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Surface texturing is used to increase hydrodynamic pressure and reduce friction and wear between gas-
lubricated parallel sliding surfaces in a variety of applications. The shape, geometry, and density of the
patterned microtexture features (“dimples”) play a key role in the tribological performance of textured
slider bearings. In this paper we evaluate the friction coefficient and stiffness of gas-lubricated textured
parallel slider bearings as a function of six different texture shapes. The texture geometry and density are
optimized in terms of minimum friction coefficient and maximum bearing stiffness for each individual
texture shape, and then compared relative to each other. The ellipsoidal shape is found to yield the
minimum friction coefficient and the highest bearing stiffness, independent of the operating conditions.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Enhancing the tribological performance of two surfaces in
relative motion is of primary importance in developing mechanical
systems with, for instance, increased durability and energy efficiency.
Friction force and wear increase dramatically when surfaces interact
without the benefit of a lubricant film separating them. Surface
texturing can be used to form micro- or nanoscale cavities or pockets
(typically called “dimples”) in an arrayed pattern on one of the
sliding surfaces. Several fabrication techniques can be used to
manufacture this type of texture, such as vibro-rolling 1], reactive
ion etching [2], abrasive jet machining [3], LIGA [4], vibromechanical
texturing [5] and laser surface texturing [6]. Experimental results
indicate that surface texture acts like miniature hydrodynamic
bearings and generate a net pressure increase in the thin lubricant
film separating the sliding surfaces. This additional pressure
increases the separation between the sliding surfaces and corres-
pondingly reduces friction and wear. Applications of surface textur-
ing include mechanical seals [7], gas seals [8,9], thrust bearings
[10,11], journal bearings [12], piston rings [13], magnetic tape guides
[14,15] and hydraulic systems [16]. While several publications report
on the increased load carrying capacity of textured bearings
[10,17,18], limited information is available on the effect of different
surface texture shapes and geometries on the bearing stiffness and
the friction coefficient between the bearing surfaces.
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Most experimental studies concerning the friction coefficient
of textured bearings only explore a limited range of texture geometries
using an incompressible lubricant [3,4,19,20]. Wakuda et al. [3] tested
steel pins sliding on textured ceramic plates and suggested that the
reduction of the friction coefficient greatly depends on the size and
density of the texture features. Stephens et al. [4] used a LIGA process
to create a micro-asperity texture on a surface and measured sliding
friction against different specimens. They concluded that the geometry
of the asperity texture can be optimized to greatly reduce the friction
coefficient. Modeling work has also mostly focused on (incompres-
sible) liquid lubricated bearings [21-25]. Sahlin et al. [24] solved the
Navier-Stokes equations to optimize the geometry and shape of a
single groove on a surface, to maximize load carrying capacity and
minimize the friction coefficient. The same approach was used by
Cupillard et al. [21] to find the optimal texture depth and density of
spherical texture shapes, and minimize the friction coefficient in a
journal bearing. Pascovici et al. [25] analyzed a one-dimensional
partially textured parallel slider bearing by directly solving the
Reynolds equation. They found that the optimal texture geometries
for maximum load carrying capacity and minimum friction coefficient
are almost identical. Siripuram and Stephens [26] studied concave
dimples with seven different shapes and investigated the effect of
texture density on the friction coefficient between bearing surfaces
separated by an incompressible lubricant. They concluded that the
texture density rather than the texture shape is critical to reduce the
friction coefficient. However, the depth of different texture shapes
was kept constant in their study, potentially preventing each shape
from reaching its optimal geometry, since the optimum for different
geometries and/or shapes may not necessarily be achieved for a
constant dimple depth.
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Nomenclature

a,b half-length of the ellipse axis in the x- and y-direction,
respectively

c minimum bearing spacing

Ceq equivalent minimum bearing spacing

f friction coefficient

H(X)Y) non-dimensional local bearing spacing, H(X,Y)=h(x,y)/c

h(x,y)  local bearing spacing

heq equivalent texture depth

hy texture depth

K area ratio; ratio of length of inner and outer equilat-
eral triangles forming the chevron shape, with
0<K<1

