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Abstract

An analytical approach is advantageous in providing a more generic
in-depth understanding of the nature of the relationships among
texture parameters. Considering the corresponding variation of film
thickness, the effects of operating parameters on the optimal tex-
ture geometric parameters are clarified analytically, with a trial algo-
rithm adopted to overcome the difficulty of direct analysis. The
interaction and cooperation between the parameters are highlighted.
The relationship between film thickness (or load support) and fric-
tion resistance is also analyzed, and series of pin-on-disk tests are
performed to assess the results from the analytical approach. Three
laser-etched rectangular textures with different sizes are tested for fric-
tion coefficients, under a range of applied loads and speeds. Both
analytical and experimental results show that the optimal dimple
breadth and depth decrease with the increase of load, and the
optimal dimple depth increases with the increase of sliding speed.
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1 Introduction

Since the 1990s, many researches have been devoted to finding the optimal
texture for better tribological properties under different working conditions
[1–5].

It has been proved that many parameters have significant effects on the
texture performance within hydrodynamic/mixed lubrication regime. It mainly
includes[6–20]: (1) operating parameters, such as sliding speed, inlet and outlet
pressure, and environmental temperature; (2) lubricant parameters, such as
viscosity, density, and cavitation pressure; and (3) texture design parameters,
such as texture shape, dimple size, dimple density, depth over diameter ratio,
dimple orientation, dimple arrangement, and texture location.

Currently, the optimization of surface texture is usually done by time con-
suming trial and error process, with experimental or numerical approaches[2,
5]. Recently, the optimization approaches [21–24] based on the sequential
quadratic programming (SQP) algorithm have been used to determine the opti-
mum texture shape, which is shown that the computer may help to complete
the trial and error process.

However, there are still some difficulties in obtaining the optimal texture.
Firstly, so many parameters effect the performance and the interrelationship
among parameters are significant and complicated[25]. Even if only one of the
many parameters changes, the optimal values of other parameters may be sig-
nificantly changed. For example, the optimal dimple size or density may be very
different for different dimple shapes, pointed out by Etsion [26]. Secondly, the
optimal texture design seems to highly depend on the type of contact[27, 28].
In different lubrication regimes, the effects of textures are different and thus
the optimal parameters are different. For example, the oil storage by textures
may be more important in boundary lubrication regime but the hydrodynamic
load support from textures is surely the first to be considered within hydrody-
namic lubrication regime. Thirdly, cavitation makes the underlying phenomena
more complex and makes it more difficult to explore the relationships among
parameters.

The optimization process by trial and error approach seems to be endless
due to these difficulties. The underlying phenomena have still not been entirely
understood and even contrary conclusions are obtained[2, 5]. The optimization
design of surface texturing still lacks guidance.

Analytical approaches have to be based on simplified models, because the
fluid equations are very difficult to solve and even not solvable analytically.
However, when the flow in the sliding direction is the main factor in causing
hydrodynamic pressure effect, the analytical solutions for the optimal param-
eters of one-dimensional model are valuable in the following areas: (1) the
interrelationships among parameters can be clearly expressed by analytical
equations, which can help to understand the underlying phenomena[29] and
find the essential reasons why these parameters effect the performance; (2) for
the existing optimization results, if one of the operating parameters changes,
the corresponding variations in the optimal parameters can be predicted by
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analytical solutions efficiently, and for a new application, the analysis results
can also help narrow the scope of optimization trial and error; (3) the opti-
mal texture geometric parameters are proved to be different under different
operating conditions [6–9, 30], and the typical mechanical components such as
piston rings are usually work in variable operating conditions, and the analyt-
ical solutions may help to design some textures with non-uniform distribution
or irregular shape, suiting variable operating conditions.

