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Abstract: It is well known that groove texture with a careful design can be used to enhance the load-carrying

capacity of oil film under the conditions of hydrodynamic lubrication. In this study, a general parametric model

was developed, and agenetic algorithm-sequential quadratic programming hybrid method was adopted to

obtain the global-optimum profile of the groove texture. The optimized profiles at different rotating speeds are

all chevrons. The numerical analysis results verified the effect of the optimization. In addition to the numerical

optimization, experiments were conducted to validate the superiority of the optimized results.The experimental

results show that the optimized groove texture can efficiently reduce the coefficient of friction (COF) and the

temperature rise of the specimen. In particular, the optimized groove textures can achieve stable ultra-low COF

values (COF < 0.01) under certain conditions.
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1 Introduction

Surface texturing, which generally involves manu-
facturing grooves and dimples at the micrometer
scale, can be applied to improve the hydrodynamic
lubrication performance of mechanical components.
Surface texture with a careful design may offer
significant improvement in load-carrying capacity
(LCC) [1-3], reduction in the coefficient of friction
(COF) [4, 5] and enhanced resistance to wear [6, 7].
For this reason, surface texturing has been attracting
increasing attention from researchers as an efficient
surface modification approach.

The geometry of the surface texture may have a
strong influence on hydrodynamic lubrication per-
formance metrics such as LCC and COF. Thus,
geometry optimization design is critical to guarantee
the performance of the surface texture. The bulk of
experimental and numerical studies have been devoted
to improving the tribological characteristics of textured

surfaces by optimization. Generally, the optimization
design works mainly concentrate on four aspects:
shape, orientation, size, and distribution [8].

The trial-and-error approach is a common method
for the optimization of a surface texture’s shape [9].
Siripuram et al. [10] investigated different shapes of
surface textures for sliding surface lubrication, such as
circle, square, diamond, hexagon, and triangle. They
concluded that the friction coefficient is not obviously
influenced by the shape and orientation, but it is
highly sensitive to the area ratio of the surface texture.
Yu et al. [11] used the successive over relaxation
method to obtain the average hydrodynamic pressure
generated by the dimples in shapes of circles, ellipses,
and triangles. They concluded that the LCC is
obviously influenced by the geometric shape and
the orientation of the surface texture. Ren [12]
developed a numerical model for mixed lubrication,
and five groups of texture shapes, i.e., fishbone with
grooves, fishbone with dimples, sinusoidal waves,
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Nomenclature

AR Area ratio

dg Depth of groove texture

Do Outside diameter of bottom ring
D Inside diameter of bottom ring
do Outside diameter of upper ring
di Inside diameter of upper ring
Fe Friction force

H Oil film thickness

ho Minimum oil film thickness

ng Node number of the grid

1t Number of groove texture

N Local optimum interval

P Pressure

po Ambient pressure

pe Cavitation pressure

r, 0,z Column coordinates

ri Inside radius of the ring
To Outside radius of the ring
T Surface temperature

A Groove depth ratio

H Fluid viscosity

6o Unit cell angle

01 Groove width angle
O1, Oy, ..., Ona Design variables

T Shear stress

Y Film content

Q Rotating speed

triangular grooves, and honeycombs, were investigated
numerically. Their results indicated that short grooves
with a small aspect ratio and sinusoidal waves with a
small wavelength/amplitude ratio obtain the strongest
LCC. Yao et al. [13] investigated the aerostatic and
aerodynamic performance of herringbone groove
textures for gas-lubricated thrust bearings. They found
that the herringbone grooves are preferred over spiral
grooves considering the bearing stiffness, airflow, and
orifice pressure ratio.

In addition to the trial-and-error method, general
parametric models provide a new research path for
the optimization of surface textures. Fesanghary et al.
[14] established the parametric model of the groove
texture and optimized the shape using a mathematical
method. Their work indicated that the optimum
grooves have an elongated “heart-like” shape for small
aspect ratios. The experimental results show good
agreement with theoretical simulations. Shen et al.
[15, 16] obtained the optimum texture shape with
the sequential quadratic programming (SQP) method,
and they observed that the optimum textures have
chevron-type shapes with flat fronts for unidirectional
sliding. Moreover, their experimental study validated
their optimized results. By summarizing these studies,
it can be seen that the parametric optimization method
is no longer based on pre-determined geometric shapes.

