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Abstract

During the actual service process, water-lubricated bearings on ships are often in complex
operating environments such as low speed, heavy load and salt-sand water areas. To
meet the requirements of high load-bearing capacity, long service life and the ability
to discharge sand and dissipate heat during the service of bearings, research has been
conducted on water-lubricated bearings made of polyetheretherketone (PEEK) with a
semi-groove structure. Mathematical and physical models based on the averaged Reynolds
equation have been established. By adopting the method of multi-physics field coupling,
the lubrication characteristics of the bearings under the coupling influence of multiple
factors in the salt-sand water environment (lubrication interface (the surface roughness of
the bearing bush), different working conditions (water supply pressure, rotational speed,
eccentricity)) are analyzed. Finally, a water-lubricated bearing test bench is set up to conduct
bearing lubrication performance tests under multiple factors. The research shows that
compared with liquid water, the salt-sand water environment exhibits better lubrication
characteristics. The maximum water film pressure, the deformation amount of the bearing
bush and the bearing capacity of the bearings increase with the increase of the rotational
speed, water supply pressure and eccentricity, while the friction coefficient decreases.
With the increase of the roughness of the bearing bush, these parameters decrease slightly
and the friction coefficient increases. The presence of salt-sand particles can weaken the
influence of roughness on the lubrication characteristics of the bearings. After considering
the thermal effect, the mechanical load and thermal load act on the surface of the bearing
bush together, resulting in an increase in the deformation amount of the bearing bush, a
0.11% drop in the water film pressure, and the highest temperature of the water film being
concentrated at the outlet of the groove. The local semi-groove structure of PEEK can make
the friction coefficient as low as 0.019. The comparison errors between the simulation and
the experiment are within 10% (for water film pressure) and 2.6% (for friction coefficient),
which verifies the reliability of the model.

Keywords: water-lubricated bearing; PEEK material; multi-factor coupling; lubrication
and friction characteristics
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1. Introduction
As a core component of the ship’s transmission system, the operational behavior of

water-lubricated bearings is pivotal to the vessel’s safety margins and overall dependabil-
ity [1]. However, during the actual service process, water-lubricated bearings are faced
with numerous challenges, such as improper lubrication, low load-bearing capacity, poor
stability and severe wear [2]. Therefore, water-lubricated bearings not only need to ensure
good lubrication performance during operation but also have the ability to discharge sand
and dissipate heat to ensure their stable operation under high temperature, low speed,
heavy load and in complex water areas.

There are many kinds of bearing materials [3], mainly including Thordon, polyimide
(PI), modified nylon (PA), nitrile butadiene rubber (NBR), lignum vitae and so on [4], which
exert a pronounced influence on the bearing’s lubrication behavior. In recent years, with
the development of science and technology, PEEK material has stood out. It is widely used
especially in fields such as aerospace, automobile manufacturing, electronics and electrical
appliances, and also shows good performance in high-temperature, high-pressure and
highly corrosive environments. In 2007, Zhang et al. [5] studied the friction performance
of PEEK material under different speed and load conditions. In 2012, Shukla et al. [6]
reviewed the synthesis and applications of PEEK and described its properties. In 2016,
Panayotov et al. [7] introduced the applications of PEEK in biomedicine and confirmed that
it has good physicochemical and mechanical properties. Owing to its superior tribological
characteristics, PEEK has recently gained incremental traction in water-lubricated bearing
applications [8]. Ma Hongqian et al. [9] modified the water-lubricated bearings made of
PEEK material and analyzed the tribological properties before and after the modification.
Xie, Litwin, Liu et al. [10–12] explored water-lubricated bearings with multiple liners,
investigating how different parameter combinations across various material pairings affect
lubrication behavior.

When ships are operating at sea, bearings are often in complex working condi-
tion [13,14] environments, such as the effects of sea waves, low speed and heavy load,
salt water with sand and gravel, and extreme temperatures. Ouyang et al. [15] proposed
a new method based on RDTs parameter modeling and optimization design to improve
its hydrodynamic efficiency. Xie, Chen and Liu et al. [16–18] examined how bidirectional
eccentric loading alters both the static and dynamic responses of water-lubricated bearings.
Ouyang et al. [19] proposed a scheme of magnetorheological extruded film dampers for
water-lubricated bearings, which was provided for ships

A new method for reducing the lateral vibration of the shafting system. Chen et al. [20]
analyzed the proportion of the water film bearing area under different transient loads based
on CFD simulation and elucidated the transient response mechanism of the bearing’s
load-bearing characteristics. Wu, Yang et al. [21,22] adopted the method of thermal-fluid-
solid coupling to study the influence of bearing bush deformation on the lubrication
characteristics of bearings. Wu, Zhang et al. [23,24] investigated how geometric features
of grooves affect the lubrication behavior of water-lubricated bearings (WLGB), thereby
establishing a theoretical reference for selecting suitable groove designs under varying
environmental conditions. Yang et al. [25] systematically analyzed the influence laws of the
size and type of sediments in water on the friction coefficient, wear amount and surface
topography with respect to nitrile butadiene rubber materials. Hu et al. [26] observed that
the frictional behavior of ultra-high-molecular-weight polyethylene (UHMWPE) markedly
deteriorates when exposed to environments heavily laden with sand particles.

