
A Computational Approach on the Multitask
Optimization of Inclined Slider Bearing

Performance with Upper-Surface-Waviness

B. Turker Ozalp1 and A. Alper Ozalp2

1 Department of Industrial Engineering, Uludag University, Bursa, Turkey
tozalp@uludag.edu.tr

2 Department of Mechanical Engineering, Uludag University, Bursa, Turkey
aozalp@uludag.edu.tr

http://www.geocities.com/aaozalp/

Abstract. The purpose of this paper is to propose an optimistic up-
per surface design, by applying a wavy pattern, for the slider bearing
lubrication environment, without going beyond the geometric limits of
the complete flow volume. Continuity, momentum and energy equations
are handled simultaneously by interpreting the relation of lubricant mo-
tion and pressure distribution through a Transfer Matrix ; the tempera-
ture dependent character of viscosity is considered in the computations
with a convergence criterion of 0.01% for two consecutive temperature
distributions within the implemented iterative approach. Numerical in-
vestigations are carried with wave amplitude and wave number ranges of
0-200 µm and 5-105 respectively and the pumping pressures are 1.01-3.01
times the exit value. The computational results point out an optimum
upper surface design with a wave number range of 25-45, which not only
increases the load capacity but also decreases the power requirement.

1 Introduction

During recent years, the interest in computer modeling of thermo-hydrodynamic-
lubrication [9] has continuously increased, since the needs have expanded enor-
mously, including the requirements like increased capacity, lowered power
consumption and creative designs which will meet the necessities of the present
technology. As the behaviors of non-linear designs often demonstrate unexpected
output patterns, analysis on various sliding surface definitions is important in
predicting the system responses. Application of a wavy pattern to the flow sur-
faces is a new approach and complicates the numerical-lubrication simulations,
as the waviness is defined by 2 independent variables: the amplitude and the
wavelength.

Effects of surface waviness on the lubrication process have been handled nu-
merically in a few recent studies. Van Ostayen et al. [14] investigated the per-
formance of a hydro-support and determined significant variations in lubricant
flow rate by up to 60% due to the influence of random waviness. Honchi et al. [3]
applied a micro-waviness model to an air slider bearing, where the contact force
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records were of fluctuating type. Kwan and Post [5] proposed that the load value
of the aerostatic bearings increases with higher wave amplitude and decreases
with increased number of waves. Harsha et al. [2] developed a numerical model
that takes the sources of nonlinearities, such as surface waviness, into account
for ball bearing applications. Influence of waviness on cylindrical sliding element
was considered by Rasheed [11], who proposed a critical wave number range
of 1-9 for improved operating conditions. Mehenny and Taylor [8] also studied
journal bearings and found out that the maximum pressure increased with wave
number; however the power loss appeared not to be influenced. On the other
hand Ai et al. [1] showed that the lubricant film thickness decreased with wavi-
ness in journal bearings. The numerical model for journal bearing systems of
Liu et al. [7] did not converge efficiently for waviness amplitudes above 6 µm.
Roller bearings are studied by Sottomayor et al. [12] for various waviness ampli-
tude values and augmented friction coefficients are recorded at higher amplitude
cases.

Although the lubricant viscosity is highly dependent on flow temperature,
the recent studies on waviness, presented above, considered the viscosity to be
constant in the complete flow domain due to the complexity of the numerical
structure when both the surface definition and the viscous character are numer-
ically involved. However there have been many studies that focus on the effects
of temperature and lubricant properties on the performance of bearings. A lin-
early narrowing slider bearing, with heat conduction to the stationary lower sur-
face was investigated numerically by Kumar et al. [4]. Temperature dependency
of lubricant viscosity was handled by imposing the temperature distribution of
the previous solution set on the nodal viscosity values, until a convergence
of 0.05% was achieved, for each node, between two successive solutions. A similar
approach was used by Pandey and Ghosh [10] on both sliding and rolling con-
tacts. Their convergence criterion for temperature distribution was less sensitive
(0.1 %) and a unique viscosity value, which corresponds to the average lubri-
cant temperature, was used for the complete flow volume. On the other hand,
Yoo and Kim [15] took temperature dependent viscosity into consideration more
precisely with a convergence criterion of 0.001 %. But in this study, to decrease
the computation time, convergence was not applied to each temperature value
in the flow direction, but for the sum of the complete temperature set.

