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Abstract.Generally, the movement of journal along the direction of bearing axis under the combined action of
various factors is neglected in the lubrication study of bearing, which is quite different from the actual working
condition of bearing in the shaft-bearing system. In this paper, with a comprehensive consideration of the axial
movement of journal, the surface topography of journal and bearing and the misalignment of journal, a new
model about the hydrodynamic lubrication of misaligned journal bearing is established based on the average
Reynolds equation. Considering the effect of the axial movement of misaligned journal, the lubrication
characteristics parameters of rough journal bearing is presented andmainly discussed. The results show that the
axial movement of misaligned journal has a distinct effect on the bearing lubrication characteristics. The
influence of the axial movement of misaligned journal on the bearing lubrication characteristics is slightly
reduced when considering the surface roughness.
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1 Introduction

The shaft-journal bearing system is one of the most
important friction conjunctions in the mechanical devices,
and is widely used in various types of transmission systems.
The lubrication property of journal bearing directly affects
the operational reliability of mechanical equipment. Many
scholars have carried out a lot of research work on the
lubrication property of journal bearings considering the
journal misalignment and surface topography. Sun et al.
[1–4] researched the influences of the misaligned journal,
surface topography and elastic deformation on the
lubrication performances of bearings, and measured the
misalignment angle of journal and maximum oil film
pressure on the specially designed test rig. They pointed
out that the influence of the journal misalignment and
surface topography must be considered in the design
process of bearing, but the elastic deformation of bearing
surface can be ignored. Then, the journal misalignment and
surface morphology began to attract more and more
sunjun_hfut@163.com
attention, and many useful conclusions were obtained. Liu
et al. [5–8] analyzed the influence of the misalignment of
journal on the lubrication characteristics of bearings, and
indicated that the misalignment of journal is one of factors
that should be considered in the lubrication study of
bearings. Zhen et al. [9] examined the effect of the
misalignment of journal on the lubrication characteristics
of bearing on the basis of considering the influence of the
specific structure of stepped shaft on the inclination angle
of shaft. Isaksson et al. [10] theoretically and experimen-
tally investigated the influence of surface roughness on the
tribological property of hybrid bearing, and pointed out
that the theoretical simulation results are in agreement
with the experimental values. Lv et al. [11–13] researched
the influence of the surface slip and turbulence on the
journal bearings performance based on the journal
misalignment in the bearing bore. Rao et al. [14]
investigated the effect of the surface configuration on the
lubrication characteristics of journal bearing. They found
that the bearing capacity is increased effectively and the
friction coefficient of bearing is reduced by the surface
porous layered structure of lubricating film. Li et al. [15]
studied the effect of the distribution of surface roughness on
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Fig. 1. The diagrammatic sketch of the axial movement of misaligned journal bearing.
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the performance of slider bearings, and found that the
influence of the skewness and kurtosis on the bearing
performance should not be ignored. Wang et al. [16,17]
studied numerically the lubrication characteristics of
textured bearings and non-textured bearings on the basis
of the journal misalignment. None of the above studies had
considered the axial movement of shaft. Generally, the
researchers do not think that the shaft has a certain axial
velocity along the bearing axis. Only the relative rotational
movement and the relative squeezing movement between
the journal surface and the bearing surface are usually
considered in the lubrication study of journal bearing, the
possible relative movement at the direction of bearing axis
between the journal surface and the bearing surface is not
considered. Gui et al. [18] used simulation method to study
the movement of the crankshaft journal along the bearing
axis. They pointed out that the shaft journal has a large
displacement along the bearing axis. Then, Sun et al. [19]
actually measured the trajectory of the journal center of
crankshaft bearing on a specially test rig of a multi-cylinder
engine, and pointed out that there is the axial velocity and
displacement of crankshaft at the direction of bearing axial
within a working cycle of engine and the axial displacement
of crankshaft journal is far greater than the radial clearance
of crankshaft main bearing. Han et al. [20,21] proposed a
virtual-mesh approach to solve the difference equation of
lubricationmodel in which themovement of shaft along the
axial direction of shaft is considered. However, the effect of
the shaft axial motion on the oil film thickness at radial
direction of bearing is not considered and there are some
errors in the established lubrication model by using axial
velocity of shaft along the journal axis.