The microscopic unevenness of the bearing journal surface will also affect the lubri-
cation characteristics of water-lubricated bearings. Leng, Charamis et al. [27,28] took into
account the roughness and deformation characteristics of the bearing bush and analyzed the
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impact of the deformation of the bearing bush on the surface roughness. Yang, Wang and
Li et al. [29–31] developed a mixed-lubrication framework for water-lubricated bearings
that fully accounts for surface roughness and lining deformation, corroborating its validity
via numerical simulations. Cao et al. [32] investigated how key parameters evolve during
the startup phase of water-lubricated bearings featuring distinct surface-roughness peaks.

To sum up, although PEEK has been widely used in fields such as aerospace due to
its excellent friction performance, its application in water-lubricated bearings is relatively
limited, so its lubrication characteristics are still not clear. Meanwhile, during the actual
service process of water-lubricated bearings, the lubrication characteristics of the bearings
are not the result of the influence of a single factor but are affected by multiple factors
working together. Water-lubricated bearings need to meet the requirements of sand dis-
charge, heat dissipation and high load-bearing capacity during the service process, while
also ensuring low friction. Therefore, in this paper, aiming at the PEEK water-lubricated
bearings with a semi-circular groove, a systematic model of its local upper semi-groove is
established. The multi-physics field coupling method is adopted to analyze the bearing
lubrication characteristics under the coupling influence of multiple factors (lubrication
interface (the surface roughness of the bearing bush), different working conditions (wa-
ter supply pressure, rotational speed, eccentricity)) in the salt-sand water area. And on
the dynamic characteristics test bench of water-lubricated bearings, tests on the bearing
lubrication and friction characteristics under multiple influencing factors are carried out.

2. Model Establishment
2.1. Mathematical Model
2.1.1. Control Equations of the Fluid Domain

In fluid-mechanics and lubrication studies, the actual physical phenomena are com-
monly approximated through judicious assumptions to streamline the model and ease
subsequent analysis. In the present model, the water film is taken as an incompressible
Newtonian continuum, and assume that the surface roughness does not change over time,
while the speed-dependent variation of its viscosity during shaft rotation is duly incorpo-
rated, the Reynolds equation [33–35] is modified. Through this modified equation, key
parameters such as the water film pressure distribution, flow velocity and film thickness
can be solved. Its expression is as follows:

∂

∂x

(
∅Xρh3 ∂P

∂x

)
+

∂

∂z

(
∅zρh3 ∂P

∂z

)
= 6Uηρ

∂

∂x
(ρh + σs∅s) (1)

Among them, P represents the film pressure, U represents the sliding speed, ρ repre-
sents the density of water, h represents the film thickness, and η represents the viscosity
of water. The correction factors ∅x and ∅z are used to account for the flow characteristics
of the film pressure in the circumferential direction (x-direction) and the axial direction
(z-direction), respectively. ∅s is used to consider the influence of surface roughness on
lubrication performance.

Taking into comprehensive consideration the relationship among the mass conserva-
tion of the fluid in the bearing, the change of momentum and the action of external forces,
as well as the laws of heat transfer and energy conversion in the flow process, the fluid
behavior is solved based on the respective control equations [36].

Mass conservation equation (Continuity equation):

∂ρ

∂t
+∇·(ρv) = 0 (2)
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In the formula: ρ represents the mass of fluid per unit volume, with the unit of kg/m3;
t represents time, with the unit of s; ν represents the fluid velocity, with the unit of m/s.

Momentum conservation equation (Navier-Stokes equation):

∂

∂t
(ρv) +∇(ρv ⊗ v) = −∇P +∇·α + ρg + F1 (3)

In the formula: α is the stress tensor, with the unit of Pa; F1 is the momentum source
term, with the unit of N·s; ρg is the gravitational force, with the unit of N; the stress tensor
α is defined as:

α = η
(
∇v +∇vT

)
(4)

Among them, η is the fluid viscosity, with the unit of Pa·s, and T is the temperature,
with the unit of K.

