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Abstract. This paper studies the lubrication performance of worn water-lubricated plain journal bearings
including effects of cavitation and elastic deformation using computational ﬂuid dynamics (CFD) and ﬂuid–
structure interaction (FSI) method, aiming to provide design and analysis references for worn water-lubricated
plain journal bearings. The results of the CFD and FSI method of this study are compared with the experimental
ones and they are in good agreement. The validated model is used to study the inﬂuences of elastic deformation
and different wear depth of bush on the performance of water-lubricated journal bearings with different length to
diameter ratios. Finally, a method of determining the maximum allowable wear depth of water-lubricated plain
journal bearings is proposed. The diagrams of this work could be used to design and analysis of worn plastic
water-lubricated plain journal bearings.
Keywords: Worn water-lubricated bearings / computational ﬂuid dynamics / ﬂuid–structure interaction /
cavitation

1 Introduction
Water-lubricated journal bearings are widely used in navy
ships, boats, pumps and hydroelectric turbines because of
their simplicity, efﬁciency, and low cost [1,2]. The bearings
are in mixed and/or boundary lubrication in the start or
stop stage and heavy load or low speed operating
conditions. During this time, the bearings are prone to
wear due to high friction coefﬁcient. To completely
understand the behavior of water-lubricated journal
bearings in the entire operation period, it is necessary to
study the property of bearings with wear pattern.
In recent years, Litwin et al. [3–6], Gertzos et al. [7], and
Yin et al. [8–12] have done experimental and theoretical
researches on water-lubricated bearings. Litwin [3–6]
conducted experimental researches about three layer
polymer journal bearings and sintered bronze journal
bearings. The results showed that three layer journal
bearings ensured minor resistance of movement, good
vibration damping property, and easier ﬁtting property.
The bronze bearings provided greater load carrying
capacity than comparable elastic bearings and could be
used in heavy loads with relatively small diameters. Litwin
[13] also investigated the inﬂuence of local bush wear on
* e-mail: merinawang@163.com

load carrying capacity of water-lubricated sliding bearings.
The results showed that worn bearings remained ﬂuid
lubrication regime and the load carrying capacity increased
for the modiﬁcations of bush edge shape. Gertzos et al. [7]
conducted computational ﬂuid dynamics (CFD) analysis of
plain journal bearings lubricated by Bingham lubricant
with different performance characteristics, and the results
could be helpful for the design of smart journal bearings.
Yin et al. [8–12,14] provided references for the designing of
water-lubricated plain journal bearings and thrust bearings
by CFD method. They also studied the stiffness coefﬁcient
and maximum load carrying capacity of misaligned waterlubricated journal bearing in their subsequent research.
For water lubrication, the plastic or rubber bush
materials are elastic with low elasticity modulus. Therefore, it is necessary to consider the elastic deformation of
bush in analysis. Liu et al. [15] investigated the pressure
distribution and center orbit of journal using CFD and
ﬂuid–structure interaction (FSI) method and phase change
boundary condition. The result showed that the combination of CFD and FSI method was a useful tool for the study
of hydrodynamic and elasto-hydrodynamic lubrication and
that the elastic deformation of bearings signiﬁcantly
affected the rotor locus. Wang et al. [14] also studied the
performance of water-lubricated journal bearing with
plastic bush by CFD and FSI method, and a diagram
was provided which can be used for the design of composite
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journal bearings. Lin et al. [16] proposed a transient
analysis method on the lubrication performance of a
journal bearing using CFD and FSI technique including
both thermal and cavitation effects. Relevant researches
also carried out by Shenoy et al. [17]. The approach can be
used in predicting bearing performance under dynamic
loading conditions. Glavatskih et al. [18] conducted a
thermo hydrodynamic (THD) analysis of compliant
journal bearings of poly tetra ﬂuoro ethylene material
considering liner deformation. The results exhibited that
compliant bearings showed increased load carrying capacity, signiﬁcantly reduced peak pressures and thicker oil ﬁlm
in the loaded zone. However, there are few reports about
the lubrication performance of plastic bearings considering
shape change caused by wear using CFD and FSI method.
Researches showed that the long time operation of
bearing, low rotational speed in the start and stop period,
heavy load and misalignment of the shaft are some of the
most important factors that produce wear [19]. The wear
of plain journal bearings in traditional oil lubrication has
attracted attention of many researchers for its importance
[20,21]. Dufrane et al. [22] studied worn steam turbine
bearings during overhaul periods to determine the extent
of wear. And found that signiﬁcant wear appeared with
low turning gear speeds. Two wear geometry models were
proposed to analysis the inﬂuence of wear on hydrodynamic performance. The model which assumed that the
worn arc at a radius larger than the journal was more
realistic and was widely used in subsequent research.
Hashimoto et al. [23] studied the inﬂuence of geometric
change due to wear on hydrodynamic lubrication of
journal bearing in both laminar and turbulent regimes.
The steady state characteristics of journal bearings were
analyzed both theoretically and experimentally, and good
agreement was obtained. Results showed that the wear of
bearing had signiﬁcant effects on steady-state characteristics. Nikolakopoulos et al. [24] put forward a multiobjective optimization approach for the design of worn or/
and misaligned bearings under elasto hydrodynamic
conditions. The result provided an engineering tool for
the determination of design parameters of plain journal
bearings under EHL regimes. Nicodemus et al. [25] studied
the inﬂuence of wear on the performance of journal
bearings under micropolar lubrication using Dufrane’s
wear model. The results showed that the wear caused by
transient start-stop operation had signiﬁcant effect on
bearing performance and it was necessary to consider wear
of bearing in analysis. Nicodemus et al. [26] also studied a
four-pocket hybrid worn bearing under turbulent regime.
Fillon and Bouyer [27,28] investigated the THD performance of a worn plain journal bearing with different wear
depth. The results showed that defects up to 20% had
little inﬂuence whereas above this value (30–50%) the
defects created a signiﬁcant fall in temperature. They also
carried out experimental research on a journal bearing
subjected to starts and stops, and wear of bearing resulted
in an increase in maximum pressure and decrease in
temperature.
With the development of computer technology, more
and more researches were conducted using CFD and
FSI method. CFD and FSI programs provide accurate

