscosity 7 0.001 Pa.s Ambient pressure p, 1 bar

5.1.2.1 Full textured region configuration ( 0° — 360°)

In the case of full textured region configuration, two rows of 6 textures in the circumferential
direction of journal bearing are considered for spherical dimple and protruded textures. The
comparison of bearing performance characteristics for dimple textured and protruded textured

bearing with untextured bearing is depicted in Fig. 5.2 through Fig. 5.4.

From Figs. 5.2(a) to 5.2(d), it has been observed that there is an increment in load
carrying capacity for protruded textured journal bearing, whereas there is a decrement in load
carrying capacity for dimple textured journal bearing with an increment in the texture

depth/height value compared to the untextured journal bearing or plain journal bearing. The
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maximum percentage increment in the load carrying capacity of protruded textured journal

bearing is obtained, at the eccentricity ratio of 0.8 and the texture height of 0.4, as 88.77%

compared to dimple textured journal bearing and 75.12% compared to the untextured journal

bearing.

Table 5.2 Parameters for the numerical study of spherical textured journal bearing

Parameter Value Parameter Value
Diameter D 62.8 mm Bulk modulus g 1x10° py
L/D ratio 1 Cavitation pressure p, 0.9 bar
Clearance C 0.055 mm Ambient pressure p, 1 bar
Viscosity n 0.0035 Pa. s Dimple base radius r, 10 mm
Velocity U 19.7 m/s Dimple area density S 0.3
(a) (b)
2.8 - =
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M 2.4 1 &0
£ 5:5 1
% 2.2 g
g E 51
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Fig. 5.2 Comparison of load carrying capacity for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for full textured region
configuration
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In Figs. 5.3(a) to 5.3(d), it is shown that there is a decrement in friction variable for

protruded textured journal bearing whereas an increment in friction variable for dimple

textured journal bearing with an increment in the texture depth/height value when compared

to the untextured journal bearing. The maximum percentage decrement in the friction variable

of protruded textured journal bearing is obtained, at an eccentricity ratio of 0.8 and the texture

height of 0.4, as 45.01% compared to dimple textured journal bearing and 41.33% when

compared to the untextured journal bearing.

Therefore, corresponding to load carrying capacity and friction variable, bearing

performance characteristics of full textured journal bearing with dimple textures have been

negatively affected, whereas performance characteristics of full textured journal bearing with

protruded textures have been significantly improved.
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Fig. 5.3 Comparison of friction variable for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for full textured region
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There is an increment in flow coefficient for dimple textured journal bearing and
protruded textured journal bearing with an increment in the texture depth/height value
compared to the untextured journal bearing, as shown in Figs. 5.4(a) to 5.4(d). The maximum
percentage increment in the flow coefficient of protruded textured journal bearing is obtained,
at the eccentricity ratio of 0.6 and the texture height of 0.4, as 4.8% compared to dimple
textured journal bearing and 14.07% compared to the untextured journal bearing. Hence, in the
case of flow coefficient, bearing performance characteristics of full textured journal bearing
with dimple textures and full textured journal bearing with protruded textures have been

positively affected.
d
( )0.086 0.144
=#=Dimple textured bearing | =#=Dimple textured bearing
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3 ity ratio =
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2 0.082 - E
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Fig. 5.4 Comparison of flow coefficient for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for full textured region
configuration
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5.1.2.2 First half-textured region configuration ( 0° — 180°)

In the analysis of the first half-textured region configuration, two rows of the first three
textures in the journal bearing circumferential direction are selected for spherical dimple and
protruded textures. The comparison of bearing performance characteristics is shown in Fig. 5.5
through Fig. 5.7.

It has been found in Figs. 5.5(a) to 5.5(d) that the load carrying capacity is increased
for protruded textured journal bearing, whereas it is decreased for dimple textured journal
bearing with an increment in the texture depth/heights value when compared to untextured
journal bearing. The maximum percentage increment in the load carrying capacity of journal
bearing with protruded textures is obtained, at the eccentricity ratio of 0.2 and the texture height
of 0.4, as 27.11% compared to journal bearing with dimple textures 24.26% compared to the
plain journal bearing.
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E g a4
3 1.7 A s
1.5 T 4 T T
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Fig. 5.5 Comparison of load carrying capacity for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for first-half textured region
configuration
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From Figs. 5.6(a) to 5.6(d), it has been observed that there is a decrement in friction
variable for protruded textured journal bearing, whereas there is an increase in friction variable
for dimple textured journal bearing with an increment in the texture depth/heights value when
compared to the untextured journal bearing. The maximum percentage decrement in the
friction variable of protruded textured journal bearing is obtained, at the eccentricity ratio of
0.4 and the texture height of 0.4, as 23.17% compared to dimple textured journal bearing
whereas, it is found as 20.14%, at the eccentricity ratio of 0.2 and the texture height of 0.4,
compared to the untextured journal bearing.

