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ABSTRACT

Hydrodynamic journal bearings are one of the important components in
hydrodynamic lubrication, ranging from small applications such as motors, up to large
applications, such as engines and turbines. The problem is that the hydrodynamic
journal bearing shows poor performance under low eccentricity ratio conditions. This
study has been carried out to investigate the effect of partial texture with a slip surface
towards the performance of hydrodynamic journal bearings; namely, pressure
distribution, load carrying capacity, shear stress, and friction coefficient. The study has
been carried out by formulating the partial texture with single and two-slip surfaces
onto a bearing surface in a fluid film region, which was then solved by using long
bearing and short bearing approximations, respectively. The approximations which
were applied that, the long journal bearing was considered in the circumferential
direction, whilst the axial direction was applied on short journal bearing. The applied
partial texture with slip surface showed different performance outcomes on both the
long and short journal bearings. The long journal bearing showed significant
improvement on the pressure distribution and load capacity for both single-slip and
two-slip configurations. The performance improvement at the 0.1 eccentricity ratio
achieved for the single-slip was from 0.1% and up to 125%, whilst the partial two-slip
textured surface managed to achieve the performance increase of up to 166% compared
to the plain journal bearing. In addition, the partial texture, single-slip surface also
reduced the friction coefficient up to 22% at the 0.1 eccentricity ratio. However, the
results also showed that applying the proposed surface configuration, especially two-
slip texture, greatly increased the shear stress and friction coefficient to some extent.
On the other hand, applying the partial texture with both single and two slip
configurations on the short journal bearing showed the decrease of performance of the
short journal bearing compared to the plain journal bearing, reflected poor performance

under numerical analysis of this research.
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ABSTRAK

Galas jurnal hidrodinamik merupakan salah satu daripada komponen terpenting
dalam pelinciran hidrodinamik, daripada aplikasi kecil seperti motor, sehingga aplikasi
yang besar seperti enjin, turbin, dan lain-lain. Teknik mengaplikasi tekstur dan
sempadan slip terhadap permukaan adalah sebahagian daripada pendekatan yang selalu
diguna pakai, dan penyelidik mendakwa bahawa teknik ini mempunyai potensi dalam
meningkatkan prestasi galas jurnal hidrodinamik pada kadar nisbah eksentrik yang
rendah. Kajian ini dilakukan untuk mengenal pasti kesan pengaplikasian separa tekstur
bersama slip keatas prestasi galas jurnal hidrodinamik; iaitu kadar pengedaran tekanan,
kapasiti beban yang dibawa, tekanan ricih, dan juga pekali geseran. Kajian ini
dilaksanakan dengan merumuskan formula permukaan separa tekstur dengan satu slip
dan dua slip terhadap permukaan galas dalam pelinciran filem cecair, dan kemudiannya
diselesaikan dengan menggunakan teknik penganggaran galas panjang dan pendek.
Teknik penganggaran yang diguna pakai ialah galas panjang hanya terhad kepada arah
keliling galas, manakala galas pendek hanya mempertimbangkan arah paksi.
Pengaplikasian permukaan tekstur separa bersama sempadan slip telah menunjukkan
prestasi yang berbeza daripada kedua-dua galas jurnal panjang dan pendek. Galas jurnal
panjang menunjukkan peningkatan yang ketara terhadap kadar pengedaran tekanan dan
kapasiti beban yang dibawa terhadap konfigurasi satu slip dan dua slip. Kadar
peningkatan pada kadar 0.1 nisbah eksentrik yang diperoleh daripada konfigurasi satu
slip ialah dari 0.1% ke 125%, manakala permukaan separa tekstur dengan dua slip
mencatatkan peningkatan sehingga 166% berbanding galas jurnal yang kosong.
Tambahan pula, permukaan separa tekstur dengan satu slip turut mencatatkan
penurunan pekali geseran sehingga 22% pada kadar nisbah eksentrik 0.1. Walau
bagaimanapun, keputusan yang diperoleh turut menunjukkan bahawa penggunaan
konfigurasi yang dicadangkan, terutamanya permukaan tekstur dengan dua slip telah
menunjukkan peningkatan yang ketara terhadap tekanan ricih dan pekali geseran pada
suatu kadar yang tertentu. Selain itu, penggunaan konfigurasi separa tekstur dengan
kedua-dua slip terhadap galas pendek telah menunjukkan prestasi yang menurun
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berbanding galas jurnal yang kosong, menunjukkan bahawa keputusan yang tidak

memberangsangkan di dalam analisis ini.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Bearing is a mechanical component that limits the motion to the desired direction
of motion and at the same time reduces motion friction to reduce the rate of wear and
tear of the parts. It is precisely made and engineered to accommodate extreme speeds
and load efficiently. One of the most commonly used of types of the bearing is a
hydrodynamic journal bearing. Compared to other types of bearings, hydrodynamic
journal bearing uses lubrication film to allow the movement between the parts involved
in the journal bearing. The lubrication film is capable to tolerate forces exerted from
the motion of the rotor as the lubrication condition maintains and separates the two-
sliding surface of the journal and bearing surface from each other. The separation

phenomenon is caused by the hydrodynamic pressure produced from the lubricant that

Figure 1.1: Coordinates and pressure profile of

hydrodynamic journal bearing [1, 2].



pumps into the converging region and leads to wedge action and shaft to rotates as
shown in Figure 1.1.

The major concern on operating journal bearing is that to achieve high load carrying
capacity and pressure distribution in low eccentricity ratio conditions. Surface texturing
and boundary slip application are some of the techniques applied to overcome the
problems, which improves the performance of the hydrodynamic journal bearing. The
applied technique is used to manipulate the fluid film conditions due to the surface
characteristics that are changed whether on the bearing surface or on the journal surface,
which altered the internal conditions of fluid film lubrication during operation.
Hydrodynamic journal bearing can be classified as a few, such as long journal bearing
and short journal bearing as shown in Figure 1.2 and 1.3. The explanation of these

classifications will be discussed later in the next chapter.

Figure 1.2: Illustration of long journal bearing [22].

X

[

Figure 1.3: Illustration of short journal bearing [22].




1.2 Background of Study

The study of lubrication in bearings introduced by Osborne Reynolds [3] in 1886 in
which introduced by Tower [4] back in 1883. During that time, Tower learned the
capability of hydrodynamic journal bearings in carrying load based on the oil film
pressure. Later, the first solution of Reynolds equation in hydrodynamic journal bearing
is found by Sommerfeld [5] after Petroff [6], in his finding comes out with the bearings
with the journals at the center. From these findings, bearings analysis has become an
important topic to be discussed among researchers as it has an important role in the
behavior of the whole system in terms of performance and efficiency.

Osborne Reynolds introduced the Reynolds equation of hydrodynamic lubrication
in 1886. The theory comes from the experimental analysis of hydrodynamic journal
bearing in pressure distribution profile done by Tower back in 1883 [7,8]. In the next
few years ahead, Reynolds theory has been used for further analytical and experimental
research in which the pressure gradient, lubricant viscosity, and the shape of the oil film
derived from the partial differential technique.

Nowadays, the study of the hydrodynamic journal bearing has been widely spread
in terms of improving its overall performance, either by using numerical simulation,
mathematical modeling and also simulation. Well known researchers such as
Tauvigirrahman [13], Brizmer [14], Tonder [12], Tala-Ighil [15, 51, 52], Rao [65, 70,
71, 72, 73] and many more has spreaded the potential of hydrodynamic journal bearing
to keep improving by using various approaches and techniques which will be discussed

later in the next chapter.

1.2.1 Surface Texture

Surface is defined as the outermost layer of the part in which can be describe in terms
of texture or form. In early theory and previous studies of lubrication in tribology, the
assumption made is that the bearing surface is perfectly smooth. In some other cases,
asperities are also present at the covered surface, in which creates the possibilities of
the rupture at the lubricant film to occur when the oil film is thin. Texture that presents
at the surface can create a lubrication film, resulted the capability to handles load



capacity even with the no wedge condition. Texture surface can be in various shapes
such as dimple, circle, ellipse, triangles, and many more as referred to Figure 1.2.

LT — o N [T
Figure 1.4: Surface texture with shape differences; (a) circular, (b) ellipse, and (c)

triangular [9].

In hydrodynamic journal bearings, lubrication is important to provide smooth
surface to reduce the friction motion and wear effects. Therefore, texture surface has
become the interesting factor to improve the performance of hydrodynamic lubrication.
Various studies have been done, analytically and experimentally for so many years with
various types of texture surface to analyze the performance difference and
improvements [10-12]. As for the examples, Figure 1.3 shows the parallel sliding
surface performance is done with textured surface, meanwhile the textured surface on
journal bearing sample can be seen at Figure 1.4. From rough observations, applying
texture on the surface acts as an additional space for lubricants of to trap micro debris

produced from the wear effect.
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Figure 1.5: Surface texturing on stationary surface on lubricated parallel

sliding contacts [13].



Figure 1.6: Surface texturing on journal bearing schematic diagram [14].

1.2.2 Boundary Slip

The history of boundary conditions has been discussed in the 19" century. The
standard characterization of slip is introduced by Navier [16] and later proposed by
Maxwell [17], which the component of the velocity tangent to the surface is directly
proportional to the surface’s shear rate. The research regarding the application of the
slip boundary condition is greatly increased due to the development in microfluidic and
microelectromechanical device field. The Maxwell-Navier slip interpretation is shown
in Figure 1.5. The core concepts if the fluid mechanics is a no-slip condition, which the
fluid has the same velocity as the surface contact. However, the boundary condition
cannot be prove using hydrodynamic approach, but it can be demonstrated in the
macroscopic analysis [19-21].

/
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Figure 1.7: Maxwell-Navier slip length interpretation [18].



In hydrodynamic journal bearing and sliding contacts, the application of slip surface
has been widely done. Most analytical analysis done has proven the capability of the
slip surface to enhance journal and slider bearing’s performance. The presence of slip
surface controls the fluid film velocity between the contact surface, thus reduced the

surface tension that occurs, which prolongs the component’s durability.

1.3 Problem Statement

Increasing the performance of rotating machines required better performance of its
components. The increasing demands for high-performance components lead to the
engineers to upgrade the design to fulfill the requirements. Hydrodynamic performance
of journal bearing is a great concern to increase its reliability, reduce energy loss and
increase the efficiency to keep the rotation of the shaft to be smooth and withstand the
forces for a long period of time. Recent studies in the science of tribology show that
applying surface texture and slip surface configuration in a hydrodynamic journal
bearing surface is a well known method to improve journal bearing’s performance.
However, the integration of surface texture and slip surface is not yet done thoroughly
as it is not appropriately analyzed with fixed parameters such as the eccentricity ratio,
texture depth and the ratio of slip/texture length. Therefore, this research is conducted
to propose the new configuration that consists of surface texture and slip condition on
the hydrodynamic journal bearing. This research also carried out to explore the potential
improvements that can be done towards hydrodynamic journal bearings to replace plain

journal bearing.

1.4 Research Objectives

From the problem stated above, the main target for this research is to analyze the
textured surface and boundary slip effect on the performance of hydrodynamic journal
bearing. To achieve this goal, the list of key objectives for this research are shown as

below:



e To evaluate the performance of the new configuration of surface texture and

boundary slip on the hydrodynamic journal bearing surface (partial single-slip

texture and partial two-slip texture surface) by using modified Reynolds

equation.

e To derive the solution of the Reynolds equation to accommodate sets of

configurations proposed in long and short journal bearings.

e To determine the optimal slip and texture surface configuration for long and

short bearing improvements compared to plain bearing performance based from

the research conducted in this analysis.

1.5 Scope of Study

The scope of study for this research is limited with the following restrictions:

1.

Hydrodynamic journal bearing is analyzed with load axes on the bearing
surface.

The performance analysis for long and short bearing is carried out with
eccentricity ratios ranging from 0.1 to 0.8 (low operating conditions).

The texture surface applied contains two different sections; varied textured
region (6,) and fixed textured length (6,) which the texture depth (H,) is
varied according to different sets of configurations.

The dimensionless slip condition applied, A is defined according to
proposed configurations on the textured surface.

The condition of the operation is steady state and the results calculated are
presented in non-dimensional form.

The governing equation used is based on Reynolds equation, which
Reynolds theory and Reynolds boundary conditions are applied in long
journal bearing [22]. Meanwhile, Half-Sommerfeld (Gumbel) [21]
boundary condition and DuBois and Ocvirk short bearing approximation

[23] are applied in short journal bearing.



