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Abstract: The reasonable design of biomimetic non-smooth surfaces is a novel and effective way to
solve problems such as the poor lubricity and serious friction and wear of friction pairs of seawater
axial piston pumps. Inspired by cross-scale, second-order compound microstructures on the surfaces
of some living organisms, a hydrodynamic lubrication model of a slipper pair with a surface featuring
spherical pits containing spherical convex hulls was built. This study analyzed the bearing lubrication
mechanism and friction characteristics of cross-scale, second-order compound microstructure from
the microflow perspective via the CFD method and optimized the working and geometric parameters
using a hybrid orthogonal test scheme. The study’s results show that the cross-scale, second-order
compound microstructure can produce a superimposed hydrodynamic pressure effect to improve
the bearing capacity of the lubrication film of a slipper pair, reducing the friction coefficient. The
orders of factors (the working parameter and geometric parameters) under multiple indices (the
total pressure-bearing capacity and the friction coefficient) were found. The optimal combination is a
spherical pit with a first order diameter of 0.7 mm, a first order depth-to-diameter ratio of 0.1, an area
rate of 20%, an arrangement angle of α/3 and a spherical convex hull with a second order diameter
of 0.13 mm, and a second order depth-to-diameter ratio of 0.3. Compared to a smooth surface and a
first-order, non-smooth microstructure, the cross-scale, second-order compound microstructure has
an 11.0% and 8.9% higher total pressure-bearing capacity, respectively, and the friction coefficient
decreased by 9.5% and 5.4%, respectively.

Keywords: slipper pair; biomimetic non-smooth surface; cross-scale, second-order compound mi-
crostructure; bearing lubrication mechanism; friction characteristics

1. Introduction

The surfaces of many organisms’ bodies have evolved into microscopic non-smooth
morphologies such as pits, bumps, scales, bristles, grooves, or ripples under the long-
term repeated stimulation and action of the outside world; such morphologies provide
excellent desorption, drag reduction, and wear resistance [1–3]. Based on this rationale,
research has been carried out to construct a single regular microstructure arrangement
on the surfaces of different friction pairs to improve their tribological properties [4–10].
The drag reduction and wear resistance mechanisms of microscopic non-smooth surfaces
are attributed to (a) the hydrodynamic effect generated by the convergent gap between
the non-smooth structure and the relative motion between friction surfaces potentially
producing the bearing capacity; (b) the lubricant entering the friction surfaces to avoid
the direct contact of the two surfaces; and (c) the non-smooth structure diminishing wear
during the friction process by storing the wear debris [11–13].
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Uddin et al. [14] numerically simulated the lubrication-bearing characteristics of
circular, elliptical, V-shaped, and triangular pits via the Reynolds equation and finite
difference method. It was found that the triangular effect enhances the convergence
effect of the micro-wedge and thus increases the bearing capacity of the lubrication film.
On this basis, the design and optimization of a “star” composed of a series of triangles
around the center point were proposed. The simulation results showed that six-point star
pits at a texture density of 40% can reduce the friction coefficient to the greatest extent.
Ni et al. [15,16] placed three kinds of micro-pits (conical, cylindrical, and square) on the
bottom of a slipper to study the influence of the change in the micro-pits’ morphology
parameters on the bearing capacity and temperature increase of an oil film under high-
speed and high-pressure conditions. The results showed that the oil film in a conical pit
has the best bearing capacity, and the average pressure of the contact surface increases
obviously with the increase in the depth-to-diameter ratio. A square pit shows the lowest
temperature increase when the area ratio is small and the depth-to-diameter ratio is large.
Sugihara et al. [17,18] studied the influence of micro-pits and micro-grooves of different
sizes and arrangements on the surface abrasion resistance and cutting force of steel cutting
tools. The micro-pits show greater improvement in the surface resistance and friction
properties of cutting tools than micro-grooves, especially under bad lubrication conditions.
Liu et al. [19] studied the vibrational and tribological effects of laser surface textures of
stainless steel via a tribometer and a data acquisition and signal processing (DASP) system.
Surface textures can reduce friction coefficients, enhance wear resistance, and improve the
dynamical performance of frictional surfaces. Naduvinamani et al. [20] investigated the
impact of surface roughness and a porous medium on the dynamic characteristics of the
Rayleigh step bearing by considering a squeezing action.

