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Abstract. Double-layer composite water-lubricated bearing is a new type of water-lubricated bearing which
can integrate the good damping performance of low elastic under-layer bush and good tribological performance
of plastic layer bush. This paper analyzes its elastohydrodynamic lubrication performance by fluid–structure
interaction (FSI) method, and studies the effects of eccentricity ratio, rotational speed, elastic modulus
distribution and thickness distribution of bearing bush on its lubrication performance. Results show that the
lubrication performance of double-layer bearing is more like that of plastic bearing. As rotational speed and
eccentricity ratio increase, the maximumwater film pressure, the load carrying capacity and the maximum bush
deformation increase significantly. As the elastic modulus of the low elastic under-layer bush decreases, the total
bush deformation increases significantly, but the load carrying capacity decreases slightly. The bush thickness
distribution influences the deformation distribution of both low elastic under-layer bush and plastic layer bush,
but have little impact on the total bush deformation and bearing lubrication performance.

Keywords: Double-layer bush / water lubrication / journal bearing / elastohydrodynamic lubrication /
fluid–structure interaction
1 Introduction

Water-lubricated bearings have the characteristics of
environmental protection and energy conservation, and
are now widely used in ship propulsion system, nuclear
main pump, water turbine and other hydraulic machinery.
At present, stern tube water-lubricated bearings mainly
use rubber as bush material, because rubber has good
damping performance and can weaken the adverse effect of
journal misalignment and vibration. But rubber bearings
have large bush deformation and low hydrodynamic load
carrying capacity, and the large friction coefficient usually
causes high power consumption and noise [1,2]. In order to
improve the bearing load carrying capacity and reduce
power consumption, some turbine andmarine pumpwater-
lubricated bearings use plastic such as polytetrafluoro-
ethylene (PTFE) and ultra-high molecular weight
polyethylene (UHMWPE) as bush material [3–6]. While
plastics have low friction coefficient, but worse compliance
and damping properties than rubber. In recent years, some
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research institutions and researchers have studied double-
layer composite water-lubricated bearings. Duramax
Marine has developed a double-layer stern tube bearing
ROMOR I with nitrile rubber (NBR) as one layer bush and
UHMWPE as the other, which has been applied in US
surface ships and submarines [7]. Litwin [8–10] studied the
lubrication performance of a three-layer water-lubricated
bearing (bronze-NBR-PTFE). Results show that the
bearing works under hydrodynamic lubrication state for
most conditions, and its running resistance is less than the
NBR bearing.

As a new kind of water-lubricated bearing, the double-
layer composite bearing has not been studied extensively.
But many scholars have studied the lubrication character-
istics of water-lubricating rubber bearings or plastic
bearings. Cabrera et al. [11] studied the film pressure
distribution in water-lubricated rubber journal bearings
by experiments, and found that the bearings operate in
the regime of mixed lubrication. Due to the elastic
deformation of rubber, the film pressure profiles are
obviously different from those of rigid bearings, and peak
pressures are greatly reduced. Kraker et al. [12] calculated
the Stribeck curves for water-lubricated journal bearings
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Fig. 1. Water-lubricated double-layer bearing.
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by a mixed elastohydrodynamic lubrication model, and
found that within a certain range, the smaller the radial
clearance, surface roughness, external load and elastic
modulus of the bearing, the smaller the rotational speed at
the mixed lubrication (ML) to elastohydrodynamic
lubrication (EHL) transition. Liao et al. [13] studied
the effects of different lubricants (pure water, saline and
sandy water) on the lubricating properties of water-
lubricated rubber bearings. Results showed that the water
film pressure of the bearing generally increases and
stabilizes with increasing rotational speed and eccentricity,
but sandy water shows a greater increase compared with
saline and pure water. The deformation and the stress of the
carrying surface shows the same trend. Wang et al. [14]
studied the lubrication characteristics of water-lubricated
bearing by CFD and FSI method. Results showed that the
bearing bush deformation reduces the water film pressure
and increases the film thickness, which reduces the bush
stress concentration. Lao et al. [15] modified UHMWPE by
adding Polyimide (PI) and studied its tribological perfor-
mance in artificial seawater. They found that the modified
material has the lowest friction coefficient and wear height
than Thordon, Tenmat, and PEEK. Zhou et al. [16,17]
studied the friction coefficient, water film pressure and shaft
orbits ofmultiple groove rubber alloy bearing, and compared
the Stribeck curve of straight groove and spiral groove
bearing. Results showed that groove and bearing bush
deformation have a great influence on the pressure
distribution of bearing, and spiral groove bearing has better
lubrication performance than straight groove bearing. Zhao
and Rui [18] studied the hydrodynamic characteristics of a
water-lubricated rubber journal bearing with a large aspect
ratiobyfinite difference numericalmethod and experiments.
They found that the liquid film was not continuous at low
speeds.Wang et al. [19] studied the tribological properties of
the rubber bearings under different loads and velocities. The
experimental results showed that the friction coefficient
decreases with increasing velocity, the friction coefficient
increases at first and then decreases with increasing load.
Huangetal. [20] studiedthedynamicperformanceofawater-
lubrication rubber bearing with rubber damping layer, and
found that the damping layer can reduce bearing vibration,
especially under high rotational speed and high load
conditions. Xiang et al. [21] explored nonlinear dynamic
mixed friction behaviors of Thorlon water-lubricated
bearings.

