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ABSTRACT

Based on the motion equation of journal center
trajectory, the nonlinear journal center trajectory
under dynamic load is calculated, and the journal
center trajectory of cylindrical bearing, two-axial
groove journal bearing and three-axial groove journal
bearing is compared. When dynamic load is applied
in bearing, the journal center oscillates and adjusts
again, and finally stabilizes at a new balanced
position. The more the number of oil grooves is, the
faster the sleeve bearing journal center velocity tends
to be stable. The three-axial groove journal bearing
has the fastest stabilizing speed, the advantage of
good impact resistance and stability; the cylindrical
bearing have the slowest stabilizing speed, the worst
impact resistance and stability.

INTRODUCTION

In the application process of journal bearings,
due to various operating conditions, the process of
forming and stabilizing for the oil film of journal
bearing is different. The study of the nonlinear
journal center trajectory is helpful to simulate the
working state of journal bearing, which is of great
significance for the structural optimization and
operating conditions of journal bearing.
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Meng et al. (2008) solved the Reynolds equation
by successive over-relaxation method (SOR method)
on the basis of finite difference method, obtains the
width-diameter ratio and eccentricity on oil film
distribution curve of oil film pressure of journal
bearing, and studied the influence of bearing the basis
pressure distribution. Joy et al. (2016) studied the
static characteristics of two-axial groove journal
bearing with different groove structures, and
optimized the groove structure of two-axial groove
journal bearing by genetic algorithm. Ma et al. (2010)
calculated the journal center trajectory, maximum oil
film pressure and minimum oil film thickness of
journal bearing under step loads, rectangular pulse
loads and sinusoidal impulse loads, and summarized
their change rules. Sharma et al. (2017) obtained the
influence of surface roughness on bearing stability by
calculating the journal center trajectory. Jain et al.
(2017) analyzed the linear and nonlinear transient
motion of the two-lobe journal bearing, by comparing
with the journal center trajectory of the circular
bearing, it was concluded that the two-lobe journal
bearing is more stable than the circular bearing. Lin
et al. (2014) analyzing the transient nonlinear motion.
Li et al. (2015) calculated the static equilibrium
position under different static loads, bearing
structures, oil film clearances and journal rotational
speeds, and concluded that the static equilibrium
position of journal center trajectory was independent
of the initial position of journal. Ye et al. (2016)
studied the journal orbit and circumferential pressure
distribution of journal bearing by experimental
method, and analyzed the influence of the clearance
radius, the aspect ratio and the rotational speed on the
bearing stability. Li (1999) has analyzed the journal
center orbits based on a non-isothermal
non-Newtonian fluid model, and studied the
influence of the journal rotation speed and the
frequency of change of the applied load on the
stability of journal bearing. Dong et al. (2017)
analyzed the influence of surface texture distribution
on vibration and stability of bearing by experiment.
Cha et al. (2013) studied the influence of unbalanced
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force, load, eccentricity and other factors on the
journal orbit by comparing the journal trajectories

obtained by the linear and nonlinear transient analysis.

Mehrjardi et al. (2016) studied the effect of preload
factor on the stability performance of noncircular two
and three lobe journal bearings by analyzing the
linear and nonlinear journal orbit. Hakan et al. (2013)
studied the tribological properties of non-grooved and
micro-grooved journal bearings under dynamic
loading by comparing the experimental and
numerical results.