At present, almost all analytical approaches in the field of surface tex-
turing are based on one-dimensional theoretical model. Without considering
cavitation, Rahmani and co-workers [31] proposed an analytical approach
for slider bearings with infinite width parallel textures based on the first
order Reynolds equation. Because the analytical results were non-linearity,
an optimization procedure was employed to achieve the optimum texturing
parameters. Recently, they used a numerical approach with the Swift–Stieber
boundary conditions to consider the cavitation and carried out a further ana-
lytical research in optimal positioning of surface textures [32] and optimized
partially textured load bearing surfaces [29]. In fact, there are already two
analytical models to deal with cavitation. One was proposed by Wang et al.
[33], where the pressure of the negative side was simply replaced by the cavi-
tation pressure. This analytical model overestimates the load support because
the effect of the cavitation on the pressure distribution in the noncavitated
regions is not considered. The other one was used by Fowell et al. [15] when the
concept of “inlet suction” mechanism was proposed. In this model, cavitation
occurs at the pocket inlet and the highest pressure occurs at the pocket outlet.
Considering Reynolds equation, flow continuity condition and texture geom-
etry, the effect of cavitation on the global pressure distribution is reflected.
Based on the Fowell’s analytical model, an analytical work is done by Jiang
and co-workers [34], where the pressure distributions of the bearing in the three
possible cases determined by whether cavitation occurs are analyzed and com-
pared to clarify the effect of cavitation. The analytical solutions of the optimal
geometric parameters in the bearing with single groove are also given. These
analytical solutions express the nature of mathematical dependence between
the optimal geometric parameters and operational parameters.

In the previous analytical researches [15, 29, 31, 34, 35], the film thickness
is considered as a given value to simplify the analysis, but the load is often
given rather than film thickness in practice. When the operating parameters
change, the hydrodynamic load support and the film thickness will be changed
in real application. The film thickness determines the depth ratio, which plays
a crucial role in producing wedge effect. This corresponding change in film
thickness should be considered. In addition, few analytical results have been
verified in the experiment.

In this study, the previous analytical model to study the textured surfaces
with cavitation [34] is generalized and further developed to consider the vari-
ation of film thickness. Adopting a trial algorithm to overcome the difficulty
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of direct analysis, the time-efficient predictions of optimal geometric param-
eters for largest film thickness are obtained. The interrelationships among
parameters and the effects of operating parameters on the optimal geometric
parameters are discussed analytically. In addition, the relationship between
film thickness (or load support) and friction resistance in the textured bearing
with cavitation is also analyzed, and an experiment is designed to assess the
results from analytical approach.

2 Analytical model

xin xout

pin pout

hg h0

x

z

Xb

u

Cavitated Zone

xs xc xe

L

ba c

Fig. 1 Schematic diagram of parallel bearing with a single groove.

In a given working condition, there are three possible cases when the groove
geometric parameters change. In Case 1, there is no cavitation in the groove;
in Case 2, cavitation is in a critical state, i.e., the pressure of groove entrance,
p(xs), just falls to the cavitation pressure, pcav; and in Case 3, cavitation occurs
at the entrance and forms cavitation zone.

Based on the analytical model from “inlet suction” mechanism, Jiang and
his co-workers [34] analyzed and compared the pressure distributions of the
bearing in all possible cases. It was found that cavitation limits the increase of
sucked lubricant flow and cavitation zone seems to occupy the space of high
pressure zone. Thus the bearing load support in Case 3 is lower than that in
Case 2. The optimal geometric parameters for highest load support should be
obtained when the bearing is in Case1 or Case 2.

In Case 1 and 2, the expressions of load support in term of operating
parameters and geometric parameters can be given respectively. Then, through
mathematical operations such as algebra, integration and derivation, the
expressions for the geometric parameters corresponding to the local maximum
load support in the two cases can be obtained. Finally, given the operating
parameters, the two maximum load support can be compared and the opti-
mal geometric parameters can be determined.This analytical methodology are
specified in Jiang et al.[34] in some detail.

The groove is actually a one-dimensional model of textures. As for the
grooved bearing shown in Figure 1, when ambient pressures (inner pressure
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pin, outer pressure pout), lubricant properties (dynamic viscosity η, cavitation
pressure pcav), sliding speed u, film thickness h0, location of textures (inlet land
breadth a) and slider length L are given, the optimal geometric parameters of
grooves (groove breadth b, Groove depth hg) for largest bearing load support
can be obtained analytically.