Although the double-layer composite water-lubricated
bearing has been confirmed to have superior properties, due
to the large difference in the elastic modulus of low elastic
under-layer bush and plastic layer bush, the bush
deformation of this kind of bearing is quite different from
those of water-lubricated rubber bearing and plastic
bearing, and its lubrication performance is also different.
Therefore, this paper built a fluid–structure interaction
model of double-layer composite water-lubricated bearing
to analyze its elastohydrodynamic lubrication perfor-
mance, and studied the influence of eccentricity ratio,
rotational speed, elastic modulus distribution and thick-
ness distribution of the double-layer bush on the lubrica-
tion performance of this kind of bearing, so as to provide
reference for the design of such bearings.
2 Bearing structure and parameters

Figure 1 shows the structure of the double-layer composite
water-lubricated bearing. The low elastic under-layer
bush is between the plastic layer bush and stainless-steel
sleeve. There is radial clearance, c, between bearing and
journal. Under external load, when the journal rotates, the
journal center Oj is away from the bearing center Ob,
forming wedge-shaped lubrication film and generating
dynamic pressure and load carrying capacity to support
the external load. Parameters affecting the bearing load
carrying capacity include journal rotational speed N,
bearing inner diameter D, bearing length L, plastic bush
layer thickness t1, plastic layer bush elastic modulus E1
and Poisson’s ratio n1, low elastic under-layer bush
thickness t2, low elastic under-layer bush elastic modulus
E2 and Poisson’s ratio n2, radial clearance c, journal
eccentricity ratio e (=e/c), viscosity of lubricant m, etc.
e-u-z is the coordinate system.
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3 Simulation analysis method

3.1 Governing equations

The basic equations for solving the fluid model are mass
conservation equation, momentum conservation equation
and energy conservation equation. As the temperature rise
of water-lubricated bearing is very small, the temperature
change is ignored and the energy conservation equation is
not considered in the calculation, ⊗ the fluid inside
bearings are taken as incompressible.

The mass conservation equation (the continuous
equation) is expressed as:

∂r
∂t

þ ∇⋅ðrvÞ ¼ 0; ð1Þ

where r is the fluid density, v is the fluid velocity vector,
∇⋅a ¼ diva ¼ ∂ax

∂x þ ∂ay
∂y þ ∂az

∂z .
The momentum conservation equation (Navier-Stokes

equation) is given as:

∂
∂t

ðrvÞ þ ∇⋅ðrv� vÞ ¼ �∇pþ ∇⋅t þ rgþ F ; ð2Þ

where p is the static pressure, t is the stress tensor, rg and
F are the gravitational force and external body force. Stress
tensor t is defined as:

t ¼ mð∇vþ ∇vT Þ; ð3Þ
where m is the fluid viscosity.