Further studies found that the microscopic non-smooth body surface of most organ-
isms actually has a cross-scale, second-order compound structure. At the millimeter scale,
shark shield scales have a micron-scale distribution of grooves, and these small grooves
along the flow direction can effectively reduce the friction resistance of the scale wall [21,22].
The micron-scale mastoids on lotus leaves are composed of nano-scale hairdrites, which
makes the surfaces of lotus leaves have a large water contact angle and high hydrophobic-
ity [23,24]. The outer edge of the dung beetle’s chest section has pits with a central bulge so
that the dung beetle does not adhere to the soil/dung [25,26]. However, few studies on the
lubrication mechanism and drag reduction characteristics of these cross-scale, second-order
compound microstructures have been reported.

Seawater hydraulic transmission technology is a kind of green transmission technology
using seawater instead of mineral oil as the working medium. It has the advantages of
obtaining materials locally, saving energy, protecting the environment, safety, and stability.
The seawater axial piston pump, with its advantages of high-volume efficiency, high
working pressure, and a compact structure, has become the preferred power component of
seawater hydraulic transmission technology, and it plays a key role in important areas of
ocean engineering, such as seawater desalination, ocean mineral oil and gas development,
ocean ship transportation, and so on [27]. However, seawater has low viscosity, poor
lubrication, strong corrosion, and high vaporization pressure and thus has a great impact
on the tribological performance of the key friction pair of axial piston pumps operating
in it [28,29], especially for slipper pairs under the most complex movement and force
conditions. There are some key technical problems that seriously affect the quality, efficiency,
working reliability, and service life of seawater axial piston pumps, such as increased
clearance leakage, reduced water film bearing capacity, and intensified friction and wear.
These problems currently restrict the development of seawater hydraulic transmission
technology [30].

This study presents the novel and effective idea of replicating the microscopic, non-
smooth morphology of a cross-scale, second-order compound structure of a creature’s
body surface in the slipper pair of seawater axial piston pumps to improve the lubrication
ability, bearing characteristics, and friction and wear performance of the slipper pair. By
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designing cross-scale, second-order compound micro-pits or micro-grooves with a certain
size and arrangement on the surface of the slipper pair, drag reduction and wear reduction
can be achieved by utilizing the hydrodynamic lubrication effect. On the other hand, it is
important to control the shape, size, and arrangement of micro-pits or micro-grooves well;
otherwise, the drag reduction and wear reduction effects will not be obvious, even resulting
in negative effects. In this study, firstly, the hydrodynamic lubrication model of the slipper
pair with a biomimetic, non-smooth surface (spherical pits containing spherical convex
hulls) was built. Secondly, the bearing lubrication mechanism and friction characteristics of
the cross-scale, second-order compound microstructure were analyzed from the microflow
perspective via the CFD method. Thirdly, the influence of the working parameter (speed),
size (diameter and depth-to-diameter ratio), and distribution (area rate and arrangement
angle) of the cross-scale, second-order compound microstructure on the total pressure-
bearing capacity of the lubrication film and the friction coefficient was investigated using
a hybrid orthogonal test scheme. Furthermore, an optimization analysis was carried out.
Finally, the excellent bearing lubrication capacity and friction performance of the cross-scale,
second-order compound microstructure were confirmed through comparative analysis with
the smooth surface and a first-order, non-smooth microstructure. This study is expected
to provide a theoretical reference for the practical engineering design of slipper pairs of
seawater axial piston pumps.

2. Models and Methods
2.1. Model Description

For the slipper pair of seawater axial piston pumps (Figure 1a), the cross-scale com-
pound biomimetic structures (spherical pits containing spherical convex hulls) were ar-
ranged on the surface of a swash plate, and the surface of the slippers remained smooth
(Figure 1b). Assuming that the slipper pair is fully lubricated and setting the origin coordi-
nate at the center of the front surface of the swash plate, the fluid field models of the water
film and the cross-scale compound biomimetic structures were established. The small red
circle on the right in Figure 1c is the location of one of the slippers.
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Figure 1. Slipper pair with biomimetic non-smooth surface and the fluid field model. (a) The seawater
axial piston pump; (b) the slipper pair with cross-scale compound biomimetic structures (spherical
pits containing spherical convex hulls); and (c) the fluid field models of water film and cross-scale
compound biomimetic structures.
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In order to study the lubrication mechanism and influence law of the cross-scale
compound biomimetic structures, a fan-shaped region covering about 3 × 3 spherical
pits containing spherical convex hulls under the center of one slipper was selected as the
computed fluid field, as shown in Figure 2. Each spherical pit is located in the center of an
imaginary fan-shaped control unit, and the ratio between the total area of spherical pits
and the total area of the fan shape is defined as the area rate S. Then:

S =
90Nd1

2

(R22 − R1
2)θ

(1)

where R1 = 28.75 mm, R2 = 34.75 mm, θ = 10.8◦; r1 = 29.75 mm, r2 = 31.75 mm, and
r3 = 33.75 mm; N is the number of spherical pits containing spherical convex hulls; d1 is
the diameter of the spherical pit (first order diameter); and n represents the direction in
which the slippers rotate.
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Figure 2. The fan-shaped computed fluid field. (a) The arrangement of spherical pits containing
spherical convex hulls; (b) the structure of spherical pits containing spherical convex hulls.