Optimization of slider bearing lubrication is also included in the scope of
numerical studies: As Lin [6] tried to get an optimum flow cavity for one-
dimensional porous curved slider bearing, Stokes and Symmons [13] performed
a multi-dimensional optimization on the plasto-hydrodynamic drawing of wires,
where the deformation process occurs in a stepped cavity filled with a viscous
fluid. The aim of the present optimization study is to generate a novel upper sur-
face design, with the implementation of waviness, without varying the volume
of the flow cavity, thus the physical limits of the complete lubrication struc-
ture. The proposed numerical approach first models the thermo-hydrodynamic
flow-environment by a transfer matrix and then the dependence of viscosity on
temperature and the so occurring variations in other flow properties are also
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determined by an iterative mechanism. To produce a complete overview, com-
putations are performed with 2 pumping pressures, for 6 amplitudes and 11
wavelengths. Performance optimization outputs are discussed through stream-
wise pressure and wall shear stress variations, and with load capacity and power
consumption data for various amplitude and wavelength cases.

2 Governing Equations and Computational Approach

Performance analysis of plane slider bearings covers the investigation of both
momentum and energy transfer in the flow volume, thus velocity (u), pressure
(P ) and temperature (T ) distributions are the primary concern of the fundamen-
tal theory. The outputs of the continuity, momentum and energy equations can
be the focused items of the work, but generally the results of the former in the
calculation order generates the input set for the following, which puts forth the si-
multaneous handling of the three equations. As the non-dimensional momentum
equation in -x direction (Eq. (1a)) interprets the relation of viscous shear stress
and the thermodynamic pressure, the Reynolds equation for 1-dimensional lubri-
cant flows of slider bearings is given by Eq. (1b). Lubricant viscosity is effective in
either of the flow and energy equations and the pressure and temperature terms
are non-dimensionalized as P ∗ = Ph2

ex/µV1L, T ∗ = Th2
exCpρ/µV1L ([4, 6]) re-

spectively, thus the Newtonian viscosity-temperature relation is characterised by
Vogel’s rule of Eq. (1c).

d2u∗

dy∗2 =
dP ∗

dx∗
d

dx∗ (h∗3 dP ∗

dx∗ ) = 6(V ∗
u +1)

dh∗

dx∗ µ = ρke
b

T+ξ (1a−c)

The velocity profile (Eq. (2a)) can be obtained by imposing the boundary
conditions of y∗ = 0 → u∗ = 1 and y∗ = h

hex
= h∗ → u∗ = Vu

V1
= V ∗

u to Eq.
(1a) and integration of the velocity profile gives the volumetric flow rate (q∗x)
per unit width (Eq. (2b)).
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2
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−1
12
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2
(2a−b)

The streamwise pressure distribution (Eq. (3)) can be evaluated by integrating
the Reynolds equation (Eq. (1b)) twice, where the integration involves both
streamwise (-x) and pitchwise (-y) directions.

P ∗ =
∫ x∗

0

∫
6(V ∗

u + 1)dh∗

h∗3 dx∗−
∫ 1
0

�
6(V ∗

u +1)dh∗

h∗3 dx∗
∫ 1
0

1
h∗3 dx∗

∫ x∗

0

1
h∗3 dx∗+P ∗

in (3)

The load-carrying capacity (W ∗) is obtained by the streamwise integration
of the film pressure (Eq. (4a)). The wall shear stress (τ∗), which is measure of
surface wear, and the pumping power (Ω∗), necessary to supply the lubrication
oil are defined by Eqs. (4b-c).