k non-dimensional bearing stiffness

l length of the edge of the outer triangle defining the
chevron shape

P(X)Y) non-dimensional local bearing pressure, P=p(x,y)/po

p(x,y)  local bearing pressure

Do atmospheric pressure

Pavg average bearing pressure

r half-length of the square unit cell

Tp characteristic radius of the texture

Sp texture density

U relative sliding velocity

XY non-dimensional Cartesian coordinates, X=x/r,,
Y=y[rp

XYz Cartesian coordinates

5 non-dimensional minimum bearing spacing, §=c/2r,

Seq equivalent non-dimensional minimum bearing spa-
CiNg, Seq=~Ceq/2Tp

e texture aspect ratio for spherical, circular, triangular

and chevron texture shapes, e=h,/2r,

texture aspect ratios for ellipsoidal and elliptical
texture shapes, ¢1=hp/2a, e;=h,[2b

flow factor, A=3uU/2rppo

gas dynamic viscosity

average shear stress in the lubricant film
non-dimensional average shear stress in the lubricant
film, 7=1/p,

€1, €2

IS N

Other studies have dealt with compressible lubricants. Murthy
et al. [27] solved the compressible Reynolds equation with rarefaction
effects to analyze an inclined plane slider bearing textured with
spherical dimples. They found that the stiffness of the compressible
lubricant film increased with decreasing clearance of the inclined
plane slider bearing, but they did not address the relationship between
texture geometry, texture shape and bearing stiffness. Raeymaekers
et al. [15] demonstrated the effectiveness of surface texturing to
reduce the friction coefficient between a cylindrical guide surface
and a magnetic tape in magnetic tape drives. They also briefly
discussed the non-linear stiffness of the textured gas bearing. Finally,
Feldman et al. [28] simulated a partially textured hydrostatic gas
bearing and optimized the geometry of spherical dimples for max-
imum bearing stiffness. Their results suggest that the geometry of the
texture has a significant effect on the bearing performance.

No systematic study detailing the effect of texture shape and
geometry on the friction coefficient and stiffness of textured parallel
gas bearings appears to exist in the open literature. Previous studies
are focused on one specific texture shape [28], or constrain one or
more geometric parameters when comparing the tribological perfor-
mance of different texture shapes [17,26], thus, not comparing the
optimized geometries of different texture shapes. In a previous paper
[18], we have optimized the load carrying capacity for six different
texture shapes without constraining the texture geometry, and we
have compared the results relative to each other. The ellipsoidal
texture shape was found to result in the maximum load carrying
capacity. However, while of critical importance in bearing design, the
effect of texture shape on the friction coefficient and the bearing
stiffness has not yet been examined. Therefore, the objective of this
paper is to perform a systematic study of the effect of texture shape
and geometry on the friction coefficient and the stiffness of gas-
lubricated parallel slider bearings.

2. Methods
2.1. Analytical model

Fig. 1 shows a schematic of the model of a textured parallel slider
bearing. The compressible, steady-state Reynolds equation is solved

over a domain covering a column of ten dimples, identical to [18].
Only full texturing is considered. Each dimple is centered in a square

unit cell of width 2ry. The following assumptions are made: (1) the
dimples are identical in shape (for instance, ellipsoidal). (2) The
lubricant is air at room temperature, and inertial effects are neglected
because the relative velocity and the minimum spacing between the
two sliding surfaces are small [29]. The minimum spacing is large
enough to neglect rarefaction effects and slip occurring at the solid
boundary. (3) Hydrodynamic lubrication is assumed and no asperity
contact exists. With these assumptions the steady-state two-dimen-
sional compressible Reynolds equation is given as

0 ( ,30p\ . 0( 30\ . ,0(ph)
() oy (o5 ) = ou "R @

where x and y represent the Cartesian coordinates shown in Fig. 1.
p(xy) is the local bearing pressure, h(x,y) is the local clearance between
sliding surfaces, u is the dynamic viscosity of air, and U is the relative
sliding velocity between the two surfaces. Eq. (1) can be written in
non-dimensional form as

9 30P\ 9 30P\ 2 o(PH)
&(P” x) +W<PH W) =52 X @

with X=x/r,, Y=y[r,, P(XY)=p(x,y)/po and H(X,Y)=h(x,y)/c. po denotes
the atmospheric pressure, ¢ is the minimum bearing spacing, and r, is

a U
 ———
z y
W -
Dimple Bottom profile
(texture shape)
b

, Dimple (texture shape)

