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Abstract: The effects of journal misalignment on a journal bearing caused by an asymmetric rotor structure are presented in this
study. A new model considering the asymmetric deflection is applied. Also, the thermo-hydrodynamic of the oil film in the journal
bearing and straightforward elasticity theory are considered in the analysis. Based on the structure stiffness equivalent character-
istic, a simple stepped shaft can reflect the entire complex structure model. The existing lubrication model, which does not con-
sider this angle component, is not very precise for journal bearings. Film pressure, misalignment angle, velocity field, oil leakage,
and temperature field were calculated and compared in the journal bearing analysis. The results indicate that bearing performances
are greatly affected by misalignment caused by the asymmetric structure. A simple stepped shaft can effectively represent a

misaligned journal bearing in a rotor-bearing system.
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1 Introduction

Journal bearings have been widely used in rotor
systems. Misalignment exists generally in journal
bearings due to the shaft deformation under load,
deflection of the shaft, manufacturing errors, assem-
bly errors, improper installation, and asymmetric
loads. During operations, misalignment has a con-
siderable effect on the performance of a rotor system,
and can even cause wear and vibration to become
more serious.

The shaft and journal bearing are usually calcu-
lated separately in the design of mechanisms which
involve a shaft and journal bearing. The coupled re-
lationship between the shaft and the journal bearing is
not considered. In the design of a shaft and bearing,
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the analysis of shaft stress is usually simplified with
the oil film pressure as the concentrative force, and
the bearing design does not consider misalignment. In
fact, the shaft becomes deformed when subjected to a
force, which results in misalignment occurring in the
bearing hole and the oil film distribution becoming
inclined to one side. However, to satisfy the special
function of machines, a shaft is designed to be very
complex, and the structure is not symmetrical.
Therefore, it is also very important to investigate the
effects of misalignment on the lubrication of rotor
systems with complex structures.

McKee and McKee (1932) first analyzed the
effects of misalignment on pressure distribution in the
axial direction of a journal bearing. Dubois et al.
(1957) experimentally investigated the pressure field
and the misalignment of couples under journal mis-
alignment. Smalley and McCallion (1966) analyzed
the effect of misalignment on the performance of a
full journal bearing under steady state. Pinkus and
Bupara (1979) presented a comprehensive analysis of
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misaligned bearings and charts which revealed some
of the salient features of different misaligned journal
bearings. Buckholz and Lin (1986) analyzed the ef-
fect of journal bearing misalignment on load and
cavitation for partial arc journal bearings lubricated
by non-Newtonian lubricants. Vijayaraghavan (1989)
analyzed the effect of cavitation on the performance
of a line-grooved misaligned bearing for both flooded
and starved inlet conditions. Banwait et al. (1998)
observed the thermo-hydrodynamic effects in a mis-
aligned circular plain journal bearing. Guha (2000)
solved the problem of isotropic steady-state charac-
teristics of hydrodynamic journal bearings consider-
ing the isotropic roughness effect. Later, Das et al.
(2002) used micro-polar fluids to analyze the per-
formance of a misaligned hydrodynamic journal
bearing. They also compared the misalignment mo-
ment and friction parameters of a journal bearing
under different eccentric ratios and misalignment
angles. Bouyer and Fillon (2002) experimentally
analyzed misalignment effects on performance with a
plain journal bearing of 100 mm diameter. Gulwadi
and Shrimpling (2003) studied the effect of shaft
tilting due to moment acting on it during an engine
cycle. El-Butch and Ashour (2005) analyzed the per-
formance of a misaligned tilting-pad journal bearing
under transient loading condition. Pierre et al. (2002;
2004) compared experimental data and theoretical
results of a thermo-hydrodynamic study of a mis-
aligned plain journal bearing. They also studied the
thermo-hydrodynamic behavior of misaligned plain
journal bearings with theoretical and experimental
approaches under steady-state conditions. Sun and
Gui (2005a; 2005b) researched the effects of journal
misalignment caused by shaft deformation under
static and rotary loads on journal bearing lubrication.
Later, Sun et al. (2010) presented lubrication
characteristics under misalignment based on a
thermo-hydrodynamic lubrication model. The tem-
perature of the oil film was investigated under dif-
ferent misalignment angles and the roughness of the
surface was considered. Jang and Khonsari (2010)
took into account film rupture and reformation, and
provided a comprehensive analysis of misaligned
journal bearings based on a 3D mass-conservative
thermo-hydrodynamic model. With the development
of the computer technology, the computational fluid
dynamics (CFD) is used to gain more precise analysis