Energy conservation equation:

∂(ρQ)

∂t
+∇

[→
v (ρQ + P)

]
== ∇

[
κ∇T − ∑i hi ji +

(
τT

→
v
)]

+ ST (5)

In the formula: Q is defined as the cumulative thermal energy of the fluid element,
with the unit of J/kg; h represents heat, with the unit of J/kg; κ represents the thermal
conductivity coefficient of the fluid, with the unit of W/(m·K); ji represents the diffusion flux
of component i, with the unit of kg/(m2·s); hi represents the calorific value of component i;
ST represents the remaining dissipated energy, with the unit of J.

Considering surface roughness, the water film thickness equation:

h f = d + ec cos(θ − φc) + δ + δ1 (6)

In the formula: h f is the water film thickness, in mm; d is the radial clearance, in mm;
ec signifies the eccentricity measured at cross-section c, expressed in mm; φc is the attitude
angle at section c, in ◦; δ denotes the bush deformation, given in mm; δ1 is the deformation
caused by the contact of surface roughness peaks on the bearing bush, in mm.

2.1.2. Control Equations of the Solid Domain

The motion of the solid domain satisfies Newton’s second law, which can be described
as follows:

ρs
..
cs = ∇σs + fs + ft (7)

In the formula: ρs is the mass of solid per unit volume, with the unit of kg/m3;
..
cs is

the acceleration vector of the solid region, with the unit of m/s2; σs is the stress on the solid
per unit area, with the unit of Pa; fs is the external force on the solid per unit volume, with
the unit of N/m3; ft is the thermal stress vector, with the unit of Pa.

Bearing bush elastic deformation equation:

δ =
(1 + V)(1 − 2V)

(1 − V)E
lp (8)

In the formula: E stands for Young’s modulus of elasticity, with the unit of Gpa; V is
the Poisson’s ratio of the bearing; l is the thickness of the lining layer, with the unit of mm.

2.1.3. Thermal-Fluid-Structure Coupling Equation

d f = ds, q f = qs, Tf = Ts, τf n f = τsns (9)
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In the formula: d, in mm, denotes the relative displacement between the fluid and solid
domains at their coupling interface; τ, in Pa, represents the stress; n, in r/min, represents
the rotational speed; f represents the fluid; s represents the solid; q, in W/m2, represents
the heat flux density.

2.1.4. Friction Coefficient

During the rotation of the shaft, it will drive the lubricant to rotate, thus causing shear
forces in the x and y directions between the lubricant and the surface of the bearing bush.
Equation (10) is used to calculate the energy loss generated by friction during the flow
process of the lubricant, and this loss is quantified by the coefficient of friction.

τ = ηU
h +

h f
2

∂p
∂x

f =
s

Ω
τ(x, y)dxdy

µ = f
W

(10)

τ signifies the tangential stress exerted by the fluid on the solid surface. ∂p
∂x is the

pressure gradient, which represents the rate of change of pressure with respect to position.
τ (x, y) is the shear stress at the position (x, y). µ denotes the frictional factor, which is
dimensionless and describes the frictional force per unit area. W is the weight of the fluid
or the force acting on the fluid.

2.2. Physical Model
2.2.1. Bearing Structure and Parameters

The structure of the PEEK water-lubricated bearing is designed as an axially local
upper half with six grooves. This design can not only meet the requirements of sand
removal, heat dissipation and high load-bearing capacity of the bearing, but also ensure
low friction. The modeling is carried out using Solidworks2023 software. A structural
overview of the bearing is illustrated in Figure 1. In this study, the weakening effect of
salt sand particles on surface roughness was achieved through the discrete phase model
(DPM). In Fluent, the DPM model was adopted, treating salt sand particles as discrete
phases, and the incident velocity of the particles was consistent with the flow rate of salt
sand water. Meanwhile, the viscosity ratio of the lubricating medium for the research object
is determined in the laboratory. Table 1 compiles the geometric and material specifications,
while Table 2 details the properties of the lubricant.

Table 1. Structural and material parameters of the PEEK water-lubricated bearing.

Structural Parameters Parameter Value Material Parameters Parameter Value

Bearing length, L/mm 120 Density, ρ/(kg · m−3) 1300
Bearing outer diameter, D1/mm 130 Poisson’s ratio, β/k−1 0.4
Bearing inner diameter, D2/mm 100 Elastic modulus, /GPa 3.5

Journal radius, R/mm 99.2 Thermal conductivity, k/(W · m−1 · K−1) 0.29
Radius of the groove, h/mm 4 Coefficient of thermal expansion, β/K−1 5.5 × 10−5

Number of grooves, N 6 Specific heat, C/(J · kg−1 · K−1) 2200

Table 2. Parameters of the lubricating medium for the PEEK water-lubricated bearing.