Hence, corresponding to load carrying capacity and friction variable, bearing
performance characteristics of protruded textured journal bearing textured in the first-half of
the circumferential region are positively affected. However, dimple textured journal bearing

textured in first-half of the circumferential region gives deterioration in performance.
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Fig. 5.6 Comparison of friction variable for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for first-half textured region
configuration
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Figures 5.7(a) to 5.7(d) depict an increment in flow coefficient for dimple textured
journal bearing and decrement in flow coefficient for protruded textured journal bearing with
an increment in the texture depth/height value when compared to the untextured journal
bearing. The maximum percentage increment in the flow coefficient of dimple textured journal
bearing is obtained, at the eccentricity ratio of 0.2 and the texture height of 0.4, as 19.44%
when compared to protruded textured journal bearing and 10.26% compared to the untextured
journal bearing. Therefore, in terms of flow coefficient, bearing performance characteristics of
protruded textured journal bearing textured in the first half of the circumferential region have
been negatively affected, whereas bearing performance characteristics of dimple textured

journal bearing textured in the first half of the circumferential region have been significantly

improved.
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Fig. 5.7 Comparison of flow coefficient for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for first-half textured region
configuration
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5.1.2.3 Second half-textured region configuration ( 180° — 360° )

In the present analysis of second half-textured region configuration, two rows of last 3 textures
in circumferential direction of journal bearing are selected for spherical dimple and protruded

textures. The bearing performance characteristics are depicted in Fig. 5.8 through Fig. 5.10.

From Figs. 5.8(a) to 5.8(d), it has been found that there is an increment in load carrying
capacity for protruded textured journal bearing and a decrement in load carrying capacity for
dimple textured journal bearing with an increment in the texture depth/heights value as
compared to the untextured journal bearing. The maximum percentage increment in load
carrying capacity of protruded textured journal bearing is obtained, at the eccentricity ratio of
0.8 and the texture height of 0.4, as 85.88% compared to dimple textured journal bearing and

83.16% compared to untextured journal bearing.
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Fig. 5.8 Comparison of load carrying capacity for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for second-half textured region
configuration
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It has been noticed from Figs. 5.9(a) to 5.9(d) that there is a decrease in friction variable

for protruded textured journal bearing, whereas there is an increase in friction variable for

dimple textured journal bearing with an increment in the texture depth/height value when

compared to the untextured journal bearing. The maximum percentage reduction in the friction

variable of protruded textured journal bearing is obtained, at the eccentricity ratio of 0.8 and

the texture height of 0.4, as 45.22% compared to dimple textured journal bearing whereas, it

is found as 44.40%, at the eccentricity ratio of 0.8 and the texture height of 0.4, compared to

untextured journal bearing.
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Fig. 5.9 Comparison of friction variable for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for second-half textured region
configuration

Therefore, in the case of load carrying capacity and friction variable, bearing

performance characteristics of protruded textured journal bearing textured in second-half of

the circumferential region are significantly improved whereas, bearing performance
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characteristics of dimple textured journal bearing textured in second-half of the circumferential

region have deteriorated.

It is depicted from Figs. 5.10(a) to 5.10(d) that there is an increment in flow coefficient
for protruded textured journal bearing and reduction in flow coefficient for dimple textured
journal bearing with an increment in the texture depth/height value when compared to the plain
journal bearing. The maximum percentage increment in the flow coefficient of protruded
textured journal bearing is noticed, at the eccentricity ratio of 0.2 and the texture height of 0.4,
as 25.97% compared to dimple textured journal bearing and 24.36% compared to the plain
journal bearing. Therefore, related to flow coefficient, bearing performance characteristics of
protruded textured journal bearing textured in the second half of the circumferential region are
significantly improved, whereas bearing performance characteristics of dimple textured
journal bearing textured in the second half of the circumferential region are adversely affected.
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Fig. 5.10 Comparison of flow coefficient for journal bearing with dimple and protruded
textures with untextured bearing by varying texture depth for second-half textured region
configuration
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5.1.2.4 Calculation of optimum design parameters

The performance enhancement for journal bearing with spherical dimple and protruded
textures corresponding to load carrying capacity and friction variable is obtained by
performance enhancement ratio (PER) using Eqn. 2.29 for each case of texture depth/height

considered in  every eccentricity ratio in all  texture  configurations

(0° - 360°,0° - 180° and 180° - 3600) to find the optimum texture depth/height and

configuration for which the load carrying capacity is maximum and the friction variable is
minimum. From Table 5.3, for full textured region configuration, it can be seen that the
maximum PER value for protruded textured journal bearing is 2.9849 at the eccentricity ratio
value of 0.8 and the texture height of 0.4 and for the dimple textured journal bearing is 0.9989
at the eccentricity ratio of 0.8 and the dimple depth of 0.1. In the case of first-half textured
region configuration, the maximum PER value for protruded textured journal bearing is 1.5558
at the eccentricity ratio of 0.2 and the texture height of 0.4 and for the dimple textured journal
bearing is 0.9972 at the eccentricity ratio of 0.8 and the dimple depth of 0.1 as depicted in
Table 5.3. From Table 5.3, for the second-half textured region configuration, it can be seen
that the maximum PER value for protruded textured journal bearing is 3.2940 at the
eccentricity ratio of 0.8 and the texture height of 0.4 and for the dimple textured journal bearing
is 0.9816 at the eccentricity ratio of 0.8 and the dimple depth of 0.1. Among all the cases of
textured region configurations, the maximum PER value is obtained for the protruded textured
journal bearing in the second-half textured region configuration at the eccentricity ratio of 0.8
and the texture height of 0.4. The flow coefficient has also been found to be maximum for
protruded textured journal bearing in the second-half textured region configuration at the
eccentricity ratio of 0.8 and the texture height of 0.4.