design for water-lubricated journal bearings, but the
process is quite time-consuming. Therefore, this paper
studied abundant cases to provide references for the
design and analysis of water-lubricated worn plain
journal bearings.
To the best of our knowledge, no investigation is yet
available in the literatures about the performance of worn
water-lubricated journal bearings under EHL operation.
Therefore, the present study investigates the lubrication
performance of worn water-lubricated journal bearings
including effects of elastic deformation and cavitation. The
results of the CFD and FSI analysis of water lubrication are
compared with the experimental ones of Litwin [29] and
they are in good agreement. The performance characteristics of worn plain journal bearing follows the model
introduced by Dufrane et al. [22], and the results are found
to be in good agreement with the experimental and
theoretical work of Hashimoto [23]. The validated model is
used to study the inﬂuence of bush elastic deformation on
the performance of water-lubricated journal bearings.
Then the inﬂuences of wear depth on bearing performance
for different length-to-diameter ratio are investigated.
Moreover, according to the results calculated, a method
determining the maximum allowable wear depth of waterlubricated plain journal bearings based on wear depth is
proposed. The diagrams of this work could be used to
design and analysis of worn water-lubricated journal
bearings.

2 Numerical analysis
2.1 Governing equations of the ﬂuid domain
The mass and momentum conservation equations are used
to predict the performance of ﬂuid domain. The ﬂow is
assumed to be incompressible, isoviscous, steady and
isothermal, with zero gravitational and other external body
force.
∇⋅n ¼ 0;

ð1Þ

rf ∇ðn⋅nÞ ¼ ∇p þ ∇ðt f Þ;

ð2Þ

where rf is the ﬂuid density, n the ﬂuid velocity vector, p
the static pressure and t f is the stress tensor. The stress
tensor can be deﬁned as:
tf ¼ mf ½ð∇n þ ∇nT Þ  2=3∇  nI;

ð3Þ

where mf is the ﬂuid viscosity and I is the unit tensor.
The load carrying capacity can be calculated by
integrating the pressure over the journal surface as follows:
Z

L

Fx ¼

Z

0

Z
Fy ¼
0

2p

p cos uRj dudz;

ð4Þ

p sin uRj dudz:

ð5Þ

0
L

Z
0

2p
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Table 1. Parameters of the models.
Parameters

Value

Bearing diameter
Length to diameter ratio
Eccentricity
Angular velocity
Saturation water vapor pressure
Saturation density of water
Saturation density of water vapor
Dynamic viscosity of water
Dynamic viscosity of water vapor
Elastic modulus of bearing
Poisson’s ratio of bearing
The compressive stress at strain value of 1.0 of bearing