When the pressure is reduced to a certain value, the
water will evaporate, so the cavitation model needs to be
coupled with the above equations to calculate the pressure
distribution. This paper uses the Zwart-Gerber-Belamri
cavitation model in ANSYS FLUENT. The mass transfer
of liquid and gas (evaporation and condensation) is
governed by the vapor transport equation [22]:

∂
∂t

avrvð Þ þ ∇⋅ avrvvð Þ ¼ Rg �Rc; ð4Þ

where av is the vapor volume fraction, rv is the vapor
density, Rg and Rc are the mass transfer source terms
connected to the growth and collapse of the vapor bubbles.
Zwart-Gerber-Belamri cavitation model assumes that all
vapor bubbles in the system have the same size, andRg and
Rc are defined as [23]

If p � pv; Rg ¼ Fevap
3anuc 1� avð Þrv

Rb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

pv � p

rl

s
; ð5Þ

If p≥ pv; Rc ¼ Fcond
3avrv
Rb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

p� pv
rl

s
; ð6Þ

where Fevap is the evaporation coefficient, Fcond is the
condensation coefficient,Rb is the vapor bubble radius, anuc
is the nucleation site volume fraction, rl is the liquid
density, pv is the vapor pressure. In this work, Fevap=50,
Fcond=0.01, Rb=10�6m, anuc=5� 10�4.

The load carrying capacity can be calculated by
integrating the pressure over the journal surface as follows:

Fe ¼
Z2p
0

ZL
0

p cos uRd u dz

F
u
¼

Z2p
0

ZL
0

p sin uRd u dz

:

The total load carrying capacity of bearing is defined as:

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fe

2 þ F
u

2

q
: ð7Þ

The attitude angle is

f ¼ arctan
F u

�Fe

� �
: ð8Þ

The motion of solid domain is governed by Newton’s
second law, which can be described as:

r s as ¼ ∇⋅ss þ fs; ð9Þ
where rs is the solid density, as is the local acceleration
vector of the solid domain, ss is the solid stress tensor, and
fs is the body force vector.

The displacement d, stress t, heat flow q, temperatureT
and other variables of the fluid and solid models are equal
on the fluid–solid interface. Ignoring the temperature
change, the equilibrium equation can be expressed as:

df ¼ ds
tf nf ¼ t sns

; ð10Þ

where index f refers to fluid, index s refers to solid.
Two-way FSI analyses were carried out in this work.

Figure 2 shows the flowchart of calculation process. The
fluid control equations and solid control equations are
solved in different solvers respectively, and the calculation
results of fluid domain and solid domain are exchanged
through the fluid–structure coupling interface. In this
work, the water film pressure distribution was solved in
FLUENT firstly, and then transferred to Transient
Structure to solve the bearing bush deformation. Then
the bush deformation distribution was transferred to
FLUENT to update the film thickness distribution and
calculate the water film pressure. The time step size was
0.02 s and the number of time steps was 50. The maximum
number of iterations in FLUENT was 20, and that of the
coupling interaction was 5. When the calculation is
converged or reaches the number of iterations at this time
step, it goes to the next time step. The lift forces are
monitored and when the forces remain unchanged, the
calculation will be terminated to reduce the processing
time.



Fig. 3. Model and boundary conditions of (a) Bush and (b) Water film.

Fig. 2. Flowchart of calculation process.
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3.2 Models

Figure 3a shows the model of composite bush and its
boundary condition. The inner surface of the plastic bush is
the FSI interface, and the outer surface of the low elastic
under-layer bush is fixed. The outer surface of the plastic
bush and the inner surface of the low elastic under-layer
bush are bonded.

Figure 3b shows the water film model and its boundary
condition. In this work the Reynolds number of the fluid is
less than 1000, so the viscosity model was set to a laminar
model. To consider cavitation, the multiphase flow model
was used. The first phase was water liquid, and the second
phase was water vapor. The cavitation model is the Zwart-
Gerber-Belamari model, and the cavitation pressure is
2340Pa. The operating pressure is set to 101,325Pa.
Because the bearing is fully submerged, two sides of the
water film model are set as “pressure inlet” and “pressure
outlet” with gauge pressure as zero Pa. The outer
surface of the water film is the FSI interface, and the
inner surface is a rotating wall with a rotational speed equal
to that of the journal. Figure 4 shows the mesh model of



Fig. 4. Mesh model of (a) Bush and (b) Water film.

Fig. 5. The water film pressure distribution contour of (a) Double-layer bearing, (b) Plastic bearing, and (c) Low elastic material
bearing for e=0.6, N=1500 rpm.