of the misalignment, for example, Li et al. (2012)
used the Fluent software to analyze the transient flow
of the misaligned journal bearing in the flexible
rotor-bearing systems.

The above lubrication analyses of misaligned
journal bearings were conducted under some given
preconditions or considered a very simple shaft, such
as a beam. They did not consider the complex struc-
ture characteristics and asymmetrical rotor structure
that contributes to the misalignment angle. The
analysis of bearings separately will influence the
precision of the lubrication design. It is important to
make the lubrication analysis more closely represent
the actual situation to ensure that it is usable in journal
bearing design. In this paper, a numerical analysis
model of journal bearing lubrication combined with
the rotor structure is developed, and it is solved using
the MATLAB program. Therefore, a new misalign-
ment analysis method based on the structure charac-
teristics is applied to the misaligned journal bearing.
The advantage of this theory for solving the stepped
model is that it is also suitable for other complex
rotors. Based on the simplified shaft method, the
calculation of misalignment angle in the asymmetric
rotor is developed and used to analyze the effects of
the structure parameters and the angle caused by
asymmetric deflection on the pressure distribution, oil
leakage, velocity field, and temperature field of the
journal bearing. The results of this work provide a
basis for studying the nonlinear dynamic of complex
rotor systems and can also provide a theoretical guide
for the design of rotor systems.

2 Theory
2.1 Angle of journal misalignment of a simple rotor

The force 2F acts on a part of the rotor causing
shaft deformation. Hence, the journal misalignment
angles y, and y, are found in the two bearing holes,
respectively. Deformation of the shaft results from
several forces, such as the eccentric force and the
transfer force from gear. However, although the ex-
citing forces may be complex, all the forces can be
simplified as the concentrative force. Misalignment
occurs in the bearing housing. Shaft deformation
involving two steps is shown in Fig. 1, where L, is the
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length of beam AB, L, is the length of beam AC, and C
is the center of beam BD.

2F

Fig. 1 Misalignment angle of a rotor system under
force
Derivation of the misalignment angle of a shaft
with two steps can be divided into two processes.
Overlay method in elastic theory is used to calculate
the deflection and misalignment angles. First, divide
the 4C beam into AB and BC (Fig. 2). For a symmet-
rical rotor, the support force of every bearing is equal
to F. However, if the exciting load F does not act on
the middle of the rotor, the bearing force of every
bearing can be calculated by moment balance rules.

(a) F

(b) F

Fig. 2 Overlay method to analyze the misalignment
angle
(a) Force model of beam AB; (b) Force model of beam BC

When beam 4B is viewed as B side fixed and
force F acts on the A side, the deflection and mis-
alignment angles of position 4 can be expressed as

FL;
=T O]
4 2EI
FL;
Vi=ao )
1 3EI

where I, =n(D* —d, )/64, D is the diameter of every

step. To save material, the shaft is usually made hol-
low. The diameter of the hollow space d has a great
effect on the section moment of inertia.