In the case of journal bearings, the eccentricity ratio may not be assumed as fixed but
must be determined corresponding to an imposed load for comparison of performance
characteristics of different textured bearings. It is because the load carrying capacity depends
on the geometry of the film gap between the journal and the bearing. Therefore, comparison
based on eccentricity ratio gives unrealistic and incorrect results. Similarly, the other
performance characteristics, such as friction variable and flow coefficient, may not be

compared for a given eccentricity ratio as it results in incorrect comparison. Therefore,
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performance characteristics of dimple textured journal bearing, protruded textured journal
bearing and untextured journal bearing are compared in a quite realistic and correct way as

presented below in comparison based on load.

Table 5.3 Dimple and protruded textured journal bearing performance enhancement ratios

Performance enhancement ratio (PER)

¢ Ah “Eyll textured region First-half textured Second-half textured
configuration region configuration region configuration

DTB PTB DTB PTB DTB PTB

02 01 0.9465 1.1023 0.9847 1.0233 0.9739 1.0973
0.2 0.9159 1.2333 0.9756 1.0877 0.9717 1.2648
0.3 0.8907 1.4232 0.9668 1.2865 0.9700 1.5285
0.4  0.8589 1.7107 0.9556 1.5558 0.9688 1.9203
04 01 0.9526 1.0590 0.9778 1.0196 0.9804 1.0491
0.2 0.9221 1.1945 0.9598 1.0526 0.9761 1.2648
0.3 0.8972 1.4995 0.9416 1.1810 0.9745 1.5091
04 0.8730 1.7594 0.9224 1.5153 0.9726 2.0571
06 0.1 0.9774 1.0941 0.9952 1.0571 0.9696 1.1482
0.2 0.9648 1.2181 0.9933 1.1401 0.9656 1.4194
0.3 0.9479 1.4054 0.9847 1.2240 0.9605 1.9029
0.4 0.9246 1.8474 0.9779 1.3254 0.9586 2.8119
08 0.1 0.9989 1.0600 0.9972 1.0718 0.9816 1.2581
0.2 0.9639 1.4320 0.9918 1.1098 0.9742 2.1419
0.3 0.9145 2.2740 0.9669 1.1695 0.9702 2.6935
0.4 0.8696 2.9849 0.9372 1.2671 0.9707 3.2940

Notes: DTB: dimple textured bearing PTB: protruded textured bearing
5.1.3 Comparison based on load

In this study, the protruded and dimple textured bearing performance characteristics such as
minimum fluid film thickness, maximum pressure, friction variable and flow coefficient in
non-dimensional quantities are estimated for different texturing configurations, whereas Tala-

Ighil et al. [31] have studied the comparison between the dimple textured bearing and plain
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bearing performance characteristics. The three different textured region configurations in the
circumferential region of journal bearing that have been considered in this analysis are the
same as those considered in Sec. 5.1.2. Also, these textured region configurations are the same
as those considered by Tala-Ighil et al. [31] in their numerical analysis. In this comparison, the
mesh sizes considered for the 3-level situation of the PMD method, the ultimate convergence

criterion and the input parameters considered are also the same as considered in Sec. 5.1.2.

The comparison of bearing operating and performance parameters such as eccentricity
ratio (&), non-dimensional minimum film thickness (hmn), non-dimensional maximum

pressure (Emax), friction variable (f) and non-dimensional flow coefficient (6) for the

protruded and dimple textured journal bearings with the untextured journal bearing has been
made for different steady-state loading conditions. For this, initially, the non-dimensional load
carrying capacity (W) for the untextured or plain journal bearing corresponding to different
eccentricity ratios varying from 0.2 to 0.7 in increments of 0.1 has been determined and later
exact load carrying capacity (up to 3 decimal places) for protruded and dimple textured
bearings has been found, in each case, at their respective eccentricity ratios. Based on this
procedure, the bearing performance results obtained for the protruded and dimple textured

journal bearing have been compared with the untextured bearing.
5.1.3.1 Full textured region configuration ( 0° — 360°)