As shown in Figure 2b, h is the thickness of the water film, h1 is the depth of the
spherical pit (first order depth), and the ratio of the depth of spherical pit h1 to the diameter
of spherical pit d1 is defined as the first order depth-to-diameter ratio δ1. h2 is the depth of
the spherical convex hull (second order depth), d2 is the diameter of the spherical convex
hull (second order diameter), and the ratio of the depth of spherical convex hull h2 to the
diameter of spherical convex hull d2 is defined as the second order depth-to-diameter ratio
δ2. Then:

δ1 =
h1

d1
(2)

δ2 =
h2

d2
(3)

The diameter of a spherical pit or a spherical convex hull is controlled by the area rate,
and the depth of a spherical pit or a spherical convex hull is controlled by the depth-to-
diameter ratio.

As shown in Figure 3, α is the circumferential interval angle, which is the central angle
formed by the centers of two adjacent spherical pits at the same distribution circle and the
center of the swash plate; ϕ is the arrangement angle, which is the central angle formed
the centers of two spherical pits at two adjacent distribution circles but not along the same
radius and the center of the swash plate.
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Figure 3. The arrangement angle of spherical pits containing spherical convex hulls.

In order to study the influence of different shapes, sizes, and distributions of the cross-
scale compound biomimetic structures on dynamic bearing characteristics under different
working conditions, an orthogonal test scheme for numerical simulation was designed
under the mixed levels of seven factors: rotate speed A, first order diameter B, first order
depth-to-diameter ratio C, second order diameter D, second order depth-to-diameter ratio
E, area rate F, and arrangement angle G. The details are shown in Table 1.

Table 1. L18(6 × 36) orthogonal test scheme for numerical simulation.

Number

Experimental Factor
Total

Pressure-
Bearing
Capacity

Ft (N)

Friction
Coeffi-
cient

µ

A
Rotate
Speed

n (r/min)

B
First Order
Diameter d1

(mm)

C
First Order
Depth-to-
Diameter
Ratio δ1

D
Second Order
Diameter d2

(mm)

E
Second Order

Depth-to-Diameter
Ratio δ2

F
Area

Rate S
(%)

G
Arrange-

ment Angle
ϕ (◦)

1 1(1000) 1(0.7) 1(0.1) 1(0.07) 1(0.1) 1(10) 1(0) 0.1353 0.0760
2 1 2(1.0) 2(0.3) 2(0.1) 2(0.3) 2(20) 2(α/3) 0.1246 0.0999
3 1 3(1.3) 3(0.5) 3(0.13) 3(0.5) 3(30) 3(α/2) 0.1093 0.1450
4 2(1250) 1 1 2 2 3 3 0.2107 0.0611
5 2 2 2 3 3 1 1 0.1989 0.0731
6 2 3 3 1 1 2 2 0.1797 0.1012
7 3(1500) 1 2 1 3 2 3 0.2889 0.0589
8 3 2 3 2 1 3 1 0.2336 0.1075
9 3 3 1 3 2 1 2 0.2981 0.0554
10 4(1750) 1 3 3 2 2 1 0.3484 0.0723
11 4 2 1 1 3 3 2 0.3981 0.0485
12 4 3 2 2 1 1 3 0.3620 0.0653
13 5(2000) 1 2 3 1 3 2 0.4808 0.0533
14 5 2 3 1 2 1 3 0.4610 0.0613
15 5 3 1 2 3 2 1 0.5111 0.0453
16 6(2250) 1 3 2 3 1 2 0.5907 0.0519
17 6 2 1 3 1 2 3 0.6349 0.0423
18 6 3 2 1 2 3 1 0.5123 0.0762