2r,

A

Fig. 1. Model of a textured parallel slider bearing showing (a) a cross-sectional
view of a column of dimples, and (b) top view.
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the characteristic radius of the texture shape (see Figs. 1 and A1). The
operating conditions for the simulation are expressed by the flow
factor 2=3uU/2r,po and the minimum spacing in non-dimensional
form s=c/2r,. Atmospheric pressure is maintained at the inlet and
outlet of the solution domain. The presence of adjacent dimples in the
span-wise flow direction (lateral edge) is accounted for with sym-
metric boundary conditions, i.e.,

T o 1 2r1 _
P(r) =r((v=2)5r) =1 o

oP 5 _ oP B _
W(X’ _E> = W(X,E> =0, (3b)

where N represents the number of unit cells in the column of dimples,
and r; is half the width of a unit cell (see Fig. 1). Egs. (2), (3a) and (3b)
are solved numerically using the finite difference method with central
discretization on a staggered grid, and with an over-relaxation factor
of 14. An error criterion of 0.01% change of pressure at each node
between iterations is used to ensure convergence.

2.2. Friction coefficient and bearing stiffness

The friction in the air bearing operating in the hydrodynamic
lubrication regime is entirely driven by the shear stress in the
lubricant film. The average shear stress is approximated as

uU

M 4
= “)

where cq is the equivalent minimum bearing spacing, defined as
Ceqg = C+Neg. (5)

c represents the minimum bearing spacing (see Fig. 1), and heq is the
equivalent texture depth, calculated as the volume of a dimple divided
by the area of its unit cell, (2r;)%. The extra bearing spacing due to the
presence of the texture is thus averaged over the entire bearing

Table 1

surface. This treatment captures the global effect of reducing the
friction coefficient by means of the texture on an average level, and
effectively predicts the magnitude and trend of the friction coefficient
as demonstrated in [15]. A more sophisticated model could include
calculating the local shear stress from the strain rate near the sliding
surface based on the solution of the Reynolds equation, but the former
method is used since simplicity is preferred here. When defining
Seq=Ceq/21, Eq. (4) can be re-written in non-dimensional form as

A
36eg’

7= (6)
where 7 =z/p,. Finally, the friction coefficient f can be expressed as
the ratio of the shear stress and the average bearing pressure,
T T
S 7)
pavg_po PﬂVg_l (
The stiffness of the air bearing is defined as the derivative of
the load carrying capacity with respect to the bearing spacing, or
in non-dimensional form,

_ 0(Payg—1)
Y
where the load carrying capacity is expressed as the non-
dimensional average gauge pressure. To calculate k, the Reynolds
equation is solved to find the average gauge pressure as a function
of bearing spacing s, and the slope of the curve is determined in a
discrete set of points by a central finite difference scheme.

k ®

2.3. Comparison of different texture shapes

Six different, commonly used texture shapes are evaluated,
including four shapes with a flat bottom profile; circular, elliptical,
triangular and chevron texture shapes, and two shapes with a
curved bottom profile; spherical and ellipsoidal. The non-
dimensional parameters to describe the texture geometries are

Texture shape, texture geometry parameters and the equations used to optimize the texture geometries (a, b are semi-axes length of the elliptical contour parallel and
perpendicular to the flow direction, respectively; K is the ratio of the size of the inner triangle and outer triangle forming the chevron shape (Appendix A and [18])).

Texture shape Bottom profile

Non-dimensional parameters

Equivalent spacing equations (1)heg (2) 6eq

Flat _hy
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0

rp?
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" Op
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1 _ My (Mp  Tp™
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Flat h ary?2  zab rabh
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@) Seq :5+§spm(ezz+z)
Flat hy 3v31,? (1) . _3v3rhy
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the texture aspect ratio ¢, defined as the ratio of the depth and the
characteristic diameter of the texture feature, and the texture
density S,, defined as the ratio of the area covered by the texture
and the total area of a unit cell. Two texture aspect ratios, £y and &5,
are used for elliptical and ellipsoidal shapes, and an area ratio K is
used for the chevron shape (see Appendix A and [18]). All texture
shapes with the non-dimensional parameters describing their
geometry and corresponding equivalent spacing are summarized
in Table 1. The operating conditions in this study are fixed as
5=0.002 and 2=2.0 x 10>, conditions relevant to several bearing
applications including magnetic tape drives. For each texture
shape, the friction coefficient and bearing stiffness are calculated
for a range of different geometries (e, S,) from the numerical
solution of the Reynolds equation. The optimized texture geome-
tries resulting in minimum friction coefficient and maximum
bearing stiffness, respectively, are identified from the numerical
results for each texture shape and compared relative to each other.