In actual operation, the journal bearing ismainly used as
the support in the shaft-bearing system, and the journal of
bearing isbelongtoapartof theshaft.Theaxialmovementof
the shaft in the shaft-bearing system caused by various
factors (the axial force, deformation and impact, etc.) is
unavoidable, which will result in the axial movement of
journal and has direct effect on the lubrication character-
istics of journal bearing. In this paper, the shaft-journal
bearing system is taken as the research object, based on the
average Reynolds equation, a lubrication model of rough
journal bearing considering the axial movement of
misaligned journal is established. The influence rule of the
axial movement of misaligned journal on the load-carrying
capacity, oil filmpressure, side leakageflow, frictional power
loss and overturning moment of journal bearing with rough
surface are presented and analyzed.

2 Modeling

2.1 Oil film thickness

As shown in Figure 1, when the journal is tilted in the
bearing hole, the axial movement of misaligned journal at
the direction of bearing axis will directly change the oil film
thickness distribution in the axial section of bearing,
thereby impacts the oil film thickness distribution in the
radial section of bearing. When the misaligned journal
moves to the left along the bearing axis, the point y1 on the
misaligned journal surface moves to y2, then the oil film
thickness distribution in the cross section of bearing at y2 is
the same as that in the cross section of the bearing at y1.
Thus, the oil film thickness at y2 can be expressed by the oil
film thickness at y1 before the axial movement of journal.
The oil film thickness equation [22] considering the axial
movement of misaligned journal is then written as:

h ¼ cþ e0cosðu � cÞ þ tangðyþ V ⋅Dt� L

2
Þ

cosðu � a� cÞ; ð1Þ
where e0 is the eccentricity at the axial mid-section of
bearing,c is attitude angle at the axial mid-section, a is the
angle betweenc and the connecting line between the center
of journal, c is the clearance of bearing, g is the
misalignment angle of journal, u is the circumferential
angle, Dt is the time required for the journal to rotate an
unit angle, L is the bearing width, y is the axial coordinate,
V is the velocity of journal at the direction of bearing axis.

2.2 Reynolds equation

Considering the axial velocity of misaligned journal, the
radial component caused by the axial displacement and the
impact of the surface topography of journal and bearing,
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the average Reynolds equation [22] used for the lubrication
study of misaligned journal bearing can be expressed as:

∂
∂u

ðfxh
3 ∂p
∂u
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Þ
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where p is the oil film pressure, U is the velocity of journal
surface at the circumferential direction, and U=pRn/30,
n is the rotational speed of journal, R is the bearing radius,
h is the dynamic viscosity of lubricant, s is the composite
rms roughness, s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
1 þ s2

2

p
, fx, fy and fs are the

pressure and shear flow factors defined in references [22,23],
hT is the local film thickness.

hT ¼ h

2
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Þ
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p

p
expð�h2=2s2Þ;

where erf ( ) is the error function to express the average
clearance between two rough surfaces more accurately [24].

2.3 Load-carrying capacity

The two components of load-carrying capacity at x and z
coordinates can be calculated by [1]:

Fx ¼ �∫
L

0

∫
2p

0

pR sin u d u d y; ð3Þ

Fz ¼ �∫
L

0

∫
2p

0

pR cos u d u d y: ð4Þ

The load F is then can be expressed as follows:

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

x þ F2
z

q
: ð5Þ

2.4 Side leakage flow

Considering the axial movement of journal and the surface
topography of journal and bearing, the flow and distribu-
tion of lubricant between the surfaces of bearing and
journal will change significantly, which will affect the
leakage flow of lubricant at the bearing end. The
calculation formula of the side leakage flow of lubricant
from the front and rear end planes of bearing are given by
[22,23]:

Q1 ¼ ∫2p0
V hT

2
þ V s

2
fs � fy

h3

12h

∂p
∂y

jy¼0

� �
Rdu; ð6Þ

Q2 ¼ ∫2p0
V hT

2
þ V s

2
fs � fy

h3

12h

∂p
∂y

jy¼L

� �
Rdu: ð7Þ
The total side leakage flow can be expressed as follows:

Q ¼ jQ1j þ jQ2j: ð8Þ

2.5 Friction power loss

When considering the effect of the axial movement of
misaligned journal and the surface topography of journal
and bearing, the friction force caused by the circumferen-
tial movement [3] and axial movement [25] of journal are
defined as:

FU ¼ ∫L0 ∫
2p
0

h

2

∂p
R∂u

ffp þ
Uh

h
ðff þ ffsÞ

� �
Rdudy; ð9Þ

FV ¼ ∫L0 ∫
2p
0

h

2

∂p
∂y

ffp þ
V h

h
ðff þ ffsÞ

� �
Rdudy: ð10Þ

where ffp, ff, ffs are the shear stress factors defined in
references [22,23].

The total friction power loss is supposed to be the sum
of the liquid friction power loss arising from the
circumferential movement and axial movement of journal,
which can be expressed as:

Pj ¼ FU ⋅U þ FV ⋅V : ð11Þ

2.6 Overturning moment

The components of overturning moment at x and z
coordinates can be expressed as follows [1]:

Mx ¼ ∫L0 ∫
2p
0 pðy� L

2
ÞR cosududy; ð12Þ

Mz ¼ ∫L0 ∫
2p
0 pðy� L

2
ÞR sinududy: ð13Þ

The total overturning moment can be calculated as
follows:

M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x þM2
z

q
: ð14Þ

2.7 Convergence criterion

The iterative procedure for solving the Reynolds equation
is terminated when the following convergence criterion can
be satisfied.

Xm
i¼1

Xn
j¼1

jpðkþ1Þ
i;j � p

ðkÞ
i;j j

Xm
i¼1

Xn
j¼1

p
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i;j

� 10�6; ð15Þ



Fig. 2. Flow chart of numerical solution.
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where k is the number of iteration,m and n are the numbers
of grids at the circumferential and axial direction of bearing
respectively andm=288, n=135, pi,j is the film pressure at
node (i, j).

3 Numerical solving method and validation

3.1 Numerical solving method

Based on the Reynolds boundary conditions, the finite
difference method is used to solve the differential equation
of the lubrication equation (2). The super-relaxation
iteration method is used to calculate the discrete equation
of film pressure, and the Simpson integral method is used to
solve the lubrication characteristic parameters of journal
bearing. According to the axial velocity and displacement
of journal, the surface topography parameters, the
structural parameters of bearing and the positional
parameters of journal in bearing hole, the oil film thickness
of each node is calculated by the formula (1). The
lubrication equation is solved based on the convergence
criterion (15) to obtain the oil film pressure distribution of
each node of bearing. Finally, the lubrication characteristic
parameters of journal bearing are calculated according to
the formulas (3)–(14). The diagrammatic sketch of the
numerical solution process is shown in Figure 2.
In order to accelerate the iterative convergence and
ensure the accuracy of the calculation results, the oil film-
solving domain is divided into 38880 parts, which are
divided into 288 nodes in the circumferential direction and
135 nodes in the axial direction.

3.2 Validation

Figure 3 shows the comparison between the maximum oil
film pressure and load-carrying capacity of bearing (whose
main parameters are listed in Tab. 1) obtained by the
present model and calculated in the references [1] and [11].
It shows that the maximum film pressure and load-carrying
capacity calculated by the lubricationmodel of this paper is
basically consistent with the results in the references [1]
and [11], which proves the correctness of the main model
and algorithm used in this paper, and the accuracy of the
analysis results.

4 Results and discussions

The effect of the axial movement of misaligned journal on
the performances of journal bearing with rough surface is
analyzed. The main parameters of journal bearing are
listed in Table 2.
4.1 Influence of journal misalignment