If the highest load support of the bearing with a single groove is in Case
2, the optimal parameters for the groove are given by

hg =
h3
0 (pin − pcav)

4aηu
+

h0

2
(1)

b = bc

=

[(L−a)(pin−pcav)+a(pout−pcav)]

[
h30(pin−pcav)

4ηua
+
3h0
2

]2

(pin − pcav)

[
h30 (pin − pcav)

4ηua
+

3h0
2

]2

+ 2ηua

(2)

The load support of the bearing with a single groove is given by

W =
(pin + pcav) a

2
+

[r (pin − pcav) + 2pout]ra

2

+
[r (pin − pcav) + pout + pcav]b

2

(3)

where r is the ratio of outlet land breadth to inlet land breadth. The optimal
r is given by

r =

2ηu(L− a)−(pout − pcav)

[

h3
0 (pin − pcav)

4ηua
+
3h0

2

]2

(pin − pcav)

[

h3
0 (pin − pcav)

4ηua
+

3h0

2

]2

+ 2ηua

If the highest load support of the bearing with a single groove is in Case
1, the optimal parameters for the groove are given by

hg =
h3
0 [pin − p(xs)]

4aηu
+

h0

2
(4)

b = be

=
L(hg+h0)

3
−

√

L(hg+h0)3(Lh
3
0+6ah20hg+6ah2gh0+3ah3g)

hg(3h20 + 3hgh0 + h2g)

(5)

When the order of magnitude of h0 is micron, the effect of p(xs) on the
optimal hg is small in a wide working condition. Thus Eq. (4) is assumed equal
to Eq. (1) for simplification.
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The load support of the bearing is given by

W =
6aηuhgb+a (hg+h0)

3 (pin−pout)

2(L− b) (hg + h0)
3 + 2h30b

(
L2

a
−2L−

bL

a

)

+
(pin − pout) b

2
+ apin + (L− a)pout

(6)

When the bc from Eq. (2) is smaller than the be from Eq. (5), the highest
load support of the bearing is in Case 2. And when the bc is larger than the
be, the highest load support of the bearing is in Case 1.

Generally, the surface texture enhances the bearing load support signif-
icantly when bc < be. Thus this study mainly focuses on the relationships
among parameters when the optimal load support is in Case 2.

From Eq. (1) and (2), the effects of each parameter on optimal groove
size can be obtained by investigating the changes of b and hg when a single
parameter increases, as shown in Table 1. Because η and u always appear in
the form η × u , they are combined and considered as one parameter.

Table 1 Effects of single parameter on optimal groove size.

Value
Parameters

h0 η × u pin pout pcav a L

opt. b + − + + − − +
opt. hg + − + ◦ − − ◦

The symbol ”+” means the value is positively correlated with the parameter; ”−”
means the value is negatively correlated with the parameter; and ”◦” means the

parameter has little effect on the value.

In practice, it is uncommon to change only one parameter because of the
interrelationship among parameters. For example, if u increases and the load
is constant, the hydrodynamic load support will be enhanced and h0 will be
increased. In order to explore the optimal parameters for real situations, the
load Fload is given instead of h0 in the following sections.

Because the load support of bearings in different Cases can be same, it is
difficult to obtain the analytical expressions of optimal geometric parameters
without a given h0. A simple algorithm is proposed to overcome this problem,
and the flow diagram of the trial process is shown in Figure 2. In this algorithm,
∆h is 0.001 µm and the one-dimensional optimal load support W is obtained
from Eq. (1)–(6) when the original film thickness h0 = ∆h. The film thickness
h0 increases by ∆h if |W ×B − Fload| > ε, where B is the bearing width and
ε is the tolerance value. Then a new W can be obtained after h0 increased.
The process is repeated until the load support and the load balance. Finally,
the optimal geometric parameters, b and hg are obtained, which are for the
maximum film thickness under load Fload.
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start

Setting condition 

parameters

hg    Eq.(1)

b     Eq.(2)

be    Eq.(5)

b<be

W     Eq.(3)

b=be

W     Eq.(6)

|W×B-Fload |<ɛ 

Final solution

h0=h0+∆h

Yes

No

h0=∆h

Yes

No

Fig. 2 Flow diagram of the trial process when the dimple depth and breadth are both
optimized.