3. Optimization of the geometry of individual texture shapes
3.1. Circular, spherical and triangular texture shapes

Figs. 2, 3 and 4 display the friction coefficient as a function of
texture density for different values of the texture aspect ratio, for

0.8

o
N

Friction coefficient,
j=]
N

Texture density, S,
Fig. 2. Friction coefficient as a function of texture density for different values of the
texture aspect ratio, for the case of the circular texture shape. 5=0.002 and
2=2.0x1075.

0.8

<
=)

Friction coefficient, f°

Texture density, S,

Fig. 3. Friction coefficient as a function of texture density for different values of the
texture aspect ratio, for the case of the spherical texture shape. 5=0.002 and
1=2.0x1075,

the circular, spherical, and triangular texture shapes, respectively.
Additionally, Figs. 5, 6 and 7 depict the corresponding non-
dimensional bearing stiffness as a function of texture density for
different values of the texture aspect ratio for the same texture
shapes. In each figure, an optimal texture geometry (e and Sp)

0.8

g
=N

N
~

Friction coefficient, /

S
o

Texture density, S,
Fig. 4. Friction coefficient as a function of texture density for different values of the

texture aspect ratio, for the case of the triangular texture shape. 5=0.002 and
1=2.0x1075.

100

& (o) [e]
S S S

Non-dimensional stiffness, &
3]
S

Texture density, S,

Fig. 5. Non-dimensional stiffness as a function of texture density for different
values of the texture aspect ratio, for the case of the circular texture shape. §=0.002
and 1=2.0x 10>,
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40

20

Non-dimensional stiffness, k

Texture density, S,

Fig. 6. Non-dimensional stiffness as a function of texture density for different
values of the texture aspect ratio, for the case of the spherical texture shape.
5=0.002 and 2=2.0 x 107>,
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Non-dimensional stiffness, k

Texture density, S,

Fig. 7. Non-dimensional stiffness as a function of texture density for different
values of the texture aspect ratio, for the case of the triangular texture shape.
5=0.002 and 1=2.0 x 10>,

exists for minimum friction coefficient or maximum bearing
stiffness, respectively. For each individual texture shape, the
friction coefficient first decreases and then increases with increas-
ing texture density, for a constant texture aspect ratio. For a small
value of the texture density (e.g., Sp<0.05), the load carrying
capacity and the equivalent bearing spacing 6.4 are small, which
increases the shear stress in the lubricant and, thus, increases the
friction coefficient. When the texture density exceeds S,=0.150,
which generates the highest load carrying capacity [18], the
friction coefficient remains low until approximately S,=0.300.
This is due to the increasing dimple volume with increasing S, and,
thus, increasing &.q and decreasing shear stress. When further
increasing the texture density, the friction coefficient increases
again as a result of the significantly reduced load carrying capacity
of textured bearings with S, > 0.300. The effect of texture density
on bearing stiffness is directly correlated to the change of the load
carrying capacity, because a higher load carrying capacity requires
a larger pressure increase to change the bearing spacing. For circular
texture shapes, the minimum friction coefficient is 0.0371 with
Sp=0.200 and £=0.0030, and the maximum non-dimensional bear-
ing stiffness is 74.29 with S,=0.175 and ¢=0.0025. For spherical
texture shapes, the minimum friction coefficient is determined
as 0.0323 with 5,=0.250 and ¢=0.0050, and the maximum non-
dimensional bearing stiffness is 99.05 with S,=0.175 and ¢=0.0060.
For triangular texture shapes, the minimum friction coefficient is
0.0534 with S,=0150 and ¢=0.0030, and the maximum
non-dimensional bearing stiffness is 74.65 with S,=0.150 and
£=0.0030. We note that the geometries for minimum friction
coefficient and maximum bearing stiffness are not identical. This
will be further discussed in Section 4 of this paper.