When shaft BC is viewed as C side fixed, mo-
ment FL, exists on the B side, and force F acts on the
B side, the deflection and angle of position B can be
defined as

—_— 2 —
6B:F(L2 L) +F(L2 LI)LI’ 3)
2FI, El,
F(L,-L) F(L -L)*L
yB — ( 2 1) + ( 2 1) 1 . (4)
3EI, 2EI,

According to the material’s properties, the de-
flection curve is a continuous smooth curve, and the
deflections and angles of shafts 4B and BC are the
same at position B. When the shaft BC deforms, the
shaft AB keeps straight but must rotate by angle 6. It

contributes another deflection y’, and angle 6 to
section 4, ¥ =y, +6,L. The deflection and mis-

alignment angle of position 4 can be written as

F(L L3 L

, 5

V=3 E[ 1L ] ©)
F L2 L2 L2

0,= (6)
2F 12

2.2 Angle of journal misalignment of a complex
rotor

Egs. (5) and (6) are suitable for a shaft with two
steps. However, the rotor system usually needs to
meet requirements, and is processed with many steps.
Following a derivation similar to the above process,
the deflection and misalignment angle of a shaft with
n steps are given by

y=

3 3 3 3_ 13 373
PO Lob Lol Loby) g
el L L I

2 2 2 272
F(L Bob Boh Lo
2e\1, L I

Apart from many simple rotors, many complex
rotors can also be simplified as a step shaft or be given
their own deflection and misalignment formulation to
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analyze the lubrication (Fig. 3). Timoshenko and
Gere (1972) proposed a method for computing the
deflection angle of a simple shaft. Liu (1994) gave the
deflection and angle of a shaft with two steps, and
also introduced overlay method theory. Xu and Li
(1982) analyzed the section of initial moment and
stiffness of complex structures, such as crankshafts,

or cone structures.
- - ::EEFQi

o4

il

%

Fig. 3 Misalignment deflection and angle equivalent

When a rotor has an asymmetric structure, the
asymmetric characteristic causes another angle
component, and this angle is always neglected in
lubrication analysis. The contribution of this angle is
the reason for deflection asymmetry (Fig. 4). Based
on Egs. (7) and (8), the misalignment angles of 4 and
G positions need to be reduced or increased by the
angle caused by asymmetry deflection. The mis-
alignment angles of positions 4 and G are then
0,=0,-0" and 0, =6,+6', respectively. These

angle components can be written as follows:
tand' = yAL;,yG , ©)

where L'=L; + L,, y, is the deflection of position 4,

and y¢ the deflection of position G, where L1, L,, L3,
L4, L), L, and L; are the lengths of every beam as

shown in Fig. 4.

L L,
5 L
L L
L1
o et =Y
yICCTF E D¢ B AT
G == ~— — yA

Fig. 4 Misalignment angle model analysis with a com-
plex rotor

2.3 Oil film thickness

When misalignment happens, the value of the
misalignment angle can be obtained by the above
method. This subsection describes the governing
equations for the lubrication of a tilting-pad journal
bearing assuming elastic and thermal effects. The film
thickness in case of a journal misalignment inside the
bearing as shown in Fig. 5 can be defined by

h =c+ecos(@—(/))+tan}/(y—§jcos(0—a - ),
(10)

where ¢ is the clearance of the bearing, e is the ec-
centricity at the bearing middle section, L is the length
of the bearing, y is the misalignment angle, ¢ is the
angle between the load line and the line of centers, o
is the angle between ¢ and the rear center of the mis-
aligned journal. In Fig. 5, C}, C,, and C; are intersec-
tions of the journal axis with the front, middle, and
rear planes of the bearing, and ¢’ is the magnitude of
the projection of the axis of the misaligned journal on
the midplane of the bearing. As shown in Fig. 4, M,
and M, is the component of misalignment moment
along x- and z-direction, respectively, W, and W, is
the component of load capacity along x- and z-direc-
tion, respectively.

z
Front Rear
\ h(6-2)
C, \\I
— C, Y
cr
h, /
L2 L2 ~
h2
z
Z9
MX
—_ I‘
Rear a l&/ X

Fig. 5 Misaligned journal bearing system
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2.4 Generalized Reynolds equation

On the basis of conventional assumptions of lu-
brication theory, the generalized Reynolds equation
with film thickness is

2r 22 2) 2y A
06\ “06) oy ov ) RoO F
where p is the oil film pressure, U is the velocity of

the journal, F, = johz(z -F/F)/ndz, F = johz/ndz,

and F) = J.Oh 1/ndz. F,, Fy, and Fj all contain the vis-

cosity #, and are in integration form. The Simpson
rule is used to solve this characteristic, so every in-
tegration item can be written as

5, = %{f(a’) AL f )+ 20 )+ f (b’ﬂa
(12)

where f{a") and f(b’) are the boundary values in the
range, and fixy+1) and f{x;) are the even and odd
point values, respectively.