2.2. Governing Equation

The working medium in this study is seawater, which is a Newtonian fluid. The
typical film thickness of hydrodynamic lubrication is 1~100 µm [31]. The lubrication film
thickness of the slipper pair in a water pump can only reach one-third of that in an oil
pump, which is controlled within 3.3~10 µm. The flow of the seawater in the narrow space
between the surfaces of a slipper pair should follow the Navier–Stokes equation. The
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continuity equation and the Navier–Stokes equation [32] are employed to describe the
problem studied:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (4)
ρ
(

u ∂u
∂x + v ∂u

∂y + w ∂u
∂z

)
= − ∂p

∂x + η
(

∂2u
∂x2 +

∂2u
∂y2 + ∂2u

∂z2

)
ρ
(

u ∂v
∂x + v ∂v

∂y + w ∂v
∂z

)
= − ∂p

∂y + η
(

∂2v
∂x2 +

∂2v
∂y2 +

∂2v
∂z2

)
ρ
(

u ∂w
∂x + v ∂w

∂y + w ∂w
∂z

)
= − ∂p

∂z + η
(

∂2w
∂x2 + ∂2w

∂y2 + ∂2w
∂z2

) (5)

where u, v, and w are the velocity vectors in directions x, y, and z, respectively; ρ is the
density of seawater (1.025 g/cm3); η is the dynamic viscosity of seawater (6.15 × 10−4 Pa·s);
and p is the pressure of the lubricating film.

2.3. Simulation Strategy

The fan-shaped computed fluid field, which contains about 3 × 3 spherical pits
containing spherical convex hulls, was modeled and imported into the CFD pre-processing
software ICEM for grid division. The grid division method, grid quantity, and grid quality
are vital to ensure the reliability of the numerical simulation results [33]. In order to
explore the appropriate grid quantity for accurate calculation results, a grid independence
verification was carried out, and the results are shown in Figure 4. When the grid quantity
is less than 600,000, the calculation results are quite different. When the grid quantity
is higher than 900,000, the error of the calculation results can be controlled within 0.1%.
Therefore, the seawater film was meshed by hexahedral grids with the size of 0.02, the
first-order spherical pits were meshed by tetrahedral grids with the size of 0.02, and the
second-order spherical convex hulls were meshed by tetrahedral grids with the size of
0.008. The total number of units in the grid is about 2~19 million.

Lubricants 2023, 11, x FOR PEER REVIEW 7 of 17 
 

 

higher than 900,000, the error of the calculation results can be controlled within 0.1%. 
Therefore, the seawater film was meshed by hexahedral grids with the size of 0.02, the 
first-order spherical pits were meshed by tetrahedral grids with the size of 0.02, and the 
second-order spherical convex hulls were meshed by tetrahedral grids with the size of 
0.008. The total number of units in the grid is about 2~19 million. 

 
Figure 4. Grid independence verification. 

The model mesh was imported into the CFD software Fluent for numerical simula-
tion. The flow of seawater film is similar to a plate differential pressure flow and can be 
regarded as being in a laminar state. Due to the low viscosity of seawater, the flow inertia 
force is greater than the viscous force [34], which makes it easy to generate local eddy 
currents in spherical pits and around the spherical convex hulls. Therefore, the standard 
k-ε model was used for calculation. 

As shown in Figure 5, the inner and outer cylinder surfaces of the fan-shaped sea-
water film were set to pressure-inlet and pressure-outlet boundary conditions, respec-
tively. The left and right surfaces were both set to periodic boundary rotation conditions. 
The upper surface of the seawater film (i.e., the lower surface of the slipper) was set to the 
moving wall boundary condition, which rotates around the coordinate axis perpendicular 
to the lower surface of the seawater film (i.e., the center line of the swash plate) at the 
corresponding speed listed in Table 1. The lower surface of the seawater film and the up-
per surfaces of the spherical pits were both set to interface boundary conditions to carry 
out the data transfer of two parts. The lower surfaces of the spherical pits and the spherical 
convex hulls were both set to stationary wall boundary conditions. 

 
Figure 5. Boundary condition setting. 

In order to verify the reliability of this solver, the hydrodynamic pressure lubrication 
problem of two-dimensional rectangular micro-pit texture solved by the Navier–Stokes 
equation in the reference literature [35] was firstly verified and calculated. The compari-
son of calculation results is shown in Figure 6. It can be seen that the shape of the pressure 
distribution curve is basically the same, and the differences of the extreme value of pres-
sure are about 8%. 

Figure 4. Grid independence verification.

The model mesh was imported into the CFD software Fluent for numerical simulation.
The flow of seawater film is similar to a plate differential pressure flow and can be regarded
as being in a laminar state. Due to the low viscosity of seawater, the flow inertia force is
greater than the viscous force [34], which makes it easy to generate local eddy currents in
spherical pits and around the spherical convex hulls. Therefore, the standard k-ε model
was used for calculation.