Fig. 6. Bush radial deformation contours of (a) Double-layer bearing, (b) Plastic bearing, and (c) Low elastic material bearing.
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bush and water film. All grids are hexahedron grids. The
sensitivity of mesh density to results was checked for both
the fluid and solid domain. To obtain accurate results, the
mesh distributions in the axial, circumferential and radial
directions are 60� 360� 8 for the water film model, and
60� 90� 12 for the bush model.

In the FSI calculation, for models with small bush elastic
modulus, negative grids often occur when updating the fluid
modelmesh, causing calculation error.Thus, in thiswork the
elasticmodulus of the low elastic under-layer bushwas set as
more than 200MPa. To study the bearings’ lubrication
performance, themodel parameters were set as:D=60mm,
L/D=1, c=30mm, E1=1000MPa, E2=200–1000MPa,
n1=0.4, n2=0.47, t1+ t2 =10mm. To compare the lubrica-
tion performance of double-layer bearing and those of low
elastic material bearing and plastic bearing, the following
parameters were used: e=0.6,N=1500 rpm, t1= t2=5mm,
E1=1000MPa, E2=400MPa. To study the influence of
eccentricity ratio on the lubrication performance of double-
layer bearing, e ranged from 0.2 to 0.6, and N=1500 rpm,
t1= t2=5mm, E2=400MPa. To study the influence of the
journal rotational speed on the lubrication performance of
this kindof bearing,N ranged from500 rpmto2500 rpm, and
e=0.6, t1= t2=5mm,E2=400MPa.To study the influence
of elasticmodulus of low elastic under-layer bush,E2 ranged
from 200 to 1000MPa, and e=0.6, N=1500 rpm, t1= t2=
5mm. To study the influence of the bearing bush thickness
distribution, the low elastic under-layer bush thickness
t2 ranged from 1 to 5mm, and t1 ranged from 9 to 5mm, and
e=0.6, N=1500 rpm, E2=400MPa.



Fig. 7. (a) Bush total deformation distribution, (b) Water film thickness distribution in the mid-plane of bearing.

Table 1. The lubrication performance of the bearings.

Bearing type pmax /MPa F/N f/° f S/mm

Double-layer bearing (t1 = t2 = 5mm) 0.390 835 59.9 0.00272 2.60
Plastic bearing (t1 = 10mm, t2 = 0) 0.415 854 61.5 0.00269 1.84
Low elastic material bearing (t1 = 0, t2 = 10mm) 0.340 788 57.3 0.00280 4.06
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4 Results and discussion

4.1 Lubrication performance

Figures 5 and 6 compare the water film pressure
distribution and the bush radial deformation distribu-
tion of double-layer bearing (t1= t2= 5mm, E1= 1000
MPa, E2= 400MPa, n1= 0.4, n2= 0.47), single-layer
plastic bearing (t1= 10mm, t2= 0, E1= 1000MPa,
n1= 0.4) and single-layer low elastic material bearing
(t1= 0, t2= 10mm, E2= 400MPa, n2= 0.47) for e=0.6,
N=1500 rpm. Figure 7 shows the total bush deformation
and the water film thickness in the mid-plane of the
three kinds of bearings. Table 1 summarizes the
lubrication performance parameters of the three kinds
of bearings.

It can be seen that the water film pressure contours
have positive pressure zone and cavitation zone, and the
bush deformation is positive at the positive pressure
zone, and negative at the cavitation zone. The maximum
bush deformation occurs at the position with the
maximum water film pressure. The maximum bush
deformation of double-layer bearing, plastic bearing and
low elastic material bearing is 2.56mm, 1.84mm and
4.06mm respectively, which means that the maximum
bush deformation of double-layer bearing is 0.72mm
more than that of plastic bearing, but 1.5mm less than
that of low elastic material bearing. The minimum water
film thickness of low elastic material bearing is larger
than those of double-layer bearing and plastic bearing.
The maximum water film pressure of double-layer
bearing, plastic bearing and low elastic material bearing
is 0.39MPa, 0.415MPa and 0.34MPa respectively, and
the load carrying capacity is 835N, 854N, 788N
respectively. The load carrying capacity of double-layer
bearing decreases by 2.22% as compared with that of
plastic bearing, but increases by 5.96% as compared with
that of low elastic material bearing. The friction
coefficient of double-layer bearing, plastic bearing and
low elastic material bearing is 0.00272, 0.00269 and
0.00280 respectively, which means that the friction
coefficient of double-layer bearing is lower than that
of low elastic material bearing and close to plastic
bearing. It can be found that the lubrication performance
of double-layer bearing is more like that of plastic
bearing.