There is a significant correlation among tem-
perature, viscosity, and pressure, when the oil film
pressure is high. The effect of pressure on the oil film
viscosity is significant. In this study, the oil sample
CD30 is used for the analysis, and the viscosity in
Eq. (13) follows the viscosity-temperature-pressure
relationship suggested by Roelands (2002):

17 =1,exp {(ln 1, +9.67)

o) 13)
x| (14+5.1x107p)" % | ——=| -1},
T, —138

where T;=300 K and #,=0.1193 Pa‘s. According to
Eq. (13), the viscosity in the oil inlet is 0.0649 Pa-s.

Vogel’s equation describes the variation of oil
viscosity with temperature, in which the viscosity-
pressure variation is not considered. Vogel’s equation
is defined as

n=A4expld, /(T -T)], (14)

where  2,=0.5076x10"> and 1,=3434.6 are the

temperature-viscosity coefficients, and 77=22.29 K is
the temperature constant. In the oil inlet the viscosity
is 0.0686 Pa‘s, so the viscosity in the two models is
nearly the same as in the oil inlet position.

The pressure flow term in the f-direction is

G 5 1 9 )
ROO\ *R00), R*AO|\ 00).1, 00 )1,
2 2

1 1
= W{E[(Fz )i,j +(F, )1+1,‘/ ](pm,_,' - pi,_[)
_%[(F'z ),',_,' + (F‘z ),'71,‘/' ](p,-,,- - p,-l,,-)}
1
= Singr LB (B 1P ~[2(F),  + (B,

+ (B 100, + (D, + (B 10,
(15)

where A6 is equal to 2n/m, and R is the radius of the
bearing.

The integration part can be transformed into a
polynomial equation. A decomposition method is
used to solve it, and the Reynolds Eq. (11) can be
expressed as

! 2 3 4 5 0
Py ¥ Py Y P A P TP T s

(16)

2 3 4

1
where a,,, a;;, a;,, a;,,

i,j?
of the pressures p;;—i, pi-1, Pij» Pir1,> and p;jsi, re-
spectively, and a; ; 1s a constant.

a and a;; are the coefficients

The pressure is calculated by using the virtual
meshes located in =0 and 6=2m. The pressure
boundary conditions are given by

p(6,0)=p(6,L) =0,
p(6,0)=p’,

0(6,,0)
a,,0)= 2 =
p(6,,0) 26

(17

0,

where p' is the pressure at the oil supply point, 6, is
the oil supply of the hydrodynamic film, and 6, is the
cavitation point of the hydrodynamic film.

The whole mesh region is divided into three
parts: (1) The center (the mesh (2—m—1)x(2—n—1));
(2) The edges (=1, j=2—m—1; i=n, j=2—-m—1; j=1,
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i=2—n—1; j=m, i=2—n—1); (3) Four corner points (i=1,
j=1; i=1, j=m; j=1, i=n; j=m, i=n). In this study, n=31
and m=101. However, when the bearing unfolds, one
part is connected to the other side, so the virtual mesh
is introduced.

2.5 Energy equation

According to the conservation of energy, volume
force and radiation are neglected. Compared with the
length along the x- and y-direction, the thickness of
the oil film is very small, and thus the thermal con-
duction along the x- and y-direction is neglected. The
velocity w along the oil film direction is also very
small, and can be neglected (w=0). The energy equa-
tion can be written as

eull 00 O g OT 4 O°T
Pi\"roo oy Ve )T T ex oy

5 ,1 (18)
+K 62—T+ ou + v
"o’z 7 oz oz) |

where p is the density of the oil film, u, v, and w are
the components of the oil film velocity in the
circumferential, width, and radial directions, respec-
tively, cr is the specific heat of the oil film, K¢ is the
thermal conductivity of the oil film, and 7 is the oil
film temperature.