3.2. Elliptical and ellipsoidal texture shapes

The elliptical texture shape requires two texture aspect ratios, e
and &, to fully define the geometry (see Table 1). Fig. 8 shows the
friction coefficient as a function of the texture aspect ratios for the
elliptical texture shape, for S,=0.175, 0.350 and 0.500, respectively.
The S, values presented here minimize the friction coefficient
(5,=0.350), and additionally display one case on either side of this
optimum (S,=0.175, 0.500). The range of possible combinations of &
and &, is theoretically constrained because an elliptical/ellipsoidal
texture shape cannot achieve an arbitrarily large or small £;/e, ratio
without extending beyond the unit cell for a specific texture density
[18], which is denoted by the solid straight lines. For each value of the
texture density, an optimal combination of &; and &, exists that
minimizes the friction coefficient. The optimum is found to be

0.020 .
S, =0.175

0.015

0.010

&

0.034

0.005

0 0.005 0.010 0.015 0.020
&

0.020

0.015

< 0.010 f

0.005

0.028

O " n "
0 0.005 0.010 0.015 0.020
&
0.020 T
S, = 0.500
0.015f
0.050 =]
> [l
- s /°
S 0010} 3
0.005
0.034
0 0.005 0.010 0.015 0.020
&

Fig. 8. Friction coefficient as a function of different texture aspect ratio combina-
tions &7 and &, for S,=0.175, 0.350 and 0.500, for the case of the elliptical texture
shape. §=0.002 and 1=2.0x 1075, The optimum for each texture density is
indicated by “+”. The range of combinations of &; and e, that constrains the
dimple within the unit cell is denoted by solid lines.

f=0.0279 with S,=0.350 and ¢;=0.0048, £,=0.0021. With increas-
ing texture density the texture geometry that minimizes the friction
coefficient first stretches along the axis orthogonal to the flow
direction to take full advantage of compressing the lubricant flow,
thus placing the longitudinal axis orthogonal to the flow. For a
specific S, the optimal geometry reaches the lateral edge of the unit
cell and, when further increasing S,, the geometry must stretch in
the direction of the flow, which is similar to what we found in [18].
Fig. 9 displays the non-dimensional bearing stiffness as a function of
the texture aspect ratios for the elliptical texture shape, for S,=0.175,
0350 and 0.500. The optimal texture geometry for maximum
bearing stiffness is S,=0.350 and &;=0.0029, £,=0.0013, resulting
in k=90.67. Figs. 10 and 11 present the friction coefficient and
bearing stiffness as a function of the texture aspect ratios for the
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0 0.005 0.010 0.015 0.020
&
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0 0.005 0.010 0.015 0.020
&
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§p=10.500

0.015F 1
50.00

0001

0.010 1

&

00°0¢

0.005 F 1
69.59

0 " " "
0 0.005 0.010 0.015 0.020
&

Fig. 9. Non-dimensional stiffness as a function of different texture aspect ratio
combinations ¢; and &, for S,=0.175, 0.350 and 0.500, for the case of the elliptical
texture shape. §=0.002 and 2=2.0 x 10~°. The optimum for each texture density is
indicated by “+”. The range of combinations of ¢; and ¢, that constrains the dimple
within the unit cell is denoted by solid lines.

ellipsoidal texture shape, for S,=0.175, 0.350 and 0.500. The opti-
mum occurs at S,=0.350 and &;=0.0120, £,=0.0053 with a mini-
mum friction coefficient of 0.0244, and S,=0.350 and ¢;=0.0062,
£,=0.0028 with a maximum bearing stiffness of k=108.00.

3.3. Chevron texture shape
An additional parameter, the area ratio K, is needed to describe

the geometry of the chevron shape. K is defined as the ratio of the
size of the inner equilateral triangle to that of the outer equilateral

0.04 T T T

0.03 |

£

0.02F

0.01F

0 0.01 0.02 0.03 0.04
&

0.03

& 0.02

0.01

S, =0.500

0.031 0.030 1

9
%,

0.02} 1

&

0.01f 1
Z 0.027

0 0.01 0.02 0.03 0.04
&

Fig. 10. Friction coefficient as a function of different texture aspect ratio combina-
tions &1 and &, for S,=0.175, 0.350 and 0.500, for the case of the ellipsoidal texture
shape. §=0.002 and 1=2.0 x 10~>. The optimum for each texture density is

W n

indicated by “+”. The range of combinations of &; and e, that constrains the
dimple within the unit cell is denoted by solid lines.

triangle forming the chevron shape (see Table 1). Figs. 12 and 13
display the friction coefficient and non-dimensional bearing stiff-
ness as a function of the aspect ratio ¢ and the area ratio K, for
Sp=0.050, 0.150 and 0.350. Similar to the elliptical and ellipsoidal
shapes, the S, values that minimize the friction coefficient and
maximize the bearing stiffness and one value on either side of that
optimum are used in the analysis. The area ratio K is theoretically
constrained to a value smaller than 1.0 depending on S, because
the chevron shape cannot extend beyond the unit cell [18]. It is
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S, =0.175
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0.02