The object of this study was to explore the global-
optimum profile of the groove texture using the

parametric optimization method to improve the
hydrodynamic lubrication characteristics of the groove
texture. A GA-SQP hybrid method was used to solve
this multi-parameter nonlinear optimization problem.
Compared with the works of Fesanghary et al. and
Shen et al, the parametric model was simplified
reasonably and efficiently for the optimization. The
optimization results can be widely applied to such
items as thrust bearings, mechanical seals, and port
plate pairs in axial piston pumps.

Section 2 describes how the groove texture was
numerically optimized on the basis a general para-
metric model. Three different profiles were studied
experimentally and numerically in order to validate
the optimized results. The experimental details, results,
and analysis are presented in Sections 3 and 4. Finally,
the conclusions are provided in the last section.

2 Numerical optimization of groove texture
21 Geometric model

Figure 1(a) shows a schematic representation of a
parallel thrust bearing. The untextured upper surface
rotates with a uniform speed. The lower surface with
groove textures remains stationary. The column coor-
dinate system is shown in this figure. 0 is the angular
coordinate in the rotating direction, r is the coordinate
along the radial direction, and z is the coordinate
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Fig.1 Numerical model for groove texture: (a) schematic view
of a thrust bearing; (b) schematic view of the textured surface; (c)
a computing unit cell; and (d) design variables and computational
domain for an arbitrary groove shape.

normal to the parallel bearing. The friction pair is fully
lubricated by a Newtonian, incompressible lubricant
with a constant viscosity. The lubricant fluid is in a
laminar flow because the Reynolds number is quite
small. These assumptions are normal methods similar
to those used in Refs. [11, 17]. The two parallel surfaces
are separated by a gap h. The textured surface is
shown in Fig. 1(b). On the basis of the periodic
boundary condition, a groove is extracted as a com-
puting unit cell for theoretical study, as shown in
Fig. 1(c). The boundary conditions of the inlet and
outlet of this unit cell are periodic, and the boundary
condition of the other sides is the ambient pressure p.
The design variables and the computational domain
for an arbitrary groove shape are shown in Fig. 1(d).
The groove texture is divided into several parts by a
series of horizontal lines evenly distributed in the r
direction. In this general parametric model, the design
variables, ®,, ®,,
the groove texture, which define the flat geometry of

..., ®,,,, are the center locations of

the groove texture. The width angle and depth of the
groove texture stay constant. In this way, the optimiza-
tion of the profile of the groove texture is converted
to a multi-parameter nonlinear optimization problem.
The area ratio AR is defined as the ratio of the groove
width angle (6;) and the unit cell angle (6,), which is

presented in Eq. (1).
AR =0, /6, 1)

The groove depth ratio A is defined as the ratio of
the groove depth (d,) and the minimum lubricant film
thickness (h,), which is presented in Eq. (2).

A=d_/h, @)

2.2 Governing equations and cavitation boundary
conditions

Cavitation was considered in this study. At present,
there are several common cavitation boundary con-
ditions, i.e.,, Sommerfeld, half-Sommerfeld, Reynolds,
and JFO. Zhang et al. [18] observed the cavitation
phenomenon directly, and their experimental results
showed that the observed cavitation morphology in
steady state is similar to the prediction from the JFO
model. In this study, the mass-conserving model
proposed by Elord and Adams [19] was adopted to
simulate this phenomenon. Under the assumption of a
Newtonian and incompressible lubricant, the Reynolds
equation in the column coordinate is employed to
analyze the pressure distribution.
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In Eq. (3), h is the lubricant film thickness, p is the
pressure, 1 is the fluid viscosity, i is the film content,
and w is the rotating speed of the upper surface. The
dimensionless term of Eq. (3) can be expressed as
follows:
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The finite difference method (FDM) was used to dis-
cretize Eq. (4), and then it was solved using successive
over relaxation. For the detailed solution procedure,
refer to the research work by Fesanghary et al. [20].