1.6 Thesis Structure

The research thesis requires a detailed numerical procedure in which includes the
calculation of the static characteristics of hydrodynamic journal bearings with the
combination of texture surface and boundary slip configuration.

e Chapter 2 covers wide range of literature review of work done by researchers.
The literature review includes the utilization of surface texture and boundary
slip in hydrodynamic lubrication of moving surfaces. Other than that, the
chapter also shows the method used and the configuration proposed by previous
researchers.

e Chapter 3 explains the research methodology. Reynolds equation will be used
as the governing equation for the analysis. For long journal bearing, the
Reynolds theory was applied [22]. Meanwhile for the short bearing, short
bearing approximation [23] is applied.

e Chapter 4 presents the findings obtained for this research. The results obtained
is recorded and evaluated together with the data obtained for the plain
hydrodynamic journal bearing. The effect of surface texturing and boundary slip
configuration is discussed and presented in terms of pressure distribution, load
carrying capacity, shear stress, and friction coefficient.

e Lastly, Chapter 5 concludes the findings and remarks of the whole research.
Recommendations and future work proposed is included as well as additional

information.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

In this chapter, the static characteristics of the hydrodynamic journal bearing with
surface texture and boundary slip is discussed. The introductory studies related to
hydrodynamic lubrication discussed in Section 2.2. Next up, Section 2.3 discussed the
Reynolds equation and boundary conditions related. Meanwhile, the details regarding
hydrodynamic journal bearing, surface texturing, and wall slip applications are
elaborate more in Section 2.4. Research gap and chapter summary are then presented

to conclude the whole chapter.

2.2 Hydrodynamic Lubrication

Lubrication is essential to reduce/prevent the rate of wear and lowers the friction
occurs. Hydrodynamic lubrication is used in the journal bearing which characterized by
conformal surfaces as such there is the generation of positive pressure to support the
normal load. The film is thick as such it prevents solid surfaces from touching each
other. The clarification is explained by Szeri [22], Mitsui, [24], Hamrock [25], Schmid
[26], Heywood [27], Becker [28], and many more as reference [36-38].

Hydrodynamic is known as the best lubrication in terms of friction and wear
reduction. As for the features, hydrodynamic journal bearing consists of a journal and
a bearing surface (sleeve) separated by a layer of a lubrication film. As refer at Figure
2.1, the loads are applied on the journal itself, causing a downwards displacement from
the initial center location. The decrease of film thickness leads to the development of



positive pressure in which provides the cushioning effect when the bearing surfaces
closer to each other.

Bearing Metal

Journal _ 1 Slider Read/Write
: \ Element
)/
——

Magnetic Disk
Journal Bearing Magnetic Disk Storage

Figure 2.1: General illustration of hydrodynamic journal bearing [29].

The role of lubrication in different regimes can be seen in the Stribeck curve as
shown in Figure 2.2. From the curve, the specific clarification towards the journal
bearing is founded by Heywood [27], then De Kraker et al. [30] comes out with the
calculations with respect to Stribeck curve. Meanwhile, the Stribeck curve has been
used in hydrodynamic lubrication based on Siripuram and Stephens [31] to investigate
the effect of asperity shape towards the friction coefficient. From the analysis, the

asperity shape does not affect the coefficient of friction, but it is affected by cross

section size.
Boundary Mixed Hydrodynamic
Lubrication Lubrication Lubrication
= : :
7] L i
c G | )  EEEEE—
t \ ] 1
7] ~— : i
S |
s I Elasto-Hydrodynamic
S Dry 1 Lubrication (EHL)
-~ g |
© Friction |
L = 1
L i i
! l

Lubrication parameter, nV/P

Figure 2.2: Stribeck curve diagram [29, 32].
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2.3 Reynolds Equation in Hydrodynamic Journal Bearings

In previous theoretical work, Reynolds theory was introduced to simulate the
outcome. However, some assumptions are required due to higher level of complexity
of interface and its treatments. Reynolds introduced some assumptions with no
noticeable difference with the actual condition, even though some other factors are
unreal but it simplifies the analysis procedure. The assumptions made are:

1. The fluid is Newtonian, incompressible, has constant viscosity and the flow
is laminar.

2. The lubricant at the liquid-solid region has perfect adhesion with the bearing
surfaces.
Both rotating journal and sleeve is a rigid surface.

4. The pressure gradient and inertia towards the film thickness direction is
negligible.

5. Pressure gradient at the radial clearance or film thickness is neglected as the

clearance is too small.

From the Reynolds equation, the static characteristics can be determined based on
the assumptions mentioned earlier [22]. The governing Equation (2.1) for this work is

represented as:
0 op1 0 op oh
— 3=+ = |p3 L = — 2.1
dx [h ax] * 0z [h 0z ou [U dx + ZV] @1

Using and implementing boundary conditions, approximations, and theories are
essential to ease and provides better numerical calculation as shown in Figure 2.3. In
this research, Equation (2.1) is solved to acquire static oil film forces [22]. However,

squeeze action is not considered as it is not within the scope of this research.

11



2.3.1 Boundary Conditions in Film Lubrication

Boundary conditions is necessary to solve the Reynolds equation. To simplify this,

Figure 2.3 shows the classification of the boundary conditions. The classification of the

boundary conditions are as follows;

a)

b)

Reynolds Boundary Condition

At position of 8 = 1 + §, the assumption made is that the oil film is neglected
as the pressure and the pressure gradient are zero. Oil flow discontinuity at 8 =
7 can be justified if using this boundary condition [1].

Sommerfeld’s Boundary Condition

At this condition, the oil rupture is not calculated and the assumption made is
that at 8 = 0 and 8 = 2m, the p = 0. The positive and negative pressures
present are considered when using this boundary condition [5].

Gumbel’s Boundary Condition

Like Sommerfeld’s, the pressure is calculated without oil film rupture factor,
but only the positive pressure is calculated. The negative pressure calculated
will becomes zero at atmospheric pressure. This boundary condition is
applicable when the bearing pressure is essentially high. The ranging point for
this condition is 0 < 8 < m, which is also known as Half-Sommerfeld

boundary condition [5].

12
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Figure 2.3: Types of boundary conditions in oil lubrication [29].

2.4 Hydrodynamic Journal Bearing

Hydrodynamic journal bearing is one of the most preferred bearing in real
application compared to sliding and rolling element bearing. This is due to is advantage
features in shock resistivity, long life, and its ability to absorb the vibration produced.
These features come from the hydrodynamic pressure that produced to support the
journal load inside the bearing as the load is directed normal to the journal. The cross-
section of the full journal bearing is shown in Figure 2.3.

13
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Figure 2.4: Journal bearing and its cross section [33].

In the mechanism of hydrodynamic journal bearing illustrated in Figure 2.4, the

physical wedge mechanism caused hydrodynamic pressure distribution to occur [23,

37, 38]. Hydrodynamic lubrication consists of few characteristics in which:

1.

The lubricant viscosity increases due to increase in pressure, in which occurs
from the lubricant shear resistance.

As the speed increases, the thickness of fluid lubricant increases as well given
that there is external load and lubricant viscosity.

Lubricant viscosity should be increased to attain high pressure with constant
load.

Increased in viscosity leads to increase of lubricant friction.

For industrial bearings, 0.001 radian is the typical value for slope of solid

surfaces.

14
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Figure 2.5: Wedge effect and pressure distribution of hydrodynamic journal

bearing [30].

2.4.1 Classification of Journal Bearing

In hydrodynamic journal bearing design, there are three main groups that are
classified based on its slenderness ratio. The slenderness ratio, or commonly known as
L/D ratio is tabulated on Table 2.1 into long bearing, short bearing, and finite bearing.

In this research however, the analysis only covers long and short journal bearing for the
sake of convenience of the results obtained.

Table 2.1: Classification of hydrodynamic journal bearings [22,29,33].

Journal Bearing Subgroup Slenderness Ratio
Long Bearing L/D>2
Short Bearing L/D=0.25
Finite Bearing 0.25<L/D<15

15



2.4.1.1 Long Journal Bearing (L/D >2)

Long journal bearing is defined as the slenderness ratio (L/D) is greater than 2 as
shown in Figure 2.6 [1]. In this journal bearing characteristic based on Reynolds theory,
the pressure distribution in circumferential direction is more significant compare to the
pressure distribution in axial direction, which the pressure in axial direction can be
neglected as shown in Equation (2.2) [22, 36]. In this case, the Reynolds boundary

condition can be applied as mentioned previously.

9 .ap oh
0 [,59P] _ oh 2.2
ox [h ax] bu [Uax”V] 22)

Neteredrttedevivey

Figure 2.6: Long journal bearing [34].

2.4.1.2 Short Journal Bearing (L/D = 0.25)

For short journal bearing, the slenderness ratio is defined as L/D=0.25 as seen in
Figure 2.7 [23]. Short journal bearing is classified when the length of the bearing is
shorter than the diameter of the journal/shaft, which explains the low slenderness ratio.
Compared to long journal bearing, the pressure at the axial direction is more significant
than the pressure in circumferential direction based on short bearing theory and its
approximations [35], which the circumferential pressure can be neglected as shown in
Equation (2.3).

P oh ] 23)

d
— |p3 | = _
0z [h 0z 6u [U 6x+ 2v
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Figure 2.7: Short journal
bearing [34].

For hydrodynamic journal bearing is known with fixed bearing and rotating
journal/shaft. At Figure 2.8, the hydrodynamic journal bearing is illustrated with a load
carrying capacity noted as F, along the axis of the bearing. Pressure profiles are shown
in circumferential and axial directions. Eccentricity effect presence due to an external
force occurs on the journal surface, in which provides a convergent area between the
bearing and the journal. In other case, the journal will be in concentric state and pressure
profiles are unable to generate by the oil film. In general operation, the lubricant oil is
pumped into the converging area when the journal rotates, thus generates a wedge
action of the pressure profile. Cavitation effect occurs when the pressure drops back

into the diverging area.

2277 2 —
& _ @S/L

Fluid Film

y |

N\~‘J J—’f
o Radial pressure wave
Axial pressure wave

Figure 2.8: Load capacity with pressure profiles of axial and

circumferential directions [34].
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2.4.2 Surface Texturing

Analysis of hydrodynamic journal bearing with texture surface is one of the most
popular methods in improving its performance. It varies from the type of texture surface
applied, surface texture location whether it is on the bearing surface or the journal itself,
and many more. One of the most prominent research is done by Tonder [12]. His study
regarding the effect of surface roughness on the load support shows that the presence
of dimples or texture at the inlet of the sliding surface induced greater oil film pressure
and load-carrying capacity. To extend his research, the effect of previous result is
theoretically analyzed to prove that there is significant improvement at the inlet of
sliding surface. In other case, Brizmer et. al. [14] acknowledged the effect of surface
texture in improving sliding contacts. They analyzed the effect of micro-dimple on the
parallel sliding surface by using laser surface texture (LST) technique which resulted it
can provide support for load capacity. Some discoveries are found through numerical
simulation in this research in which researchers can have better prediction in load
support from the height ratio, textured segments, and the ratio of the bearing width to
overall width. Partial texturing of regular micro-dimples resulted better load capacity
provided that the journal bearing is operated at low eccentricity ratio (¢ < 0.3). Even
though partial texturing in low eccentricity operation provides higher load capacity, the
stability of the journal bearing is affected in which will be crucial in long term
operation. Meanwhile, full laser texturing provides better stability of the bearing, but it
lowers the load capacity that the bearing can withstand, thus the selection of the
parameter is required.

Another research that related to surface texturing is done by Shen et. al. [39], as the
study is done towards the effect of dimple structures towards the load carrying capacity.
The studies proved that dimple structures indeed change the load carrying capacity of
hydrodynamic lubrication. The analysis is done with different dimple geometries, with
different diameter and depth. Interestingly, the research is done in both numerical and
experimental way to investigate how dimple structure affects the lubricant behavior.
From the results, internal dimple structure greatly changes the load-carrying capacity
of the hydrodynamic lubrication. Another observation that can be shown is that
cylindrical dimples with rectangular cross-section resulted higher load capacity

compared to cylindrical dimple with triangular cross-section. This is due to the

18



converging step shape in which enhanced pressure capacity of the structure. Other than
that, larger dimple structures provided constant load capacity as compared to smaller
dimple structures. The research also concluded that cylindrical shape provides better
improvement in load capacity compared to other geometrical structures based on the

comparisons made.

(a)
Figure 2.9: Specimen of large dimples; (a) R-shaped, (b) T2-
shaped and (c) T1-shaped [39].

The analysis of surface texturing does not stop numerically and theoretically. Lu
and Khonsari [40] in their research provided an experimental study of the dimple effect
towards journal bearings by using machining and chemical etching technique. The
research shows that specific parameters are required to achieve friction performance of
journal bearings; namely amount of load, dimple size, shape, and depth. The etched
dimple and machining samples can be seen at Figure 2.9. From the results, it is also
shows that bearing surface with full etched dimples provide better frictional
performance over partial etched dimples. Thus, another evidence is clear that surface
texturing does not only improves load capacity, but also reduced hydrodynamic friction
for better efficiency.

(a) Machined dimples (b) Etched dimples
Figure 2.10: Samples of dimpled bushings [40].