€
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0 0.01 0.02 0.03 0.04
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0.01
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&

0.04

0.03 N
70.00

0.02

&
30.00

0.01
96.19

0 0.01 0.02 0.03 0.04
&

Fig. 11. Non-dimensional stiffness as a function of different texture aspect ratio
combinations ¢; and ¢, for S,=0.175, 0.350 and 0.500, for the case of ellipsoidal
texture shape. §=0.002 and 1=2.0 x 10~°. The optimum for each texture density is
indicated by “+”. The range of combinations of e; and ¢, that constrains the dimple
within the unit cell is denoted by solid lines.

clear from Figs. 12 and 13 that the friction coefficient and the
bearing stiffness change quickly with e but slowly with K. There-
fore, a triangular texture shape, which is a chevron texture shape
with K=0, does not differ much from the chevron texture shape in
terms of friction coefficient and bearing stiffness. This agrees with
the results obtained for the load carrying capacity in [18]. How-
ever, for each S, an optimum combination of K and ¢ exists to
minimize the friction coefficient or maximize the non-dimensional
bearing stiffness. The minimum friction coefficient of 0.0506

0.018

0.012 1
@
0.006 1
0 I I I I
0 020 040 060 080 1.00
K
0.018
0.012
@
0.006
0 1 1 1 1
0 020 040 060 085  1.00
K
0.018
ﬁ/\q;o()\ S, =0.350
0.012 0.200 1
w 0.076
0.100 /
0.006 1
0.080
L}
—

0

0 0.20 0.43  0.60 0.80 1.00
K

Fig.12. Friction coefficient as a function of texture aspect ratio ¢ and area ratio K for
Sp=0.050, 0.150 and 0.350, for the case of the chevron texture shape. §=0.002 and
1=2.0x 107>, The optimum for each texture density is indicated by “+”. K is
limited for each S, denoted by the solid vertical line.

occurs for S,=0.150, K=0.300, and ¢=0.0035. The maximum
non-dimensional bearing stiffness is 75.86 when S,=0.150,
K=0.250, and £=0.0030.

4. Comparison of different texture shapes

Tables 2 and 3 summarize the individually optimized texture
geometries for each different texture shape that result in the
minimum friction coefficient and the maximum non-dimensional
bearing stiffness, respectively. The difference of the friction coeffi-
cient and stiffness relative to that of the optimized spherical
texture shape, which is used as a benchmark, is calculated.
The minimum friction coefficient f=0.0244 (5=0.002 and
1=2.0 x 10~5) is obtained with the ellipsoidal texture shape, and
is 24.5% lower than the friction coefficient obtained with the
optimal spherical texture geometry, in agreement with the opti-
mal shape for maximum load carrying capacity found in our
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Fig. 13. Non-dimensional stiffness as a function of texture aspect ratio ¢ and area
ratio K for S,=0.050, 0.150 and 0.350, for the case of the chevron texture shape.
5=0.002 and 4=2.0 x 10~°. The optimum for each texture density is indicated by
“+". K is limited for each S,, denoted by the solid vertical line.

Table 2

previous work [18]. The elliptical texture shape outperforms the
spherical texture shape in terms of the minimum friction coeffi-
cient (13.6% lower). This is in contrast with the results obtained for
the load carrying capacity, where the spherical texture shape
outperforms the elliptical texture shape (7.8% higher) [18].
Although the elliptical texture shape reduces the load carrying
capacity, the increased dimple volume also increases the equiva-
lent spacing and, thus, reduces the shear stress compared to
the spherical shape. The other differences in friction coefficient
between the texture shapes correlate well with the load carrying
capacity results. All texture shapes with a curved bottom profile
outperform those with a flat bottom profile (spherical vs. circular,
ellipsoidal vs. elliptical), and all shapes with a round edge outper-
form those with a straight edge/sharp angles (circular, spherical,
elliptical, ellipsoidal vs. triangular and chevron). Comparing the
geometries that minimize the friction coefficient of each texture
shape with the geometry that maximizes the load carrying
capacity [18], it is observed that a slightly higher texture density
Sp and aspect ratio ¢ is required to minimize friction than to
maximize the load carrying capacity. Despite the slightly sub-
optimal load carrying capacity for that geometry, the increase in
equivalent spacing resulting from the increased dimple volume
reduces the shear stress in the bearing and, thus, reduces the
friction coefficient.