The measurement of friction force is easier than that of film thickness in
the experiment. Applying Newton’s viscosity law, the shear stress is given by

τ = η
∂v

∂z
(7)

The flow velocity, v, is determined by shear flow velocity and differential
pressure flow velocity, which is given by

v =
z[z − h(x)]

2η

dp

dx
+

[h(x)− z]u

h(x)
(8)

Substituting v from Eq. (8) in Eq. (7), the shear stress at the lower surface
(z = 0) is found and the friction force can be determined. Thus the coefficient
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of friction (COF ) is given by

COF =







ηu

h0
Shear flow

−

h0 [pin − p(xs)]

2a
Differential pressure flow







(L− b)B

Fload

︸ ︷︷ ︸

Inlet and outlet land

+







ηu

h0 + hg
Shear flow

+
(h0 + hg) [p(xe)− p(xs)]

2Xb
Differential pressure flow







XbB

Fload

︸ ︷︷ ︸

Noncavitated zone

+
φηu

h0 + hg
Shear flow

(b−Xb)B

Fload

︸ ︷︷ ︸

Cavitated zone
︸ ︷︷ ︸

Groove

(9)

where φ is the liquid volume fraction in cavitated zone, as shown in Figure
3.

xin xoutxs xc xex

y

B

Liquid Gas

Xb

Cavitated 

Zone

Fig. 3 Schematic diagram of the cavitated zone.

In fluid film lubrication, two types of cavitation are recognized: gaseous
cavitation and vapor cavitation. Although the cavitation pressure may different
under different operating conditions in the experimental measurements, it is
often assumed to be constant in theoretical studies and indicated to be around
-72.1 kPa (gage) [36, 37]. By continuity of flow, the flow in the cavitation zone
is equal to the flow in the inlet and outlet land.

u (h0 + hg)

2
φB =

(

h3
0

12η

pin − pcav

a
+

uh0

2

)

B (10)

The liquid volume fraction is thus given by

φ =
(pin − pcav)h

3
0

6ηau (h0 + hg)
+

h0

h0 + hg

(11)

In the cavitated zone, the liquid volume fraction is constant if the cavitation
pressure is constant from Eq. (11). This may be one reason why bubbles are
observed to be uniformly distributed in strips [37].

The sources of friction resistance are illustrated in Eq. (9). From the
equation, it can be seen that COF is positively correlated the noncavitated
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groove breadth Xb and negatively correlated with h0 and hg. The effects of
surface textures on friction resistance within hydrodynamic lubrication regime
are indicated: (1) textures provide the hydrodynamic load support to increases
the h0, which decreases the shear stress; (2) hg enhances the local film thick-
ness in textures and decreases the local shear stress; (3) cavitation decreases
Xb and the shear stress of cavitated zone, because the mixture of liquid and
gas has a smaller equivalent viscosity compared with the liquid in noncavitated
zone, which is reflected by a coefficient, φ (0 < φ < 1).

In practice, the textures are often in the mixed lubrication regime and
there are additional effects for textures to reduce friction: (4) textures provide
the hydrodynamic load support to avoid or reduce the surface contact; (5)
the pocket structure of textures can store the lubricant and reduce contact
area. Under light load and high speed operating conditions, the film thickness
between the surfaces is relatively large and the surfaces are generally well
lubricated. The first effect and the fourth effect seem to be more important.
Therefore, the surface textures with better load support or film thickness tend
to obtain better tribological properties in experiments.

3 Experiment preparation

u

Textured Disk

Pin
Oil

bL

B

B' 
Position 1

Position 2

b=0.8mm hg=5mm

(a)

(b)

Texture 1

Texture 2

Fig. 4 Textured disks with rectangular dimples.