80 mm
0.5, 1, 1.5
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95
314.16 rad/s
2340 Pa
998.2 kg/m3
0.5542 kg/m3
0.001 Pa·s
1.34E5 Pa·s
1300 MPa
0.44
1.94 MPa

2.2 Fluid–structure interaction
The solid domain follows the second law of motion, which
can be described as follows:
··

rs ds ¼ ∇⋅ss þ f s ;

might fall below the saturation water vapor pressure, and
the water ﬁlm would rupture and cavitation occurs. Thus
cavitation is taken into account in calculations. The liquid–
vapor mass transfer (evaporation and condensation) is
governed by the following equation:

ð6Þ

where rs is the solid density, 
d s the local acceleration of the
solid domain, s s the solid stress tensor and fs is the body
force vector.
The ﬂuid and structure interact with each other for the
ﬂuid pressure makes the bearing deformation. In turn, the
deformation of bearing changes the shape of the ﬂuid
domain. The nodes on the ﬂuid–solid interface correspond
to the displacement compatibility and traction equilibrium
equations.

df ¼ ds
;
ð7Þ
n⋅tf ¼ n⋅ts
where df and tf are the displacement and stress of ﬂuid
domain, respectively, and ds and ts are the structure
displacement and stress, respectively.
In this study, the equations are solved by direct
computing approach. The governing equations for the ﬂuid
and solid domain are combined in one matrix system:


  
Ff
Aff Afs DXkf
¼
;
ð8Þ
Asf Ass DXks
Fs
where Aff, Ass, Afs, Asf are the system matrix for ﬂuid, solid
and the coupling effects respectively. DXkf , DXks are the
solution for ﬂuid and solid domain respectively. Ff and Fs
are the external force for ﬂuid and solid domain
respectively. And k is the iteration number. Thermal
effect is not considered in this study for they have little
inﬂuence on water in open environment.
2.3 Cavitation model
For water-lubricated journal bearings, cavitation has
signiﬁcant inﬂuence on lubrication performance. When
ﬂow enters the divergence domain, water ﬁlm pressure

Rb



pg  p
d2 Rb 3 dRb 2 2s
þ
þ
¼
;
2 dt
rf Rb
rf
dt2

ð9Þ

where Rb is the bubble radius, pg the pressure in the bubble
and s is the surface tension coefﬁcient between the liquid
and vapor. Neglecting the second order terms (which is
appropriate for low oscillation frequencies) and the surface
tension, this equation reduces to:
dRb
¼
dt

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 pv  p
:
3 pf

ð10Þ

Then the total interphase mass transfer rate per unit
volume is
3rnuc ð1  rg Þrg
€ fg ¼ F
m
Rnuc

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 jpv  pj
sgnðpv  pÞ;
3 pf

ð11Þ

where Rnuc is the nucleation site radius, rg the volume
fraction of bubble, rg the vapor density and rnuc is the
volume fraction of the nucleation sites. In equation (11),
sgn(pv  p) is the symbolic function.
8
< 1; pv  p > 0
sgnðpv  pÞ ¼ 0;pv  p ¼ 0 :
:
1;pv  p < 0

ð12Þ

The Rayleigh–Plesset cavitation model implemented in
CFX adopts the following defaults for the model
parameters: Rnuc = 106 m, rnuc = 5  104, Fvap = 50,
Fcond = 0.01.
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Fig. 1. Boundary conditions of ﬂuid domain and solid domain.

2.4 Solution method
The solution method of this study was similar to Wang
et al. [14]. The bearing was submersed in water, and the
water properties were considered to be constant in the
simulation. The diameter of the bearing was 80 mm, the
bearing clearance was 0.15%, and the angular velocity of
journal was 314.16 rad/s. According to the size and the
speed
of the journal, the Reynolds number