For the analysis of fully textured region distribution, two rows of 6 textures in the
circumferential direction of journal bearing are considered for spherical dimple and protruded
textures. For six different imposed loads (W ), bearing operating and performance parameters
of dimple textured bearing and protruded textured bearing have been compared with the plain
bearing as presented in Table 5.4. It can be noticed from Table 5.4 that in all cases of different
loads (W ), slightly higher eccentricity ratios are predicted for dimple textured bearing when
compared to plain bearing, whereas slightly lower eccentricity ratios are predicted for
protruded textured bearing. The minimum film thickness (hn») calculated in the case of dimple
textured bearing is lower when compared to plain bearing and further lesser in the case of
protruded textured bearing in all cases of loads. Therefore, there is degradation in dimple
textured bearing performance in terms of load carrying capacity compared to the plain bearing,
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as reported by Tala-1ghil et al. [31] in their numerical study. However, Tala-Ighil et al. [31]
conducted their analysis for only one loading condition. There is much reduction in load
carrying capacity compared to the plain bearing in the case of protruded textured bearing. The
maximum pressure ( Pnx) results estimated in all cases of loads are higher for dimple textured
bearing and much higher for protruded textured bearing when compared to the plain bearing.
The friction variable ( f ) estimated, in all cases of loads, is higher for dimple textured bearing
when compared to plain bearing, same as predicted by Tala-Ighil et al. [31]. However, Tala-
Ighil et al. [31] have calculated frictional torque in their study. In all cases of loads, the friction

variable (f) estimated for the protruded textured bearing is lesser compared to the plain

bearing. In all cases of loads, the flow coefficient (Q ) estimated is higher for dimple textured
bearing when compared to the plain bearing. For protruded textured bearing, the flow

coefficient (Q) predicted is lesser compared to plain bearing in all cases of loads.

The maximum percentage decrement in minimum film thickness (hmn) of 12.86% is
obtained in protruded textured bearing compared to plain bearing at a load of 16.248. For
protruded textured bearing, the eccentricity ratio corresponding to that load is 0.694. The
maximum percentage increase in the maximum pressure (Pms) Of 41.83% is obtained for
protruded textured bearing compared to plain bearing at a load of 4.966. For protruded textured
bearing, the eccentricity ratio corresponding to that load is 0.388. The maximum percentage
reduction in friction variable ( f ) of 3.66% has been obtained for protruded textured bearing
compared to plain bearing at a load of 2.076. The eccentricity ratio corresponding to that load

for protruded textured bearing is 0.18. Also, the maximum percentage increment in flow
coefficient (Q) of 3.32% is found in dimple textured bearing compared to plain bearing at a

load of 2.076. The eccentricity ratio corresponding to that load for dimple textured bearing is
0.204.

For a few cases of imposed loads among the above-considered cases, bearing
performance characteristics are presented in dimensional values in Table 5.5 for a better
understanding of dimple textured journal bearing, protruded textured journal bearing and

untextured journal bearing performance practically.
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Table 5.4 Comparison of bearing operating and performance parameters for full textured region configuration

3 Hmin Emax f 6
W
PB DTB PTB PB DTB PTB PB DTB PTB PB DTB PTB PB DTB PTB
2076 0.2 0.2040 0.1800 0.8000 0.7960 0.7378 0.3409 0.3504 0.3812 13.708 13.877 13.206 0.0723 0.0747 0.0679
3.348 0.3 0.3060 0.2820 0.7000 0.6940 0.6447 0.9400 0.9704 0.9982 8.033 8.053 7.993 0.1027 0.1054 0.1007
4966 04 0.4060 0.3880 0.6000 0.5940 0.5469 1.4004 1.5489 19862 5712 5.739 5641 0.1346 0.1375 0.1323
7.160 05 05050 0.4880 0.5000 0.4950 0.4542 2.1044 2.2648 2.4892 4.269 4.295 4203 0.1659 0.1689 0.1628
10524 0.6 0.6045 0.5900 0.4000 0.3975 0.3589 3.2603 3.2948 3.5849 3.230 3.238 3.160 0.1974 0.1999 0.1950
16.248 0.7 0.7025 0.6940 0.3000 0.2995 0.2614 5.5328 5.6482 6.2994 2412 2421 2.349 0.2281 0.2308 0.2254

68

Table 5.5 Comparison of bearing operating and performance parameters for full textured region configuration in dimensional form

W e (um) h.., (um) P.. (MPa) f Qx10° (m*/s)
(kN)
PB DTB PTB PB DTB PTB PB DTB PTB PB DTB PTB PB DTB PTB
2.930 11.0 11.2 9.9 44,000 43.780 40.579 0.2440 0.2508 0.2728 13.708 13.877 13.206 2.4598 2.5414 2.3101
10.105 275 27.8 26.8 27500 27.225 24981 15061 1.6209 1.7815 4.269 4.295 4203 5.6442 5.7463 5.5388
14853  33.0 33.2 324 22.000 21.863 19.739 2.3334 2.3581 25657 3.230 3.238 3.160 6.7159 6.8010 6.6343
Notes: PB: Plain bearing DTB: Dimple textured bearing PTB: Protruded textured bearing
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5.1.3.2 First half-textured region configuration (0° —180°)