W ∗ =
∫ 1

0
P ∗dx∗ τ∗ = µ∗ du∗

dy∗ |y∗
wall

Ω∗ = q∗xP ∗
in (4a−c)
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Fig. 1. Schematic layout of slider bearing with/without wavy structure at the upper
surface

To solve the continuity, momentum and energy equations in harmony, the
geometric domain of Fig. 1 is divided into 1000 sequential cells, where higher
numbers, in the early stages of the code development, appeared to increase only
the run times not the accuracy of the streamwise convergence. 2nd order finite
difference marching procedure, in the streamwise direction with a constant cell
width (∆x) of L/K, where for the sake of generality number of cells are denoted
by K, is applied for the simulation of 1-dimensional, incompressible lubricant
flow. Since the volumetric flow rate (q∗x) is constant in flow direction, equating
the derivative of Eq. (2b) to zero forms a system of K − 1 linear equations,
which completely represent the relation of geometric structure, static pressure
and velocity distributions. The new implementation is a simple sigma notation,
which consists of 2 coefficient matrices whose elements are mainly defined by
the groove geometry and the upper and lower surface velocities of the bearing.
As the nodes i = 1 and i = K + 1 represent the inlet and exit planes, the
explicit form of the K − 1 equations constitute the “Transfer Matrix” of the
system. Since left hand side is a banded matrix with a bandwidth of 3, Thomas
algorithm is used in the evaluation procedure, where the outputs are the scope
of continuity and Reynolds equations for nodes i = 2 to K.

In addition to the inlet conditions and surface velocities, results of the transfer
matrix, especially the volumetric flow rate and the streamwise pressure gradient
also participate as inputs when the temperature variation is under inspection.
Superimposing the finite difference logic into the energy equation (Eq. (5a)) and
rearranging the terms brings up a thermal relation within two consecutive nodes
in the mesh, which in return displays the lubricant temperature distribution in
the flow direction (Eq. (5b)).

q∗x
dT ∗

dx∗ = V ∗
u τ∗

u+τ∗
1 −q∗x

dP ∗

dx∗ T ∗
i+1 = ∆x∗[

V ∗
u τ∗

u + τ∗
1

q∗x
−dP ∗

dx∗ ]i+T ∗
i (5a−b)

Evaluation of the temperature dependent nature of viscosity covers both the
traditional isotropic method and the present iterative transfer matrix approach,
where the classical solution generates the initial set of guesses for the first itera-
tion step. For the isotropic approach, lubricant viscosity is kept constant in the
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complete flow volume, being equal to the inlet value. In the first step of the itera-
tive method the temperature dependent nodal viscosity variation is calculated by
using the temperature distribution of the isotropic approach, together with the
viscosity parameters of k, b and ξ (Eq. (1c)). Solving the transfer matrix, with the
so obtained viscosity distribution, gives the initial temperature set of the iterative
method. Although the isotropic method consists of a single operation loop, the it-
erative approach continues until two consecutive temperature distributions are
not more than 0.01% distant at each node within the mesh, which may contribute
up to 15 successive runs. The applied convergence criterion (0.01%) is more sensi-
tive than that of Kumar et al. [4] and Pandey and Ghosh [10]. On the other hand,
although Yoo and Kim’s [13] criteria (0.001%) appears to be more precise, the
presentmethod differs from theirs by imposing the convergence on each nodal tem-
perature, not on the sum of the complete set. This application makes the stream-
wise temperature determinations more reliable, since K + 1 times more control
loops, for every iteration step, exist in the current approach.