Lubricating Medium Density, kg/m−3 Viscosity, kg/m−s Particle Size, µm

Liquid water 998.2 0.001003 -
Sea salt 1026.8 0.001085 0.1

Saline sand water 1650 0.5 0.5
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. 

Figure 1. Water-lubricated bearing: (a) Three-dimensional model. (b) Side view. (c) Front view.

2.2.2. Boundary Conditions and Mesh Generation

Figure 2 depicts the bearing’s boundary constraints. A multiphase flow coupling
model is adopted, the weakening effect of salt sand particles on surface roughness is
achieved through the discrete phase model (DPM). In Fluent, the DPM model is adopted,
where salt sand particles are regarded as discrete phases, and the incident velocity of the
particles is consistent with the flow rate of the salt water. The water supply mode of the
bearing is axial water supply. When the shaft rotates, water flows in from one end face of
the bearing and flows out from the other end face. The inlet and outlet boundary conditions
adopt the pressurized inlet and zero-pressure outlet respectively. The outer surface of the
lining layer is a fixed support surface and is subject to displacement constraints. The water
film’s inner boundary rotates in unison with the shaft at identical angular velocity. The
outer surface of the water film contacts the inner surface of the lining layer without rotating
and is regarded as a stationary surface under the boundary conditions. The stationary and
moving surfaces of the water film are non-slip, and the outer surface of the water film and
the inner surface of the lining layer form an FSI (Fluid-Structure Interaction) surface.

Figure 2. Boundary conditions: (a) Fluid domain. (b) Solid domain.
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The meshing of the bearing is shown in Figure 3. A sweep-based meshing strategy is
employed for the fluid domain, with the mesh element size being 0.3 mm. The hexahedral
mesh is used for the solid domain, with the mesh element size being 2 mm. Compared with
other meshes, the hexahedral mesh can provide higher computational accuracy in dealing
with temperature and calculating heat conduction. Since Transient Structual defaults to
Solid 185/186 mesh elements, and these elements cannot conduct heat transfer, Solid
226 elements are used in this paper. Figure 4 shows the verification of grid independence.
In the FSI coupling calculation, the fluid is calculated first, and the fluid grid independence
study is conducted first. Then, the solid is calculated, and the solid grid independence
study is carried out again, The calculation results show that the mesh numbers of the fluid
(0.3 mm) and the hexahedron (2 mm) have tended to stabilize. Further reducing the mesh
size has a minimal impact on the results, and the mesh convergence requirements.

Figure 3. Meshing: (a) Fluid domain. (b) Solid domain.

 
Figure 4. Grid independence verification: (a) Fluid. (b) Solid.
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2.3. Solution Process

Figure 4 outlines the sequence of steps in the model computation. Firstly, the initial
conditions and material properties were set. Then, meshing and boundary condition
settings were carried out. The fluid-domain and solid-domain governing equations were
handled by separate solvers, the water film pressure and temperature calculated in the
fluid domain are transferred to the solid domain. Then, solve the solid-state domain control
equations to obtain the deformation and temperature distribution of the bearing bushing.
The deformation in the solid domain is then fed back to the fluid domain to complete
one coupling iteration, and data exchange was conducted through the coupling interface,
thus realizing the continuous update of the calculation results of the fluid domain and the
solid domain.

3. Simulation Analysis
3.1. Lubrication Characteristics of Bearings Considering Thermal Effects at Different Rotational
Speeds

Figure 5 shows the distribution diagrams of the bearing lubrication characteristics
without considering the thermal effect and with considering the thermal effect at different
rotational speeds. Simulation working conditions: operating conditions span a shaft speed
of 50–300 r/min, a feed-water pressure of 0.1 MPa, and a surface roughness of 1.422 µm,
the eccentricity is 0.9, and the temperature is 25 ◦C. Figure 6a–c reveal that, whether in
fresh water or salt–sand water, the peak water-film pressure, the largest bush deflection
and the bearing capacity all rise steadily as shaft speed increases. The growth is the most
significant in the salt-sand water area, with the maximum increase rate being 11.9%. This
is because the concentration of salt-sand water is relatively high. Moreover, the salt-sand
plays the role of a filler in the water film, and the salt-sand particles will also increase the
turbulence degree of the water area and enhance the hydrodynamic pressure effect of the
fluid, thus increasing the water film pressure, but also resulting in an increase in the bearing
bush deformation amount. After considering the thermal effect, at the same rotational
speed, the water-film pressure and load capacity decline marginally—by 0.11%—while
the bush deformation exhibits a slight increase, with the increases of liquid water and
salt-sand water being 0.47% and 0.6% respectively. This is because after considering the
thermal effect, the mechanical load and the thermal load act on the surface of the bearing
bush together, making the bearing bush bear a greater load and increasing the deformation
amount of the bearing bush and the bearing clearance. In addition, thermal effects lower
the water’s viscosity, leading to reductions in both film pressure and load capacity. As
shown in Figure 6d, as the rotational speed increases, the bearing gradually transits from
mixed lubrication to hydrodynamic lubrication. The friction coefficients of the bearings
in both water areas decrease with the increase of the rotational speed. The decrease in the
friction coefficient of the bearing in the salt-sand water area is the most significant. After
the rotational speed reaches 100 r/min, Figure 6d shows that the slope of the straight line
is relatively reduced, the hydrodynamic lubrication is gradually formed, and the decrease
rate of the friction coefficient of the bearing in the salt-sand water area slows down, with
the minimum value dropping to 0.026. The friction coefficient of liquid water drops from
0.062 to 0.043. Due to the high concentration of salt-sand water and the sand removal
effect of the grooves, the bearing in the salt-sand water environment has good lubrication
performance. Meanwhile, it further evidences PEEK’s inherently low friction and favorable
self-lubrication characteristics.
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Figure 5. Calculation flow chart.