The uniform basic parameters, such as the side
length of the unit cells and the thickness of the oil
film, were used for the optimizations in this study. It is
noteworthy that this research focused on the influence
of the profile of the groove texture rather than the
area ratio on the lubrication characteristics, so the
optimizations and following experiments in this study
adopted a uniform area ratio of 0.25. These basic
parameters are listed in Table 1.

2.3 Multi-parameter nonlinear optimization algorithm

The SQP method is an effective algorithm for solving
nonlinear optimization problems of small and medium
size, and was derived from Wilson’s Newton-Lagrange
method [21, 22]. However, the optimized results of
SQP are sensitive to the initial values. As a result, it is
a local optimization algorithm. The genetic algorithm
(GA) was first pioneered by John Holland in the 1960s,
and since then it has been widely used in various
fields. It is an adaptive heuristic algorithm introduced
in the evolutionary themes of natural selection and
genetic mechanism. In addition, it is a global optimi-
zation algorithm. However, the local search efficiency
of GA is lower, and the accuracy of the final solution
is poor. According to the conclusion of the previous
research [8], GA and SQP can be combined to overcome
the difficulties that appear when they are used alone.

Table 1 Basic parameters for the optimization.

Parameter Value
Unit cell angle, 6, (°) 11.25
Area ratio, AR 0.25
Groove depth ratio, 4 1.0
Inside radius of the ring, ; (mm) 20.75
Outside radius of the ring, , (mm) 25.25
Node number of the grid, 7, 64*64
Number of optimization variables, n+1 9
Minimum film thickness, 4, (um) 5
Ambient pressure, p, (Pa) 1.0e5
Cavitation pressure, p. (Pa) 0.3e5
Viscosity of the oil, 7 (Pa-s) 0.038

In this study, the optimization target was the
maximization of the LCC of the oil film. The dimen-
sionless form of the LCC is defined as the fitness for
the GA and can be obtained by

. JJoF(p-1)drao

""7d7dd
I,

(6)

9|

The dimensionless variables ®,, ©,

27 .- 0’

m, were combined into a vector v = [@1, Q,,
..®,, ...0, ] The maximum LCC was obtained by
optimizing the vector v. A detailed flow diagram of
the processes for the GA-SQP hybrid method is shown
in Fig. 2.

The details of the GA and GA-SQP hybrid methods
are as follows: the initial population is formulated
randomly. One individual chromosome is one vector
v, which describes the geometry of a single groove
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|
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2 Mesh initialization

3 Initialization of population, Random
Assignment and Bounds
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&
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1 Selection
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< Is the times of generation a multiple No

of N?
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SQP: use GA solutions as SQP
required initial points
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< Termination criterion achieved?

l
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Fig.2 Detailed flow diagram of the processes for the GA-SQP
hybrid method.
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texture. GA optimization results provide initial values
for SQP. Local optimization is committed every N
evolutionary generations. The GA and SQP are shifted
until the calculation convergence occurs. When the
optimal value maintains for a certain number of
generations (e.g., 20 in this study), we define it as
computation convergence. The parameters for the
GA-SQP hybrid method, such as the local optimum
interval N, the population, and the crossover fraction
are listed in Table 2.

2.4 Optimized results

Taking the rotational speed w =400 rpm as an example
for which the geometrical parameters and optimi-
zation parameters are listed in Tables 1 and 2, the
evolutionary curves are presented in Fig. 3. It can
be found that the optimal value of each generation
increases continuously at first and then tends to be
stable with increasing evolutionary generations. The
average value also increases and then gradually
approaches the optimal value.

Table 2 Parameter settings for GA-SQP in the simulations.

Parameters Settings

Individual v

Population 100 individuals

Fitness Dimensionless LCC solved
with Eq. (6)
Crossover fraction 0.60
Migration fraction 0.20
N, Local optimization interval 10
3
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Fig. 3 Evolutionary curves.

The profile of the optimal groove texture changes
with increasing evolutionary generations; its evolution
is shown in Fig. 4. As the evolutionary generations
increase, the profile of the optimal groove texture
gradually approaches the chevron.

According to the Stribeck curve, the sliding speed
is a key factor affecting the lubrication conditions. In
this section, the effects of the rotating speed w on the
optimized groove texture are described. The numerical
optimizations with different rotating speeds of the
upper surface (w =200 rpm, 400 rpm, 800 rpm, 1600 rpm)
were conducted; the results are shown in Fig. 5.