The maximum bearing stiffness of the different texture shapes
correlates well with the optimization results of load carrying
capacity [18]. The ellipsoidal texture shape displays the maximum
non-dimensional bearing stiffness of k=108.00, which is 9.04%
higher than the benchmark spherical texture shape. Again, all
texture shapes with a curved bottom profile outperform those
with a flat bottom profile (spherical vs. circular, ellipsoidal vs.
elliptical), and nearly all shapes with a round edge outperform
those with a straight edge/sharp angles (spherical, elliptical,
ellipsoidal vs. triangular and chevron). The elliptical and ellip-
soidal texture shapes perform better than their symmetric
counterparts (elliptical vs. circular, ellipsoidal vs. spherical)
because they can be oriented perpendicular to the flow direc-
tion to maximize the effect of the texture. Interestingly, the
optimal geometry of each shape that maximizes the bearing
stiffness displays a higher texture density but a lower aspect
ratio than the geometry that maximizes the load carrying
capacity [18]. This could be clarified as follows. It is well known
that the bearing stiffness decreases quickly with increasing
bearing spacing [7,27]. Thus, with decreasing texture aspect
ratio (a shallower dimple), the depth of the texture decreases
and the bearing stiffness increases, while the load carrying
capacity remains unchanged by increasing the texture density.
Overall, the geometries that optimize each of the three proper-
ties; maximum load carrying capacity, minimum friction

Optimal geometry of different texture shapes with corresponding minimized friction coefficient. The relative difference with the results for the spherical texture shape, used

as a benchmark, is indicated. §=0.002 and 1=2.0 x 10~°.

Texture shape Optimized geometry

Minimum friction coefficient Relative friction coefficient

Circular Sp =0.2000
£=0.0030
Spherical Sp =0.2500
£=0.0050
Elliptical Sp =0.3500
£1=0.0048, £, =0.0021
Ellipsoidal Sp =0.3500
£1=0.0120, £, =0.0053
Triangular Sp =0.1500
£=0.0030
Chevron Sp =0.1500

£=0.0035, K=0.3000

0.0371 +14.9%
0.0323 0

0.0279 —13.6%
0.0244 —24.5%
0.0534 +65.3%
0.0506 +56.7%
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Table 3

Optimal geometry of different texture shapes with corresponding maximized stiffness. The relative difference with the results for the spherical texture shape, used as a

benchmark, is indicated. 5=0.002 and 1=2.0 x 107°.

Texture shape Optimized geometric

Maximum non-dimensional stiffness

Relative non-dimensional stiffness

Circular S, =0.1750 74.29 —25.0%
£=0.0025

Spherical Sp=0.1750 99.05 0
£=0.0060

Elliptical Sp =0.3500 90.67 —8.5%
£1=0.0029, £, =0.0013

Ellipsoidal Sp = 0.3500 108.00 +9.0%
£1=0.0062, ¢, = 0.0028

Triangular S, =0.1500 74.65 —24.6%
£=0.0030

Chevron S, =0.1500 75.86 —23.4%
£=0.0030, K =0.250

200 these geometries are also slightly different from the geometry

—_
W
S

100

W
(=]

Non-dimensional stiffness, k

Aspect ratio, ¢

Fig. 14. Non-dimensional stiffness as a function of texture aspect ratio for different
values of the non-dimensional bearing spacing, for the case of the spherical texture
shape. S,=0.175 and 21=2.0 x 10>,

coefficient and maximum bearing stiffness are similar but not
identical, consistent with the conclusion of [25].

As demonstrated in [18], the geometry (for each shape) that
maximizes the load carrying capacity is almost independent of
operating conditions (6 and ). Similarly, the geometries that
minimize the friction coefficient and maximize the bearing stiff-
ness are almost independent of the operating conditions. As an
example, Fig. 14 shows the non-dimensional stiffness k for the
spherical texture shape, as a function of the aspect ratio e, for
different values of the non-dimensional spacing &, and for
Sp=0.175 and 2=2.0 x 10~>. Within the range of s-values consid-
ered in this study, the aspect ratio to maximize stiffness is around
0.005 and is independent of 6.