4.2 Effect of eccentricity ratio

Figures 8a–8c shows the radial deformation distribution
curves of double-layer bush, low elastic under-layer bush, and
plastic layer bush in the mid-plane of bearing for different
eccentricity ratio, and N=1500 rpm, t1= t2=5mm,
E1=1000MPa,E2=400MPa. The plastic layer deformation
is equal to the total bush deformation minus the low elastic
under-layer deformation. It can be seen that the trend of the
deformation curves is similar, and the bush deformation
increases significantly as the eccentricity ratio increases. The
maximumdeformation appears at around u=153°. Figure 8d
shows the water film thickness distribution for different
eccentricity ratio. It can be seen that theminimumwaterfilm
thickness decreases as the eccentricity ratio rises.



Fig. 8. (a) Bush total deformation distribution, (b) Deformation distribution of low elastic bush, (c) Deformation distribution of
plastic layer bush, (d) Water film thickness distribution for different eccentricity ratio (N=1500 rpm, t1= t2= 5mm, E1= 1000MPa,
E2= 400MPa, n1= 0.4, n2= 0.47).
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Figures 9a–9e shows the variation of load carrying
capacity, attitude angle, maximum water film pressure,
friction coefficient and the maximum bearing bush
deformation with eccentricity ratio for different rotational
speed. It can be seen that the load carrying capacity,
maximum water film pressure and maximum bush
deformation increase as the eccentricity ratio rises. The
load carrying capacity increases from 431N to 1255N as
eccentricity ratio moves up from 0.2 to 0.6 for N=2500
rpm. Here it increases about 2.9 times. While without
considering the bush deformation, the load carrying
capacity increases from 437N to 1408N, about 3.2 times.
The deformation of bush has a great impact on the
lubrication performance of the bearing especially for large
eccentricity ratios. For N=2500 rpm, the maximum water
film pressure increases from 0.114MPa to 0.588MPa, and
the maximum deformation of bearing bush increases from
0.75mm to 3.89mm. The attitude angle decreases as the
eccentricity ratio rises, from 81.9° to 52.6°, and the friction
coefficient of the bearing decreases from 0.0071 to 0.0029 as
the eccentricity ratio rises.

4.3 Effect of Rotational speed

Figures 10a–10c shows the radial deformation distribution
curves of double-layer bush, low elastic under-layer bush,
and plastic layer bush in the mid-plane of bearing for
different rotational speed. It can be seen that the maximum
bush deformation increases significantly as the rotational
speed rises. Figure 10d shows the water film thickness for
different rotational speed. With the increase of the
rotational speed, the water film thickness in the wedge
convergence zone increases, and that in the divergent
region changes little.

Figures 11a–11e shows the variation of load carrying
capacity, attitude angle, maximum water film pressure,
friction coefficient and the maximum bearing bush
deformation with rotational speed for different eccentricity
ratio. It can be seen that the load carrying capacity,
maximum water film pressure and maximum bush
deformation increase as the rotational speed rises. When
without considering the bush deformation, the load
carrying capacity and the maximum pressure increase
almost linearly with the rotational speed, but after
considering the bush deformation, the increasing rate
slows down especially for larger rotational speeds. The load
carrying capacity increases from 343N to 1255N, about 3.7
times, as rotational speed moves up from 500 rpm to
2500 rpm for e=0.6. The water film maximum pressure
increases from 0.15MPa to 0.59MPa, about 3.9 times. The
maximum bush deformation increases from 0.98mm to
3.89mm. The attitude angle decreases as the rotational
speed rises, from 79.8° to 52.6°. The friction coefficient
increases from 0.0024 to 0.0029 for e=0.6.