As shown in Figure 5, the inner and outer cylinder surfaces of the fan-shaped seawater
film were set to pressure-inlet and pressure-outlet boundary conditions, respectively. The
left and right surfaces were both set to periodic boundary rotation conditions. The upper
surface of the seawater film (i.e., the lower surface of the slipper) was set to the moving wall
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boundary condition, which rotates around the coordinate axis perpendicular to the lower
surface of the seawater film (i.e., the center line of the swash plate) at the corresponding
speed listed in Table 1. The lower surface of the seawater film and the upper surfaces of the
spherical pits were both set to interface boundary conditions to carry out the data transfer
of two parts. The lower surfaces of the spherical pits and the spherical convex hulls were
both set to stationary wall boundary conditions.
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Figure 5. Boundary condition setting.

In order to verify the reliability of this solver, the hydrodynamic pressure lubrication
problem of two-dimensional rectangular micro-pit texture solved by the Navier–Stokes
equation in the reference literature [35] was firstly verified and calculated. The comparison
of calculation results is shown in Figure 6. It can be seen that the shape of the pressure
distribution curve is basically the same, and the differences of the extreme value of pressure
are about 8%.
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tion with the current solver.

3. Results and Discussion
3.1. Analysis of Single Group Test Simulation Results

Taking the first calculation result in Table 1 as an example, there are 3 × 3 spherical
pits containing spherical convex hulls uniformly distributed in the fan-shaped computed
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fluid field. Figures 7 and 8 show the 3D pressure peak and 2D pressure contour of the
upper surface of the seawater film, respectively.
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In the calculation results using Fluent, static pressure is defined as the difference
from the operating pressure (i.e., atmospheric pressure). Dynamic pressure is the pressure
related to the velocity, and its value is ρv2/2. In an incompressible fluid, the total pressure
is the sum of static pressure and dynamic pressure, which corresponds to the pressure
p mentioned in the right term of the Navier–Stokes equation. As shown in Figure 7, n
represents the rotation direction of the slipper, which rotates counterclockwise around the
axis of the swash plate (z-axis). The static pressure ranges from −2.5 to 3 kPa, the dynamic
pressure ranges from 3 to 5 kPa, and the total pressure ranges from 1.5 to 7 kPa, indicating
that the total pressure mainly comes from the contribution of dynamic pressure.

It can be seen from Figures 7a and 8a that the static pressure distribution of
3 × 3 spherical pits on the surface of the seawater film is positive in the front half and
negative in the back half (along the speed direction of the slipper), and the static pressure
distribution of the three pits on the same distribution circle is basically the same. With
the increase in the radius of the distribution circle, the area and intensity of positive and
negative pressure slightly increase.

Figures 7b and 8b show that the dynamic pressure distribution in the spherical pit is
low at the two sides and high in the center along the circular direction of the distribution
circle and high at the two sides and low in the center along the radial direction of the
distribution circle. The fluid flow is the relative sliding between many extremely thin fluid
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layers. The viscosity of the fluid generates shear stress between layers sliding over each
other, which slows down the layers with faster flows and accelerates the layers with slower
flows; the movement is transmitted layer by layer [31]. Figure 9 shows the velocity vector of
the central spherical pit longitudinally sliced by the distribution cylinder of r2 = 31.75 mm.
The maximum velocity appears on the upper surface of the seawater film which is in
contact with the slipper sole. When the slipper drives the upper fluid layer to move above
the spherical pit, the depth increases and the velocity needs to be transmitted down to
more fluid layers, so the velocity loss of the upper surface of the seawater film here is larger
than in places without pits. However, the seawater in the upper part of the pit first moves
following the seawater at the lower surface of the seawater film. After hitting the front half
of the pit wall, it turns downward to flow back along the bottom of the pit. After hitting the
back half of the pit wall, it turns upward to move in the same direction as the seawater at
the lower surface of the seawater film again; that is, a vortex ring is formed in the spherical
pit. This flow vortex ring can also be found in the simulation study by Wang et al. [36].
The upper part of the vortex ring transmits velocity to the middle layer of the seawater
film together with the upper layer. Therefore, the velocity loss of the upper surface of the
seawater film at the center of the spherical pit is compensated, and the dynamic pressure
is basically equal to areas without pits. The vortex ring changes direction at the front and
back edges of the spherical pit, which increases the velocity loss. That is why the dynamic
pressure decreases at the two sides of the pit along the circular direction of the distribution
circle. Along the radial direction of the distribution circle, the dynamic pressure is higher at
the two sides of the pit. Because the depth decreases gradually from the center to the edge,
the velocity compensation effect of the vortex ring is gradually enhanced. As the radius of
the distribution circle increases, the linear velocity increases obviously, and the dynamic
pressure increases obviously as well.
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Figure 9. Velocity vector of the central spherical pit longitudinally sliced by the distribution cylinder
of r2 = 31.75 mm.