By solving the generalized Reynolds equation
and the force balance equation, Wang et al. (2018)
obtained that the circumferential pressure, axis
displacement, axis velocity, axis acceleration velocity
of journal bearing change periodically as time goes,
and the influence of dynamical loading on the oil film
pressure distribution and the journal center trajectory
is analyzed. Tatsuya et al. (2017) made a nonlinear
theoretical analysis of a flexible rotor system
supported by a full circle bearings, and studied the
influence of various parameters on the lubrication
performance of journal bearings. Conti et al. (2016)
have studied a new quasi-3D tilting pad journal
bearing model, which can analyze both the fluid
dynamics and rotor dynamics of the system and their
complex interactions. Sunnegérd et al. (2016) studied
how the cross-coupling coefficients affected the
dynamics of a vertical rotor with tilting pad journal
bearings, it was found that the cross-coupling
stiffness for vertical machines can influence the
dynamics by compared the simulated unbalanced
response with the experimental results. Zhou et al.
(2017) conducted an experimental study on the water
film pressure of water-lubricated rubber bearings
with multiple grooves, and concluded that the
water-lubricated rubber bearings with multiple
grooves have a significant influence on the film
pressure circumferential distribution. Wang et al.
(2020) studied the accurate nonlinear dynamic
characteristics of the gas journal bearings. Hekmat et
al. (2019) indicated that the presence of the groove in
the bearings caused the pressure on the grooved
bearings to decrease dramatically, and the probability
of occurrence of the oil instability will be less than no
groove bearing.

Most scholars have focused on the static
characteristics or stiffness damping coefficients of
journal bearing, and neglected the influence of oil
groove structure on journal center trajectory. The
research on journal center trajectory is more helpful
to simulate the state of journal bearing under the
actual working condition, and makes the research
result more close to the actual situation, the study of
oil groove structure is helpful for improving the
stability of spindle system. Therefore, the manuscript
mainly studies and analyzes the journal orbit of
sleeve bearings with different oil groove structures.
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ESTABLISHMENT OF THEORETICAL
MODEL

Oil Film Thickness Equation of Different Oil

Grooves at Dynamic Loading
9

0

Fig. 1. Geometrical structure of sleeve bearing.

(b) Three-axial groove bearing
Fig. 2. Geometrical structure of groove bearing

As shown in Figure 1, O, is bearing center, O:is
denoted by (x, y) and it is axis center, O;0, is
eccentricity, a wedge-shaped gap is formed between
the bearing bush and the axis due to the existence of
eccentricity e, 0 is attitude angle, ¢ is circumferential
angle and begins at the maximum oil film thickness,
the oil film thickness equation of cylindrical bearing
is shown as:

h=c+ecosp )
where % is the oil film thickness, ¢ is the radial
clearance.
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In Fig. 1, when the coordinates of the axis O; is
represented by (x, ), the parameters can be expressed
as follows (Ma et al., 2010; Zhang, 1986):

e=+/x"+)’
sinfd=x/e
cosd=yle

The film thickness equation (1) can be expressed
as:

h=c+xsin(p+0)+ycos(p+6) (2)
The dimensionless form of equation (2) can be
expressed as:

H=1+Xsin(p+60)+Ycos(p+6) (3)
where H is the non-dimensional oil film thickness,
H= h , X and Y are the non-dimensional displacement

C
of the journal center in the x direction and y direction.
Similarly, as shown in Figure 2, the oil film
thickness equation of the oil grooves is
h=c+xsin(p+6)+ycos(p+6)+h, (4
where A, is the depth of the oil groove.

The dimensionless form of equation (4) is
H=1+Xsin(¢)+9)+Ycos(¢+¢9)+Hg %)

where A is the non-dimensional depth of oil groove,

Reynolds equation

The Reynolds equation for incompressible fluid
lubrication and finite long bearing can be expressed
as (Zhang, 1986):

i(hgé’_p)_’_i(lfa_p):a]ﬂ@ (6)
oy 0oy

ox Ox Ox
where p is the oil film pressure, U is journal rotation
speed, ¢ is lubricating oil viscosity.

For the oil groove sleeve bearing, the oil film
thickness of bearing has a stepped change, the
Reynolds equation contains the derivative of h, and it
cannot be directly transformed into a difference
equation at the oil groove position. Therefore, it is
necessary to use the flow balance relationship in the
limited control space (2 Axx2/Ay) to solve the
discontinuous position of the oil film thickness.