In the analysis of the first half-textured region configuration, two rows of the first three textures
in the journal bearing circumferential direction are selected for spherical dimple and protruded
textures. Similarly, as shown in the case of full textured region configuration, in this case also,
bearing operating and performance parameters of dimple textured bearing and protruded
textured bearing have been compared with the plain bearing for six different cases of imposed
load (W) as shown in Table 5.6. From Table 5.6, it is seen that slightly higher eccentricity
ratios are predicted for dimple textured bearing when compared to plain bearing, whereas
slightly lower eccentricity ratios are predicted for protruded textured bearing in all cases of
different loads (W ). In all cases of loads, the minimum film thickness (hw.) predicted for
dimple textured bearing is lesser when compared to plain bearing and further lesser for
protruded textured bearing. Hence, the load carrying capacity of dimple textured journal
bearing is lower compared to the plain bearing in the same way as predicted by Tala-Ighil et
al. [31]. The protruded textured bearing has a further lower load carrying capacity than the
plain bearing. The maximum pressure ( P ) results calculated in all cases of loads are higher
for dimple textured bearing when compared to plain bearing and much higher for protruded

textured bearing. In all cases of loads, the friction variable ( f ) calculated is higher for dimple
textured bearing when compared to plain bearing, same as reported by Tala-Ighil et al. [31].
The friction variable ( f ) predicted for the protruded textured bearing is lesser compared to
plain bearing in all cases of loads. In all cases of loads, the flow coefficient (Q) calculated is
higher for dimple textured bearing when compared to the plain bearing. For protruded textured
bearing, the flow coefficient (Q ) calculated is lesser compared to plain bearing in all cases of

loads.

The maximum percentage decrement in minimum film thickness (hm,) of 10.03% is
obtained in protruded textured bearing compared to plain bearing at a load of 16.248. The
eccentricity ratio corresponding to that load for the protruded textured bearing is 0.685. The
maximum percentage increase in the maximum pressure (Pms) Of 41.82% is obtained for
protruded textured bearing compared to plain bearing at a load of 4.966. For protruded textured

bearing, the eccentricity ratio corresponding to that load is 0.388. The maximum percentage
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Table 5.6 Comparison of bearing operating and performance parameters for first-half textured region configuration

& Emin Emax f Q

Z|

PB  DTB PTB PB DTB PTB PB DTB PTB PB DTB PTB PB DTB PTB

2076 0.2 0.2020 0.1800 0.8000 0.7980 0.7378 0.3409 3.3468 0.3811 13.708 13.804 13.543 0.0723 0.0728 0.0720

3.348 0.3 0.3005 0.2820 0.7000 0.6995 0.6447 0.9400 0.9486 0.9983 8.033  8.047 7.998 0.1027 0.1030 0.1024

16

4.966 0.4 0.4050 0.3880 0.6000 0.5950 0.5469 1.4004 1.5204 1.9860 5.712 5.734 5.653 0.1346 0.1349 0.1341

7.160 0.5 05040 0.4860 0.5000 0.4960 0.4561 2.1044 2.2604 2.3916 4.269 4.281 4253 0.1659 0.1662 0.1650

10.524 0.6 0.6040 0.5850 0.4000 0.3960 0.3636 3.2603 3.3102 3.5046 3.230 3.234 3.194 0.1974 0.1979 0.1960

16.248 0.7 0.7010 0.6850 0.3000 0.2990 0.2699 5.5328 5.6513 6.0162 2412 2420 2.393 0.2281 0.2286 0.2258

Notes: PB: Plain bearing DTB: Dimple textured bearing PTB: Protruded textured bearing
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decrement in friction variable ( f ) of 1.2% has been found for protruded textured bearing
compared to plain bearing at a load of 2.076. The eccentricity ratio corresponding to that load
for protruded textured bearing is 0.18. The maximum percentage increase in flow coefficient

(5) of 0.69% is found in dimple textured bearing compared to plain bearing at a load of 2.076.

The eccentricity ratio corresponding to that load for dimple textured bearing is 0.202.
5.1.3.3 Second half-textured region configuration ( 180° — 360° )

In the present analysis of the second half-textured region configuration, two rows of 3 textures
in the second-half circumferential region of journal bearing are selected for spherical dimple
and protruded textures. Table 5.7 presents bearing operating and performance parameters of
dimple textured and protruded textured bearing compared with the plain bearing for different
imposed loads (W ). From Table 5.7, it is observed that in all cases of different loads (w ),
eccentricity ratios predicted for dimple textured bearing are lesser when compared to plain
bearing, whereas eccentricity ratios predicted for protruded textured bearing are further lesser.
The minimum film thickness (h.» ) determined in the case of dimple textured bearing is higher
when compared to plain bearing and lesser in the case of protruded textured bearing in all cases
of loads. Therefore, there is performance enhancement in dimple textured bearing in terms of
load carrying capacity when compared to the plain bearing, as predicted by Tala-Ighil et al.
[31]. In the case of protruded textured bearing, there is a decrement in load carrying capacity
compared to the plain bearing. The maximum pressure (P ) results found are lesser for dimple
textured bearing and much higher for protruded textured bearing, when compared to plain

bearing, in all cases of loads. The friction variable ( f ) obtained, in all cases of load carrying

capacities, is higher for dimple textured bearing compared to plain bearing, whereas it is lesser

for protruded textured bearing. The flow coefficient (6) obtained is higher for dimple textured

bearing when compared to plain bearing, whereas it is lesser for protruded textured bearing in
all cases of loads.