3 Theoretical Model

The theoretical model involves the combined definitional necessities of both the
physical and the thermo-fluid structural information of the complete lubrication
environment. As the input data for the Reynolds and energy equations cover
knowledge on upper-lower surface velocities of the bearing, the lubricant type
and the inlet-exit boundary conditions. To generate a realistic overview, nec-
essary compounds are chosen from the available recent numerical studies. The
main sketch of the slider bearing is similar to that of Ostayen et al. [14] and
Kwan and Post [5], that is narrowing in linear style (Fig. 1). As in most of the
industrial applications, upper surface of the bearing is kept stationary (Vu = 0
m/s), which is also the case in the study of Honchi et al. [3]. On the other hand
lower surface velocity data appear in a wide range: such as 2.55-10.21 m/s of Liu
et al. [7] and 8.79 m/s of Ai et al. [1]; the current value is chosen as Vl = 5 m/s,
which is the mean value of the most frequent data. Bearing length is selected as
10 mm, being between the choices of Honchi et al. [3] (1.25 mm) and Ai et al.
[1] (14.5 mm). The most frequent slider bearing pad height and journal bearing
clearance values appear in the range of 1-0.0175 mm, like those of Lin [6] and
Liu et al. [7]. The inlet (hin) and exit heights (hex) are selected as 1 mm and
0.125 mm, resulting in a mean pad inclination (Θ) of 5◦ (Fig. 1). The analysis
is based on the fact that, unused lubricant is pumped in and emerges to atmo-
sphere, therefore inlet (Pin) and exit (Pex) oil pressure values are decided to be
101-301 kPa and 100 kPa respectively, which propose the Ψ = Pin/Pex cases of
1.01 & 3.01. Investigations are carried out with SAE 20 type lubricant that has
comparable viscosity values of Mehenny and Taylor’s [8] application, and with
the inlet temperature (Tin) of 20◦C, which is close to that of Sottomayor et al.
[12] (24◦C).

h(x) = hin − xtanΘ +
ϕ

2
[cos(2π

i

K + 1
λ)] (6)
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The upper surface of the bearing is defined, in a convenient way to fit the main
aim of the work, by Eq. (6), where the wave amplitude and the number of waves
are indicated by ϕ and λ respectively. The cosine curve is implemented to the
streamwise-structure with the relative position of nodes (i) by comparing with
the total meshing scale (K +1). To visualize the effects of ϕ and λ on the bearing
performance, wave amplitude data are rated in the range of 0-200 µm, covering
those of Harsha et al. [2], Rasheed [11] and Liu et al. [7]; the imposed number of
waves is kept within the limits of 5-105, including the most recurrent values of
literature (Honchi et al. [3], Kwan and Post [5] and Sottomayor et al. [12]).

4 Results and Discussion

Numerical experiments are performed with ϕ of 0-200 µm, λ values are in the
range of 5-105, the pumping pressures are 1.01-3.01 times (Ψ) the exit value, and
the results are displayed in non-dimensional form (∗) for the sake of generality.
Streamwise pressure variations, of slider bearings with λ of 5-45, are demon-
strated for ϕ of 40 & 200 µm in Figs. 2(a)-(b) respectively. In the upstream
sections of the cavity (x∗ < 0.4) neither λ nor ϕ have influence on the nodal
P ∗ values, however both λ and ϕ significantly influenced the lubricant pressure
towards downstream (x∗ > 0.6). On the other hand increasing either λ or ϕ
results in higher maximum pressure values within the flow volume, moreover the
effect of λ on P ∗ becomes more remarkable for higher ϕ cases (Fig. 2(b)); more-
over the location of maximum pressure shifts downstream as the wave number
is increased.

Shear stress (Eq. (4b)) is a measure of friction and possible wear on the flow
surfaces and streamwise variations are demonstrated in Fig. 3. For the ϕ of 40
µm, (Fig. 3(a)) λ has no influence on shear stress and the τ∗ values decreased
towards downstream up to the point of P ∗

max (x∗ ≈ 0.84); then followed by a
sharp increase where the pressure values are determined to decrease (Fig. 2(a)).
However as the amplitude is increased to 200 µm (Fig. 3(b)) the effect of λ

(a) (b)
(λ: =5, =15, =25, =35, =45)

Fig. 2. Streamwise pressure distribution for ϕ of (a) 40 µm and (b) 200 µm
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(a) (b)
(λ: =5, =15, =25, =35, =45)

Fig. 3. Streamwise shear stress distribution for ϕ of (a) 40 µm and (b) 200 µm

becomes more impressive in the flow direction, which is accompanied by fluc-
tuations in τ∗ values. As the strength of this structure increases towards the
cavity exit, they are determined to be independent of λ, where the peak values
of different λ cases are positioned at the identical locations. While the maximum
pressure values moved downstream (0.83 < x∗ < 0.95) with higher λ (Fig. 2(b)),
this varying character also sensed in τ∗ variations, where the most augmented
gap, among the extreme τ∗ values, extents to a value of ∼2.1 which interprets
the hydrodynamic instabilities in the wall neighborhood.