Q[Uhi—l,no _ /",3—1,j+0 Di; P ]+Q[Uh,—1.j—o _ hiu o Pij = Piny ]
2 2 124 Ax/2 2 2 124 Ax/2
3 3
+£[ h,m,.,_. Dijo~ P ]+£[ h«-o._/—l P~ pz.]]
2 Ru  Az/2 2 124 Az/2

+

2 2 Ru  Ax/2 2 Ru  Ax/2
+£[ hi3_0,1+1 Di;—Pijn ]+£[ h{ioﬁl bPi; = Pijn 1=0

2 Ru  Az/2 2 24  Az/2

(M

where ;+0, i-0denote the oil film thickness near

Q[UI%,_,_O By Py by ]+Q[Uhf+1./+o B Py =P
2

the column 7 in the positive and negative direction of
the x-axis, separately, ;+0, j-0is similar for column
J and y-axis.

The dimensionless component of the oil film
forces in the direction of x and y are as follows:

F. = —J:”(ElPdl)sin(qo+0)d¢
F, =—J‘02”(J-_11Pd/1)cos((o+9)d(p 8)

W=F*+ F} 9)

where F, and F, are the dimensionless component of
the oil film forces in the direction of x and y, W is the
non-dimensional loading capacity.

Nonlinear motion equation of journal center
trajectory

As shown in Fig. 1, the motion equation of the
journal center O: in the coordinate system xO,y is

ma, = f,(ot)+q, (10)

ma, = f, (a)t)+qy+mg an
where m is the quality of shaft, a. and a, are the
accelerations in the direction of x and y, @ is the
rotational speed of sleeve bearing, ¢ is the
time, £, (wt) and f, (wr) indicate the component of

the oil film force in the direction of x and y at the

speed w and time ¢, gx and g, are the dynamic loads

acting on the rotation axis in the x and y directions.
The equation (10) and (11) are divided by

mcw® and obtained the dimensionless form as
follows:
4, =k,F (7)+0, (12)
4,=k,F (7)+0, +], (13)
where
Ax = ax2 ’AJ’ :a_yzjkm =Ll(£) ,T =t ’jm =£’
cw co mao\ ¢ ca
r : r :
F, =fx/,ua)rl(j .F, =fv/,ucorl() 0, =L,
C i : C mcaw
0, = 9 , I is bearing radius.
Y mew

Calculation of nonlinear center trajectory
of journal bearing

Calculation method of nonlinear center trajectory
of journal bearing

The boundary conditions adopt the Reynolds
]boundary condition. Pressure at both edges of the
bearing is zero. Pressure distribution is symmetric
about the mid plane along axial direction. When the
pressure falls below zero, the oil film rupture occurs,
the Reynolds boundary condition on the rupture
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boundary is used, pressure and pressure gradient is
set equal to 0.

In order to solve the nonlinear center trajectory
of journal bearing, the film thickness equation
(equations (3) and (5)) of the initial position should
be solved, and then the Reynolds equation can be
solved. The Reynolds equation of cylindrical bearing
(equation (6)) is solved by finite difference method
because of its simple bearing structure (Zhang, 1986).
The Reynolds equation of journal bearing with
groove is mainly solved by the flow conservation
relationship in the control space (equation (7)).

The distribution of oil film pressure can be
obtained by solving Reynolds equation, and then the
components of oil film pressure Fx and F), can be
calculated according to equation (8). The
accelerations of journal center 4. and 4, can be
obtained by substituting F, and F), into equation of
motion (12) and (13). By Euler method, the
displacement and velocity at the next moment of the
journal center O, can be calculated. The new
displacements are substituted into the film thickness
equation and the next iteration is carried out. Finally,
the nonlinear journal center trajectory is obtained.

Basic calculation parameters of journal bearing
The basic parameters of bearing calculation are
as follows:

Table 1. Bearing calculation parameter (Ma et al.,
2010; Wang et al., 2018; Zhang, 1986).