The maximum percentage reduction in minimum film thickness (hmn) of 8.7% is
obtained in protruded textured bearing compared to plain bearing at a load of 2.076. The

eccentricity ratio corresponding to that load for the protruded textured bearing is 0.198. The
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Table 5.7 Comparison of bearing operating and performance parameters for second-half textured region configuration

B ¢ i P f Q
W
PB DTB PTB PB DTB  PTB PB DTB PTB PB DTB PTB PB DTB  PTB
2.076 0.2 0.1990 0.1980 0.8000 0.8010 0.7304 0.3409 0.3384 0.3984 13.708 13.934 13.128 0.0723 0.0753 0.0664
3.348 0.3 0.2965 0.2960 0.7000 0.7035 0.6446 0.9400 0.9006 0.9998 8.0330 8.054 7.991 0.1027 0.1056 0.0999
& 4.966 0.4 0.3995 0.3990 0.6000 0.6005 0.5533 1.4004 1.3982 1.9641 5.712 5794 5.628 0.1346 0.1379 0.1314
7.160 0.5 0.4990 0.4980 0.5000 0.5010 0.4648 2.1044 2.0964 2.3412 4.269 4.299 4.048 0.1659 0.1691 0.1616
10524 0.6 0.5980 0.5970 0.4000 0.4020 0.3756 3.2603 3.2504 3.3918 3.230 3.260 3.152  0.1974 0.2013 0.1938
16.248 0.7 0.6970 0.6960 0.3000 0.3030 0.2854 5.5328 5.5428 5.8216 2412 2501 2,338 0.2281 0.2402 0.2246
Notes: PB: Plain bearing DTB: Dimple textured bearing PTB: Protruded textured bearing
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maximum percentage increase in the maximum pressure ( P ) 0f 40.25% is found in protruded
textured bearing compared to plain bearing at a load of 4.966. For protruded textured bearing,
the eccentricity ratio corresponding to that load is 0.399. The maximum percentage decrement

in friction variable ( f ) of 5.18% has been obtained for protruded textured bearing compared

to plain bearing at a load of 7.160. The eccentricity ratio corresponding to that load for the
protruded textured bearing is 0.498. Also, the maximum percentage increase in flow coefficient

(5) of 5.3% is found in dimple textured bearing compared to plain bearing at a load of 16.248.

The eccentricity ratio corresponding to that load for dimple textured bearing is 0.697.
5.1.3.4 Percentage change in performance characteristics

The percentage change in friction variable ( f ) and flow coefficient (6) for dimple textured

bearing and protruded textured bearing with respect to plain bearing in case of full textured
(FT), first-half textured (FHT) and second-half textured (SHT) region configurations are
presented in Table 5.8. It can be seen from Table 5.8 that there is a percentage increment in
friction variable for dimple textured bearing, in all cases of load, of full textured, first-half
textured and second-half textured region configurations with respect to the plain bearing,
which is an undesirable result. The poor performance of dimple textured bearing related to
friction variable is found in second-half textured region configurations followed by full
textured and first-half textured region configurations, respectively. For protruded textured
bearing, it can be observed from Table 5.8 that there is a percentage reduction in friction
variable of full textured, first-half textured and second-half textured region configurations with
respect to plain bearing in all cases of load, which is a desirable outcome. The better
performance of protruded textured bearing related to friction variable is found in second-half
textured region configuration followed by full textured and first-half textured region
configurations, respectively. Table 5.8 depicts a percentage increment in flow coefficient for
dimple textured bearing of full textured, first-half textured and second-half textured region
configurations with respect to plain bearing in all cases of loads which is a desirable result.
The better performance of dimple textured bearing related to flow coefficient is observed in
second-half textured region configuration followed by full textured and first-half textured
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Table 5.8 Percentage change in the performance parameters of textured journal bearings

% change in friction variable ( f )

% change in flow coefficient (Q)

Dimple textured

Protruded textured

Dimple textured

Protruded textured

w bearing bearing bearing bearing

FT FHT SHT FT FHT SHT FT FHT SHT FT FHT SHT

2.076 1.23 0.7 1.65 -3.66 -1.2 -4.23 3.32 0.69 4.15 -6.09 -041 -8.16

& 3.348 0.25 0.17 0.26 -0.5 -0.44 -0.52 2.63 0.29 2.82 -1.95 -0.29 -2.73
4,966 0.47 0.39 1.44 -1.24  -1.03 -1.47 2.15 0.22 2.45 -1.71 -0.37 -2.38

7.160 0.61 0.28 0.7 -1.55 -0.37 -5.18 1.81 0.18 1.93 -1.87 -054 -2.59

10.524 0.25 0.12 0.93 -2.17 -1.11 -2.41 1.27 0.25 1.98 -1.22 -0.71 -1.82

16.248 0.37 0.33 3.69 -2.61 -0.79 -3.07 1.18 0.22 5.3 -1.18 -1.01  -153

Notes: FT: Full textured FHT: First-half textured SHT: Second-half textured
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region configurations, respectively. For protruded textured bearing, it can be seen from Table
5.8 that there is a percentage reduction in the flow coefficient of full textured, first-half textured
and second-half textured region configurations with respect to plain bearing in all cases of
load, which is an undesirable result. The poor performance of protruded textured bearing
related to flow coefficient is seen in the second-half textured region configuration followed by
full textured and first-half textured region configurations, respectively. From Table 5.8, in all
texture region configurations, it can be observed that the maximum percentage reduction in

friction variable ( f ) of 5.18% has been obtained for protruded textured bearing at a load of
7.160. For protruded textured bearing, the eccentricity ratio corresponding to that load is 0.18.
Further, the maximum percentage increase in flow coefficient (Q) of 5.3% is obtained in

dimple textured bearing at a load of 16.248. For dimple textured bearing, the eccentricity ratio

corresponding to that load is 0.697.
5.1.3.5 Pressure and film thickness profiles