The frictional tests were conducted with a UMT-2 tribometer (CETR Cor-
poration, USA). As shown in Figure 4(a), a 3 mm × 4 mm (L×B) SUS440C
stainless steel pin having hardness HV 350 was mounted as the upper speci-
men in the clamp of the tribometer. And the textured high carbon chromium
bearing steel GCr15 disk, having hardness HV 220 and roughness Ra = 0.03
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µm, was fixed as the rotary lower specimen during the test. A LSF20II laser
marking machine (HGLASER Corporation, China) was used to fabricate the
textures. In order to reduce the side leakage flow, the rectangular dimples with
a width B′ = 3 mm were laser ablated on the disk surface, instead of the
grooves. R is the distance from dimple center to rotation axis and R = 35 mm.
A total of 72 dimples are arranged equidistant on each disk to ensure that there
is one dimple in the gap between the pin surface and the disk surface at any
time. The disks were carefully polished to remove the burred edge around the
laser-ablated dimples. The longitudinal cross profiles of the polished rectangu-
lar textures with the depths of 5 µm and 10 µm are demonstrated in Figure
4(b), as scanned by a TR200 surface profiler. Three kinds of texture with dif-
ferent widths and depths were applied, from here on referred to as Texture 1,
Texture 2 and Texture 3.

Prior to the tests, the disks were cleaned with ethanol for 10 min in an
ultrasonic cleaner and then dried with a blower. After the specimens were
mounted, the disk was covered with the abrasive papers having grit sizes in
the range of 400–4000 and the pin was lapped with these abrasive papers to
obtain a plain surface parallel to the disk surface.

In the tests, the rotational speed (sliding speed) was no higher than 160
rpm (0.586 m/s) to prevent the oil from being throw off by the inertia force.
From the analysis, η and u are combined and considered as one parameter
η× u, which is the main factor in causing the hydrodynamic effect. Castor oil
was used because its high viscosity can make sure the η × u large enough to
obtain significant hydrodynamic load support. The testing temperature was
at about 24 oC and the viscosity of castor oil was 0.7 Pa · s. The applied loads
were selected as 2 N, 4 N and 6 N.

4 Result and discussion

4.1 Analytical solutions for optimal geometric parameters

Because R is much larger than L and B, as shown in Figure 4(a), the movement
of dimples from position 1 to position 2 is regarded as a linear motion at the
speed, u. According to the previous works [15, 34, 38] and the Eq. (1)–(9),
the dimple produces significant load support only when it is close to the inlet
(a is small), during sliding through the gap between the surfaces. Although
the value of location parameter, a, varies in the tests, the relationships among
the parameters will not change because the equations remain unchanged. This
study mainly focuses on the parameter relationships and the trends of the
parameters are obvious when a is small. Therefore, a is simplified to be a small
constant and assumed to be 0.15 mm in the analysis. The parameter values
adopted by the analysis are summarized in Table 2.

The analytical solutions of optimal geometric parameters under the exper-
imental conditions can been obtained by the approach shown in Figure 2. And
Figure 5(a) shows the optimal dimple breadth and depth for obtaining the
largest film thickness under the sliding speed of 0.036–0.586 m/s (rotational
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Table 2 Effects of single parameter on optimal groove size.

Parameter Value

Bearing length, L (mm) 3
Bearing width, B (mm) 4

Inlet land breadth, a (mm) 0.15
Fluid viscosity, η (Pa · s) 0.7

Inner pressure, pin (Pa, gage) 0
Outer pressure, pout (Pa, gage) 0

Cavitation pressure, pcav (kPa, gage) -72.1

speed of 10–160 rpm) and the load of 2, 4 and 6 N, respectively. Note that the
dimple depth and breadth are both optimized, considering the interaction and
cooperation between the two geometric parameters.