19



The research mentioned above are some of the many examples of implementing
surface texture to increase the hydrodynamic performance of journal bearings. Besides,
it is also known and proved that partial texturing provides better performance of load
capacity and friction reduction compared to full texturing method and also plain
surface. Some of the related works done can be seen from Qiu and Khonsari [41], as
they studied on the effect of surface texturing of the dimple shape towards the
tribological performance. In this research, they used mass-conserving algorithm
method to accommodate different surface roughness. From the results obtained,
optimum size of dimple depth and its density could maximize the load-carrying
capacity which is crucial during operation. Other characteristics of surface texturing
such as partial texturing, texture region, orientation effect and shape effect are also

discussed in this section [42-44].

In other discoveries, Cupillard et. al. [45] initially found that for low eccentricity
ratio operation, the dimple depth needs to be less than the film thickness itself to ensure
maximum performance. Later then, the work done is amended with some additional
studies and also dimple configurations on the hydrodynamic journal bearing based from
the research work done by Mishra et. al. [46]. In this research, the results were obtained
in terms of load-carrying capacity and coefficient of friction by using CFD analysis
integrated with numerical simulation. The analysis of the surface texturing effect in
finite journal bearing is also extended by Kango and Sharma [47] by using non-
Newtonian fluid, positive transverse, longitudinal roughness, and combined sinusoidal
approach. In numerical analysis of non-Newtonian lubricant and surface texture, the
modified Reynolds equation is solved by using finite difference method (FDM) to
analyze bearing performances. From the results obtained, full wave roughness with
transverse positive can maximize the load-carrying capacity and friction force when
compared with other three values of roughness profiles. In addition, longitudinal
roughness with sinusoidal profile is the best selection for friction reduction. Besides
that, De Kraker et. al. [48] used governing Reynolds equation to study the surface
texture effect in the fluid region. The analysis is done the investigate the dimple depth
is greater than the minimum fluid film thickness in the fluid region towards the

performance of journal bearing.
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In different approach of the analysis of journal bearing performance, Kango et. al.
[49, 50] analyzed the performance of finite journal bearing in which consist of various
forms of surface texture and its location at the bearing surface. The analyzed is done by
using FDM throughout governing Reynolds equation to determine the effect of surface
texture towards bearings performance, in which proved that it improves bearing
performance, regardless of the texture surface location at the bearing surface. Besides,
Tala Ighil et. al. [51] has shown that proper surface texture configuration towards the
contact surface can enhanced the journal bearing performances and characteristics.
From various texture surface configurations, they found out that the lubricant film
thickness has increased at the textured area. Even though the phenomenon occurred
shows the significant effect towards the journal bearing, but applying surface texture
towards the whole contact surface does not shows significant improvement. However,
some progressive improvements can be seen through adequate texture size with regards
to rotational speed of the bearing. In other approach, Tala Ighil et. al. [52] has studied
the effect of the surface texture towards bearing performances. The comparison is done
with and without the surface texture with respect to journal bearing characteristics and
performances by using FDM as their numerical method. From the research, appropriate
design of the texture surface geometry and its distribution greatly affects the minimum
film thickness and maximum pressure. There are also various researches that enhanced
the surface texturing to further improve the performance of the bearings specifically
[74-82].

2.4.3 Boundary Slip

The assumption of the boundary condition in the Reynolds equation is that there is
no-slip effect occurs between the two moving surfaces. However, based on the previous
researchers done, the slip phenomenon did occur at molecularly smooth surface and
micro-geometrical conditions [53-62]. The analysis of slip effect towards
hydrodynamic lubrication begins when Spikes [56] conducted the investigation towards
the half-wetted bearing. The Reynolds equation is modified to accommodate the slip
phenomenon that occurs against the fixed surface. From the research, it is found that
one-sided wall with slip surface could generates load support at critical shear stress.
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The analysis also found that low friction value can be obtained at low convergence ratio
bearings whereby the critical shear stress is zero. The second part of the Spikes’ analysis
concludes that slip phenomenon occurs at low shear stress which less than 10kPa or
might possibly less than 1Pa [57]. In other research, Salant and Fortier [63, 64] extended
the scope of the slip analysis in which by using a heterogeneous slip/no-slip surface
configuration. The research shown that with proper surface pattern, the increase in load
capacity and friction reduction can be achieved with zero critical shear stress. However,
bearing instability will occur if the critical shear stress is nonzero. The research also
compares the slip effect with the recess surface, resulted that the slip pattern act like a
recess in which reducing the flow friction, but better even without the presence of the
recess itself. Thus, the slip surface can be assumed to have the same capability in
increasing load capacity and friction reduction.

Besides that, the interest in partial slip analysis is also brought up to investigate the
effect towards the bearing characteristics. Rao [65] in his analysis investigates the effect
of partial slip surface towards single-grooved slider and journal bearing by using
Reynolds boundary condition. From the research, it is found that the partial slip
condition on the slider bearing surface improves the dimensionless pressure distribution
of the load applied, provided that the grooved surface further increase the
improvements, meanwhile the partial slip on the journal bearing surface also improves
the dimensionless pressure distribution. However, the results for both analyses also
shown that the dimensionless shear stress is noticeably higher at the slip region, but
decreases at the grooved region. The research is also supported the investigation done
by Wu [66], in which the analysis is done with different eccentricity ratios at different
slip regions. From the research findings, slip at the bearing surface has improve
different advantages compared to plain bearing as the improvements is better at low
eccentricity ratio. It is also found that location and slip zone size does affect the bearing
characteristics. However, in different point of view, Wu and Ma [67] also raised some
concerns regarding the abnormal behavior of the wall slip towards journal bearing
performance. The parametric quadratic programming (PQP) method is used to
investigate the wall slip problems. The results show that load capacity of the journal
bearing decreases if two surfaces have the same lubricant with adhesion property. Other

than that, hydrodynamic effect is also disappear and no-load support generated if the
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wall slip is on opposite directions over lubricated surface. Besides, wall slip effect will
be more complicated if both lubricated surface has different adhesion characteristics.

In different analysis of wall slip towards hydrodynamic lubrication, Lin et. al. [68]
has done a numerical analysis on partial slip surface with shear flow towards slider
bearing. The analysis only focused on the slider bearing to investigate the slip effect
using numerical model. From the calculation made, wall slip surface on the slider
bearing lowers the friction force, even though it was not caused by the location of slip
zone. However, load capacity is affected by the location of slip zone, thus concludes
that slip surface requires proper design in order to improve both load-carrying capacity
and friction force. Aurelian et. al. [69] meanwhile investigate wall slip influences
towards elastohydrodynamic journal bearing. By using finite element analysis, they
found that wall slip surface provides better power loss compare to textured surface.
However, both wall slip and textured surface does improve load-carrying capacity
providing that the location of the wall slip/texture surface is properly designed. In
addition, bearing performance could be decrease if texture surface or wall slip is
wrongly selected. In overall, wall slip surface in hydrodynamic lubrication does
improved the static performance, but some factors need to take into consideration such
as bearing operating conditions, location of the wall slip on the surface, and type of

bearing used.

2.4.4 Surface Texture with Slip Configuration

In another extend, researchers found that it is interesting to investigate the effect of
wall slip and texture surface in one configuration in hydrodynamic lubrication. This is
due to positive outcome obtained from the analysis done before. Tauvigirrahman et. al.
[13] used modified Reynolds equation to investigate the surface configuration of slip
and texture on a parallel sliding surface. From the analysis made, they found that wall
slip condition gives better improvements towards pressure distribution compared to
surface texturing. They also found that partial texturing contributes less improvement
towards the load-carrying capacity, despite the surface texture is combined with a wall
slip surface. They also agreed that partial texturing gives better improvements over full
surface texturing. Rao et. al. [70] used different method which is narrow groove theory

23



(NGT) in analyzing parallel slider and concentric journal bearing with partially textured
and slip surfaces. In their research, the surface configuration is analyzed using couple
stress effect method, meanwhile one-dimensional analysis method based on modified
Reynolds equation is used to identify the expression of dimensionless pressure and
shear stress. Four parameters are measured in which the dimensionless texture length,
ratio of land with slip to recess region, dimensionless recess depth, and also
dimensionless slip coefficient. The analysis made shows that the slip with recess depth
improves the dimensionless load capacity and coefficient of friction for both parallel
slider and concentric journal bearings. It is also found that the improvement of partial
texturing and slip depends on the slope parameter or eccentricity ratio, ranges from 0.0

to 0.3 respectively.

In different research, Rao et. al. [71] also investigates the effect of partially textured
slip towards the load capacity in slider and journal bearing. The similar method is used
which is NGT, which solely focused on the load capacity and pressure distribution. The
results of the research show that the increase of texture with slip on land region
improves the load capacity of the parallel slider and journal bearing. It is also concluded
that texture surface and slip wall are the most significant factor in improving
hydrodynamic performance of slider and journal bearings. The similar article is also
presented which investigates the load carrying capacity improvement and reduction of
friction coefficient [72, 73]. However, the method used for this approach is by using
one-dimensional analysis of altered Reynolds equation. The method also proves that
partially textured with slip on the bearing surface improves the dimensionless load
capacity and reduces the friction coefficient. Surprisingly, the recess region shows
better improvements over dimensionless slip parameter which different from the
analysis mentioned previously. In overall, partial texturing with slip on the bearing
surface carries great potential in improving hydrodynamic performance of journal

bearing.
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2.5 Summary of Literature Review

To simplify the extraction of information in the literature reviews, the critical

sources are summarized in the form of tables for better representation of information

and to identify the research gap as follows;

Table 2.2: Summary of literature reviews

Author

Method

Research Highlights

Tonder [12]

Reynolds Equation

Generates hydrodynamic pressure and increase
load capacity by roughing the plane inlet

e Reynolds Friction coefficient of LST lowered compared to
Etsion [42] e Experimental plain bearing
Study
Cupillard [45] : (I\:Iz\[/)ler Stokes ;’rr]g;/;soilsthe analysis did by Tonder using CFD
Tala-Ighil e Reynolds Equation | Location and shape of dimpled surface affected
[51,52] e FDM journal bearing performances
. Theoretically analysed the potential of laser
Brizmer [14] * ;22?;2?:“ surface texturing (Full and Partial) in journal

bearing

Kango [49,50]

Numerical Model
Reynolds

Presence of micro-cavities enhance the journal
bearing performance

Hamdavi [82]

DuBois-Ocvirk
Reynolds Theory

Partially textured surface at the groove region
improve the performance of short journal
bearing

Shen & e Reynolds Dimples internal structure directly affects the
Khonsari [39] e Mass-conserving load carrying capacity of hydrodynamic
analysis lubrication

Craig [53]

Experimental

The occurrence of partial boundary slip from the
forces generated in an aqueous Newtonian fluid

Spikes [56,57]

Modified Reynolds
Equation

Analysed the slip surface application and
lubrication  model. (Extended Reynolds
Equation)

Salant & Fortier
[63,64]

Reynolds Equation

Modified Reynolds equation to analyse the
heterogenous slip/no-slip of slider bearing

Aurelian [69]

FEM

FEM analysis on wall slip effect on fluid
bearings

Rao [70-73]

Reynolds Equation

Partial textured slip on grooved journal bearing
improved the bearing performance at high
eccentricity ratio

Tauvigirrahman
[13]

Reynolds Equation

Analysed the combination of texture and slip in
a mathematical modelling of parallel sliding
surface

Lin [68]

Numerical
Analysis
Double Parameters

Large area of texture and slip surface using
double parameter method
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2.6 Research Gap

Efficiency and performance of hydrodynamic journal bearing that operates in
various conditions is one of the major concerns for the engineers. The high demand of
hydrodynamic journal bearing to be used in the rotating systems requires better
innovation improve its performance. These bearings are classified into long bearing and
short bearing which based on their slenderness (L/D) ratio. Even though journal has lot
of advantages over other types of bearing, but the concerns of lubrication and improving
its characteristics further. As mentioned on the previous sub-sections, surface texturing,
and wall slip surface are the most common method in improving the hydrodynamic
performance of journal bearings. However, the performance of partially textured with
slip surface on these three types of grooved journal bearings are not well mentioned and
carried out in the literature. Hence, the new research in which implements the partially
textured with slip surface towards the above-mentioned types of grooved journal

bearing would be beneficial for the new studies.

2.7 Chapter Summary

This chapter covers the comprehensive overview of the lubrication, surface
texturing, wall slip, and tribology literature. The discussion is made based on the most
relevant scientific sources and research activities related in this area. It is also
mentioned that the governing Reynolds equation with necessary modification and its
boundary conditions towards the hydrodynamic journal bearing are discussed in
detailed manner. Static characteristics such as load capacity and pressure distribution
are introduced by using suitable figures and references obtained. In addition, surface
texturing has been shown with different geometrical shapes and the wall slip is
presented in various configurations. In general, it is interestingly found that both surface
texturing and wall slip surface delivers a better performance for hydrodynamic journal

bearings to operate at higher load capacities and better efficiency.
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CHAPTER 3

METHODOLOGY

3.1 Overview

This chapter covers the methodology and approaches applied in this research study
to achieve the research objectives. The methodology that will be discussed is the
performance of surface texture with slip in hydrodynamic journal bearings. The
equation that will be used is the governing Reynolds equation. To make the research
convenience as the analysis involved two set of journal bearings: long bearing and short
bearing, different theories are applied towards the governing Reynolds equation. From
the sets of analysis made, the static characteristics in which comprises the load carrying
capacity and pressure distribution are calculated. As for a reference, hydrodynamic
journal bearing is noted as plain bearing when the entire surface has no surface texture
and wall slip applied. In addition, the plain bearing model constructed were developed
into hydrodynamic journal bearing with textured surface and wall slip models by

applying texture length (6,), texture depth (Hy), end texture width (6,), number of

textures applied (n), and slip parameter (A) at different eccentricity ratios. At the end
at this chapter, the numerical methods for proposed configuration of hydrodynamic

journal bearings is proposed.