Figure 4 shows the variation of the lubrication character-
istic parameters of bearing (the maximum oil film pressure
pmax, load-carrying capacity F, side leakage flowQ, friction
power loss Pj and overturning moment M) versus the axial
velocity of journal for three different misalignment angles
whether or not consider the influence of surface roughness
(s1 ¼ 0:4; s2 ¼ 0:8). It is noticed from Figure 4 when the
misalignment angle of journal is zero, the axial movement
of journal has no effect on the lubrication characteristics
(except for the Q and Pj) of bearing whether or not the
influence of the surface roughness is considered. The main
reason for this phenomenon is that the axial movement of
journal causes the oil film to have a certain axial velocity,
which directly leads to the significant increase of theQ and
Pj. When the misalignment angle of journal is greater than
zero, the values of pmax, F, Q, Pj andM all increase with an
increase of the axial velocity of journal, and the larger the
misalignment angle, the more significant the increase. The
main reason for those phenomenon may be that the larger
the misalignment angle, the smaller the minimum oil film
thickness of bearing, and the more obvious the hydrody-
namic effect caused by the axial movement of misaligned
journal. With the increase of the axial velocity of
misaligned journal, the influence of surface roughness on
the lubrication characteristics (pmax, F, and M) of bearing
decreases gradually, while an opposite effect on Pj will be.
This may be attributed to the fact that when the position of
misaligned journal in bearing hole is fixed, the impact of
surface roughness on the lubrication characteristics of
bearing is constant. As the axial velocity of misaligned
journal increases, the maximum oil film pressure and load-
carrying capacity increase significantly, and the effect of



Fig. 3. The maximum film pressures and load-carrying capacity: (a) maximum film pressures (e=0.8); (b) load-carrying capacity.

Table 1. Main parameters of journal bearing.

Parameters Symbol Numerical value

Rotation speed of bearing
rpm)

n 3000

Bearing radius (mm) R 30
Bearing width (mm) L 66
Radius clearance (mm) c 0.03
Viscosity of lubricant
(Pa · s)

h 0.009

Journal misalignment
angle (°)

g 0.004∼0.02

Eccentricity e 0.2∼0.8

Table 2. Main parameters of journal bearing.

Parameters Symbol Numerical value

Rotation speed of bearing
(rpm)

n 1500∼4000

Bearing radius (mm) R 30
Bearing width (mm) L 66
Radius clearance (mm) c 0.03
Viscosity of lubricant (Pa · s) h 0.009
Journal misalignment angle (°) g 0.004∼0.007
Axial velocity (m/s) V 0∼1
Surface roughness of journal
(mm)

s1 0.2, 0.4

Surface roughness of bearing
(mm)

s2 0.4, 0.8

Surface direction parameter g0 1/9∼9
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surface roughness on the maximum oil film pressure and
load-carrying capacity decreases. The axial velocity of
misaligned journal makes the friction power loss of bearing
increase more significantly when the surface roughness is
considered. Comparing with not considering the axial
movement of misaligned journal, the maximum oil film
pressure and friction power loss of bearing are increased by
25.07 and 3.13% respectively when the axial velocity is
1m/s (themisalignment angle is 0.007°) for not considering
the surface roughness. When considering the influence of
surface roughness, the maximum oil film pressure and
friction power loss of journal bearing are increased by 16.89
and 4.39%, respectively.

4.2 Influence of rotational speed of bearing

Figure 5 shows the variation of the lubrication character-
istic parameters of bearing versus the axial velocity of
journal for three different rotational speeds of journal
whether or not consider the influence of surface roughness
(s1 ¼ 0:4; s2 ¼ 0:8). It can be seen that the value of the
lubrication characteristic parameters of bearing get
increase with the increase in the axial velocity of journal
for a constant value of the rotational speed of journal,
and the lower the rotational speed, the more significant
the increase. This may be attributed to the fact that the
lower the rotational speed, the relatively larger the axial
velocity of misaligned journal, the greater the hydrody-
namic effect formed by the axial velocity, and the more
obvious the influence. Comparing by, the influence of the
surface roughness of journal and bearing on the
maximum oil film pressure, load-carrying capacity and
overturning moment decreases in varying degrees with
the increase of the axial velocity of misaligned journal.
The lower the rotational speed and the relatively smaller
the axial velocity of misaligned journal, the more obvious
the influence of surface roughness. The main reason for
this phenomenon is that when the rotational speed and
eccentricity of journal are constant, the greater the axial



Fig. 4. The lubricating characteristics of bearing versus the axial velocity of journal for three different misalignment angles whether or
not consider the influence of surface roughness (n=2500 rpm; e=0.8; g0= 1): (a) maximum oil film pressure; (b) load-carrying
capacity; (c) side leakage flow; (d) friction power loss; (e) overturning moment.
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velocity of misaligned journal, the larger the value of the
lubrication characteristics of bearing caused by the axial
movement of misaligned journal, thus the influence
degree of surface roughness will be reduced. Comparing
with not considering the axial movement of journal, the
maximum oil film pressure is increased by 12.77% when
the axial velocity is 1m/s (the rotational speed is
4000 rpm) for not considering the surface roughness, but
the increase of maximum oil film pressure is 10.03% when
considering the influence of surface roughness. It can be
seen from the results that when considering the impact of
surface roughness, the influence of the axial movement
of misaligned journal on maximum oil film pressure of
bearing is slightly reduced.