rf NRC
Re ¼ mf ¼ 753:6 in the present study was lower
than the critical Reynolds number (Rec = 2000), thus the
ﬂuid ﬂow was assumed to be laminar. The operation
pressure was set to 101 325 Pa due to the fact that the stern
bearings were immersed in water in operation and that the
pressure of inlet and outlet was approximately equal to
atmospheric pressure. Table 1 lists the corresponding
parameters. The bearing material was 12.5 wt.% glass ﬁber
and 12.5 wt.% carbon ﬁber ﬁlled ultrahigh molecular
weight polyethylene (UHMWPE), and the elastic modulus
was 1300 MPa and the Poisson’s ratio was 0.44 according to
experiment results. Besides, the compressive stress at
strain value of 1.0 of bearing material is 1.94 MPa.
The water ﬁlm model was meshed in Gambit 2.4 using
hexahedral grids. The boundary conditions of the ﬂuid
domain were shown in Figure 1a, where two end faces of the
water ﬁlm were set as inlet and outlet with ﬁlm pressure
equaling to ambient pressure, outer face of the water ﬁlm
was modeled as “stationary wall”, and the inner face was set
as “moving wall” with a rotational speed equaling the
angular velocity of the shaft. The sensitivity of mesh
density to load carrying capacity was checked both for the
ﬂuid and solid domain. The mesh distributions in the axial,
circumferential and radial directions were 50  100  6 for
the solid domain. For ﬂuid domain, there were 12 divisions
in the radial direction and 300 divisions in the circumferential direction. The mesh density in the axial direction was
40 cells for L/D = 0.5, 80 cells for L/D = 1, and 120 cells for
L/D = 1.5.
The structure model of bearings was created in ANSYS
Workbench. The bearing was considered to be elastic and
shaft was considered to be rigid. The boundary conditions
of the bearing were shown in Figure 1b, where the outside
and inside surface of the bearing were set as ﬁxed support
and ﬂuid solid interface, respectively.
The numerical results were calculated by CFD package
ANSYS CFX. As previously stated, cavitation was
modeled using Rayleigh–Plesset model. The time step
was set to 0.002 s in the simulation. The convergence of the

Fig. 2. Worn plain journal bearing model.

computing method was set as high resolution. The
minimum and maximum iteration steps of convergent
control were set as 1 and 100 respectively. The minimum
and maximum iteration steps of coupling step control were
1 and 10 respectively. Results were deemed acceptable if
the difference was <1E5.

3 Models
3.1 Worn plain journal bearing model
In the present study, the geometry of the worn waterlubricated journal bearing follows the model described by
Dufrane et al. [22]. Reference [22] proposed two wear
models to analyze the inﬂuence of wear on hydrodynamic
lubrication, one based on the concept that imprint the
journal in the bearing, and the other one based on a
hypothesis that the radius of worn arc is larger than the
shaft. The experimental results showed that the model with
worn arc at a radius larger than the shaft was more
accurate, so this model was used in the present study.
Figure 2 shows the schematic of worn journal bearing,
where Rj and Rb are the radius of journal and bearing
respectively, and e is the distance between the center of
journal (Oj) and the center of bearing (Ob). The radial
clearance (C) is deﬁned as the difference between Rj and
Rb, and the eccentricity ratio (e) is the ratio between e and
C. Dufrane et al. [22] proposed that the wear pattern was
located almost exactly symmetrically at the bottom of the
bearing, and the width was uniform along the length of
bearing. The model can be described by the following the
equation:
d0 d0
¼  ð1 þ cos uÞ;
C C
d¼

d0
:
C

ð13Þ

ð14Þ

where u is the bearing angle, d0 the wear depth at angle of u,
d0 the maximum wear depth and d is the maximum
dimensionless wear depth.
The maximum wear depth is 50% of the bearing radial
clearance. The change in bearing geometry is given by
equation (15)
dh ¼ d0 ¼ d0  C  C cos ðuÞ:

ð15Þ
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Fig. 3. Comparison of pressure distribution with reference [29].

The maximum dimensionless wear depth (d = d0/C)
which corresponds to the ratio of the wear depth and the
radial clearance is used in the calculation. Besides, the
value of wear depth is given in equation (16), which is
added in the calculation of water ﬁlm thickness.

dh ¼ C½d  1  cos ðuÞ for uA u  uB
;
ð16Þ
dh ¼ 0
for u < uAoru > uB
As shown in Figure 2, the angles uA and uB are the
beginning and the end of the wear region, which are
calculated from the equation: cos(u) = d1.
For the case of a worn water-lubricated journal bearing,
the ﬁlm thickness follows equation (17).
h ¼ Cþe cos ðuÞ þ dh:

ð17Þ

3.2 Validation of the model
The CFD algorithm used had been validated by experiments study in our previous studies [8]. The experimental
results showed that the eccentricity ratio was in the range
of 0.55–0.65 when the calculated eccentricity ratio was 0.6
under the same work condition. The calculated results were
in well agreement with the experimental one. Besides, the
pressure distribution and eccentricity ratio vs. Sommerfeld
number calculated in this work were compared with
literatures for further validation. In the present study, the
Sommerfeld number S was given by:
 
mf NDL R 2
:
S¼
F
C

ð18Þ

In Figure 3, the pressure distribution of the water ﬁlm
in this work by CFD model was compared with the
experimental results of elastic bearings in reference [29].
The operation parameters in Figure 3 were: bearing
diameter 100 mm, bearing length 150 mm, radial clearance
75 mm, rotational speed 660 rpm, and speciﬁc pressure
0.2 MPa. Figure 3 showed that the results in this work
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Fig. 4. Comparison of variation of eccentricity ratio vs.
Sommerfeld number with results in reference [23] for d = 0.5
and Re = 137.

agreed well with the experimental results of reference [29].
The maximum percentage difference of the present method
and the experimental results was 8.3%, which might be
caused by the difference in elasticity modulus of bush
materials and the imperfect shape of the test bush.
In Figure 4, the relationship of eccentricity ratio vs.
Sommerfeld number were compared with the measured and
theoretical results in reference [23] with the parameter of
d = 0.5 and Re = 137. And the Reynolds number Re was
given by equation (19). Figure 4 showed that the results in
this work were consistent with the experimental and
theoretical results in reference [23]. Reference [23] did not
take the variation of viscosity of oil with temperature into
account, which leads to the load carrying capacity higher
than actual value. Besides, the calculation methods and the
models used in reference [23] and the present study were
different. These might be the reasons for the difference
between this paper and reference [23].
Re ¼

rf NRC
:
mf

ð19Þ

4 Results and discussion
Figure 5 presents the hydrodynamic water ﬁlm pressure
under different boundary conditions and ﬁlm thickness
distribution at the mid-plane with D = 80mm, L/D = 1,
c = 0.15%, N = 314.16 rad/s, and e = 0.8. Cavitation
occurs when water ﬁlm pressure lower than the saturation
vapor pressure of water [9]. And cavitation plays a more
important role in water lubrication than oil lubrication for
the saturation vapor pressure of water is much higher than
oil. It can be observed from Figure 5a that the pressure
distribution of water ﬁlm without consideration of
cavitation presents great negative pressure. Actually, the
water ﬁlm cannot bear negative pressure and it ruptured
when the pressure lower than 2340 Pa. Meanwhile, the
maximum ﬁlm pressure without consideration of cavitation
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Fig. 5. The pressure and ﬁlm thickness distribution of water ﬁlm for different boundary conditions.

Fig. 6. Eccentricity ratio, maximum ﬁlm pressure, bearing deformation, and coefﬁcient of friction vs. Sommerfeld number for elastic
bearing with bush thickness of d = 10 mm.

is 10.75 % lower than the result considering cavitation.
Thus it is necessary to include the inﬂuence of cavitation in
simulations to accurate describe the pressure distribution
of water ﬁlm.The bush has signiﬁcant deformation with the
increase of load for the bush material is plastic and the
elastic modulus is only 1300 MPa. As shown in Figure 5a,
the maximum pressure with consideration of elastic
deformation is 17.11% lower than the rigid bush. Besides,
the circumferential angle of maximum pressure increased
4.4 and the distribution of pressure are smoother compared

with rigid bearing. Therefore, it is necessary to include the
deformation of bush in simulation for plastic waterlubricated journal bearings.
Figure 5b presents the comparison of ﬁlm thickness
distribution in the mid-plane of elastic bush and rigid one.
In the convergence region of water ﬁlm, the ﬁlm thickness
of elastic bush is larger than the rigid one. In the divergency
region of water ﬁlm, the ﬁlm thickness of elastic bush and
rigid bush are almost coinciding. For plastic journal
bearings, the water ﬁlm thickness in the convergence region

Y. Wang et al.: Mechanics & Industry 18, 508 (2017)
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Fig. 7. Contours of static pressure (Pa) and deformation (mm) for different eccentricity ratio.