Figures 7c and 8c show that the total pressure distribution is similar to the static
pressure, while the high-pressure area increases and the low-pressure area decreases with
the increase in the distribution circle’s radius. The total pressure of the upper surface of the
seawater film is all positive, indicating that the spherical pits containing spherical convex
hulls could produce a hydrodynamic pressure effect. The results are consistent with the
previous study results by Tang et al. [37].

Figure 10 shows the 2D pressure contour of the central spherical pit longitudinally
sliced by the distribution cylinder of r2 = 31.75 mm. As shown in Figure 10a, the maximum
positive static pressure appears at the front edge of the spherical pit, the minimum negative
static pressure appears at the back edge, and there is a rainbow-shaped gradient distribution
in the middle.
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Dynamic pressure is the pressure change caused by the velocity change, which is
proportional to the square of the velocity. As shown in Figure 10b, the dynamic pressure is
positive. The maximum dynamic pressure appears on the upper surface of the seawater
film and decreases along the thickness direction. The dynamic pressure value at the lower
part of the vortex ring rebounds slightly.

The total pressure is the synthesis of static pressure and dynamic pressure, which is
the macroscopic manifestation of the hydrodynamic pressure effect of the spherical pits
containing spherical convex hulls. When the upper surface of the seawater film moves
to the right at a certain speed, a convergence gap is formed along the direction of the
movement, the seawater flows from the large section to the small section, and the flow rate
per unit length caused by velocity flow gradually decreases. To keep the flow continuous,
the pressure distribution shown in Figure 7c is generated. The pressure flow caused by this
pressure distribution will reduce the inflow at the large section and increase the outflow at
the small section to keep the flow equal across the sections. As shown in Figure 10c, the
total pressure is almost all positive. Similar to static pressure distribution, the maximum
total pressure appears at the front edge and the minimum total pressure appears at the
back edge. However, the high-pressure contour lines of the rainbow-shaped gradient
distribution significantly bend to the left near the bottom of the spherical pit. This is
because the spherical convex hulls produce second-order hydrodynamic pressure effects
and enlarge the range of the high-pressure area.
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3.2. Range Analysis of Multi-Index Orthogonal Test Results

By integrating the static pressure distribution, dynamic pressure distribution, and
total pressure distribution of the upper surface of the seawater film on the fan-shaped
domain, the static pressure-bearing capacity FS, dynamic pressure-bearing capacity Fd, and
total pressure-bearing capacity Ft of the calculation domain could be obtained. Meanwhile,
the shear stress of the upper surface of the seawater film was extracted, and the friction
coefficient µ was calculated. The total pressure-bearing capacity and friction coefficient
were added to the last two columns of Table 1. The histogram of the bearing capacity and
the line chart of the friction coefficient for 18 groups of tests in the orthogonal simulation
scheme are shown in Figure 11.
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As shown in Figure 11, the static pressure-bearing capacity is negative and the value
is low. The dynamic pressure-bearing capacity and total pressure-bearing capacity are both
positive, and the heights of their respective columns are much higher than that of the static
pressure-bearing capacity, indicating that the hydrodynamic pressure effect can produce
load bearing and lubrication effects and that the total pressure-bearing capacity mainly
comes from the contribution of dynamic pressure-bearing capacity. The line chart shows
that the friction coefficient is inversely proportional to the bearing capacity. The bearing
capacity increases and the friction coefficient decreases obviously with the increase in the
rotation speed.

Table 2 shows the range analysis of L18(6 × 36) multi-index orthogonal test results. The
sum Ki and average ki of the two test indices of total pressure-bearing capacity and friction
coefficient corresponding to each level of each factor were calculated, and the range R and
the adjusted range R’ of each factor were calculated. According to the adjusted range R’, the
order of the factors under the total pressure-bearing capacity is A > C > F > E > G > D > B;
the order of the factors under the friction coefficient is C > A > B > F > G > E > D. According
to the average ki of each level of each factor, the optimal combination is determined as
A6B1C1D3E3F2G2 under the total pressure-bearing capacity and A5B1C1D1E3F1G2 under
the friction coefficient.
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Table 2. Range analysis of L18(6 × 36) multi-index orthogonal test results.