Fig. 9. Effect of eccentricity ratio on the lubrication performance of double-layer bearing (a) Load carrying capacity, (b) Attitude
angle, (c) Maximum water film pressure, (d) Friction coefficient, (e) Maximum bearing bush deformation, for t1 = t2 = 5 mm,
E1 = 1000 MPa, E2 = 400 MPa, n1= 0.4, n2 = 0.47.
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Fig. 10. (a) Bush total deformation distribution, (b) Deformation distribution of low elastic under-layer bush, (c) Deformation
distribution of plastic layer bush, (d) Water film thickness distribution for different rotational speed (e=0.6, t1= t2= 5mm,
E1= 1000MPa, E2= 400MPa).
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4.4 Effect of bush elastic modulus

Figures 12a–12c shows the radial deformation distribution
of double-layer bush, low elastic under-layer bush, and
plastic layer bush in the mid-plane of bearing for different
low elastic under-layer bush elastic modulus. It can be seen
that the bush deformation decreases as the low elastic
under-layer bush elastic modulus increases, and the
maximum deformation still appears at around u=153°.
With the increase of the elastic modulus of low elastic
under-layer, the deformation curve of low elastic under-
layer changes significantly, and the deformation curve of
plastic layer bush changes relatively small, which indicates
that the change of the total deformationmostly comes from
the change of the low elastic under-layer bush deformation.
Figure 12d shows the water film thickness distribution for
different low elastic under-layer bush elastic modulus. As
the low elastic under-layer bush elastic modulus increases
from 200MPa to 1000MPa, the water film thickness in
wedge convergence zone decreases, and the maximum
reduction is 1.7mm.

Figures 13a–13e shows the variation of load carrying
capacity, attitude angle, maximum water film pressure,
friction coefficient and the maximum bearing bush
deformation with the low elastic under-layer bush elastic
modulus for different eccentricity ratio. Low elastic under-
layer bush elastic modulus has a significant impact on the
maximum bush deformation especially for large eccentrici-
ty ratios, but has little impact on the other lubrication
performance parameters. This also indicates that the
lubrication performance of double-layer bearing is more
similar to that of plastic bearing. For e=0.6, as low elastic
under-layer bush elastic modulus decreases from 1000MPa
to 200MPa, the maximum bush deformation increases
from 1.8mm to 3.5mm, almost doubles. But the load
carrying capacity decreases from 854N to 810N, only
dropping 5.2%. The water film maximum pressure
decreases from 0.41MPa to 0.36MPa, the attitude angle
decreases slowly from 61.5° to 58.2°, and the friction
coefficient changes little.

4.5 Effect of bush thickness distribution

Figures 14a–14c shows the radial deformation distribution
curves of double-layer bush, low elastic under-layer bush,
and plastic layer bush in the mid-plane of bearing for
different low elastic under-layer bush thickness. The
total bush thickness is 10mm, as the low elastic under-
layer bush thickness increases from 1mm to 5mm, the
plastic layer bush thickness decreases from 9mm to



Fig. 11. Effect of rotational speed on the lubrication performance of double-layer bearing (a) Load carrying capacity, (b) Attitude
angle, (c) Maximum water film pressure, (d) Friction coefficient, (e) Maximum bearing bush deformation, for t1 = t2= 5 mm,
E1 = 1000 MPa, E2 = 400 MPa, n1 = 0.4, n2 = 0.47.
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Fig. 12. (a) Bush total deformation distribution, (b) Deformation distribution of low elastic under-layer bush, (c) Deformation
distribution of plastic layer bush, (d) Water film thickness distribution for different low elastic under-layer bush elastic modulus
(e=0.6, N=1500 rpm, t1= t2= 5mm, E1= 1000MPa, n1= 0.4, n2= 0.47).
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5mm. With the increase of low elastic under-layer bush
thickness, the deformation of low elastic under-layer
bush increases and the deformation of plastic layer
bearing bush decreases, but the total bush deformation
changes little. Figure 14d shows the water film thickness
distribution for different low elastic under-layer bush
thickness. It can be seen that the low elastic under-layer
bush thickness has little impact on the water film
thickness.