Bearing parameters Notations Numerical value
length of the bearing (m) I 0.05
Journal radius (m) r 0.025
radial clearance (m) c 0.0002
rotor quality(Kg) m 10
viscosity of lubricating u
oil(Pas) 0.02
Journal rotational w
1007
speed(rad/s)

In the following calculation, the starting point of
the nonlinear journal trajectory is selected as the
center point of the bearing. The time range 7 is 0 to
307, and A7 is 7#/100. The non-dimensional depth of
the oil groove H, is 1, and the groove width is 18
degrees, the structure is shown in Fig. 2; the oil
grooves of the two-axial groove journal bearing are
located on the horizontal line of the bearing with an
interval of 180 degrees, and the oil grooves of
three-axial groove journal bearing are located on the
bearing with an interval of 120 degrees.
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Results and discussion

0 - 0
e
0<r<l15x

0
Q"_{1 157 <7 <307

0<r<l157
157 <7t <307

(14)

When journal bearing is in the state of dynamic
load as shown in equation (14), the journal center
trajectory, journal center displacement, journal center
velocity, journal center acceleration and oil film
pressure distribution of the journal bearing are as
shown in Figure. 3, 4, 5, and 6.

— & — Line 1
—%— Line 2

—-#A-— Line 3

-1 -0.5 0 0.5 1

X
Fig. 3. Journal center trajectory under dynamic load
(Line 1 represents the journal center

trajectory of cylindrical bearing; Line 2
represents the journal center trajectory of
two-axial groove journal bearing; Line 3
represents the journal center trajectory of
three-axial groove journal bearing.)

Bearing without
Groove. X

-- Bearing without
Groove, Y

————— Bearing with
two Grooves, X

- Bearing with
two Grooves, Y

|
i — — — Bearing with
\

-0.8 | three Grooves, X

Bearing with
& three Grooves, Y

Fig. 4 Journal center displacement under dynamic
load
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Component of oil film pressure
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(a) Oil film components of cylindrical bearing
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(b) Oil film components of two-axial groove bearing
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(c) Oil film components of three-axial groove bearing
Fig. 5 Oil film components under dynamic load
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(a) Journal center velocity of cylindrical bearing

Velocity of journal center
%

5x 10x 15n Jim 5x 3ox

T
(b) Journal center velocity of two-axial groove
bearing

Velocity of journal center

o 5n 10% 150 20m 250 30m

(c) Journal center velocity of three-axial groove
bearing
Fig. 6 Journal center velocity under dynamic load

As shown in Figs. 4 and 5, when 7 <157, the
load and oil film force are balanced, the stable
position of journal center is the same as that of
journal center without dynamic load, the velocity and
acceleration of journal center are all zero, the oil film
force and the weight of bearing are balanced. When
7 > 157, the dynamic load begins to act on the shaft.

As shown in Fig. 3 and 4, when three kinds of
journal bearings are in the static load balancing
position, the X coordinates of the journal center are
basically the same, but the Y coordinate is gradually
away from the Y axis with the increase of the number
of oil grooves. After applying dynamic load, the
balance position of the journal center begins to
change, moves away from the center of the bearing,
and the moving distance increases with the increase
of the number of oil grooves; finally, the cylindrical
bearing, the two-axial groove journal bearing and the
three-axial groove journal bearing are stabilized at
the new balance point respectively
(X =-0.6474, Y =—0.1324), (X =—-0.6712, Y =—0.1312),
( X=-0.8831 , Y=-0.1254 ).At the time, the X
coordinates of journal center in the new balance
position are gradually far away from the X axis with
the increase of the number of oil grooves, and the ¥
coordinate of the journal center of the bearings
changed from the difference obviously to basically
equal. This shows that the X coordinate and Y
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coordinate of the journal center of three-axial groove
journal bearing have the greatest change, that of the
two-axial journal bearing have smaller change; the
coordinates of the cylindrical bearing have the
smallest change and its X coordinate remains
basically unchanged.

As shown in the local enlarged drawing (1), (2)
in Fig. 3, it can be seen that after the journal center is
stabilized again under the dynamic load, the distance
from the previous position to the new position is the
shortest, and the distance from the center of the
bearing is the closest, so the stability of the
cylindrical bearing is the worst. Three-axial groove
journal bearing has the longest journal center
displacement and the farthest distance from the
bearing center after the journal center is stabilized
again under the dynamic load, so the three-axial
groove journal bearing has the best stability. The
journal center displacement of the two-axial groove
journal bearing and the distance from the center of
the bearing after stabilization are between that of the
cylindrical bearing and the three-axial groove bearing.
Therefore, the stability of the two-axial groove
journal bearing is stronger than that of the cylindrical
bearing and weaker than that of the three-axial
groove journal bearing.