Figure 6. Cont.
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Figure 6. Bearing lubrication characteristics at different rotational speeds: (a) Water film pressure.
(b) Deformation amount of bearing bush. (c) Load-carrying capacity. (d) Friction coefficient.

3.2. Bearing Lubrication Characteristics After Considering Thermal Effects Under Different Water
Supply Pressures

Figure 7 shows the distribution diagrams of the bearing lubrication characteristics with
and without considering the thermal effect under different water supply pressures. Simula-
tion working conditions: inlet water pressure is varied between 0.1 MPa and 0.3 MPa, the
rotational speed is 100 r/min, the surface roughness is 1.422, the eccentricity is 0.9, and the
temperature is 25 ◦C. As shown in Figure 7a–c, when the water supply pressure increases
from 0.1 MPa to 0.3 MPa, peak hydrodynamic pressure, the deformation amount of the
bearing bush, and the load-carrying capacity show a linear increasing trend, increasing
to 104.21 kPa, 0.224 µm, and 154.15 N respectively. Compared with the rotational speed
shown in Figure 5, the water supply pressure has the most significant impact on the bearing
lubrication characteristics. This results from the progressive rise in water supply pressure,
the lubricant can more thoroughly occupy the clearance between shaft and bearing, which
is beneficial to the formation of the water film, thereby increasing the water film pressure
and the load-carrying capacity, but also causing greater deformation of the bearing bush.
Under the same working conditions, due to the axial flow water supply, a large amount of
salt-sand fillers are discharged along the grooves. Therefore, compared with liquid water,
the increase in salt-sand water is not as obvious as the rotational speed effect, and the
increases in the water film pressure and the load-carrying capacity are reduced. Compared
with the situation after considering the thermal effect, the changing trends of the water film
pressure, the deformation of the bearing bush, and the load-carrying capacity are consistent
with those of the bearing lubrication characteristics under different rotational speeds. Film
pressure and load capacity dip marginally, whereas bush deformation exhibits a modest rise.
This is because thermal expansion changes the bearing clearance, increases the deformation
of the bearing bush, thereby lowering both the water-film pressure and the load capacity
of the bearing. The deformations of the bearing bush in liquid water and salt-sand water
areas increase by 0.47% and 0.45% respectively. As shown in Figure 7b,d, after considering
the thermal effect, compared with liquid water, the deformation amount of the bearing
bush in the salt-sand water area is smaller, and the friction coefficient decreases linearly,
with the minimum value dropping to 0.02. This is because under the action of salt-sand
particles, more heat is taken away along the grooves, reducing the impact of temperature
on the bearing lubrication characteristics. Moreover, the concentration of salt-sand water is
relatively high, and the presence of particles makes the surface filling effect of the bearing
bush better. Meanwhile, it also indicates that the PEEK material water-lubricated bearing is
not sensitive to temperature and has good friction and mechanical properties.
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Figure 7. Bearing lubrication characteristics under different water supply pressures: (a) Water film
pressure. (b) Deformation amount of bearing bush. (c) Load-carrying capacity. (d) Friction coefficient.