3.2 Research Design

To develop a comprehensive journal bearing model for long bearing and short
bearing, appropriate procedures should be under attention. Figure 3.1 shows the overall
procedure steps of methodology. The procedure begins with study of literature review
and data re-modelling to construct the base model for further development. The

following steps are explained in this procedure:



=

Initial step for the development of the model and evaluation of hydrodynamic
journal bearings are based from the literature review and model programming
for long bearing [72] and short bearing [81].

2. The plain bearing is used a baseline model for the hydrodynamic journal bearing
proposed based on literature reviews.

3. The long and short bearing for hydrodynamic journal bearing models are
developed to analyze the effect of surface texturing and wall slip towards
performance of the bearing (load capacity, shear stress, pressure distribution,
and coefficient of friction).

4. The validation is done by the comparison of the results obtained with the plain
bearing model developed in Step 2 with the proposed hydrodynamic journal
bearing model as referred at Step 3. The plain journal bearing model is taken as
the validation benchmark as it is validated from previous literatures by
duplicating the methods applied and comparing the results.

5. The final step of this procedure is presentation of the results obtained and the

discussion for all the performance outcome of hydrodynamic journal bearings.

From the procedure steps mentioned above, Reynolds equation is required to
develop the proposed journal bearing model. Reynolds equation is then modified
accordingly for long and short bearing to accommodate hydrodynamic journal bearing
model as summarized in Figure 3.2. From there, the performance analysis is carried out
in which leads to the pressure distribution, load-carrying capacity, shear stress and
friction coefficient required. The method used is discussed further in this chapter,
meanwhile the Chapter 4 and 5 will further discussed about the results obtained,

discussions and conclusions.
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Development of Grooved
Journal Bearing Model

Literature Review

(Mumerical, Simulation and
Experiment)

Rezult Analysis

Revised MATLAB Coding for
Plain lournal Bearing

Validating
results

Result Analysis

Compare the Results

Is the
modelling
accurate?

Results and Discussion

Figure 3.1: Research Flowchart.
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Journal Bearing Mathematical Model Development

Hydrodynamic
lournal Bearings

Long Bearing Short Bearing
h h 4
Partial Single Slip Partial Two Slip Partial Zingle Slip Partial Two Slip
Texture Surface Texture Surface Texture Surface Texture Surface
[Eq. 3.5-3.28) (Eg. 3.31-3.44) {Eqg. 3.50 - 3.59) (Eg. 3.61-3.73)
Short Bearing

Reynolds Theory

Approximation

RESULTS + COMPARISON
(Dimensionless)

Pressure Load-Carrying Coefficient of
Distribution Capacity Shear Stress Friction

Figure 3.2: Procedure of developing the bearing model.

In this research, the developed model of journal bearing with single-slip partial
textured surface is shown in Figure 3.3, and the Figure 3.4 shows the journal bearing
with two-slip partial textured surface. The textured region (8;) consist of alternate land
applied with slip and recess sections with no slip, in which has following parameters;
slip to no-slip ratio magnitude (y), textured region length (8,), number of slip region
(n), texture depth (H,), and end texture length (6,). The following parameters is varied

into sets of values shown below:

30



1. The slip to no-slip ratio magnitude is set to values of 0.2, 0.5, and 0.6.
2. Textured region length is set into values ranging from 40° and 120°

3. Number of slip region is set into 2, 4, and 6 in every analysis

respectively.

4. The texture depth is set in three different value, 0.2, 0.5, and 0.6 while
the fixed texture width, (6,) is fixed to 150° of the starting point to the
end of the circumferential length (180°).

For load capacity and friction coefficient analysis, the eccentricities ratio (¢) of the
operated journal bearings are ranging from 0.1 to 0.8, while the eccentricity ratio is set
to 0.1 for pressure distribution and shear stress analysis. The parameters range of values
are selected based on average range used from previous research such as
Tauvigirrahman et. al. [13], Hamdavi et. al. [81], and Rao et. al. [70-73] to reduce the

complexity of the comparison and validation of data obtained.

Slip region

No-slip region

L

Slip + Grooved region
Figure 3.3: Grooved journal bearing with single-

slip partial texture model.
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0=0 Cavitation region

First Step +
Slip Region

Second Step +
No-Slip Region

Third Step +
Slip Region

Fluid film region

Slip + Grooved region

Figure 3.4: Grooved journal bearing with two-slip partial

texture model.

3.3 Long Journal Bearing

Long journal bearing is defined as the bearing is described as ‘infinitely long’. In
this description, the circumferential pressure is greater compared to the axial pressure.
Figure 3.4 shows the schematic diagram of the long journal bearing, in which the
bearing length (L) is longer than the journal bearing diameter (D). Thus, expression of

the slenderness ratio is shown in L > D.

3.3.1 Partial Single-slip Texture Surface

From the Figure 3.3, the textured region 6, consist of successive slip at the recess
sections and no-slip at the land sections on the bearing surface. The angular length of
the slip at recess region is known as 6,, — 6,1 = - = 6, , — 0,1 = 65, meanwhile
the angular length of the no-slip with land region is marked as ;3 — 6;, = - =
On3 — On2 = 6,. Atthe end of the textured region 6., the end textured region is applied

with slip surface in which marked as 6, — 6,.
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The momentum equation of the pressure in the journal bearing is shown in Equation

(3.1) is in the function of sliding direction of x-axis;

dp  d’u

@ _ Lt 3.1
i~y (3.1)

Navier slip boundary conditions are applied on 65 and 8, — 6;, meanwhile no-slip
conditions are applied on the other part of the plain surface. Thus, the boundary

conditions for velocity at the journal and bearing surface are;
Aty =0,u=Uandatpointy = h,u = —auz—; (3.2)

Equation (3.2) is then integrated at x-direction for velocity component, thus

providing boundary conditions in Equation (3.3);

1| , yh(h+2ap)|dp y
w= oo |y2 - Ty (1 ) (33)
2u h+ au dx h+au

The continuity equation across the film is show in Equation (3.4);

h
Ax = f udy (3.4)
0

By integrating the continuity equation and substitute from Equation (3.3) into

Equation (3.4), the partial slip surface is formed into classical Reynolds equation;

h*(h +4ap) dp| U d [h(h + 2au)

dx |12u(h + ap) dx| ~ 2dx| (h+ aw) (35

From Equation (3.5), the dimensionless form of partial slip surface in modified

Reynolds equation is;

H3(H + 4A) dp d [H(H + 24)

do [12;1(H + A) dxl 2d0| (H+4) (36)

Taken into consideration that the texture region 8, and end texture region 8, consist

of dimensionless film thickness in which expressed as H' = H + H,, which;
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H=(1+¢€cosh) (3.7)

From the Figure, the boundary conditions of the slip and no slip at textured region
are defined respectively;

Plg=o =0, Plo=g,, = P12 and Plg=p,, = P13 (3.8)

Equation (3.6) obtained earlier is then integrated with respect to the dimensionless
pressure profiles of the slip and no-slip regions respectively, resulting new sets of

equation below;

6(H' + 24) 12(H' + A)Q

dp
—(0<6<6,,)= - 3.9
a0 ¢ 12) H2(H' +44)  H(H' +44) 59)
dp 6 120
@(91'2 S 9 S 91'3) - ﬁ —_ F (310)

From the boundary conditions identified in Equation (3.8), both Equation (3.9) and
Equation (3.10) is then integrated together with respect to boundary conditions
mentioned, obtaining a series of dimensionless pressure for slip and no-slip region,

respectively;

] H'+2A
P06 <0:,)=Ploeg + 6, “ﬁd@ -
3.11
120 f2 LA o
0 H'3(H'+44)
91,3 1 91,3
P(QZ < 6 < 03) = P|9=91‘2 + 6J md@ - 12Q md@ (312)
01,2 01,2

In terms of different number of regions involved n, the boundary conditions for 6,

and 6,, sections are defined as;

Plo=9,, = Po=6,_,5+ Plo=6,, = Pnz and  Plg=g,, = Pus (3.13)
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From the newly defined boundary conditions in different number of regions
parameter, Equation (3.6) is then integrated in which yields the dimensionless pressure

with slip and no slip profiles for number of regions n;

P(en,l < 0 < Hnjz) = P9=9n—1,3 + 6J‘9n2 (H +2A) do —

na H'2(H'+4A4)

( ) (3.14)
On2 (H'+A
12 Qf ni H'>(H'+44)
9n,3 1 911_3
P(62 <0 < 0,3) = Ploms,, + 6f0n2 5 d6 — 120 . —5d0 (315)

At the end section 6, — 6., since the profile is similar with recess with slip region,

therefore the boundary conditions and the pressure profiles are similar.

Plo=g, = Pp, and Plg=p, = Py, (3.16)
_ 6, (H'+24)
P(6; <6 <6,)=Pgg, +6]J, e %0 —
e (3.17)
H'+A
120 f,

O H'3(H'+44)

The dimensionless pressure throughout and perpendicular to the centre line
obtained from Equation (3.14), (3.15), and (3.17) is further undergo an integration that
gives the dimensionless radial and tangential load carrying capacity;

W, = —[f:”‘lzP 0050d9+f99”'23P cos 6 do +
) | o (3.18)
fgn’:P cos6do + ---+f9t‘gP cos 6 do ]

Wo=f,"2 P sin6d + [;"* P sing do +
, ' . (3.19)
[yt P sin@ d6 + -+ [0 P sing df |

Both radial and tangential load carrying capacity is then can be used to obtain the

dimensionless load-carrying capacity intended for the research;
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W= /W; + W2 (3.20)

The shear stress is originally expressed as;

du (3.21)
Tyy = —U E

For the journal bearing at y = 0, the shear stress defined in Equation (3.21) is then
become;

I _1[h(h+2ay) dp  _uU (3.22)
Pyly=0 =5 T h v an ldx T h+ an

From the expression in Equation (3.22), the non-dimensional form of shear stress is
obtained for the sake of convenience of the outcome;

H(H +2A)dP 1

s (3.23)
H+A ldo "H+A

1
Moo = 3]

Therefore, the non-dimensional shear stress for each surface regions defined
accordingly as follows;

6Q(H' +24) 4(H' +34) (3.24)
M(Op1 <O <62)=—
(Ona 0= 0n2) = =0z = 4 v 5 4
60 4 3.25
N(6r2 SO < Onz) =5+ .
6Q(H' +24) 4(H' +34 3.26
ne,<6<6,)=- t ) ( . o)

H'2(H' +44) H'(H' +44)

To obtain the coefficient of friction, Cy, the friction force, F is required by

integrating the shear stress along the bearing surface. Then, the friction force obtained
is divided by load capacity to obtain friction coefficient as shown;

0r (3.27)
F= f 1do
0
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¢ = (R)é F (3.28)

3.3.2 Partial Two-slip Texture Surface

For the partial two-slip texture configuration as shown in Figure 3.4, the method of
analysis is the same as partial single-slip texture. However, the noticeable difference is
the additional surface region in between in which expressed below. The angular length
of the first step with slip region is known as 6,, — 60,1 = = =6,,, — 0,1 = 6,4,
meanwhile the angular length of the second step without slip region is marked as 6, 3 —
01, = - =06,3—0,, = 0,,,and the angular length at third step with slip is defined
as 614 — 613 = - =0,,— 0,3 = 0, Atthe end of the textured region 8,, the end

textured region is applied with slip surface in which marked as 6, — 6;.