increased for the deformation of bush, and the minimum
ﬁlm thickness increased 15.38%. Thus the load carrying
capacity decreased in consequence for the increase in water
ﬁlm thickness.
Figure 6 presents the relationship of eccentricity ratio,
maximum ﬁlm pressure, bearing deformation, and coefﬁcient of friction vs. Sommerfeld number for elastic bush
with L/D equals to 0.5, 1.0, and 1.5. Among them, X-axis is
the log S, and Y-axis is the eccentricity ratio e, dimensionless maximum ﬁlm pressure, maximum bearing deformation, and dimensionless friction coefﬁcient, respectively.
Other parameters are: D = 80 mm, d = 10 mm, c = 0.15%,
e = 0.1–0.95, and N = 314.16 rad/s.
As shown in Figure 6a, the eccentricity ratio decreases
with an increase in Sommerfeld number. The curvature of
the curve varies with the increase of Sommerfeld number.
The relationship between log S and eccentricity ratio is
basically linear when the eccentricity ratio is between 0.4–
0.7, and the slope decreases when the eccentricity is less
than 0.3 or greater than 0.7. Sommerfeld number increases
with a decrease in L/D for a constant eccentricity ratio e,
and the smaller the value of L/D, the more Sommerfeld
number increases. This shows that the side leakage of
bearing increase with a decrease of L/D value, which
accelerates the reduction of load carrying capacity.
For plastic water-lubricated journal bearings, the
eccentricity ratio can be determined by Figure 6a when
Sommerfeld number is calculated for different L/D values
before design of bearings. When the value of eccentricity
ratio is known, the minimum water ﬁlm thickness and the
lubrication regimes of bearings can be determined, which
can be used as a reference for design of plastic waterlubricated plain journal bearings. For example, the value of
eccentricity ratio is 0.71, 0.41, 0.28 when L/D equals to 0.5,
1.0, 1.5 for Sommerfeld number equals to 1.0, respectively.
Then the value of minimum water ﬁlm thickness can be
determined by equation (20) and the lubrication regimes

can also be determined by the calculation of ﬁlm thickness
ratio parameter deﬁned as equation (21) [30].
hmin ¼ Cð1  eÞ:
l¼

hmin
hmin
¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
h
h21 þ h22

ð20Þ
ð21Þ

where l is the ﬁlm thickness ratio, h is the combined surface
roughness, h1 and h2 are the roughness height of the bearing
and shaft surfaces. Generally, the lubrication regimes can
be determined as follows: l ≥ 3 for hydrodynamic lubrication or elastic hydrodynamic lubrication regime, 1 l  3
for mixed lubrication states and 0 < l < 1 for boundary
lubrication states.
The results in Figure 6b–d can be used to determine
the operation parameters of plastic water-lubricated
journal bearings. Figure 6b shows the relationship
between dimensionless maximum ﬁlm pressure

c2
P ¼ P max mN
and Sommerfeld number. As shown in
Figure 6b, the dimensionless maximum ﬁlm pressure
decreases with an increase in Sommerfeld number, and the
slope of the curve decreases signiﬁcantly and the
maximum ﬁlm pressure ﬁnally falls to the same value
for different L/D ratio. And for a constant Sommerfeld
number, the value of maximum ﬁlm pressure increases as
the decrease of L/D. Figure 6c shows the relationship
between maximum bush deformation and Sommerfeld
number. As shown in Figure 6c, the maximum deformation of bearing also decreases as the increase of
Sommerfeld number. For a constant Sommerfeld number,
the value of maximum deformation increases as the
decrease of L/D. Figure 6d shows the relationship between
dimensionless friction coefﬁcient and Sommerfeld number. As shown in Figure 6d, the dimensionless friction
coefﬁcient increases signiﬁcantly with the increase of
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Fig. 8. The eccentricity ratio and dimensionless maximum ﬁlm pressure vs. Sommerfeld number for different wear depth.

Sommerfeld number. The thickness of water ﬁlm increases
with the increase of Sommerfeld number, so the viscous
shearing force between liquid molecules increase, which
results in the increase of friction coefﬁcient.
For plastic water-lubricated journal bearings, the
lubrication parameters can be determined by Figure 6 with
the calculation of Sommerfeld number for different L/D
values. For example, for S = 1.0 and L/D = 1.0, the value of
maximum ﬁlm pressure, maximum bush deformation and
friction coefﬁcient is 1.6, 0.5 and 3.0 respectively. The
lubrication states and the operation parameters can be
determined by the conclusion of Figure 6, and the results can
be used as references for the design of water-lubricated elastic
journal bearings.