3.3. Distribution of Water Film Temperature Under Different Rotational Speeds and Different
Water Supply Pressures

Figure 8 presents the temperature contour maps of the water film at varying rotational
speeds and supply pressures. Simulation working conditions: operating parameters span
50–200 r/min shaft speed and 0.1–0.3 MPa water-supply pressure, the surface roughness
is 1.422, and the temperature is 25 ◦C. Judging from the contour plots, the water film
temperature increases slightly with the increase in the rotational speed and the water
supply pressure. And due to the axial flow water supply and the temperature boundary
being set as convection, the water film temperature increases in a gradient along the axial
direction, and the highest temperature accumulates in the grooves at the outlet of the water
film. There are two reasons for the above distribution. Firstly, the heat generated by the
shear between the water film and the shaft as well as between the water film and the
bearing bush will accumulate in the grooves. Secondly, when the journal rotates, eddy
current shear will occur in the grooves to generate heat, and the axial water supply flow
will carry the heat of the water film from the water supply end to the water outlet end,
causing the temperature in the grooves at the water outlet end to rise. The maximum
growth rate of the water film temperature affected by the rotational speed is 0.19%, and the
maximum growth rate of the water film temperature affected by the water supply pressure
is 0.08%. It can be seen from this that the impact of the rotational speed on the water film
temperature is more significant. This is because, relative to rotational speed, higher feed
pressure removes more heat via the grooves.
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Figure 8. Water film temperature: (a) Under different rotational speeds. (b) Under different water
supply pressures.

3.4. Bearing Lubrication Characteristics Under the Coupling of Eccentricity and Rotational Speed

The bearing load will affect the eccentricity between the bearing and the rotating
shaft, and then influence the lubrication characteristics of the water-lubricated bearing.
Simulation working conditions: the eccentricity ranges from 0.5 to 0.9, shaft speed spans 50–
200 r/min, inlet pressure is fixed at 0.1 MPa, and surface roughness remains 1.422 µm, and
the temperature is 25 ◦C. Figure 9 shows the lubrication characteristics of the bearing under
the coupling of eccentricity and rotational speed. It can be seen from Figure 9a that the
water film pressure increases with the increase in the eccentricity and the rotational speed.
Compared with the eccentricity, the rotational speed exerts a stronger influence on water-
film pressure. The deformation amount of the bearing bush increases with the increase in
the eccentricity and the rotational speed. Judging from Figure 8b, under the high rotational
speed in the salt-sand water area, the influence of the eccentricity on the deformation of
the bearing bush is more significant. This is because the high rotational speed drives more
salt-sand particles, increasing the impact frequency and intensity of the particles on the
bearing bush. At this point, bush deformation arises from both hydrodynamic pressure and
the additional impact of salt-sand particles. Figure 9c reveals that increasing eccentricity
accentuates the wedge-shaped clearance between journal and bearing, and the bearing
gradually transits to hydrodynamic lubrication, with the friction coefficient continuously
decreasing and reaching a minimum value of 0.025. Judging from the contour plots, the
rotational speed has a more significant impact on the friction coefficient.

Figure 9. Bearing lubrication characteristics under the coupling of eccentricity and rotational speed:
(a) Water film pressure. (b) Deformation amount of bearing bush. (c) Friction coefficient.
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3.5. Bearing Lubrication Characteristics Under the Coupling of Roughness and Rotational Speed

Figure 10 shows the distribution diagrams of the bearing lubrication characteristics
under the coupling of the bearing bush surface roughness and the rotational speed. Simula-
tion working conditions: the surface roughness ranges from 0.622 to 3.822, shaft speed is
varied from 50 to 200 r/min, with water supply pressure fixed at 0.1 MPa and eccentricity
set at 0.9, and the temperature is 25 ◦C. It can be seen from Figure 10a that the water film
pressure increases slightly with the increase in the surface roughness and decreases with
the increase in the rotational speed. When the salt-sand water flows in the bearing gap to
form a water film, the surface asperities of the bearing will interfere with the smoothness
of the water flow. When the water flow passes through the asperities, the ordered flow of
the salt-sand water is hindered, increasing the kinetic energy loss of the water flow, thus
leading to a decrease in the water film pressure. At the same time, under this state, part
of the water film pressure is borne by the asperities, resulting in a slight decrease in the
water film pressure. As shown in Figure 10b, bush deformation closely tracks water-film
pressure trends, as the latter remains its dominant contributor, but the decrease amplitude
is not large. This is because the presence of the surface asperities allows the salt-sand to
fill the gaps between the asperities, and part of the load will be borne by the salt-sand
particles, weakening the influence of the water film pressure on the bearing bush deforma-
tion. At the same time, when the rotational speed is greater than 100 r/min, the water film
pressure increases significantly, and the hydrodynamic lubrication is the strongest at this
time. As shown in Figure 10c, with increasing surface roughness of the bearing, the friction
coefficient shows an upward trend. The larger bush roughness raises the hydrodynamic
drag within the water film, giving rise to this trend. At low rotational speeds, the friction
coefficient is relatively high, and at high rotational speeds, the water film is more likely
to form, and the friction coefficient decreases. Generally speaking, under this coupling
working condition, the rotational speed has a more significant impact on the lubrication
characteristics of the bearing.