5. Conclusion

We have optimized the geometry of six commonly used texture
shapes in terms of minimizing friction coefficient and maximizing
bearing stiffness of a textured parallel slider bearing with a
compressible lubricant. The geometry of each texture shape is
optimized independently without constraints and the optimized
geometries are compared relative to each other.

(1) For each texture shape a similar, but not identical optimal
texture geometry exists to minimize the friction coefficient
and maximize the bearing stiffness, respectively. Additionally,

that maximizes the load carrying capacity.

(2) Texture shapes with a round edge and/or a curved bottom
profile perform better than those with a straight edge or a flat
bottom profile, both in minimizing the friction coefficient and
maximizing the bearing stiffness.

(3) The optimized geometries of the ellipsoidal texture shape

result in the lowest friction coefficient and the highest bearing

stiffness. The optimal texture density is 35% in both cases.

The minimum friction coefficient is 0.0244, 24.5% lower than

the optimized spherical shape, with £;=0.0120 and ¢,=0.0053.

The maximum stiffness is 108.00, 9.0% higher than the optimized

spherical shape, with £;=0.0062 and £,=0.0028.

In engineering practice, an ellipsoidal texture shape should be

considered if high bearing performance is desired, in particular

when a low friction coefficient is crucial, for instance to
conserve energy. However, a spherical texture shape may be
more cost-effective in terms of manufacturing. Finally, in
applications where isotropic bearing performance is essential,

i.e,, the bearing performance must be independent of the

sliding direction, the spherical texture shape should be

considered.
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Appendix A. Texture shapes and geometries

Six different texture shapes are considered in this study. The
shapes, parameters and equations to describe their geometry are
shown in Fig. A1 [18]. Egs. (A.1a)-(A.1f) describe the non-
dimensional spacing H(X)Y) between the textured and the flat
surface within one unit cell for the circular, elliptical, spherical,
ellipsoidal, triangular, and chevron texture shape, respectively
[18]. The circular (Fig. Ala, Eq. (A.1a)) and elliptical (Fig. Alb, Eq.
(A.1b)) texture shapes are cylindrical dimples with a flat bottom
profile and circular and elliptical cross-sections, respectively. The
ellipsoidal texture shape is defined by a segment of an oblate
ellipsoid of revolution, symmetric with respect to the flow direc-
tion (Fig. Ald, Eq. (A.1d)). A special case of the ellipsoidal texture
shape is the spherical shape, featuring an isotropic configuration
Fig. Alc, Eq. (A.1c). Both the elliptical and ellipsoidal texture
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2ry

2r,

2r,

Py

Fig. Al. Different texture shapes: (a) circle, (b) ellipse, (c) sphere, (d) ellipsoid,
(e) triangle, (f) chevron. The flow is along the positive x-direction.

shapes require two aspect ratios for the eccentricity of the
elliptical cross-section. The chevron texture shape consists of
two similar equilateral triangles of different sizes and a flat bottom
(Fig. A1f, Eq. (A.1f)). The ratio of the size of the inner triangle to
that of the outer one is defined as the area ratio K. The triangular
texture shape is a special case with the inner edge length of the
chevron reduced to zero (Fig. Ale, Eq. (A.le)). The circular,
elliptical, spherical and ellipsoidal texture shapes all have a well-
defined center which is positioned at the center of the square unit
cell, which coincides with the midpoint of the altitude line of the
(outer) triangle for the triangular and chevron texture shapes. This
allows achieving a higher texture density for the latter two shapes.
No orientation effect of the anisotropic (elliptical, ellipsoidal,
triangular, chevron) textures is investigated.

1, if X2+Y?>1

HX.Y)= 145 i XP+y?<i

(A.1a)

1 i ax?+2y?>1
. A1b
XV=9,. <2 eyt < o
1, it X*+Y?>1
HX,Y) = 1 1\ 2 ) oo 1/1 . 2 2
1+2—,;\/ (e;) 00 e vg5geme). o Xer s
(A10)

HX,Y)=
if g—;xz +§;—§Y2 >1

1,
1 /e ) 128128221511. i oax2 ey2
1+2—6\/g\/<52+5> —ax —;Y T 5<E_62 o df SXT+2Y" <1

(A1d)
1, if X.Y)¢Q
HXY)=491.2 if xyv)eo
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3 3 1, V3 1 V3
Q.—ZSXSZand——3 _TSYS_3 +T
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