Fig. 5. The lubricating characteristics of bearing against the axial velocity of journal under different rotation speed when considering
and not considering the surface roughness (g=0.007°; e=0.8; g0= 1): (a) maximum oil film pressure; (b) load-carrying capacity;
(c) side leakage flow; (d) friction power loss; (e) overturning moment.
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4.3 Influence of bearing eccentricity

Figure 6 shows the variation of the lubrication characteristic
parameters of bearing versus the eccentricity of bearing for
threedifferentaxialvelocityof journalwhetherornotconsider
the influence of surface roughness (s1 ¼ 0:4; s2 ¼ 0:8).
Obviously, it can be seen from the Figure 6 that when the
axialvelocityofmisaligned journal is constant, thevalueofthe
lubrication characteristic parameters of bearing all increase
significantly with an increase of eccentricity whether or not
consider the influence of surface roughness. When the
eccentricity is constant, the greater the axial velocity of
misaligned journal, the greater the increase of the value of the
lubrication characteristic parameters of bearing, and the



Fig. 6. The lubricating characteristics of bearing against the eccentricity under different axial velocity when considering and not
considering the surface roughness (g =0.007°; n=2500 rpm; g0= 1): (a) maximum oil film pressure; (b) load-carrying capacity; (c) side
leakage flow; (d) friction power loss; (e) overturning moment.
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bigger the eccentricity, the greater the degree of increase. The
main reason maybe is that the bigger the eccentricity, the
smaller the minimum value of oil film thickness, and the
greater the influence of the axial movement of misaligned
journal on the oil film thickness. Compared with not
considering the influence of surface roughness, the influence
of the surface roughness on the maximum oil film pressure,
load-carrying capacity and overturning moment of bearing is
smaller as the axial velocity of journalmisalignment increases
when the eccentricity is constant. For not considering the
effect of surface roughness, when the value of eccentricity is
0.8 and the axial velocity of journal is 0, 0.5 and 1m/s,
respectively, themaximumoilfilmpressure is52.90,59.27and
66.16MPa, respectively. But the maximum oil film pressure



Fig. 7. The lubricating characteristics of bearing against the g under different axial velocity (g =0.007°; e=0.8; n=2500 rpm):
(a) maximum oil film pressure; (b) load-carrying capacity; (c) side leakage flow; (d) friction power loss; (e) overturning moment.
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is 58.78, 63.35 and 68.71MPa, respectivelywhen considering
the surface roughness, which is increased by 11.12, 6.88 and
3.86%, respectively. It might be explained that when the
eccentricity is constant, the minimum oil film thickness is
constant, the maximum oil film pressure gets significantly
increase with the increase of the axial velocity of misaligned
journal, thereby the effect of surface roughness is relatively
reduced.
4.4 Influence of surface topography

Figure 7 shows the variation of the lubrication charac-
teristic parameters of bearing versus the surface pattern
parameter g0 for three different axial velocity of
misaligned journal under different surface roughness of
the journal and bearing. It can be seen that when the
axial velocity of misaligned journal is constant, with the
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surface change from the transverse roughness pattern to
the longitudinal roughness pattern as the value of surface
pattern parameter increases, the lubrication character-
istic parameters of bearing are reduced to varying
degrees. And, the greater the value of surface roughness,
the more obvious the change. The reason maybe is that
the larger the value of surface roughness, the more the
distribution of three-dimensional topography is affected
by the surface pattern parameter. As the axial velocity of
misaligned journal increases, the influence of surface
pattern parameter on the lubrication characteristics of
bearing is slightly reduced. The main reason for this
phenomenon is that the maximum oil film pressure will
increase significantly while considering the axial move-
ment of journal, and the larger the axial velocity of
journal, the more significant the increase, which reduces
the influence degree of surface pattern parameter. For
the surface pattern parameter is 1/9, when the axial
velocity of misaligned journal is 0, 0.5 and 1m/s, the
maximum oil film pressure is 60.69, 65.21 and 70.45MPa
respectively. When the surface pattern parameter is 9,
the maximum oil film pressure is 55.81, 60.36 and
65.33MPa, respectively, which are reduced by 8.06, 7.44
and 7.27%, respectively.
5 Conclusions