From the optimization results, it can be seen that
the optimized shapes at different rotating speeds are
all chevrons. These chevrons are highly similar, and
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Fig. 4 Optimal shape evolution process.
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Fig.5 Optimized results: (a) @ =200 rpm; (b) o =400 rpm; (c)
o = 800 rpm; (d) w = 1600 rpm.
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all the corners orient to the sliding direction. High
pressure forms at the corners of the chevrons because
of the hydrodynamic effect, and low pressure forms at
both ends of the chevrons. The pressure distribution

enhances the LCC of the oil film greatly. The superio-
rity of this profile was validated by experimentation,
as described in the next section.

3 Experiment

The numerical optimization of surface textures is
normally based on a pre-determined oil film thickness.
In practical applications, i.e., for thrust bearings and
mechanical seals, the oil film thickness is usually
unknown, and the load is given. This section describes
the friction tests conducted on a standard ring-on-ring
friction tester under a pre-set load in order to verify the
superiority of the chevrons obtained by the numerical
optimization discussed in Section 2.

3.1 Testrigand lubricant

In this study, all friction tests were conducted on
a standard ring-on-ring friction tester (Plint TE92,
Phoenix Tribology, UK), as shown in Fig. 6(a). The
material of the rings is SiC, and the surfaces are hard
and tough. The untextured upper ring is driven by a
rotating shaft with a self-alignment joint, and rotated
at a specific speed, w. The groove-textured bottom ring
was fixed and loaded vertically as shown in Fig. 6(b).
The frictional torque was measured by a torque sensor,
and the surface temperature was obtained with a ther-
mocouple sensor. The geometric parameters of the
rings and the testing conditions are listed in Table 3.

During the experiments, both test rings were
submerged in the lubricant. The lubricant was PAO 6,
and an oil film formed at the interfaces of the rings
because of the hydrodynamic effect. The viscosity of
the base oil is significantly affected by the temperature.
The viscosity-temperature curve was measured with
a standard rheometer (Aaton Paar Physica MCR301).
The result is shown in Fig. 7.

3.2 Specimen preparation and texturing

Three textured SiC rings were fabricated and used in
these experiments. Three profiles of groove textures,
i.e., straight grooves (straight-g for short), large-angle
chevrons (large-c for short) and small-angle chevrons
(small-c for short), are presented in Fig. 8. Among the
profiles, the small-angle chevrons are the result of the
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(a)

Rotating shaft with
self-alignment joint

TOl'qllC sensor \ I

w
Untextured PAO 6
specimen /

Oil film

i i

z

Thermocouple
sensor

Textured specimen Groove textures

Load

Fig. 6 Diagrams of the test rig: (a) photograph of the friction tester and (b) schematic of the test rig.

Table 3 Geometric parameters of the rings and testing conditions.

Item Value
Outside diameter of bottom ring, D, (mm) 54
Inside diameter of bottom ring, D; (mm) 38
Outside diameter of upper ring, d, (mm) 50.5
Inside diameter of upper ring, d; (mm) 41.5
Load, Fy(N) 300
Rotation speed, @ (rpm) 200—-1000
Lubricant PAO 6

65
60
554
50
45
40
35 4
30
254
20
15 A
10
5

Viscosity, 1 (mPas)

15 20 25 30 35 40 45 50 55 60 65 70 75
Temperature (°C)
Fig. 7 Viscosity-temperature curve of PAO 6.

optimization described in Section 2. These groove
textures are periodically distributed along the cir-
cumference of the rings. The corners of the chevron
grooves are located on a circle with a radius of r.. The
profiles of the groove textures were simplified on the
basis of optimization results for ease of processing.

On the basis of the periodic boundary conditions, a
single groove was extracted as a unit cell as shown in
Fig. 9. The chevron grooves are defined with several
parameters, which involve the unit cell angle 6, and
the groove texture angles 0, 0,. These geometric
parameters are listed in Table 4. The designed AR of
the bottom rings in this study remained constant at
0.25, although this value may vary slightly for different
specimens after laser surface texturing.