Experimental Factor

A
Rotate Speed n

(r/min)

B
First Order Diameter

d1 (mm)

C
First Order

Depth-to-Diameter Ratio δ1

D
Second Order

Diameter d2 (mm)

E
Second Order

Depth-to-Diameter Ratio δ2

F
Area Rate S (%)

G
Arrangement Angle ϕ (◦)

Total pressure-bearing
capacity

Ft (N)

K1 0.3692 2.0548 2.1881 1.9753 2.0263 2.0460 1.9396
K2 0.5893 2.0511 1.9676 2.0327 1.9551 2.0875 2.0718
K3 0.8206 1.9725 1.9227 2.0703 2.0970 1.9448 2.0669
K4 1.1085
K5 1.4528
K6 1.7379
k1 0.1231 0.3425 0.3647 0.3292 0.3377 0.3410 0.3233
k2 0.1964 0.3418 0.3279 0.3388 0.3258 0.3479 0.3453
k3 0.2735 0.3288 0.3204 0.3451 0.3495 0.3241 0.3445
k4 0.3695
k5 0.4843
k6 0.5793

Range R 0.4562 0.0137 0.0442 0.0158 0.0237 0.0238 0.0220
Adjusted range R’ 0.2924 0.0175 0.0564 0.0202 0.0301 0.0303 0.0281

Order A > C > F > E > G > D > B
Optimal level A6 B1 C1 D3 E3 F2 G2

Optimal
combination A6B1C1D3E3F2G2

Friction coefficient
µ

K1 0.3209 0.3736 0.3285 0.4221 0.4456 0.3828 0.4504
K2 0.2354 0.4326 0.4267 0.4310 0.4263 0.4199 0.4103
K3 0.2218 0.4883 0.5392 0.4414 0.4226 0.4918 0.4339
K4 0.1862
K5 0.1599
K6 0.1703
k1 0.1070 0.0623 0.0548 0.0703 0.0743 0.0638 0.0751
k2 0.0785 0.0721 0.0711 0.0718 0.0710 0.0610 0.0684
k3 0.0739 0.0814 0.0899 0.0736 0.0704 0.0820 0.0723
k4 0.0621
k5 0.0533
k6 0.0568

Range R 0.0537 0.0191 0.0351 0.0032 0.0038 0.0182 0.0067
Adjusted range R’ 0.0344 0.0244 0.0447 0.0041 0.0049 0.0231 0.0085

Order C > A > B > F > G > E > D
Optimal level A5 B1 C1 D1 E3 F1 G2

Optimal
combination A5B1C1D1E3F1G2
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The comprehensive balance method is adopted to determine the optimal combination
that makes each index as good as possible [38]. For factor A, the rank under the total
pressure-bearing capacity is first and the optimal level is A6, and the rank under the
friction coefficient is second and the optimal level is A5. If A6 is taken, the total pressure-
bearing capacity increases by 19.6% compared with A5, while the friction coefficient only
increases by 6.6%, so A6 is preferable to A5 after comprehensive comparison. Similarly
analyzed, D is taken as D3 and F is taken as F2. The optimal combination is determined as
A6B1C1D3E3F2G2 through comprehensive balancing.

The structural combination of B1C1D3E3 would make the spherical convex hulls higher
than the spherical pit plane, so the optimal combination was modified to A6B1C1D3E2F2G2.
The above strategy was used to simulate the optimal combination. The results show that
the total pressure-bearing capacity can reach 0.6897 N, which is higher than the maximum
of 0.6349 N across the 18 tests. The friction coefficient is reduced to 0.0401, which is lower
than the minimum of 0.0423 across the 18 tests.

3.3. Comparative Analysis of Bearing Capacity and Lubrication Characteristics of
Different Surfaces

Based on the structure of the optimal combination A6B1C1D3E2F2G2 (second-order
non-smooth structure), the spherical convex hulls were removed, and the spherical pit
surface (first-order non-smooth structure) with the same size was modeled and simulated.
The smooth surface was also simulated as a control. Figure 12 shows the velocity vector
and the 2D total pressure contour of the profile of r2 = 31.75 mm of different surfaces.
Figure 13 shows the 2D total pressure contour of the upper surface of the seawater film of
different surfaces.