Figure 7 shows the contours of static pressure (Pa) and
deformation (mm) for e = 0.2–0.95, N = 314.16 rad/s,
c = 0.15%. As the increase of eccentricity ratio, the
maximum ﬁlm pressure increases, while the bearing areas
of pressure decrease. The bearing tends to produce stress
concentration under the double role of increase in pressure
and decrease in bearing area. Figure 7 also shows the
contours of displacement of interface under different
eccentricity ratio. The displacement distributions and
pressure distributions are inconsistent at high eccentricity
ratio due to the boundary condition of two end faces of
bearing is free, and it exists displacement in Z direction
(axial direction). The results also show that the deformation of bush increase while the deformation regions

Y. Wang et al.: Mechanics & Industry 18, 508 (2017)
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Fig. 9. The maximum bearing deformation and coefﬁcient of friction vs. Sommerfeld number for different wear depth.

decrease as the increase of eccentricity ratio. Therefore, it
should avoid excessive load in the operation of bearings to
avoid stress concentration of bearing material.
Hereinbefore, the lubrication performance of bearing
without wear has been calculated, which can be used as a
comparison of worn bearings. In case of heavy or frequent start
and stop situations, it is easy to cause wear of bearings and the
performance of bearings has signiﬁcant change after wear.
Therefore, the lubrication performance of worn bearings is
elaborated in detail to provide reference for the prediction of
performance of water-lubricated plain journal bearings.
Figure 8 shows the eccentricity ratio and dimensionless
maximum ﬁlm pressure vs. Sommerfeld number for
different wear depth. The parameters are: d = 10 mm,
c = 0.15%, L/D = 0.5, 1.0, 1.5, d = 0.1–0.5, e = 0.1–0.95,
and N = 314.16 rad/s. As shown in Figure 8a, c, and e, the
eccentricity ratio at the same Sommerfeld number