From the Figure 5(a), it can be seen that the optimal hg increases and
the optimal b is almost unchanged, with the increase of u. This may explain
the conclusion drawn by Gropper[2] that the effect of speed and viscosity on
the optimal texture is not significant in a large number of literature. Consid-
ering the single parameter effects shown in Table 1, it can be known that the
effect of the increased film thickness on the optimal dimple depth is dominant,
compared with the direct effect of the increased sliding speed. Meanwhile, the
effect of the increased film thickness and the direct effect of the increased slid-
ing speed on the optimal dimple breadth are almost offset by each other. With
the increase of load, the optimal dimple breadth and depth both decrease due
to the decrease of film thickness.

When one of the two geometric parameters is fixed and only the other
is optimized, the derivation and calculation process are in Appendix A and
B. The optimal dimple depth under different speeds and loads is shown in
Figure 5(b), when the dimple breadth is fixed at 0.6 mm. Figure 5(c) shows
the optimal dimple breadth under different speeds and loads, when the dimple
depth is fixed at 5 µm. From Figure 5(b) and Figure 5(c), it is still seen
that the optimal hg increases and the optimal b is almost unchanged with the
increase of u, and the two optimal geometric parameters both decrease with
the increase of load. However, for a given operating condition, the values of
the two optimal parameters change, especially the dimple depth, compared
with Figure 5(a). It shows that the two geometric parameters effect each other.
When the dimple breadth changes, the optimal value of the optimal dimple
depth will also change.

Figure 5(d) shows the film thicknesses obtained by simultaneously opti-
mizing two geometric parameters and optimizing only one of them. It can be
seen that a larger film thickness is obtained when the two parameters are both
optimized, which shows that the cooperation between the optimized parame-
ters has an important impact on the final performance. This cooperation not
only means that both parameters should be optimized for better performance,
but also means that parameters may affect the optimal values of each other.
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It can be seen from Figure 5(a), a large optimal b often corresponds to a large
optimal hg. The cooperation between the dimple breadth and depth may be
the reason why the depth over diameter ratio can be used as an important
parameter for the bearing load capacity in previous works[6, 8, 33].

Fig. 5 Analytical solutions for (a) optimal b and hg when they are both optimized, (b)
optimal hg when b is fixed at 0.6 mm, (c) optimal b when hg is fixed at 5 µm and (d) film
thickness.

4.2 Experimental results

Figure 6 shows the coefficient of friction variation with speed and load for the
three textured specimens, plotted in classic Stribeck form. It can be seen from
the Stribeck curves that the tests are mainly in the hydrodynamic and mixed
lubrication regimes.

Figure 7(a) illustrates a Texture 1 (b = 0.8 mm, hg = 5 µm) vs. Texture 2
(b = 0.6 mm, hg = 5 µm) matrix of tests run at different speeds, while keep-
ing the applied load constant at 2 N, 4 N and 6 N. It is easy to understand
that the parameters closer to the optimal parameters can obtain better perfor-
mance. When the load is 2 N, the texture with breadth of 0.8 mm (Texture 1)
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 b=0.8mm, hg=5mm, 6N
 b=0.6mm, hg=10mm, 6N

Speed [m/s] Viscosity [cp]lg
Load [N]

Fig. 6 Stable friction resistance obtained by the tests, plotted as Stribeck curve.

obtains better friction coefficients, indicating that the optimal dimple breadth
is closer to 0.8 mm. With the increase of load, the COF obtained by the
rectangular texture with breadth of 0.6 mm (Texture 2) becomes lower than
Texture 1, indicating that the optimal texture breadth becomes closer to 0.6
mm. Therefore, it can been known that the optimal texture breadth decreases
with the increase of load. This conclusion is also pointed out in Figure 5 with
the analytical approach.

When the load is 6 N, Texture 1 obtains its lowest COF at a higher speed,
compared with Texture 2. It indicates that the film thickness obtained by
Texture 1 is smaller and the surfaces are more prone to contact.

Figure 7(b) illustrates a Texture 2 (b = 0.6 mm, hg = 5 µm) vs. Texture 3
(b = 0.6 mm, hg = 10 µm) matrix of tests run at different speeds, while keeping
the applied load constant at 2 N, 4 N and 6 N. When the load is 4 N and 6 N,
the shallower texture (Texture 2) obtains a smaller friction coefficient. When
the load is 2 N and the speed is higher than 0.38 m/s, the deeper texture
(Texture 3) obtains better performance. It indicates that the optimal dimple
depth increases with the decrease of load and the increase of speed, which is
also shown in Figure 5.