The topographies of the samples were assessed with
a white-light interferometer (Nexview, Zygo, USA).
The surfaces of the rings were finely polished. A
picosecond laser processing system (PX100-2-GH,
Edgewave) was adopted to fabricate the groove textures
of the bottom testing rings. The topographies of the
groove textures are shown in Fig. 10. There was no

Fig. 8 Profiles of groove-textured surfaces: (a) textured surface with straight grooves; (b) textured surface with large-angle chevrons;

and (c) textured surface with small-angle chevrons.
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obvious burr on the edges of the groove textures, so

there was no need for secondary polishing. The rough-
ness of the fine polished surface reached 0.014 um, as

shown in Fig. 11(a). After laser texturing, the roughness

of the groove textures’ bottom increased to 0.488 um,
as shown in Fig. 11(b). The depth of all the groove
textures was approximately 4.5 um.

3.3 Experimental procedure
Fig. 9 Profiles of unit cells: (a) straight groove; (b) large-angle
chevron; and (c¢) small-angle chevron (optimized profile).

Before the experiments, the specimens were ultrasoni-
cally cleaned in an acetone bath, an anhydrous ethanol
bath, and a deionized water bath for 5 min each. Then,
Table 4 Geometric parameters of the groove textures. after the assembly of the specimens was Completed,
Parameter Value the test was run in a sequence at rotating speeds
Number of groove textures, 7, 32 of 200 rpm, 300 rpm, 400 rpm, 600 rpm, 800 rpm, and
Corner radius, . (mm) 23 1000 rpm for 5 min under a constant load of 300 N.
Unit cell angle, 0, (°) 1195 When a test sequence was completed, the lubricant
and the specimens were all replaced with new objects.
Groove texture angle, 6 (°) 2.81 . . .
In addition to the rings with the three types of groove
Groove texture angle, 0, () 503 textures, an untextured ring was also tested.
(a1) (b1)

(c1)
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Fig. 10 Topographies of groove textures: (al) photograph of the ring with straight grooves; (bl) photograph of the ring with
chevron.

large-angle chevrons; and (c1) photograph of the ring with small-angle chevrons; (a2) measured surface topography of a single straight
groove; (b2) measured surface topography of a single large-angle chevron; and (c2) measured surface topography of a single small-angle
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Fig. 11 Measured surface topographies: (a) fine-polished surface and (b) laser-textured surface.

4 Results, analysis, and discussion

The COFs of the different rings are shown in Fig. 12.
The COFs of the different groove textures are obviously
different, as shown in the figure. The COF of the
untextured surface is the highest. As the rotating speed
increases, the COF decreases. It can be inferred that
the lubrication state of this friction pair is boundary
lubrication. Compared with the untextured surface,
the straight groove textures obviously reduce the COF.
As the rotating speed increases, the COF decreases
slightly. The LCC of the lubricant is not great enough
to separate the two surfaces. The full film does not
form and the lubrication state of this friction pair is
mixed lubrication. Both of the two types of chevrons
significantly reduce the COF, and the friction reduc-
tion behavior of the small-angle chevrons is superior
over the large-angle chevrons. As the rotating speed
increases, the COF increases slightly, and then the

(a)

0.25 4

— large-c )
——small-c >
—— smooth

200 rppm
020 |KJ. 300 tpm | straight-g |
\M\ 400 rpm 600 rpm
s fuy 800 rpm | 1000 rpm
.15 A

W‘W'mw AP -

0.054|

COF

p————t
0.00 T T T T 1
0 300 600 900 1200 1500 1800

Time (s)

(b)

lubrication state of these friction pairs is hydrodynamic
lubrication. Moreover, the small-angle chevrons, which
are also the optimized result, achieve a stable ultra-low
COF (COF <0.01) at the rotating speed of 200 rpm.

The temperature rise of the specimen surfaces is
generated by the heat caused by friction. Thus, the
groove textures reduce the energy loss efficiently
while reducing the COF. The temperature profiles of
different rings are presented in Fig. 13. After running
for 30 min, the temperature rise of the untextured
surface was 30 °C, whereas that of the surface with
small-angle chevrons was only 5 °C. These results
indicate that the optimized groove textures can noti-
ceably reduce the temperature increase.