The boundary conditions of each surface feature at textured and end textured region

are defined respectively;
Plg=0 = 0, Plo=6,_,, = Pn2 . Plo=g,, = Pn3 Plo=6,, = Pna (3.29)

Plo=g, = Pp, and Plg=g, = Py,

The film thickness at first step and second step recess areas are H' and H"
respectively where;

H=(1+ecosd), H' = H+Hgand H" = H+ 1 H, (3.30)

From the conditions defined above, the dimensionless pressure profile of the

textured region, 6, are define from the equation below;

6(H' +24) 12(H' + A)Q
H'?(H' +44A) H3(H' + 44)

dpP
E(an1 <0<0,,) = (3.31)
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dP 6 120

@(Qn,z <O <Op3)= PR (3.32)
dP 6(H +24) 12Q(H + A)
— <6< = - 3.33
do (6ns <0 < 6n4) HZ(H + 44) H3(H + 44) (3:33)

Equations (3.31), (3.32), and (3.33) is then integrated together with respect to
boundary conditions mentioned in Equation (3.29), obtaining a series of dimensionless

pressure for slip and no-slip region, respectively;

On2 (H'+24)
P(Hn,l <6< 9n,2) = P|9=O + 6f0 ZHIZ(HI+4A) do —
(3.34)
(H'+4)
H'3(H'+44)

120 fo‘)"'z

971,3 1 911,3
P(6p2 <6 <6,3)=Plg=g,, + 6] de - 12Qf (3.35)
' On.2

On,2

Ona (H+24)

P(6r3 <6 < 0,4) =Plg=g,, + 6, 3 H2(H+44)

(3.36)

Ona (H+A)
12 Qf9n3 H3(H+4A)

B 8, (H'+24)
P(6, <6 <8,) =Py, +6/, gH’Z(H '+44) d6 -

(3.37)
120 f (H +4)

O H'3(H'+44)

From the expressions above, the dimensionless radial and tangential load carrying

capacity are obtained together;

W, =— [f::'lzP cos 6 do + fggr:‘;P cos 6 do +
; ; (3.38)
fgn‘:P cos 6 do +---+f9tgP cos 6 do ]

Wo = | fe""'z P sin6de + f:“ P sinfdo +

fors

(3.39)
P sinfdo +--+ [, gP sm@d@]

n3

Then the dimensionless load carrying capacity is calculated;
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W= /W; + W2 (3.40)

The non-dimensional shear stress for partial two-slip texture surface at each surface

regions are defined respectively;

_6Q(H'+24)  4(H'+34) (3.41)
H'?(H' +44) H'(H' +44)

(6,1, <0 <6,,)=

60 4 3.42
H(en'z < 9 < 971,3) = _H”Z + H" ( )
6Q(H +24)  4(H + 34) (3.43)

<0< = —
M(0ns =< 0 < 0na) = ~ 32 2a) ¥ H(H + 24)

_6Q(H' +24)  4(H'+34) (3.44)
H'?(H' +4A) H'(H' +44)

ne.<e<6,)=

Similar method from Equation (3.27) and (3.28) are applied to obtain the friction

force, F and the coefficient of friction, C.

3.4 Short Journal Bearing

Compared to long journal bearing, short journal bearing is defined when the length
of the bearing (L) is lower than the diameter of the journal (D). In this condition, the
short bearing approximation of Dubois and Ocvirk is applied for steady state condition
in which known as the journal axes is parallel to bearing axes. To obtain the expressions
required for short journal bearing, the modified Reynolds equation and Half-
Sommerfeld boundary condition is used. The results obtained is validated from the plain
bearing done by Rao [82], with the same operating conditions.

The Dubois-Ocvirk short bearing approximation applied on the modified Reynolds

equation for short journal bearing is expressed as;

4] 9] oh
— (3 =) = — 3.45
(h 62) ouU (3.49)
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The film thickness H and H' can be expressed as;

H=1+¢ecosfandH' =H,+H (3.46)

In Half-Sommerfeld boundary conditions, the respective assumption is considered,;
p=0atz= i%
Equation (3.34) is the integrated twice with respect to z and by applying boundary

conditions at Equation (3.46), the pressure is known as;
Buwdh ( , L?
= R 3.47
P="h3 do <Z 4 (3.47)

From the short bearing approximation method, the pressure profiles for slip and no

slip are derived respectively;

e (AR oo
= () -

3.4.1 Partial Single-slip Texture Surface

In these expressions derived, the coordinate system is located at the middle along
the bearing length L. By applying the expression of film thickness in Equation (3.35)
and neglecting the diverging wedge pressure, the pressure profile (z = 0) at the slip
P(6,, < 6 < 6,,) and no-slip region P(8,, < 6 < 8,5), and the end textured region

(6, < 6 < 6,)is known as Py, P,, and P, respectively.

Y e
e (B0
G e
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Considering the journal is in equilibrium, the load-carrying capacity can be obtained

by determining radial and tangential load capacity for each pressure profile defined

earlier;

E. = ff P,cos8 dz do (3.53)

Fy = ff P,sin6 dz df (3.54)

Thus, the dimensionless load capacity of short journal bearing can be computed;

W= /ng + Fy? (3.55)

To determine the dimensionless shear stress of journal bearing, the expressions
from Equation (3.22) is used as the condition of journal bearing is still the same.
However, the assumption made is the flow due to pressure gradient in x-direction is

neglected, which the shear stress for short bearing is further simplified.

dP
rrin 0 (3.56)
_ 6Q(H' +24) (357)

YUH?(H + 44)

6
M, = H_g (3.58)
6QH" +24) 259)

97 H'2(H' + 44)

As the dimensionless shear stress for each surface region are defined, the coefficient

of friction C; can be derived by using similar approach from the long journal bearing

analysis in Equation (3.27) and (3.28).
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3.4.2 Partial Two-slip Texture Surface

For partial two-slip texture surface, the method and derivation process are still
similar as before. The only addition with respect to extra depth on texture length 6, is

applied in which the film thickness is the same with Equation (3.30).
H=(1+¢cos0), H' = H+Hgand H' = H +Hj (3.60)

From the defined film thickness in Equation (3.58), the pressure profiles are defined

accordingly to comprehend the configuration showed in Figure 3.4.

@ ENEE en
(BB e
s (G
@ ENEE e

Then, the radial and tangential load carrying capacity are computed together like
Equation (3.51) and (3.52). Therefore, the dimensionless load capacity is derived in

which similar with Equation (3.53);

F. = ff P,cos6 dz d6 (3.65)

Fy = ff P,sin6 dz do (3.66)

W = /p;:z + Fy? (3.67)

The dimensionless shear stress is then defined for partial two-slip texture surface;

_ 6Q(H' +24)

" H'?(H' + 44) (3.68)

1
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60

M, = (3.69)
_ 6Q(H +24)
_ 6Q(H' +24) a7

97 H2(H' + 44)

Lastly, the coefficient of friction, Cy is defined in which similar with Equation
(3.27) and (3.28).

F= f " l1ds (3.72)
O

3.5 Validation of Results from Previous Data

The validation of the results is done by re-modelling of the previous research by
previous authors such as Rao [70-73]. The method is extracted and then the simulation
is reconducted to validate the similarity of the results produced. However, due, to the
differences in terms of derivation of equations, terms, initial values and technique
applied in the MATLAB, the results obtained are not as accurate compared to the
original article. However, the trend of the graphs obtained shows the similarities which
support the validation of the methods and results obtained. Figure 3.5 and 3.6 shows
the comparison of the results obtained with the results from the research article from
Rao [73]. The similarities of the results obtained enabled the progress of the research
flowchart to the development of grooved journal bearing with partial texture and slip

surface to be carried out.
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3.6 Chapter Summary

The numerical model is constructed according to long and short journal bearings,
together with partial single-slip texture surface and partial two-slip texture surface
configurations. The model is then simulated in MATLAB software, according to sets
of variables selected and parameters mentioned. The numerical simulation shows the
outcome of the analysis required for further analysis. The results of the whole analysis

are recorded, plotted, and discussed in the next chapter.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Overview

This chapter consists of two main sections, in which the first section, Section 4.2
discusses the analysis of a long hydrodynamic journal bearing and its performance
compared with a plain journal bearing. Meanwhile, Section 4.3 discusses short
hydrodynamic journal bearing, together with its comparison with a plain hydrodynamic
journal bearing. Both long and short bearing analyses are presented with dimensionless
load carrying capacity, dimensionless shear stress, friction coefficient, and pressure
distribution, respectively. The summary of the entire results obtained is then discussed

in Section 4.4.

4.2 Long Hydrodynamic Journal Bearing

In this section, the results for hydrodynamic journal bearings are presented. The
results consist of dimensionless load carrying capacity, dimensionless shear stress,
friction coefficient, and pressure distribution. The parameters involved in the analysis
are mentioned later in the sub-section, of which some of the parameters were fixed to
reduce the analysis complexity due to various parameters changed, such as the end
texture length, 6,, was set to 150°, the slip coefficient magnitude was set to 1, and the
standardised texture depth was set to 0.5 unless mentioned otherwise. The values were
selected based from the previous research that using within the same range [13, 70-73,
81], thus providing a good platform for results comparison and validation of data. The
results presented for the plain and partial slip textured surfaces of the hydrodynamic

journal bearings were based on the slenderness ratio (L/D) of 2.



4.2.1 Pressure Distribution

The results of the dimensionless pressure distribution of the partial single-slip
textured surface, partial two-slip textured surface, and the plain hydrodynamic journal
bearing are presented in Figures 4.1, 4.2, 4.3, and 4.4. These figures show the effect of
the applied partial slip texture on the hydrodynamic film pressure of the journal bearing
with four different sets of parameters, namely, the slip to no slip ratio, y; texture length,
6,; number of texture regions applied, n; and texture depth, H,. For these results, the
eccentricity ratio, &, was set to 0.1 and the pressure distribution profiles were plotted at

the circumferential bearing angle.

In general, the applied partial-slip textured surface on the journal bearing showed
significant improvements compared to the plain bearing. It has been shown that the
applied partial-slip texture increased the pressure distribution along the circumferential
angle of 0° to 180°. One noticeable pattern of the pressure distribution was that the
pressure changed according to the surface texture characteristics, which can be seen
from all figures, in which the change of the number of textured region fluctuated the
graph pattern with respect to it. In addition, the pressure fluctuations ended at the texture
length of 120°. Then, the pressure read the changes across the fixed-end textured
regions, 8,4, which showed overall improvement for all of the parameters from 120° to
180° compared to plain bearing. The changes of the parameters from all the figures
showed that the applied partial texture with a slip surface changed the behaviour of the
lubrication film and effect of convergence. As seen in the plain bearing, the
hydrodynamic pressure achieved its maximum value at 95°. Meanwhile, applying the
partial-slip texture configuration changed the pattern from a bell-curved shape with the
plain bearing to an incremental graph pattern, which was maximised at the end section

at 155°, due to the complex surface features along the bearing surface.

However, applying the partial single-slip texture and partial two-slip texture
provided significant differences as well. Based on Figures 4.1, 4.2, 4.3, and 4.4,
applying an additional wall slip condition of the textured surface resulted in better
pressure improvements compared to the single-slip condition. By using a plain bearing
as the reference, the percentage’s increase and decrease were calculated. From Figure
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4.1, the partial two-slip textured surface had an improvement of 160.1% -for y = 0.6
and 121.7% for y = 0.2. There was also a minor increase of pressure distribution for
the partial single-slip surface which resulted in a decrease of 1.82% for y = 0.2 and an
increase for the partial single-slip of 52.6% for y = 0.6. Besides that, altering the
texture length, 6, in Figure 4.2, showed the improvement of 125.5% at 6, = 40° and
31.5% at 6, = 120° for the partial single-slip. For the partial two-slip textured surface,
a 166.2% performance improvement was obtained from 6, = 40° and a 136.9%
improvement was attainable for 6, = 120°. These results also show that the partial
two-slip textured configuration provided better performance compared to the single-

slip texture and the plain bearing.