Figure 10. Bearing lubrication characteristics under the coupling of roughness and rotational speed:
(a) Water film pressure. (b) Deformation amount of bearing bush. (c) Friction coefficient.

3.6. Distribution of the Flow Velocity of the Water Film Flow Field Under Different Rotational
Speeds and Different Eccentricities

Figure 11 shows the distribution diagrams of the flow velocity of the water film
flow field in the water-lubricated bearing under different rotational speeds and different
eccentricities. Simulation working conditions: shaft speed is varied from 50 rev/min to
200 r/min, the eccentricity ranges from 0.5 to 0.9, the water supply pressure is 0.1 MPa, and
the surface roughness is 1.422. It can be seen from the figure that the changing trends of
the water film flow velocity with the rotational speed and the eccentricity are consistent.
With the increase in the shaft rotational speed, the flow velocity of the water film flow
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field increases, and the water flow trace lines become denser. As shown in Figure 11a,
at low rotational speeds, the water flows slowly along the inner wall of the bearing, the
velocity vector is small, and the water film is not completely formed. With rising rotational
speed, the flow velocity of the fluid increases significantly, the flow of the water inside the
bearing becomes more complex, forming eddy currents and backflow phenomena. The
circumferential shear force of the water film in the load-bearing area is enhanced, and
the axial shear force of the water flow in the non-load-bearing area is enhanced, which
exactly achieves the design effect of the local upper half grooves. The maximum difference
in the water film flow velocity is 0.015 m/s. After 75 r/min, the full-film lubrication is
formed. Figure 11b shows the distribution diagrams of the flow velocity of the water film
flow field under different eccentricities. Under low eccentricities, the full-film lubrication
is not completely formed. As the eccentricity increases, the bearing’s lubrication regime
shifts from boundary to fully hydrodynamic. The maximum difference in the water
film flow velocity between the eccentricity of 0.9 and that of 0.5 is 0.003 m/s. After the
eccentricity reaches 0.7, the water film trace lines in the load-bearing area increase, the
full-film lubrication becomes more obvious, and the flow velocity in the grooves is the
highest. Therefore, the design of the local upper half grooves can not only improve the
load-carrying capacity but also discharge the salt-sand particles through the grooves as
soon as possible.

Figure 11. Flow velocity distribution in the water film flow field: (a) At different rotational speeds.
(b) Under different eccentricities.

4. Experimental Test
4.1. Test Environment and Test Bench

To verify the above theories and physical models, multi-condition and multi-factor
experimental studies were conducted on PEEK water-lubricated bearings. The experimental
setup for the water-lubricated bearing is depicted in Figure 12. The test bench includes
a variable frequency motor (for speed regulation), a water supply electrical regulating
valve (for water supply pressure), a hydraulic loading device (for loading force), a digital
water temperature display meter (for water temperature), a torque sensor (for friction
coefficient), and the roughness tester mentioned in the test conditions. Meanwhile, in
order to accurately obtain the pressure distribution of the water film for one week, a phase
detection sensor is set up.
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Figure 12. Test bench for dynamic characteristics of water-lubricated bearings.

The bearing test conditions are shown in Figure 13, including structural parameters
(local upper half six-groove bearing), lubricating medium (saline sand water), and one
of the test conditions (surface roughness tester). The section of the water film pressure
monitoring points is set at a distance of 50 mm from the water supply inlet. The surface
test of the bearing was conducted using the surface roughness tester shown in Figure 13b,
with a test accuracy of 0.001 µm.

Figure 13. Test Conditions: (a) Bearing installation. (b) Lubricating medium and one of the
test conditions.