The oil film thickness was investigated numerically.
Considering the fact that the roughness of the untex-
tured surface was 0.014 pm, it was assumed that the
film thickness should be greater than 0.05 um to
achieve full film lubrication. Taking into account the
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Fig. 12 COFs of different test rings: (a) COF-time curves and (b) COF-rotating speed curves.
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Fig. 13 Surface temperature rise of the rings: (a) temperature-time curves and (b) temperature rise of different test rings.

viscosity-temperature characteristics of the lubricant,
the viscosity in Eq. (4) was corrected according to
the viscosity-temperature curve shown in Fig. 7. The
corrected bearing number A can be expressed as

. 677(T)w[n - J

) P @)

For the straight groove textures, the LCC of the oil
film was much less than the load when the thickness h,
was 0.05 um. The pressure distribution (1, =0.05 um
and w =200 rpm) is presented in Fig. 14(a). Significant
cavitation occurred in the straight-groove texture. It
is the main mechanism of the improvement in the
LCC caused by straight groove textures that cavitation
suppresses the generation of negative pressure in the
oil film. Because the LCC of the oil film is not large
enough to support the load, the main mechanism of
the reduction in COF caused by straight groove textures
is that the textures reduce the local contact area, rather
than a result of the hydrodynamic effect.

(@) Dimensionless pressure distribution (b) Dimensionless pressure distribution

|

=3
a
35
3 B
25 =
2 “
15
1
0.5 ©
0

Cavitation €

Cavitation

For the chevron-type groove textures, the LCC of
the oil film is much greater than the load when the
thickness hy is 0.05 pm. As the oil film thickness in-
creases, the LCC decreases. Therefore, the oil film was
solved with dichotomy according to the load. For the
large-angle chevron and the small-angle chevron, the
pressure distributions (load = 300 N and w =200 rpm)
are presented in Figs. 14(b) and 14(c), respectively. The
results show that the cavitation that occurs at the ends
of the small-angle chevrons is suppressed. Comparing
Figs. 14(b) and 14(c), it shows that the angle of the chev-
ron also affects the pressure distribution of the oil film.

In addition to the support of the load, some friction
pairs also act to seal, where the COF is not the only
criterion for evaluating the lubrication characteristics.
When the oil film thickness is small, the shear rate of
the lubricant is large, and sometimes the solid surfaces
even contact directly. However, when the oil film
thickness is large, the leakage may increase. The oil
film thickness for the chevrons was calculated as
shown in Fig. 15(a).

(C) Dimensionless pressure distribution

e} 18
22 e

Cavitation 0

Fig. 14 Dimensionless pressure distribution of computing unit cells: (a) straight-groove texture (4, = 0.05um, w = 200 rpm); (b) large-angle
chevron (load =300 N, @ =200 rpm); and (c) small-angle chevron (load = 300 N, « = 200 rpm).
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Fig. 15 Calculation and experimental results for chevrons: (a) oil film thickness and (b) coefficient of friction.

The oil film thickness of the small-angle chevrons
is larger than that of the large-angle chevrons, which
reveals why the COF can be reduced efficiently by the
optimized groove textures.
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F="
j "7drd @
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COF = —__
LCC

In order to validate the calculated oil film thickness,
the COF can be obtained using Eq. (8). The calculated
COFs agree well with the experimental results, as
shown in Fig. 15(b).

5 Conclusions

On the basis of the calculations and experiments,
conclusions were drawn as follows:

1) The GA-SQP hybrid method can be applied to
optimize the groove texture’s profile to improve the
hydrodynamic lubrication characteristics. Under certain
conditions, the optimized groove textures can achieve
a stable ultra-low COF (COF<0.01).

2) Small-angle chevrons show significant superiority
over other shapes.

3) The main LCC enhancement mechanisms of
straight-groove texture and chevrons are different.

For straight-groove textures, the textures reduce the
local contact area. For the chevrons, the high pressure
generated by the hydrodynamic effect at the corners
rather than cavitation is the main reason for the
improvement in the LCC of the oil film.

This finding can be widely applied to situations
that must consider both friction and leakage, such as
mechanical seals and port plate pairs in axial piston
pumps.
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a link to the Creative Commons license, and indicate
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