Showing parallelism with the P ∗ discussions, load (W ∗) values (Fig. 4) are di-
rectly affected with ϕ but the number of waves creates an exceptional impact,
where initially a sharp increase in W ∗ are recorded for the 5 < λ < 25 range,
thereafter the trend becomes asymptotic with negligible increase rates, among the
λ = 45 and λ = 105 cases, of 1% and 0.7% for Ψ = 1.01 (Fig. 4(a)) and Ψ = 3.01
(Fig. 4(b)) respectively. Additionally, W ∗ of the Ψ = 3.01 case are above that of
the Ψ = 1.01 investigation by 2.27 and 2.13 times for ϕ of 40 µm and 200 µm,
denoting the augmented effects of pumping pressure on W ∗ at lower ϕ. Moreover

(a) (b)
(ϕ(µm): =0, =40, =80, =120, =160, =160)

Fig. 4. Variation of load carrying capacity with λ for Ψ of (a) 1.01 and (b) 3.01
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(a) (b)
(ϕ(µm): =0, =40, =80, =120, =160, =160)

Fig. 5. Variation of input power requirement with λ for Ψ of (a) 1.01 and (b) 3.01

the influence of ϕ on W ∗ is higher in the lower pumping pressure case (Ψ = 1.01)
with ratio of W ∗

ϕ=200µm

W ∗
ϕ=0

= 1.21, whereas the same quantity is 1.13 for Ψ of 3.01.
Contrary to W ∗ results, as shown in Fig. 5, the power requirement (Ω∗) of

the system decreases with both ϕ and λ, however fluctuations are determined
with higher λ cases. These instabilities are limited to lower ϕ values for the
lower pumping pressure case of Ψ = 1.01 (Fig. 5(a)), however the Ω∗ outputs
of even the highest amplitude of ϕ = 200 µm do not converge to a unique
value at higher λ tasks in the project with Ψ of 3.01 (Fig. 5(b)). This record
implies that the application of waviness can produce continuous instabilities if
the demand in pumping pressure increases. Similar to W ∗ results, λ comes out
to be most influential on Ω∗ in the range of 5 − 25 and the lowest stable Ω∗

values are attained for λ of 25 − 45, for the complete ϕ set. The power values of
the Ψ = 3.01 project are 4.25 and 3.50 times above those of the Ψ = 1.01 case
for ϕ of 40 µm and 200 µm respectively, indicating the augmented influence of
Ψ at lower wave amplitudes.

5 Conclusion

The application of Upper-Surface-Waviness to inclined slider bearings is mod-
eled numerically by taking the streamwise decay of lubricant viscosity also into
account. The cumulative output implies that the overall system performance of
inclined slider bearings can be improved, without going beyond the geometric
limits, by imposing a wavy character on the upper surface, which in return not
only increases the load carrying capacity but also decreases the power require-
ment. A close relationship is determined among the streamwise variations of
shear stress and lubricant pressure, moreover the surface wave number is found
out to become more influential on shear stress values for the designs with higher
wave amplitudes. The computational results point out an optimum upper sur-
face design with a wave number range of λ = 25 − 45 for the pumping pressure
and wave amplitude intervals of Ψ = 1.01 − 3.01 and ϕ = 40 − 200 µm re-
spectively, where λ can be fixed for each system on the basis that ϕ and Ψ are
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determined. Moreover, waviness appeared to cause instabilities in the power
values for high pumping pressure applications and pumping pressure is deter-
mined to have higher influence on power requirement than the load capac-
ity, whereas the impact decreases in either design consideration at increased
amplitude values.
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