4.2. Water Film Pressure Tests of Bearings Under Different Working Conditions

Figure 14 is a comparison diagram between the simulation and experiment of the
water film pressure under different working conditions. It can be seen from Figure 14a that
when the rotational speed ranges from 50 r/min to 300 r/min, the inlet water pressure is set
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at 0.1 MPa, the surface roughness is 1.422, the eccentricity ratio is 0.9, and the temperature
is 25 ◦C, the water film pressure increases with the increase of the rotational speed. Under
the same working condition, the water film pressure of the saline sand water is greater
than that of the liquid water, and the maximum increase is 1.42 kPa. Figure 14b shows
the distribution of the change in the water film pressure when the water supply pressure
ranges from 0.1 MPa to 0.3 MPa, the rotational speed is 100 r/min, the load is 27 N, and
the temperature is 25 ◦C. Film pressure rises as supply pressure is elevated. Compared
with the rotational speed, the increase in the water film pressure under a high water supply
pressure is more obvious, with the maximum increase being 23.66 kPa. The hydrodynamic
lubrication is more obvious under this working condition. Figure 14c shows the change
in the water film pressure when the load ranges from 28 N to 83 N, the water supply
pressure is 0.1 MPa, the rotational speed is 100 r/min, and the temperature is 25 ◦C. As the
load increases, the wedge effect of the bearing becomes more obvious, and the water film
pressure rises, with the maximum increase being 0.72 kPa. Generally speaking, compared
with the water supply pressure, the curves of the water film pressure with respect to the
rotational speed and the load show a slow growth and fluctuations, and the hydrodynamic
lubrication is not so obvious at this time. Compared with the liquid water, the water film
pressure of the saline sand water increases as a whole, indicating that the bearing has better
lubrication characteristics in the saline sand water environment. The simulation results are
consistent with the experiment in terms of the trend and are in line with the simulation
conclusions. However, the experimental values are slightly smaller than the simulation
values, and the maximum errors in the three working conditions are all around 10%.

(a) (b) (c)

 

Figure 14. Comparison between the simulation and experiment of water film pressure under dif-
ferent working conditions: (a) Different rotational speeds. (b) Different water supply pressures.
(c) Different loads.

4.3. Tests on the Friction Coefficient of Bearings Under Different Working Conditions

Figure 15 contrasts simulated and measured friction coefficients across the tested
operating conditions. The friction coefficient of the bearing in the saline sand water is
generally lower than that in the liquid water. At a water supply pressure of 0.3 MPa, the
friction coefficient can drop to 0.019, which reflects that although there are salt and sand
particles in the saline sand water, the local upper half groove bearing can still exhibit good
lubrication characteristics. However, under the same water environment, the experimental
values are slightly smaller than the simulation values, and the errors become smaller as
the rotational speed, water supply pressure and load increase. The minimum error of the
friction coefficient can reach 2.6%, indicating that the system becomes more stable as the
rotational speed, water supply pressure and load increase. After analysis, there are three
reasons for the errors in the water film pressure and friction coefficient. First, there will be
pressure losses in the water supply pipeline. Second, the control systems for the rotational
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speed, water supply pressure and load are not accurate enough. Third, in the simulation,
the material properties are usually uniform and the boundary conditions are ideal.

 

Figure 15. Comparison between Simulation and Experiment of Friction Coefficient under Dif-
ferent Working Conditions: (a) Different rotational speeds. (b) Different water supply pressures.
(c) Different loads.

5. Conclusions
In order to study the lubrication characteristics of a new type of water-lubricated

bearing made of PEEK material and provide a theoretical reference for the application of
this material in water-lubricated bearings, a half-circle groove model of a PEEK water-
lubricated bearing was established. Using a multi-field coupling method, the lubrication
and friction characteristics of the bearing under the influence of multiple factors in a saline
sand water environment were studied and analyzed. Finally, tests and verifications were
carried out on a test rig for the dynamic characteristics of water-lubricated bearings, and
multi-factor bearing lubrication characteristic tests were conducted. Key findings are
summarized below:

(1) In a saline sand water environment, the maximum water film pressure, bush defor-
mation, and bearing capacity of the bearing all increase with increasing rotational
speed and water supply pressure. As the eccentricity increases, the bearing wedge
gap increases, the friction coefficient decreases, and the hydrodynamic effect becomes
significant. An increase in the surface roughness of the bush leads to a slight decrease
in the water film pressure and bush deformation and an increase in the friction co-
efficient. However, the presence of salt and sand particles can fill the gaps between
asperities, weakening the negative impact of roughness on lubrication performance.
Meanwhile, the high viscosity of saline sand water and the filling effect of the particles
enhance the hydrodynamic effect of the fluid, making the lubrication performance of
the bearing superior to that in liquid water.

(2) After considering the thermal effect, the mechanical and thermal loads act together
on the bush. The maximum bush deformation increases by 0.47% and 0.6% in liquid
water and saline sand water, respectively, while the water film pressure and bearing
capacity both slightly decrease by 0.11%. This indicates that the thermal effect reduces
the lubrication effect of the fluid. The water film temperature increases slightly with
increasing rotational speed and water supply pressure, and due to axial flow water
supply and temperature boundaries, the highest temperatures accumulate in the
grooves at the water film outlet.

(3) The local upper half-groove structure can still exhibit good lubrication characteristics
even in the presence of salt and sand particles. It not only improves the bearing
capacity but also facilitates the discharge of water film temperature and salt and sand
particles through the grooves. The PEEK water-lubricated bearing also demonstrates
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insensitivity to temperature, low friction, and good mechanical properties, with a
minimum friction coefficient of up to 0.019.
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