It seems that these frictional behaviors observed in the tests can be well
understood based on the analytical discussion. The following discussion takes
the friction coefficient under load of 6 N in Figure 7(b) as an example. When
the speed is very low, surface contact occurs because the lubricant film is very
thin. With the increase of sliding speed, the hydrodynamic effect improves the
bearing load support and film thickness, which reduces the surface contact
and the friction coefficient. In this stage, the shallower texture (Texture 2)
can obtain better load support and film thickness, because the optimal depth
should be small under high load and low speed as the analytical solutions
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Fig. 7 Coefficient of friction comparisons: (a) Texture 1 vs. Texture 2 and (b) Texture 2
vs. Texture 3.

show. Therefore, Texture 2 has a better friction coefficient and enters the
hydrodynamic lubrication regime at a lower speed.

When the speed is higher and less surface contact occurs, the viscous shear
stress becomes the main factor of friction resistance and the friction coefficient
begins to increase with the speed. When the speed is not high, the load support
and film thickness of deeper texture (Texture 3) are still not as good as those of
the shallower one (Texture 2). However, a deeper texture obtains a larger local
film thickness by its pocket structure, which reduces the local shear stress. This
reduction in friction resistance is also indicated by Eq. (9). The hydrodynamic
effect is not strong enough at a low speed and this reduction of local shear stress
is significant. Therefore, Textures 2 and 3 obtain similar friction coefficient in
this stage.

When the speed continues to increase, textures provide a high hydrody-
namic load support to obtain a thick lubricant film. From Eq. (9), it can be
known the shear stress will be reduced when the film thickness increases. This
reduction in friction resistance is dominant when the speed is high. Due to the
high load, the depth of Texture 2 is closer to the optimal value and Textures
2 obtain a better friction coefficient when the speed is higher than 0.18 m/s.

The tests are not performed at the sliding speeds higher than 0.586 m/s
to prevent the oil from being throw off by the inertia force. According to the
analytical solutions, Texture 3 may obtain a better friction coefficient when
the speed is high enough, because the optimal depth increases with the speed.
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5 Conclusion

The interrelationship and interaction among parameters in the textured bear-
ing are complicated. The analytical expressions of the relationships among
parameters may help to understand the underlying phenomena. The effects of
operational parameters on the optimal geometric parameters for largest film
thickness are discussed in this study, considering the variation of film thick-
ness under a given load. Based on the analytical and experimental study in
this paper, the following conclusions can be drawn.

Both analytical solutions and experimental results show that the optimal
dimple breadth and depth decrease with the increase of load. With the increase
of sliding speed, the optimal dimple depth increases, while the optimal dim-
ple breadth does not change significantly. The experimental results can be
explained by the analytical solutions.

The interaction between parameters has an important impact on the final
performance. The coordination among parameters should be considered in the
optimization, and the optimal performance can not be obtained by the opti-
mization of a single parameter. Because the optimal value of a parameter may
be affected by other parameters, it is difficult to find the optimal performance
in the trial and error process of changing only one parameter at a time.

Acknowledgments. This work was partially supported by a Grant from
the National Natural Science Foundation of China (No. 51975454).

Nomenclature

η lubricant dynamic viscosity
τ sheer stress
a inlet land breadth
B pin width
b groove/dimple breadth
bc the critical groove/dimple breadth
c outlet land breadth
h0 film thickness
hg groove/dimple depth
L bearing length (dimension in sliding direction)/pin length
p(x) pressure distribution in x direction
pcav cavitation pressure
pin inner pressure
pout outer pressure
r ratio of c to a

u sliding speed
W one dimensional load support
x coordinate in sliding direction
xc x coordinate at end of cavitation zone (if cavitation is incepted)
xe x coordinate at groove/dimple exit
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xin x coordinate at the bearing inlet
xout x coordinate at the bearing outlet
xs x coordinate at groove/dimple entrance
z coordinate through film thickness
COF coefficient of friction
Xbc the critical noncavitated groove/dimple breadth
Xb noncavitated groove/dimple breadth