From Figure 4.3, the changes of the number of textured regions resulted in several
improvements for both surface configurations, especially the partial two-slip
configuration. For the partial single-slip textured surface, the hydrodynamic pressure
increased by 36.4% in average compared to the plain bearing. Meanwhile, applying the
partial two-slip textured surface increased the average pressure performance by
136.7%. Changing the number of textured regions, however, did not result in significant
differences, as the peak pressure attained was roughly similar in the same configuration.
For the last parameter, which was the texture depth in Figure 4.4, applying the partial
two-slip textured surface greatly increased the pressure performance by 141.7% for
H, = 0.8 and 117.2% for H; = 0.2. On the other hand, the results from applying the
partial single-slip textured surface with the same parameters show 18.2% increase for
H, = 0.8 and a 42.9% increase of performance for H, = 0.2. The results from Figure
4.4 show that increasing the texture depth improved the maximum hydrodynamic

pressure for the applied journal bearing compared to the plain bearing.
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Figure 4.1: Dimensionless pressure distributions for y=0.2 and y=0.6 with
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4.2.2 Dimensionless Load Carrying Capacity

The dimensionless load carrying capacities for the partial single-slip textured
surface, partial two-slip textured surface and plain bearing are presented in Figures 4.5,
4.6,4.7,and 4.8. In these figures, four parameters were analysed, namely slip to no slip
ratio, y; texture length, 8,; number of textured regions applied, n; and texture depth,
H,. The magnitudes of the load capacities were analysed with respect to the eccentricity
ratios ranging from 0 to 0.8. In summary, the dimensionless load carrying capacity is a
derivation from the hydrodynamic pressure, thus it is directly related to each other.
From all the figures mentioned, applying the partial single-slip textured and partial two-
slip textured surfaces resulted in lower performances in the high eccentricity ranges
compared to the plain bearing. However, most of the proposed configurations,
especially partial two-slip textured surfaces resulted good improvements at the
eccentricity ratio of 0.1, which was the low operating condition. The overall analysis
showed that most of the applied configurations had better load capacities at low
eccentricity ratios, which is essential for a low operating speed. Therefore, for this
section, the performance analysis focuses on the eccentricity ratio of 0.1 only. From
Figure 4.5, which analysed the slip to no slip ratio magnitude, y, applying the partial
two-slip textured surface provided better performance than the plain bearing as
compared to the partial single-slip textured surface. The percentage difference at €=0.1
for the single-slip was a 34.2% decrease for y=0.2 and 17.2% for y=0.6. Meanwhile,
applying the two-slip on the partial textured surface showed a greater performance
improvement of 73.1% for y=0.2 and a 104.4% performance increase for y=0.6.
However, increasing the eccentricity ratio greater than 0.3 resulted in a performance
drop for both configurations compared to the plain journal bearing. On the other hand,
Figure 4.6 shows the dimensionless load capacity with respect to texture length, 6,.
Similar with previous data, the performance improvement was detected at £€=0.1, for
which applying the single-slip increased the maximum load capacity by 51.2% for
0,=40° and a slight decrease of 4% for 8,=120° respectively. Meanwhile, for the two-
slip partial texture surface, the performance improvement was much greater at 101.8%
for 8,=40° and 80.7% for 68,=120°, respectively.
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Figure 4.7 shows the effect of applying different numbers of textured regions onto
the bearing surfaces on the load carrying capacity. Applying the two-slip partial texture
showed better load capacity compared to the single-slip with noticeable improvement
compared to the plain bearing at €=0.1. The partial two-slip textured surface handled
the load capacity well at the eccentricity ratios from 0.1 to 0.3. In terms of performance
difference compared to the plain bearing at £=0.1, the results show a 9.8% improved
performance at n=2 and a 0.1% improvement at n=6, respectively, for the partial single-
slip textured surface. For the partial two-slip texture surface, the results show better
improvement in the maximum load capacity of 79.9% at both n=2 and n=6,
respectively. The solid reasoning for the higher percentage reduction is that, increasing
the number of textured regions increased the complexity of the bearing surface, thus
resulting in a higher fluid flow resistance, which thus reduced the load capacity that
could be achieved in the high eccentricity range. In Figure 4.8, the graph shows the
performance of the load capacity towards the texture depth. Looking at the maximum
load capacity at the high eccentricity ratio, increasing the texture depth reduced the load
capacity of the journal bearing, despite it performing better in the low eccentricity range
from 0.1 to 0.3. In terms of percentage difference, the single-slip partial texture surface
with a texture depth of 0.2 had a slight performance increase of 3.7%, whilst increasing
the depth to 0.8 lowered the performance by 10.8%. On the other hand, the partial
single-slip textured surface with the texture depth of 0.2 showed a 60.1% improvement
over the plain bearing whilst the texture depth of 0.8 showed an 89.8% performance

improvement with the same comparison.
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Figure 4.5: Dimensionless load carrying capacities for y=0.2 and y=0.6 with

single and double-slip partial textures at 0.1<g<0.8.
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4.2.3 Dimensionless Shear Stress

Another set of results extracted from the analysis was the dimensionless shear
stress. Shear stress was crucial in order to determine the flow resistivity of the fluid film
across the convergent region of the journal bearing. As for comparison, the
dimensionless shear stress values for the plain bearings were included as well. Figures
4.9, 4.10, 4.11, and 4.12 show the dimensionless shear stress for the partial single-slip
textured and partial two-slip textured surfaces, with respect to different sets of
parameters similar with the previous discussion. For the sake of convenience, the
dimensionless form was applied in this case with the eccentricity ratio of 0.1. From
Figure 4.9, it can be seen that applying the two-slip on the partial texture surface did
increase the shear stress on the journal bearing, regardless of different slip to no slip
ratio parameters, y, being applied. In addition, it was expected that, due to the complex
features of the partial two-slip textured surface configuration, the shear stress generated
was greatly increased. In terms of percentage difference compared to the plain bearing,
by using the maximum shear stress achieved, applying the two-slips increased the shear
stress by a whopping 196.3% at y=0.2 and 188% at y=0.6. However, the single-slip

partial texture surface increased the shear stress by only a small margin of 9.9% at y=0.2
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and 4.2% at y=0.6. In other words, increasing the surface complexity will definitely
increase the shear stress exerted in the fluid film region. In Figure 4.10, the texture
length parameter, 6;, was used to see the effect on the shear stress. From the rough
observation, the two-slip partial texture surface had a higher shear stress compared to
the single-slip textured surface due to the same reason. It is agreed that the surface
topography of the bearing surface is important when trying to minimise the shear stress
effect generated in the hydrodynamic journal bearing. In this case, the shear stress
increased by 185.5% at 6,=40° and 194% at 6,=120° for the partial two-slip surface,
which was not a good result when considering real applications. In another case, the
single-slip textured configuration recorded a 4.1% shear stress reduction at 6,=40° and
a 6% increase for 6,=120°. These outcomes show the capability of the single-slip partial
texture surface in minimising the shear stress effect on the journal bearing despite

having a complex surface configuration.

In another two sets of parameters, which were the number of textured regions, n
and texture depth, H,, as shown in Figures 4.11 and 4.12, similar observations discussed
earlier in Figures 4.9 and 4.10. In Figure 4.11, the partial two-slip textured
configuration recorded a 194.1% increase in the shear stress at n=2 and a 193.9%
increment at n=6 when compared to the plain journal bearing. Other than that, there
was a small increase of 6.5% of the shear stress at n=2 and 5.9% for n=6, which was
considerably small. In another case, the partial two-slip textured surface recorded a
172.3% increase in the maximum shear stress at H,=0.2 and a 210% increment at
H,=0.8 in Figure 4.12, thus proving that condition of increasing the texture depth on
more complex surfaces reduces the journal bearing performance in several factors. In
the partial single-slip configuration, it could be seen that the surface configuration
increased 5.8% of the shear stress at H;=0.2 and 1.3% at H,=0.8.
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Figure 4.9: Dimensionless shear stress values for y=0.2 and y=0.6 with single

and double-slip partial textures at €=0.1.
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4.2.4 Friction Coefficient

Another result that was extracted from the analysis was the coefficient of friction,
Cr. The friction coefficient was obtained from the friction force, which was integrated
from the dimensionless shear stress, IT; then, it was divided by the dimensionless load
capacity, W, obtained in the previous discussion. The parameters applied were similar,
with respect to the eccentricity ratios ranging from 0.1 to 0.8 as shown in Figures 4.13,
4.14, 4.15, and 4.16. From the rough observation from all the figures, it can be seen that
the partial single-slip texture in both configurations had noticeable low friction
coefficients at the low eccentricity ratios compared to the partial two-slip texture
surface and plain journal bearing, therefore, the improvements at the low eccentricity
ratio will be discussed in this section. In Figure 4.13, the partial single-slip textured
surface with y=0.2 had a lower friction coefficient at £=0.1, whilst the friction
coefficient at y=0.6 initiated a slightly higher value compared to the plain bearing.
However, as the eccentricity ratio increased, the friction coefficient tended to have a
small decrement, resulting in a higher value when compared to the plain bearing. The
partial single-slip texture had a 44.6% increase in the friction coefficient at y=0.2 and
a 22.3% decrease in the friction coefficient at y=0.6. Meanwhile for the partial two-slip
textured surface, the y=0.2 produced a 874.6% higher friction coefficient and a
1037.3% increase in the friction coefficient at y=0.6. Thus, these results show that the
partial two-slip textured configuration produced a higher friction coefficient and the
partial single-slip textured surface is a better option in minimising the friction
coefficient effect at a low eccentricity ratio. On the other hand, a similar pattern can be
seen in Figure 4.14, which represents using the texture length as the variable along with
the eccentricity ratios. From the graph, the partial single-slip texture with the texture
length of 40° had a lower friction coefficient at 42.9% when the eccentricity ratio ranged
from 0.1 to 0.3. Meanwhile, at 6,=120°, it showed noticeable improvement with a 4.2%
friction reduction at €=0.1. Whilst, for the partial two-slip texture, it can be seen that
the friction coefficient increased by a whopping 1108.2% for 6,=40° and 938.7% at
0,=120°, which supports the previous reasoning mentioned in the dimensionless shear

stress.
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Looking at the next parameter, which is the number of textured regions, n, shown
in Figure 4.15, the graph trend does not deviate much for the two-slip partial texture
surface, which on average produced a 960.9% increment for n=2 and n=6 over the plain
journal bearing. On the other hand, the partial single-slip reduced it significantly with
a 11.5% on average for n=2 and n=6 at the eccentricity ratio of 0.1. In Figure 4.16, the
increasing texture depth showed a higher friction coefficient, which agreed with the
outcome discussed in the previous sub-section. As for the percentage difference, the
partial single-slip texture surface recorded a 13.5% decrease in the friction coefficient
for H,=0.2 and a small increase of 3.3% at H,=0.8 at the eccentricity ratio of 0.1. In
another case, the partial two-slip textured surface recorded a 1014.2% increase in the
friction coefficient at H;=0.2 and a 928.2% increase for H,=0.8. These results show
that increasing the complexity of the surface texture and slip on the journal bearing
surface reduced the performance by a big margin, which need to be take into

consideration.
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Figure 4.13: Friction coefficients for y=0.2 and y=0.6 with single and double-

slip partial textures at 0.1<g<0.8.
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4.3 Short Hydrodynamic Journal Bearing

In this section, the results are obtained for the partial texture with slip on a short
hydrodynamic journal bearing, with slenderness ratio (L/D) of 0.25.

4.3.1 Pressure Distribution

The dimensionless pressure distributions for the partial texture with slip for a short
journal bearing and plain journal bearing are shown in Figures 4.17, 4.18, 4.19, and
4.20. Similar to the long hydrodynamic journal bearing, the parameters used were slip
to no slip ratio, y; texture length, 68,; number of texture regions applied, n; and texture
depth, Hg. In addition, the eccentricity ratio, &, was set to 0.1, and the pressure
distribution profiles have been plotted at the circumferential bearing angle. Figure 4.17
shows the pressure profiles for the partial texture with slip and the plain journal bearing,
which illustrates that the partial texture with both the single and double-slip had lower
pressures at the textured regions. This was due to the phenomenon of the hydrodynamic
pressure, which developed due to the convergent effect on the plain journal bearing; but

due to the presence of the partial texture and slip, it increased the fluid film thickness,

60



which reduced the hydrodynamic pressure. Increasing the slip to no slip ratio magnitude
shifted the pressure to a higher circumferential angle and maintained the maximum
pressure as compared to the plain bearing; meanwhile, applying the partial two-slip

with texture reduced the hydrodynamic pressure by 40% for both values.

From Figure 4.18, a similar observation can be seen with slightly different factors.
For the partial single-slip texture, applying a low texture length, 6, reduced the
hydrodynamic pressure by 40% at 6,=40° whilst increasing 6, to 120 degrees
maintained the maximum pressure distribution. A similar observation and inference
can be deduced with that partial two-slip texture; 40% of the maximum pressure
decreased at 6,=40° and 6,=120°. From these recorded observations, reducing the
texture length, 6, and applying the partial two-slip textured surface did affect the

maximum hydrodynamic pressure of the short journal bearing.

Application of the number of textured region parameters, n, can be observed in
Figure 4.19. Looking forward to the partial single-slip texture with respect to the plain
bearing, increasing the number of textured regions increased the frequency of the
hydrodynamic pressure along the circumferential angle. This was due to the changes of
the fluid film thickness along the textured region of the circumferential angle, thus
reducing the hydrodynamic pressure at the particular textured sections. However, there
was no reduction in the maximum hydrodynamic pressure recorded when compared to
the plain bearing. Moving on to the partial two-slip textured surface, it was the same
prediction as with previous parameters; whereby, applying additional texture depth
reduced the hydrodynamic pressure significantly, which saw a 40% reduction in the
maximum pressure recorded compared to the plain journal bearing for both values of 2
and 6.

Figure 4.20 shows the effect of changing the texture depth, Hy, along the bearing
surface on the hydrodynamic pressure distribution. In the partial single-slip texture, the
pressure remained the same at H,=0.2 and H,=0.8. However, the partial two-slip
texture recorded a 25% pressure reduction at H,=0.2 and a 40% reduction at H,=0.8.

This explains the effect of increasing the texture depth, which increased the fluid film

thickness thus significantly reducing the hydrodynamic pressure.
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4.3.2 Dimensionless Load Carrying Capacity

The dimensionless load carrying capacities for the short plain, partial single-slip
texture surface, and partial two-slip textured surface of hydrodynamic journal bearings
are shown in Figures 4.21, 4.22, 4.23, and 4.24. The graphs have been plotted with
respect to the eccentricity ratio, ¢, ranging from 0.1 to 0.8 with similar parameters

conducted as previously.