The pressure and film thickness profiles of dimple textured bearing, textured in the second-
half textured region configuration, for the minimum and maximum loads considered in the
analysis are depicted in Fig. 5.11. The pressure and film thickness profiles are presented for
dimple textured bearing when textured in the second-half textured region configuration as it
has provided the improvement in bearing performance in terms of load carrying capacity (i.e.,
increase in hm» ) When compared to the plain and protruded textured bearing whereas in other
texture configurations there is degradation in the performance of dimple and protruded textured
bearings when compared to the plain bearings. Figures 5.11 (a) and 5.11 (b) show that the
minimum film thickness and maximum pressure values corresponding to the minimum load of
2.076 are 0.8010 and 0.3402, respectively. Figures 5.11 (¢) and 5.11 (d) show that the minimum
film thickness and maximum pressure values corresponding to the maximum load of 16.248
are 0.3030 and 5.3962, respectively.

In this numerical analysis, it is found that protruded texture is advantageous compared
to dimple texture, when the journal bearing is textured in second half textured region
configuration, with respect to friction variable but it is converse with respect to load carrying

capacity and flow coefficient. However, in practice, it is difficult to manufacture protruded
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Dimple and protruded textured journal bearing

textures on the bearing surface compared to the dimple textures. The protruded textures are
also susceptible to wear during operation of the bearing whereas, the dimple textures can trap

wear debris and can act as small reservoirs during starved lubrication.
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Fig. 5.11 Film thickness and pressure profiles corresponding to the minimum and maximum
loads

5.2 Summary

In this study, the performance characteristics of a dimple textured journal bearing and
protruded textured journal bearing have been compared to the untextured journal bearing to
determine whether the spherical dimples or spherical protuberances on the bearing surface
produce better bearing performance in terms of load carrying capacity, friction variable and
flow coefficient. The governing Reynolds equation has been solved considering the mass
conserving (JFO) boundary conditions using the PMD method, which is computationally
efficient and easy to implement compared to the MG method. Two ways of comparison have

been presented, one based on eccentricity ratio and the other based on load. From the
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comparison based on eccentricity ratio, the optimum texture and bearing operating parameters
have been found corresponding to the maximum load carrying capacity, minimum friction
variable and maximum flow coefficient. Similarly, from the comparison based on load, the
best texture configuration has been determined corresponding to the maximum load carrying
capacity, minimum friction variable and maximum flow coefficient. From the comparison
based on eccentricity ratio, protruded textured journal bearing, when textured in the second
half textured region configuration, gives better performance characteristics than dimple texture
journal bearing and untextured journal bearing irrespective of any texture region configuration.
However, from the comparison based on load, the dimple textured journal bearing gives better
performance, in terms of load carrying capacity and flow coefficient, compared to protruded
textured journal bearing and untextured journal bearing irrespective of any texture region
configuration when textured in the second half textured region configuration. For friction
variable, protruded textured journal bearing gives better performance when textured in the
second half textured region configuration. The results predicted from comparison based on
load are different than those obtained from comparison based on eccentricity ratio. It is because
the effective eccentricity ratio for a given load may be different for dimple textured journal
bearing, protruded textured journal bearing and untextured journal bearing. Since load carrying
capacity depends on the geometry of the film gap present between journal and bearing, the
results obtained from comparison based on load are more realistic than the results obtained
from comparison based on eccentricity ratio. Even though many published results are available
in which performance characteristics are found based on eccentricity ratio, in fact, for realistic

analysis, the performance characteristics are found based on load.
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Concluding remarks

6.0 Introduction

This thesis deals with the implementation of the progressive mesh densification (PMD) method
to textured journal bearing problems and to compare its computational efficiency with the
computational efficiencies of multigrid (MG) and Fixed mesh density (FMD) methods for a
fixed set of texture parameters and also for varying texture parameters. Further, comparison of
performance characteristics of dimple textured and protruded textured journal bearings with
untextured journal bearing implementing mass conserving boundary conditions using PMD
method. Here, performance characteristics are compared in two different ways. One
comparison is based on eccentricity ratio and the other comparison is based on load. As the
comparison of performance characteristics based on load is quite realistic and correct than the
comparison of performance characteristics based on eccentricity ratio, the inferences and

conclusions drawn from the comparison based on load are presented below.