increases as the increase of wear depth, indicating that
the load carrying capacity decrease as the increase of wear
depth, and this tendency is more pronounced as the
decrease of Sommerfeld number and L/D ratio. Moreover,
the effects of wear depth on the maximum ﬁlm pressure are
not strong at large Sommerfeld number, but the effects
become signiﬁcant as the decrease of Sommerfeld number.
The maximum ﬁlm pressure increases with an increase in
wear depth when Sommerfeld number is higher than 0.8,
which indicates that the stress concentration of bearing
material will be serious with increase in wear depth. As the
decrease of L/D ratio, the inﬂuence of wear depth on
maximum ﬁlm pressure becomes strong for a constant
Sommerfeld number. This indicates that the maximum
ﬁlm pressure increase more for low L/D ratio after wear,
that is, short bearing is more likely to fail for the effect of
wear is more signiﬁcant.
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Figure 9 shows the maximum bearing deformation 5 Conclusions
and dimensionless coefﬁcient of friction vs. Sommerfeld
number for different wear depth with d = 10 mm, The tribological performance of worn water-lubricated
c = 0.15%, L/D = 0.5, 1.0, 1.5, d = 0.1–0.5, e = 0.1–0.95, plain journal bearings in hydrodynamic lubrication were
and N = 314.16 rad/s. The results showed that the examined numerically using CFD and FSI method.
maximum bearing deformation increases after wear. Cavitation of water and deformation of bush were taken
And the inﬂuence of wear depth on bearing deformation into account in the simulation. The model used was
becomes weak as the increase of Sommerfeld number and validated ﬁrstly, and the inﬂuences of bush elastic
L/D ratio. The friction coefﬁcient of bearings decreases deformation, wear depth, length-to-diameter ratio on the
after wear. Besides, the friction coefﬁcient of bearings performance of water-lubricated journal bearings were
with different wear depth increases with Sommerfeld studied. The diagrams were presented in the dimensionless
number because the thickness of water ﬁlm increase with form which can be easily used in the design and analysis of
the increase of Sommerfeld number, thus the viscosity water-lubricated worn journal bearings. The following
effect increase and is needs greater force to shear the conclusion can be drawn:
ﬂuid.
– Cavitation and elastic deformation have signiﬁcant
The diagrams of Figures 8 and 9 can be used to
inﬂuence on performance of plastic water-lubricated
evaluate the load carrying properties and lubrication
plain journal bearings. The negative pressure is elimiproperties of worn water-lubricated plain journal bearnated in divergency region and the maximum ﬁlm
ings. The conclusions can be used to judge whether the
pressure increased when taking into account of cavitation
wear depth exceeds the allowable range. We propose that
of water. The maximum ﬁlm pressure decrease and the
the bearings can no longer be used when the maximum
distribution of pressure is smoother when taking into
ﬁlm pressure exceeds 30% of s 1 of bush material, because
account elastic deformation, which can be attribute to
the maximum ﬁlm pressure and maximum deformation of
the increased water ﬁlm thickness. Therefore, it is
bearing increase signiﬁcantly when the maximum ﬁlm
necessary to consider the inﬂuence of cavitation and
pressure exceeds 30% of s 1. For GF/CF/UHMWPE bush
elastic deformation for water-lubricated bearings in
in the present study, the value of s 1 is 1.94 MPa measured
simulation.
by compressive property experiments. For the intact – For worn water-lubricated plain journal bearings, the
bearing at L/D = 1, the dimensionless ﬁlm pressure value
maximum ﬁlm pressure and the maximum bearing
is 7.2 (as shown in Fig. 6) when the ﬁlm pressure is 30% of
deformation increase with an increase in wear depth
s 1. Therefore, the allowable maximum dimensionless ﬁlm
under the same Sommerfeld number. Moreover, the
pressure for the worn bearings is given by the value of 7.2,
increase in ﬁlm pressure and bearing deformation results
too. If the decrease of load carrying capacity for different
in stress concentration of bearing material, which will
wear depth is not exceeding 20% when the dimensionless
accelerate the damage of bush material.
maximum ﬁlm pressure is 7.2, the bearing can continue to – The dimensionless friction coefﬁcient decreases as the
use. Otherwise, the bearing cannot continue to use. It is
increase of wear depth under the same Sommerfeld
considered that 20% decrease in load carrying capacity is
number.
signiﬁcant, and the bearings no longer suitable for use at – According to the diagrams calculated, if the decrease in
this point. As an example (in the case of L/D = 1), the
load carrying capacity exceeds 20% at the allowable
Sommerfeld number is 0.32 (Fig. 6b) when the maximum
maximum ﬁlm pressure, we propose that the bearing is
ﬁlm pressure (when the dimensionless ﬁlm pressure is 7.2)
not suitable for further use. And the wear depth at this
is 30% of s 1 for the intact bearing, the Sommerfeld number
time is the maximum allowable wear depth.
0.34 (Fig. 8d) for wear depth being 0.1, and Sommerfeld
number is 0.41 (Fig. 8d) for wear depth being 0.4. Thus
the decrease in load carrying capacity is 28.12% when
wear depth is 0.4 and it exceeds the value of 20%, Nomenclature
therefore, the value of wear depth of 0.4 is too large to
accept. In other words, the bearing cannot continue to use rf
ﬂuid density
when wear depth higher than 0.4. Other cases can be n
ﬂuid velocity vector
judged with the similar method.
p
static pressure
Therefore, this paper proposes a reference for the tf
stress tensor of the ﬂuid region
allowable wear depth of water-lubricated plain journal mf
ﬂuid viscosity
bearings. The wear of bearing and bearing lifetime is closely I
unit tensor
related due to excessive increase in water ﬁlm pressure and rs
solid density
bush deformation. It will result in stress concentration and 
local acceleration of the solid domain
ds
further fatigue wear of bush material if continue to use. s s
solid stress tensor
According to the diagrams calculated, if the decrease in fs
body force vector
load carrying capacity exceeds 20% at the allowable df
ﬂuid displacement
maximum ﬁlm pressure, we propose that the bearing is not ds
structure displacement
suitable for further use. And the wear depth at this time is ts
structure stress
the maximum allowable wear depth.
A
system matrix
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DX
Ff
Fs
k
Rb
pg
s
Rnuc
rg
rg
rnuc
u
d0
d0
d
dh
C
c
e
D
L
d
F
N
R
S
Re
l
h
h 1, h 2
s1
tmax
hmin
Pmax
P

solution
external force for ﬂuid domain
external force for solid domain
iteration number
bubble radius
pressure in the bubble
surface tension coefﬁcient between the liquid and
vapor
nucleation site radius
volume fraction of bubble
vapor density
volume fraction of the nucleation sites
the bearing angle
the maximum wear depth
the wear depth at angle of u
the maximum dimensionless wear depth (d = d0/C)
the change in bearing geometry due to wear
radial clearance
relative clearance (c = C/R)
eccentricity
the diameter of the bearing
the length of the bearing
the thickness of the polymer bush
the load carrying capacity of bearing
the angular velocity of bearing
the radius of journal 
m NDL R 2
 S¼ fF
Sommerfeld number
C
rf NRC
Reynolds number Re ¼ mf
the ﬁlm thickness ratio
the combined surface roughness
roughness height of the bearing and shaft surfaces
the compressive stress at strain value of 1.0
the maximum bush deformation
the minimum ﬁlm thickness
the maximum ﬁlm pressure

the dimensionless
maximum ﬁlm pressure
c2
P ¼ P max mN
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