In the Figure 4.21, the graph illustrates the effect of the slip to no slip ratio
magnitude, y, on the load capacity. Compared to the plain journal bearing, applying
both the partial single and two-slip textured surfaces greatly reduced the load capacity.
This was due to the calculation of the short bearing, which did not consider the pressure
gradient from the short bearing approximation theory. These results also proved that
the partial texture with two-slip had a lower load capacity compared to the single-slip
as the complexity of the surface increased. Applying the partial texture with the slip
resulted in a steady and small increase in the load capacity compared to the plain
bearing as the difference gap became bigger as the ¢ ratio increased to 0.8. It is also
shown that the lower slip to no slip ratio, y, produced better results compared to the
higher y. In terms of percentage difference compared to the plain bearing at the
eccentricity ratio of 0.1, the partial single-slip texture recorded a 27.9% reduction for
y=0.2 and a 51.2% reduction in the load capacity at y=0.6. Meanwhile, for the partial

two-slip textured surface, the load capacity performance dropped by 60% in average.

Figure 4.22 shows the texture length’s, 8., effect on the load capacity. In this graph,
it shows that a longer texture length, 6;, produced a better load capacity over the
eccentricity ratio. However, as the eccentricity ratio increased, the difference between
the applied texture and slip to the plain bearing increased as well. This also led to the
deduction that the increase in the eccentricity ratio reduced the effect of the applied
texture on the hydrodynamic pressure, thus directly affecting the outcome of the load
capacity. In terms of the percentage drop of the performance, applying 8,=40° for both
the partial texture single and two-slip showed an average decrease of 76%; meanwhile,
for 8,=120°, both the partial texture with one and two-slip surfaces showed an average
of 51.3% decrease in performance at the 0.1 eccentricity ratio.
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Figure 4.23 shows the effect of the number of textured regions, n, applied over the
load capacity performance. In the graph, there is only a very small difference that is
noticeable between single-slip and two-slip configurations. The partial single-slip
texture had a better load capacity over the two-slip configuration, with fewer textured
regions resulting in a significantly higher load capacity compared to the higher number
of textured regions. The lower number of textured regions significantly reduced the
effect of the pressure magnitude drop along the circumferential angle, thus resulting in
a slightly higher load capacity, overall. However, the performance still decreased when
compared to the plain bearing with a total at the 0.1 eccentricity ratio of, 41.3% and a
55.7% load capacity drop at n=0.2 for the single-slip and two-slip partial textures,
respectively. There were, also decreases of 46.3% and 57.7% at n=0.8 for the partial

single-slip texture and partial two-slip textures, respectively.

The effect of the texture depth in the partial texture with slip at the 0.1 eccentricity
ratio is illustrated in Figure 4.24. From the graph, a significant observation can be
recorded from H,=0.2 and H,=0.8 for one-slip and two-slip, respectively. From the
results, applying the lower texture depth of 0.2 showed that a better load capacity was
produced compared to a higher texture depth of 0.8. The same reasoning as with the
dimensionless pressure distribution directly affected the load capacity at the same time,
which led to a significant difference between the two calculated texture depths.
Applying H,=0.2 for the partial single-slip, however, showed a 35.8% decrease over
the plain bearing, and a 45.3% decrease for the partial two-slip texture with a similar
comparison. On the other hand, the texture depth, H,, of 0.8 recorded a 49.3% decrease
in the load capacity for the partial single-slip. The partial two-slip texture, meanwhile,

recorded 57.2% decrease in load capacity performance compared to the plain bearing.
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4.3.3 Dimensionless Shear Stress

The outcomes for the dimensionless shear stress are shown in Figures 4.25, 4.26,
4.27, and 4.28, with similar parameters along similar circumferential angles, ranging
from 0° to 180°. Figure 4.25 shows the dimensionless shear stress for slip to no slip
ratio magnitudes, y, with the plain bearing added for performance reference. From the
graph, shear stress was produced higher for the partial two-slip texture configuration
compared to the single-slip configuration. Changing y only extended the maximum
shear stress at the new position on the circumferential angle, but it did not change the
maximum or minimum shear stress produced for both the single and two-slip
configurations. In terms of the maximum shear stress achieved, the partial two-slip
texture produced higher shear stress compared to the partial single-slip texture. This
was due to the difference in the film thickness along the circumferential angle, which
was greater for the partial two-slip configuration, thus resulting in higher readings.
Applying the partial single-slip texture, however, increased the shear stress by 53.7%
compared to the plain bearing for both slip to no slip ratio magnitudes, y, applied; and
the partial two-slip texture, meanwhile, showed an 84.8% increase for similar y values

over the plain bearing performance.

On the next graph in Figure 4.26, it shows the dimensionless shear stress
performance with different texture lengths, 8,. Similar to the previous case, varying 6,
did not change the maximum and minimum shear stress values produced in the same
configuration. The obvious observation that can be recorded is that the shear stress
produced was more frequent at lower circumferential angles for 6,=40° which
occurred, particularly, in the range of 0° to 50°. Applying the higher 8, of 120° evenly
distributed the shear stress in the range of 0° to 120° along the circumferential angle.
As the maximum shear stress achieved was the same for the same configurations with
different 8,, both results showed a 53.7% shear stress increase over the plain bearing
for the partial single- slip textured surface, and 73.6% and 84.8% increases for 6,=40°
and 6,=120°, respectively, for the partial two-slip textured surface. There was a slightly
higher shear stress produced at 8,=120°; at the 120° circumferential angle, the graph
shows a slight increase in the gradient over the circumferential angle. Thus, the results

obtained are not the same as 6,=40°. Moving on to the next graph shown in Figure 4.27,
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the change in the number of textured regions similarly produced the same observations
and results as recorded in Figure 4.26. In the graph, it shows that increasing the number
of textured regions only increased the frequency of the shear stress produced along the
circumferential angle. Moreover, the maximum and minimum shear stress readings
remained the same for the respective configurations, in which the partial two-slip
textured surface still produced a higher maximum shear stress compared to the partial
single-slip and the plain bearing. From the graph, it can be seen that both numbers of
textured regions for the partial two-slip textured surface increased the shear stress by
84.8% compared to the plain bearing, and at the same time, the partial single-slip texture
produced 53.7% higher shear stress over the plain bearing, which was greater compared

to the two-slip configuration.

The last parameter investigated was the varying texture depth towards the
dimensionless shear stress as shown in Figure 4.28. The graph shows that the partial
two-slip surface showed similar maximum shear stress as in Figures 4.26 and 4.27,
which was an 84.8% increase in the shear stress over the plain bearing. However, the
shear stress reading for the partial single-slip configuration showed that the lower
texture depth of H,;=0.2 produced higher shear stress compared to H,=0.2. With the
maximum shear stress value of 1.898, it represents an increase of 70.8% over the plain
bearing for H,=0.2; meanwhile, for H,=0.8, the maximum shear stress recorded along
the circumferential angle was 1.584, which was a 42.6% increment over the plain
bearing. This might be due to the changes in the fluid film thickness and texture region
over the circumferential length located at 120°, which exerted higher shear stress at
H,=0.2.
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4.3.4 Friction Coefficient

The results for the coefficient of friction, Cf, for the short hydrodynamic journal
bearing are shown in Figures 4.29, 4.30, 4.31, and 4.32. Using similar parameters as
previously, the results were directly affected by the dimensionless shear stress on the
previous section as mentioned in Chapter 3. The results also show the comparison of
the plain bearing for benchmarking purposes to find whether applying the partial texture
with slip improved the performance of the journal bearing. Figure 4.29 shows the
friction coefficients, C¢, for the slip to no slip ratio magnitude, y, of 0.2 and 0.6 for both
surface configurations, with eccentricity ratios, &, ranging from 0.1 to 0.8. From the
results, it can be seen that the partial single-slip texture had a lower Cr compared to the
partial two-slip textured surface. However, the plain bearing performance in the Cr was
no match for both configurations mentioned. It is also shown that the Cr value was very
much greater at the low eccentricity ratios, ranging from 0.1 to 0.5 before the C; value
gap between the configurations got closer. Therefore, both configurations are preferable
at higher eccentricity ratios, which demand high speed and heavy operations to reduce
the increase of the friction coefficient. In terms of percentage difference, the results
show a whopping 214.1% and 345.5% increase in the C; for y=0.2 and y=0.6 for the
partial two-slip texture surface respectively. Meanwhile, the partial single-slip texture
showed an increase of 65.8% for y=0.2 and 183.3% for y=0.6 in the C; performance
over the plain bearing. This was due to the high values recorded at the 0.1 eccentricity

ratio as the bearing had to work much harder on the textured and slip surface.

Figure 4.30 shows the friction coefficient performance over the texture length, 6,.
From the results, the partial single-slip texture increased the friction coefficient by
523.5% over the plain bearing. This was due to the compressed textured region at the
initial bearing’s circumferential length thus providing more tense surface texture on it,
resulting a higher Cr at the 0.1 eccentricity ratio. However, increasing the texture length
reduced the friction coefficient due to the surface texture being distributed more evenly
along the circumferential angle. The results recorded a 143.2% increase in the Cr for
0,=120°. On the other hand, the partial two-slip texture recorded the highest friction

coefficient with a 553.9% C; increase for 68,=40° and a 243.6% increase in friction
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coefficient for 6,=120°. The next analysis was made by varying the number of textured
regions, n, towards the friction coefficient as shown in Figure 4.31. From the graph,
reducing the number of textured regions helped to lower the C; value when compared
with the partial texture with slip configurations. However, the Cr increased was too high
to be considered, which was 128.2% for n=2 and 148% for n=6 in the partial single-
slip texture over the plain bearing. The partial two-slip texture, on the other hand,
recorded a 230.7% for n=2 and a 247.6% for n=6 increase in the C; value compared
to the plain bearing. A similar reason can be deduced for this in that, the C; value was
the highest at the low eccentricity ratio, and the C; value inversed exponentially as the

eccentricity ratio increased.

The last parameter in the friction coefficient analysis was varying the texture depth,
Hy, as shown in Figure 4.32. The graph pattern and trends are the same as Figure 4.31,
where the Cr shows an inversed exponential as the eccentricity ratio increased. In
addition, the partial single-slip texture showed lower C; values compared to the partial
two-slip texture at low eccentricity ranged from 0.1 to 0.3 before the effect of the lower
texture depth kicked in. At the high eccentricity ratio, the lower H, of 0.2 reduced the
friction coefficient significantly, even though it could not compete with the plain
bearing benchmark. By using the lowest Cr value recorded, the partial single-slip
texture showed an increase of 120.9% for H,=0.2 and 151.8% for H,=0.8 when
compared to the plain bearing. Meanwhile, the partial two-slip textured surface
configuration showed 183.3% increase in the C; for H;=0.2 and a 285.6% increase in
the C; for H,;=0.8. Overall, these results showed that the applied partial texture with
slip show slightly better results at the high eccentricity ratio as the friction coefficient

reduced dramatically.
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Figure 4.29: Friction coefficients for y=0.2 and y=0.6 with single and double-

slip partial textures at 0.1<e<0.8.
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Figure 4.30: Friction coefficients for 6:=40° and 6:=120° with single and

double-slip partial textures at 0.1<e<0.8.
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Figure 4.31: Friction coefficients for n=2 and n=6 with single and double-slip

partial textures at 0.1<e<0.8.
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4.3.5 Discussion of the Performance Analysis

This section discusses the obtained results for the long and short hydrodynamic
journal bearings. The reasoning behind the increase and decrease of the performance
magnitude parameters is mentioned according to the long and short bearing,

respectively, as follows.

4.3.5.1 Long Journal Bearing

Applying the partial texture with slip on the hydrodynamic journal bearings showed
the pressure was significantly higher, with up to 196% improvement when compared
to the plain bearing. The results obtained were due to the modified Reynolds equation
that included the circumferential pressure which was constantly changing along the
bearing’s textured surface. The equation also involved the integration parameter of the
fluid film lubrication. Adding additional slip on the second configuration also increased
the performance magnitude of the journal bearing, especially at the low eccentricity
ratio. These results also affected the outcome of the load carrying capacity, in which
the load capacity was better at the 0.1 eccentricity ratio. However, the drawback was
that adding the additional slip increased the shear stress and friction coefficient greatly
compared to the plain bearing, which needs to be taken into consideration. As the
bearing surface was applied with the partial texture with slip, it was predicted that the
surface would increase the friction coefficient of the journal bearing. Even though the
increase in the friction coefficient was obtained, the percentage was quite minimal for
the single-slip textured configuration, but not for the configuration of the two-slip
partial texture surface as mentioned. In summary, Table 4.1 shows the performance
summary of the pressure distribution and dimensionless shear stress analyses along the
circumferential angle; whilst Table 4.2 shows the summary of the bearing analysis in
the load capacity and friction coefficient at the 0.1 eccentricity ratio.
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Table 4.1: Performance summary of long hydrodynamic journal bearing with respect

to circumferential angle.