In this paper, the effect of the axial movement of journal on
the performances of journal bearing with rough surface
under different misaligned angle, rotational speed and
eccentricity is studied. The results are compared to which
not consider the axial movement, and the associated
conclusions have been drawn:

–
 regardless of whether the surface roughness is considered,
the values of lubrication characteristic parameters of
bearing get increase with an increase of the axial velocity
of misaligned journal, and the larger the misalignment
angle, the more significant the effect of axial velocity;
–
 compared with not considering the axial movement of
misaligned journal, the influence degree of the axial
movement on the maximum oil film pressure, load-
carrying capacity and overturning moment of bearing is
reduced when considering the surface roughness, and the
lower the rotational speed of journal, the more obvious
the influence;
–
 compared with not considering the surface roughness, the
impact degree of the surface roughness on the lubrication
characteristics of bearing is significantly reduced as the
axial velocity of misaligned journal increases;
–
 when the axial velocity of misaligned journal is constant,
the influence of the surface roughness on the maximum
oil film pressure, load-carrying capacity and overturning
moment of bearing is gradually increased as the increase
of eccentricity compared with not considering surface
roughness. The smaller the axial velocity, the more
significant the influence of surface roughness;
–
 as the surface changes from the transverse roughness
pattern to the longitudinal roughness pattern, the
lubrication characteristic parameters of misaligned
journal bearing are reduced to varying degrees, and the
smaller the axial velocity, the more obvious the change.

Nomenclature
c
 Clearance of bearing (mm)

e0
 Eccentricity ratio at the bearing axial mid-

section

erf ()
 Error function

F
 Load capacity of journal bearing (N)

FU
 Frictional force caused by circumferential

movement of journal (N)

FV
 Frictional force caused by axial movement of

journal (N)

Fx
 Load capacity components at x coordinate

direction of bearing (N)

Fz
 Load capacity components at z coordinate

direction of bearing (N)

h
 Oil film thickness (mm)

hT
 Local film thickness (mm)

k
 Number of iteration

L
 Bearing width (mm)

M
 Overturning on the journal bearing (N ·m)

Mx
 Overturning moment at x coordinate direction

of bearing (N ·m)

Mz
 Overturning moment at z coordinate direction

of bearing (N ·m)

m
 Numbers of grids at circumferential of bearing

n
 Rotational speed of journal (rev/min)

n
 Numbers of grids at axial direction of bearing

Pj
 Total friction power loss (W)

p
 Oil film pressure (MPa)

Q
 Total side leakage flow (m3/s)

Q1
 Lubricant leakage flow from the front-end

plane of bearing (m3/s)

Q2
 Lubricant leakage flow from the rear-end plane

of bearing (m3/s)

R
 Bearing radius (mm)

Dt
 Time required for the journal to rotate an unit

angle (s)

U
 Velocity of the surface of journal at the

circumferential direction (m/s)

V
 Velocity of journal at the direction of bearing

axis (m/s)

x
 Coordinate along the circumferential direction

of bearing (mm)

y
 Coordinate along the axial direction of bearing

(mm)

a
 Angle between c and the connecting line

between the center of journal (°)

g
 Misalignment angle of journal (°)

g0
 Surface direction parameter

c
 Attitude angle at the axial mid-section (°)

u
 Circumferential angle (°)

s1
 Surface roughness of journal (mm)

s2
 Surface roughness of bearing (mm)

s
 Composite rms roughness

h
 Dynamic viscosity of lubricant (Pa · s)

ffp, ff, ffs
 Shear stress factors

fx, fy, fs
 Pressure and shear flow factors
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