As shown in Fig. 5, after applying dynamic load,
the step change of oil film component occurs. The oil
film component eventually stabilizes to F,=1.6085
and F,=2.4071, and the oil film force and load are
balanced. Compared with the balanced state under
static load, both the horizontal oil film component F
and vertical oil film component F) increase by 1.6085;
the two values multiplies by 4, is equal to Q. and Q,,
which proves again the correctness of the conclusion.
As shown in Fig. 6, after applying the dynamic load,
the velocity of the journal center change in step and
then stabilize to zero. However, it can be found that
with the increase of the number of oil grooves, the
greater the change of journal center velocity after
stabilization, and the faster the stabilization speed,
which is consistent with the displacement analysis in
Fig. 4 above. Therefore, with the increase of the
number of oil grooves, the stability of the bearing is
better and better. The attitude angle 6 of cylindrical
bearing, two-axial groove journal bearing, three-axial
groove journal bearing is 78.4419 degrees, 78.9389
degrees and 81.9197 degrees, respectively. The
attitude angle of journal bearing increases with the
increase of the number of bearing oil grooves after
applying dynamic load.

CONCLUSIONS

After sleeve bearing is stabilized, a dynamic
load is applied, which makes the journal center
oscillate and adjust again, and finally stabilizes at a
new balanced position. The journal center velocity
and acceleration are stabilized to zero eventually.

J. CSME Vol.43, No.4 (2022)

However, the journal center velocity and acceleration
of the sleeve bearing are different with different
structures. The more the number of oil grooves is, the
faster the sleeve bearing journal center velocity tends
to be stable. Compared with the journal center
parameters under static load, the horizontal and
vertical oil film components increase by the same
value to counteract the dynamic load. The attitude
angle will also change to a certain extent, and the
change amplitude is related to the structure of sleeve
bearing. The more the number of oil grooves, the
greater the change amplitude of sleeve bearing, and
the cylindrical bearings has the smallest change
amplitude.

Under the same working condition, the change
rule of the journal center position and the stability of
the bearing are different when the sleeve bearing of
different structures encounters dynamic load. The
cylindrical bearing has the slowest stabilizing speed,
the minimum eccentricity after stabilization and the
worst stability. The three-axial groove journal bearing
has the fastest stabilizing speed, the maximum
eccentricity after stabilization and the best stability.
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NOMENCLATURE

a, the accelerations in the direction of x, m/s?
a, the accelerations in the direction of y, m/s?

A_ non-dimensional accelerations in the direction of
x

Ay non-dimensional accelerations in the direction of

Y

¢ radial clearance, m

e eccentricity, m

J. component of the oil film force in the direction
of x

fy component of the oil film force in the direction

ofy

F, non-dimensional component of the oil film
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forces in the direction of X

FJ, non-dimensional component of the oil film

forces in the direction of y
g gravitational acceleration, 9.8m/s?
h oil film thickness, m

h, depth of the oil groove, ms

H non-dimensional oil film thickness

H, non-dimensional depth of oil groove, m

[ length of the bearing, m

m quality of axis, kg

p oil film pressure, Pa

P non-dimensional oil film pressure

q. dynamic loads acting on the rotation axis in the
X direction

q, dynamic loads acting on the rotation axis in the

) direction

r journal radius, m

t yime,s

U journal rotation speed, r/min

W non-dimensional loading capacity

X non-dimensional displacement of the journal
center in the x direction

Y non-dimensional displacement of the journal
center in the y direction

7 computed time, T = w!

@ circumferential angle, °
M viscosity of lubricating oil

0 attitude angle, ©

@ rotational speed of journal bearing, rad/s
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