As analyzed in Section 3.1, the maximum velocity of a smooth surface only decreases
layer by layer from the upper surface of the seawater film, and no hydrodynamic pressure
effect is generated. The total pressure on the upper surface of the seawater film is distributed
in a circular zonal pattern, gradually increasing from inside to outside, and only reaches
10~20 kPa.
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The non-smooth surface produces a hydrodynamic pressure effect at the pit, and the to-
tal pressure on the surface of the seawater film can reach 30 kPa. Comparing Figure 12b,c,e,f,
the second-order non-smooth structure generates not only a large vortex ring in the first
order spherical pit, but also some small vortex rings near the second order spherical convex
hulls. Therefore, the superimposed hydrodynamic pressure effect can be generated near
the second order spherical convex hulls to expand the range of the high-pressure zone, thus
producing a larger bearing capacity and a lower friction coefficient and obtaining better
lubrication performance.

Table 3 shows the total pressure-bearing capacity and friction coefficient of different
surfaces. It can be seen that the total pressure-bearing capacity of the second-order non-
smooth structure increased by 11.0% and 8.9% over that of the smooth surface and the first-
order non-smooth structure, respectively, and the friction coefficient decreased by 9.5% and
5.4% over that of the smooth surface and the first-order non-smooth structure, respectively.

Table 3. Total pressure-bearing capacity and friction coefficient of different surfaces.

Smooth Surface Spherical Pit Spherical Pit Containing Spherical Convex Hulls

Total pressure-bearing capacity
Ft (N) 0.6215 0.6335 0.6897

Friction coefficient
µ

0.0443 0.0424 0.0401
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4. Conclusions

Aiming to address problems of the poor lubricity and the serious friction and wear
of friction pairs of seawater axial piston pumps, a hydrodynamic lubrication model of
a slipper pair with a surface featuring spherical pits containing spherical convex hulls
was built. Through the simulation analysis of the bearing lubrication mechanism and
friction characteristics of the cross-scale, second-order compound microstructure from the
microflow perspective, the following conclusions are drawn:

(1) The cross-scale, second-order compound microstructure could produce a hydrody-
namic pressure effect to improve the bearing capacity of the lubrication film of a slipper
pair. Along the velocity direction, seawater flows through the front part of the spherical pits
(convergence wedge) to produce high pressure and through the back part of the spherical
pits (divergence wedge) to produce low pressure, both of which have positive values. When
seawater flows to spherical convex hulls, a hydrodynamic pressure effect is also generated
to further expand the high-pressure zone.

(2) The total pressure is the synthesis of the static pressure and dynamic pressure,
which is the macroscopic manifestation of the hydrodynamic pressure effect produced by
the cross-scale, second-order compound microstructure. The total pressure-bearing capacity
mainly comes from the contribution of the dynamic pressure to the bearing capacity that
is proportional to the square of the velocity. Moreover, the friction coefficient is inversely
proportional to the total pressure-bearing capacity. Thus, increasing the rotating speed can
improve the bearing capacity of the lubrication film of the slipper pair, reduce the friction
coefficient, and improve the lubrication performance.

(3) A hybrid orthogonal test scheme is used to find the order and optimal combination
of factors under multiple indices. The order of the factors under the total pressure-bearing
capacity is A (rotate speed) > C (first order depth-to-diameter ratio) > F (area rate) > E
(second order depth-to-diameter ratio) > G (arrangement angle) > D (second order diameter)
> B (first order diameter). The order under the friction coefficient is C > A > B > F > G
> E > D. The optimal combination is A6B1C1D3E3F2G2 under the total pressure-bearing
capacity and A5B1C1D1E3F1G2 under the friction coefficient. The final optimal combination
is modified to A6B1C1D3E2F2G2 through comprehensive balancing and analysis.

(4) The superimposed hydrodynamic pressure effect makes the cross-scale second-
order compound microstructure obtain better bearing lubrication capacity and friction
performance. Compared to the smooth surface and the first-order non-smooth microstruc-
ture, the total pressure-bearing capacity increased by 11.0% and 8.9%, respectively, and the
friction coefficient decreased by 9.5% and 5.4%, respectively.

This study analyzed the bearing lubrication mechanism and friction characteristics of
the cross-scale, second-order compound microstructure from the microflow perspective via
the CFD method and optimized the working parameter and geometric parameters using a
hybrid orthogonal test scheme. This study provides an effective solution and optimization
reference for solving problems of the poor lubricity and the serious friction and wear of
slipper pairs of seawater axial piston pumps. This solution can be extended to the design of
friction pairs of other hydraulic components. Corresponding friction and wear tests need
to be carried out in the future work to verify the reliability of the simulation analysis and to
investigate the wear mechanism.
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