Configuration | Parameters Value Performance % (+/-)
Plain - 0.604 -
% v=0.2 0.615 +1.82
X v=0.6 0.922 +52.6
S ) 0:=40 1.362 +125.5
7 9 0:=120 0.794 +31.5
c 35 n=2 0.804 +33.1
% 7 n=6 0.844 +39.7
2 = Hy=0.2 0.863 +42.9
B 5 Hy=0.8 0.714 +18.2
a @ =02 1.339 +121.7
g E: v=0.6 1571 +160.1
8 ~ 0=40 1.608 +166.2
a =93 0:=120 1431 +136.9
° 5 n=2 1431 +136.9
= n=6 1.428 +136.4
S H,=0.2 1312 +117.2
£ Hg=0.8 1.460 +141.7
Plain - 1.194 -
@ v=0.2 1312 +9.9
g v=0.6 1.244 +4.2
2 ) 0:=40 1.145 -4.1
w8 0:=120 1.266 +6.0
g 55 n=2 1272 +6.5
& 3 n=6 1.264 +5.9
g g Hy=0.2 1263 538
5 & H=0.8 1.209 +1.3
3 o y=0.2 3.538 +196.3
S g 7=0.6 3.439 +188.0
S - 0,=40 3.409 +185.5
£ 28 0=120 3.510 +194.0
3 n=2 3.512 +194.1
'c:5 n=6 3.509 +193.9
= H,=0.2 3.251 +172.3
o H,=0.8 3.701 +210.0
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Table 4.2: Performance summary of long hydrodynamic journal bearing with 0.1

eccentricity ratio.

Configuration | Parameters Critica_l I_Doint Performance %
@Eccentricity = 0.1 (+/-)
Plain - 0.944 -
2 =02 0.621 -34.2
£ v=0.6 1.107 +17.2
g S ) 0,:=40 1.428 +51.2
g 7 8 0:=120 0.907 -4.0
S 53 n=2 1.037 +9.8
2 @ n=6 0.946 +0.1
g % Hg=0.2 0.979 +3.7
&) & Hy=0.8 0.842 -10.8
3 o v=0.2 1,635 +73.1
; % v=0.6 1.930 +104.4
£ = 0=40 1.906 +101.8
S =8 0:=120 1.706 +80.7
é S > n=2 1.699 +79.9
ra - n=6 1.699 +79.9
£ Hy=0.2 1512 +60.1
Q- Hy=0.8 1.792 +89.8
Plain - 3.369 -
2 =02 4.873 +44.6
£ v=0.6 2.619 -22.3
= ) 0=40 1.925 -42.9
%8 0:=120 3.226 4.2
) 53 n=2 2.855 1153
= & n=6 3.112 -7.63
2 g Hg=0.2 2.915 135
g & Hy=0.8 3.479 +3.3
© o =02 32.835 +874.6
= 2 ¥=0.6 38.317 +1037.3
= et 0:=40 40.704 +1108.2
= qfcg_f 0:=120 34.994 +038.7
2 3 n=2 35.544 +955.0
= n=6 35.942 +966.8
£ Hy=0.2 37.539 +1014.2
Q- Hy=0.8 34.640 +028.2
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4.3.5.2 Short Journal Bearing

Applying texture with slip on a short journal bearing did not bring any improvement
for this analysis compared to the plain bearing. The main reason behind this is that the
Reynolds equation only considered the axial direction; thus, the x-direction calculation
was neglected. These derivations greatly affected the denominator of the equation
where the pressure and film thickness were located, resulting in lower magnitudes of
the hydrodynamic pressure. Even though there was a solution to increase the load
capacity magnitude, which would reduce the film thickness by minimizing the texture
depth, it was found that a thin film thickness is not convenient for normal operating
conditions. In addition, the low pressure magnitude produced directly showed that the
load capacity was expected to be lower as well. Similar to the dimensionless shear stress
and friction coefficient, applying the surface texture increased the shear stress and
friction coefficient. This was due to the surface topography of the bearing’s textured
surface, where the film thickness changed along the circumferential angle; thus, it
required more force to overcome the increased friction and stress. In addition, the
surface complexity on the partial two-slip textured configuration showed a
tremendously large percentage margin compared to the plain bearing, which is
something that must not be considered at all. Interestingly, reducing the texture
length, 6;, on the partial single-slip showed small improvement as the textured region
was compressed, providing more of the plain surface along the circumferential angle,
resulting in lower shear stress at the particular parameter. To summarise the short
bearing analysis, Tables 4.3 and 4.4 show the percentage difference in performance at
the circumferential angle and eccentricity ratio of 0.1, respectively.
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Table 4.3: Performance summary of short hydrodynamic journal bearing with respect

to circumferential angle.

Configuration | Parameters Value Performance % (+/-)
Plain - 0.020 -
2 v=0.2 0.020 0.0
X v=0.6 0.020 0.0
= 0=40 0.012 -40.0
i 8 0=120 0.020 0.0
c 53 n=2 0.020 0.0
2 7 n=6 0.020 0.0
5 = Hg=0.2 0.020 0.0
b g H,=0.8 0.020 0.0
@ @ v=0.2 0.012 -40.0
> £ v=0.6 0.012 -40.0
8 r‘i ) 0=40 0.012 ~40.0
o = 8 0:=120 0.012 -40.0
2 3 n=2 0.012 -40.0
F n=6 0.012 -40.0
S Hg=0.2 0.015 25.0
& H,=0.8 0.012 -40.0
Plain - 1.111 -
T v=0.2 1.708 +53.7
S v=0.6 1.708 +53.7
2 0:=40 1.708 +53.7
=
@ 3 0:=120 1.708 +53.7
g 55 n=2 1.708 +53.7
2 2 n=6 1.708 +53.7
3 S Hy=0.2 1.898 +70.8
? g He=0.8 1.584 +42.6
ks o v=0.2 2.053 +84.8
k= g v=0.6 2.053 +84.8
5 - 0:=40 1.929 +73.6
£ 28 0=120 2,053 +84.8
E 5 n=2 2.053 +84.8
C n=6 2.053 +84.8
= H,=0.2 2.053 +84.8
o H,=0.8 2.053 +84.8
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Table 4.4: Performance summary of short hydrodynamic journal bearing with 0.1
eccentricity ratio.

i i Critical Point Performance %
Configuration | Parameters @Eccentricity = 0.1 (+1-)
Plain - 0.0201 -
2 =02 0.0145 -27.9
£ v=0.6 0.0098 -51.2
=) S ) 0.:=40 0.0048 -76.1
g 7 8 0:=120 0.0110 -45.3
S 53 n=2 0.0118 -41.3
= @ n=6 0.0108 -46.3
£ g Hy=0.2 0.0129 -35.8
O o H=0.8 0.0102 -49.3
g o =02 0.0090 -55.2
- 2 y=0.6 0.0071 -64.7
g n“i ) 0:=40 0.0047 -76.6
S = 8 0:=120 0.0086 -57.2
é 25 n=2 0.0089 -55.7
3 ';5 n=6 0.0085 -57.7
= Hy=0.2 0.0110 -45.3
o Hy=0.8 0.0086 -57.2
Plain - 157.1 -
2 v=0.2 260.5 +65.8
£ v=0.6 445.0 +183.3
2 ) 0:=40 979.6 +523.5
8 0:=120 382.1 +143.2
. 53 n=2 358.6 +128.2
S [ n=6 389.6 +148.0
E g Hg=0.2 347.0 +120.9
o & Hs=0.8 395.6 +151.8
© o =02 4935 2141
= g v=0.6 699.7 +345.5
= e 0:=40 1027 +553.9
=8 0:=120 539.9 +243.6
25 n=2 519.6 +230.7
E n=6 546.2 +247.6
% Hy=0.2 445.0 +183.3
o Hy=0.8 605.8 +285.6
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4.4 Chapter Summary

In this chapter, the results from the various parameters for the long and short
hydrodynamic journal bearings were illustrated, explained, and compared with a
hydrodynamic plain journal bearing. The first section discussed the long hydrodynamic
journal bearing, which involved the pressure distribution, load carrying capacity,
dimensionless shear stress, and friction coefficient. The next section discussed the short
hydrodynamic journal bearing with the same parameters in comparison with a plain

bearing.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Overview

This chapter shows the major findings and important remarks related to this
research work. The purpose of this study has been to investigate the effect of partial
texture with slip towards the performance of hydrodynamic journal bearings. The major
research tasks and findings are shown in Section 5.2. Meanwhile, Section 5.3 shows the

recommendation for the future work.

5.2 Summary of the Research Tasks and Major Findings

Various investigations have been carried out throughout the research study and
analysis. In the beginning, a detailed literature review was extracted to focus on the
texture and slip effect on the hydrodynamic journal bearings and its applications. The
important aspect was to improve the performance of the hydrodynamic journal bearing
at a low eccentricity ratio by applying and modifying the bearing’s surface with partial
texture and slip in order to enhance the journal bearing’s characteristics. Besides that,
new models for long and short bearings were developed which represented the proposed
surface configurations; they were then compared with a plain bearing, which acted as a
performance benchmark. The developed model of the partial texture with slip created
by using the modified Reynolds equation was then simulated by using MATLAB
software to determine the performance capabilities at a specific range of eccentricity

ratios and circumferential angle lengths on the bearing’s surface.

This research has achieved its aim and objectives mentioned previously in Section
1.4, and further explanation can be seen as follows;



e Numerical methods were derived for both long and short hydrodynamic
journal bearings. The derivations were based on the Reynolds equation by
applying proper boundary conditions and approximations, which made
according to the partial texture with slip surface configurations proposed for
the journal bearing. This approach allows for further analysis of different
texture locations and shapes by other researchers in the next level of
research.

e The equation with respect to partial texture with slip surface configuration
for long and short journal bearings were derived, respectively. The derived
equations were then simulated by using parameters selected based on the
literature review to determine the performance outcome with comparison to

the plain journal bearing.

e The results show that long journal bearings have potential in improving the
performance of journal bearings in terms of pressure distribution, load
capacity, shear stress, and friction coefficient at a low eccentricity ratio.
However, the short journal bearing did not show any potential improvement
by applying the partial texture with slip configuration based on the results

obtained.

In conclusion, a long journal bearing with partial texture and a slip surface has
some positive impact in improving the performance of the journal bearing at a low
eccentricity ratio compared to plain bearings. The short bearing meanwhile does not

contribute to any performance increase at the same configuration.

5.3 Optimal Configurations for Hydrodynamic Journal Bearing

From the results obtained, the optimal surface configurations can be obtained
mainly for long journal bearing. This is due to the negative feedbacks obtained from
the analysis of the short journal bearing. For the long journal bearing, the optimal partial

texture and slip surface can be simplified as follows:
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Increasing slip to no slip ratio magnitude, y improved the load capacity by
17% for single slip, 104% for double slip, reduced the friction coefficient
by 22% for single slip, and increased the pressure distribution by 52% and

160% for single slip and double slip respectively.

Reducing the texture length, 6, increased the load capacity to 51% and
101% for single and double slip respectively, reduced friction coefficient by
42% for single slip only, increased the pressure distribution by 125% for
single slip and 166% for double slip surface, and reduced shear stress by 4%

for single slip only.

Reducing the number of textured region, n increased the load capacity by
9% for single slip, and 80% for double slip surface. It also reduced the
friction coefficient by 15% for single slip surface only, while increased the
pressure distribution by 33% and 137% for single and double slip

respectively.

Reducing texture depth, H, improved the load capacity to 3.7% for single
slip and 60% for double slip surface. It also reduced the friction coefficient
for single slip surface by 13%, with addition of increased pressure

distribution for single slip by 43% and 117% for double slip.

The optimal results obtained above can be used as a reference to extend this research

in experimental and CFD analysis.

5.4 Reliability Concerns

Although the results obtained can be used as the main reference for the extension

of the research, the reliability concerns of the journal bearing with applied surface

configurations should be taken into account as well. For example, even though the

pressure distribution of the applied surface configurations of the journal bearing

increased, the durability and reliability of the journal bearing itself are still questionable

as several factors are not included in the analysis such as materials, surrounding factors
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and many more. Therefore, additional research should be carried out to determine the
reliability of the journal bearing with applied surface configurations by using either
experimental analysis or CFD analysis to further support the results obtained in this

research.

5.5 Summary of Contributions

In summary, this research has contributed in terms of the capabilities of the journal
bearings to be improved in various performance factors by using partial texture with
slip surface. Performance increased achieved from the long journal bearings can be
obtained by using various parameters available. However, this research also showed
that there are also reductions in performance obtained towards the short journal bearing

which requires further verification by using different methods and approach.

5.6 Recommendation of Future Works

From the analysis and research carried out, some studies and analyses can be

extended further as follows:

1. The current research study can be used to study the effect on the dynamic
characteristics of the journal bearing’s performance, such as stability, attitude

angle, damping coefficient, and stiffness coefficient.

2. The current study can be used to analyse the fluid flow across the bearing’s
surface by using the computational fluid dynamics (CFD) method to contribute

more precise and accurate results.

3. The current study can also be extended as part of an experimental analysis to
determine the real-life performance with real-life operating conditions. The
research can also be extended to analyse the same configuration but with

different texture shapes in the experimental analysis.
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