Appendix A

start

Setting condition 

parameters

b<be

W     Eq.(3)

b=be

W     Eq.(6)

|W×B-Fload |<ɛ 

Final solution

h0=h0+∆h

Yes

No

h0=∆h

Yes

No

r      Eq.(A5)

b      Eq.(A6)

hg given

be Eq.(5)

Fig. 1 Flow diagram of the trial process to obtain optimal dimple breadth when the dimple
depth is fixed.

When the dimple depth is fixed, the critical dimple breadth for cavitation
generation can be given by [34]

Xbc =
(hg + h0)

3
[p(xe)− pcav]

6ηuhg −
h3
0 (pin − pcav)

a

(1)
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where
p(xe) = r [pin − p(xs)] + pout (2)

If the highest load support of the bearing with a single groove is in Case
2, p(xs) = pcav and the dimple breadth should be the critical value given by

b = Xbc (3)

The geometric relationship gives

L = b+ (r + 1)a (4)

Equations (A1), (A2), (A3) and (A4) can be combined to obtain the
expressions for r and b.

r=
(L−a)

[

6ηuahg−h30(pin−pcav)
]

−a (pout−pcav)(hg + h0)
3

a (pin − pcav) (hg + h0)
3 + 6ηua2hg − ah30 (pin − pcav)

(5)

and
b = L− (r + 1)a (6)

This b should not be larger than be from Eq. (5). Otherwise, the highest
load support of the bearing with a single groove is in Case 1 and the equations
(5) and (6) remain valid.

The process to obtain the optimal geometric parameters under a given load
is shown in Figure A1.

Appendix B

When the dimple breadth is fixed, the ratio of outlet land breadth to inlet
land breadth is known by

r =
L− a− b

a
(B1)

bc is the critical dimple breadth to judge whether cavitation can occur in
the bearing when changing the depth and is given by

bc=

[(pin−pcav)+pout−pcav]

[

h3
0(pin−pcav)

2a
+3ηuh0

]2

8η3u3
(B2)

When b ≥ bc, there is a positive value of the dimple depth for any h0 and u, so
that the bearing is in Case 2 and the highest load support is obtained. When
this highest load support is higher than the given load, the film thickness will
increase. From Eq. (B2), it can be known that bc increases with the increases
of film thickness. When bc ≥ b, the bearing is in Case 1 no matter what the
value of dimple depth is. The optimal load support can only be obtained in
Case 1 when the hg is obtained by Eq. (4) and begins to decrease with the
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start

Setting condition 

parameters

h0=∆h

r      Eq.(B1)

bc     Eq.(B2)

b<bc

hg     Eq.(1)

p(xs)    Eq.(B3)  

p(xe)    Eq.(B4)

Yes

No

h0=h0+∆h

|W×B-Fload |<ɛ 

Yes

No

Final solution

h0=h0+∆h

b         given

W Eq.(B5)

Fig. B1 Flow diagram of the trial process to obtain optimal dimple depth when the dimple
breadth is fixed.

increase of film thickness. The largest film thickness is obtained when the load
support and the given load balance.

In Case 1, the pressure at the dimple entrance is given by

p(xs)=
a (hg + h0)

3
(rpin + pout) + h3

0pinb− 6aηuhgb

a(r + 1) (hg + h0)
3
+ h3

0b
(B3)

And the pressure at the dimple outlet is given by

p(xe) = r [pin − p(xs)] + pout (B4)
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The one-dimensional load support is thus given by

W =
pin + p(xs)

2
a+

r [pin − p(xs)] + 2pout
2

ra

+
r [pin − p(xs)] + pout + p(xs)

2
b

(B5)

The process to obtain the optimal geometric parameters under a given
load is illustrated in Figure B1, where Eq. (4) is assumed equal to Eq. (1) for
simplification.
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