The scope of the present work has been defined based on the literature review presented
in Chapter 1. The basic equations, mathematical formulations in theories for textured journal
bearing using different boundary conditions and computational methods are presented in
Chapter 2. In Chapter 3, the comparison of computational efficiencies of PMD, MG and FMD
methods for dimple textured journal bearing problems for a fixed set of textured parameters
for different L/D ratios is presented. A similar study is carried out for varying texture
parameters, for the L/D ratio of unity, in Chapter 4. In Chapter 5, the spherical protruded and
dimple textured journal bearings' performance characteristics are compared with the

untextured bearing for different texture configurations for the L/D ratio of unity.
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6.1 Inferences

The inferences that are drawn from the results presented in this thesis are:

> In the case of the textured journal bearing of L/D = 0.2, for fixed set of texture
parameters, the MG method has better computational efficiency compared to the PMD
method and the FMD method.

» In the case of the textured bearing of L/D =1, there is above 12% and 94% reduction in
the number of iterations to reach the converged solution in Scheme 1 of the PMD
method, when there is above 9% and 93% reduction in the number of iterations to reach
the converged solution in Scheme 2 of the PMD method, compared to the MG and the
FMD methods, respectively for a fixed set of texture parameters.

> In the case of the textured bearing of L/D =2, Scheme 1 has a better reduction in the
number of iterations than Scheme 2, compared to the MG and the FMD methods,

respectively, for a fixed set of texture parameters.

> From all the cases of texture parameter variation considered for the bearing of L/D =1,
the number of iterations taken by Scheme 1 to obtain the converged solution is less than
0.88 and 0.19 times those of the MG method and FMD method, respectively.
Furthermore, the computing speed of Scheme 1 is at least 1.2 and 2.9 compared to the

MG and FMD methods, respectively.

> Itis also noticed that Scheme 2 of the PMD method is computationally better compared
to the MG and FMD methods, irrespective of any texture parameter value considered
for bearing of L/D =1.

» The maximum reduction in friction variable of 5.18% is found in protruded textured

bearing with respect to untextured bearing at an imposed load of 7.160.

» The maximum increase in flow coefficient of 5.3% is found in dimple textured bearing
with respect to untextured bearing at an imposed load of 16.248.
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6.2 Conclusions

The conclusions that are drawn from the results presented in this thesis are:

>

The PMD method is the simplest and easiest in implementation compared to the MG

method for solving problems pertaining to textured journal bearings.

The PMD method has better computational efficiency in terms of computational time
and the number of iterations compared to MG and FMD methods for bearing of L/D =

1, irrespective of any texture parameter value considered.

Scheme 1 of the PMD method is the computationally superior one compared to Scheme
2 of the PMD, MG method and FMD method, irrespective of any texture parameter
value considered. However, the ‘orf’ values need to be looked into, within Scheme 1,

for better accuracy and computational efficiency.

Implementation of the cavitation algorithm with modified switch function [87] for mass
conserving boundary conditions has been difficult for textured journal bearing

problems due to convergence iSsues.

The dimple textured bearing produces enhancement in load carrying capacity (i.e.,
increase in hmin ) When the bearing is textured with spherical dimples in the second-half
textured region configuration. This is the same as previously concluded by Tala-Ighil
etal. [31] in their numerical study. However, Tala-Ighil et al. [31] conducted their study
for only one loading condition.

The protruded textured bearing doesn’t improve the load carrying capacity when the
bearing is textured with spherical protuberances in the second-half textured region

configuration.

The bearing textured with spherical dimples or spherical protuberances in the full or

first-half textured region configuration doesn’t improve the load carrying capacity.

The protruded textured bearing produces the best performance in terms of friction
variable when the bearing is textured with spherical protuberances in the second-half

textured region configuration in comparison to other texture configurations, whereas
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dimple textured bearing produces degradation in performance irrespective of any

texture region configuration.

» The dimple textured bearing produces the best performance in terms of flow coefficient
when the bearing is textured with spherical dimples in the second-half textured region
configuration in comparison to other texture configurations whereas protruded textured

bearing produces degradation in performance irrespective of any texture configuration.

The results presented here clearly demonstrate that the PMD method is very efficient
for solving Textured journal bearing problems for an L/D ratio of unity. Therefore, the PMD
method is highly recommended for such problems. Within the PMD method, Scheme 1 has
better computational performance compared to Scheme 2. Further, it is demonstrated that
protruded textured journal bearing gives better performance compared to the dimple textured
and untextured journal bearing for friction variable when textured in the second-half textured
region whereas dimple textured journal bearing provides better performance compared to the
protruded textured and untextured journal bearing for load carrying capacity and flow
coefficient when textured in second-half textured region.

6.3 Scope for future works

> Analysis on the influence of texture parameters on computational efficiencies of PMD,
MG and FMD methods while solving problems pertaining to dimple textured journal

bearing for different L/D ratios.

> Implementation of PMD method to the textured journal bearing problems and to
compare its computational efficiency with the computational efficiencies of MG and
FMD methods for a fixed set of texture parameters and also for varying texture

parameters using mass conserving boundary conditions.

» Numerical investigation of the optimum texture and bearing parameters that provide
the best bearing performance characteristics using mass conserving boundary

conditions.

> Experimental investigation on the influence of spherical protruded and dimple textures

on the journal bearing performance with consideration of wear in protruded textures.
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