Figure 15a–15e shows the variation of load carrying
capacity, attitude angle, maximum water film pressure,
friction coefficient and the maximum bush deformation
with the low elastic under-layer bush thickness for
different eccentricity ratio. It can be seen that when the
low elastic under-layer bush thickness increases from
1mm to 5mm, the lubrication performance parameters
change little. For e=0.6, the load carrying capacity
decreases from 841N to 836N, only with a 0.6% drop.
The attitude angle decreases from 60.3° to 59.9°, the
maximum water film pressure decreases from 0.397MPa
to 0.390MPa, the maximum bush deformation increases
from 2.46mm to 2.6mm, and the friction coefficient
almost remains the same.
5 Conclusions

This work studies the elastohydrodynamic lubrication
performance of double-layer composite water-lubricated
bearings using FSI method, and analyzes the influence of
rotational speed, eccentricity ratio, low elastic under-layer
bush elastic modulus and bush thickness distribution on
the lubrication performance of this kind of bearing. The
following conclusions are drawn:

–
 The load carrying capacity of double-layer composite
water-lubricated bearing is a little lower than that of
plastic bearing and much higher than that of low elastic
material bearing. The friction coefficient of double-layer
bearing is lower than that of low elastic material bearing
and close to plastic bearing. The elastohydrodynamic
lubrication performance of double-layer bearing is more
like that of plastic bearing.
–
 Eccentricity ratio and journal rotational speed have
significant impacts on the lubrication performance of the
bearing. As the eccentricity ratio and journal rotational
speed increases, themaximumpressure, the load carrying
capacity and the maximum bush deformation increase
significantly.



Fig. 13. Effect of low elastic under-layer bush elastic modulus on the lubrication performance of double-layer bearing (a) Load
carrying capacity, (b) Attitude angle, (c) Maximum water film pressure, (d) Friction coefficient, (e) Maximum bearing bush
deformation, for N = 1500 rpm, t1 = t2 = 5 mm, E1 = 1000 MPa, n1 = 0.4, n2 = 0.47.
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Fig. 14. (a) Bush total deformation distribution, (b) Deformation distribution of low elastic under-layer bush, (c) Deformation
distribution of plastic layer bush, (d) Water film thickness distribution for different low elastic under-layer bush thickness (e=0.6,
N=1500 rpm, E1= 1000MPa, E2= 400MPa, n1= 0.4, n2= 0.47).
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–
 Low elastic under-layer bush elastic modulus has a
significant impact on the maximum bush deformation
especially for large eccentricity ratios, but has little
impact on the other lubrication performance. For e=0.6,
as low elastic under-layer bush elastic modulus decreases
from 1000MPa to 200MPa, the maximum bush
deformation almost doubles, but the load carrying
capacity drops only 5.2%. The change of the total
deformation mainly comes from the low elastic under-
layer bush deformation, which indicates that the double-
layer bearing has better load carrying capacity than low
elastic material bearing.
–
 Bush thickness distribution influences the deformation of
both low elastic under-layer bush and plastic bush, but
have little impact on the total bush deformation. The
load carrying capacity, the attitude angle, the maximum
water film pressure and the friction coefficient change
little as the low elastic under-layer bush thickness
increases from 1mm to 5mm.

Nomenclature
c
 Radial clearance

e
 Eccentricity of journal

f
 Friction coefficient

F
 Load carrying capacity
L
 Bearing length

pmax
 Maximum water film pressure

t1
 Thickness of plastic bush

n1
 Poisson’s ratio of plastic bush

e
 Eccentricity ratio=e/c

f
 Attitude angle

Ob
 Bearing center

D
 Bearing inner diameter

E1
 Elastic modulus of plastic bush

E2
 Elastic modulus of low elastic under-layer bush

hmin
 Minimum film thickness

N
 Rotational speed of journal

S
 Maximum deformation of bearing bush

t2
 Thickness of low elastic under-layer bush

n2
 Poisson’s ratio of low elastic under-layer bush

m
 Viscosity of lubricant

u
 Bearing angle, or angular coordinate

Oj
 Journal center
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Fig. 15. Effect of low elastic under-layer bush thickness on the lubrication performance of double-layer bearing (a) Load carrying
capacity, (b) Attitude angle, (c) Maximum water film pressure, (d) Friction coefficient, (e) Maximum bearing bush deformation, for N
= 1500 rpm, E1 = 1000 MPa, E2 = 400 MPa, n1 = 0.4, n2 = 0.47.
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