The velocity u, v gradients along the z-direction
are given by

u_lop_ U ok 19
oz nox h ox2y’
u_1op, U h 20)
0z nox  h 0Ox2ny

2.6 Heat conduction equation

The temperature field in the bearing is computed
by solving the heat conduction equation in cylindrical
coordinates. Both the bearing and housing are as-
sumed to be circular rings along the thickness direc-
tion. The heat transfer equation can be defined as

1 0°T, 0°T,

o’T, 10T,
+ + +
n 00> o7

2 2
or ry Ory

=0, (1)

where T3 is the temperature of the bearing bush.

2.7 Velocity and leakage equations

u and v are the integration of ou and v with
oz oz

two constants C| and C,. The two constants can be

solved based on the boundary conditions, where the
velocities of the shaft and bearing surface are U and 0,
respectively. When z=0, u=U, and z=h, u=0, the ve-
locity of the oil film along the x- and y-direction can
be written as follows:

1P gy_yZ, (22)
2n Ox

y=t P2y (23)
2n oy

The lubricant flow rate Q; from the front-end
plane and the lubricant flow rate Q, from the rear-end
plane of the bearing are given by

3
o= %P Rdods, 24)
070 12 oy,
3
0.=['] P Rdos. (25)
0% 12n oy,

2.8 Boundary condition

Deng (2008) proposed that the temperature of
every position is strongly related to the upstream
point, but has little relationship to the downstream
point. The phenomenon of backward flow exists at
the point of entry, so the temperature along the cir-
cumference direction satisfies the followings:

GTJ 1
= (T T, 20,
(60 ik Ag Jok 1j.k

oT 1 (26)
il =— (T —T,0) u<O.
[aelﬂ AG A Tk

As well as exchanging heat with the shaft, the oil
film also exchanges heat with the bearing bush and
heat conduction occurs in the bearing bush.

The temperature in the oil supply hole can be
written as

T=Ti. 27)
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The temperature in the fluid in contact with the
journal interface can be written as

LT
or

:—kfa—T

28
r=R aZ ( )

z=h

The boundary condition of the bush lateral sur-
face can be defined as

oT

k, =l - W, ~T) (29)

z=0,L

The boundary condition of the bush outside sur-
face can be expressed as

T
or

= (T

r=R,

-T),

r=R, a

(30

where T, is the temperature of the oil supply, 7, is the
ambient temperature, k, and k¢ are the thermal con-
ductivity, /' is the heat convective coefficient, and R,
is the radius of the bush outside.

2.9 Genetic theory to analyze the parameters

The misalignment angle for two bearings is a
problem of multi-objectives. In this study, the genetic
optimization method is used, and the aim can be
written as

min f, =min(6, +6'),
min f, =(6, - 0"),
st. a<D<b,A<L<B,

3D

where f] and f; are the objective functions, a, b is the
lower and upper limit of each diameter, respectively,
and 4, B is the lower and upper limit of each length,
respectively.

Using the genetic method, the effect of every
parameter and the best results can be obtained easily.
Fig. 6 presents a simulation result from genetic theory
based on the rotor parameters, assuming that the di-
ameters and lengths of every step are in the ranges of
a<D<b and A<L<B, respectively. The analysis results
show that the misalignment angle is the smallest
when D=b, A=L, and dy=0. Although the result can

be easily related to the structure, more complex ro-
tors, such as a crankshaft, need more research and the
contributions of all structural components need to be
considered.

0.015

< 0014 — Right side |
° —— Left side
k)

o

©

c

@

1S

o

2

©

£

=

0'00% 100 200 300 400 500
Genetic number

Fig. 6 Genetic analysis for the misalignment angle

3 Numerical processes

The complex rotor can be simplified as a simple
step shaft problem, according to Egs. (7)—~(9). The
deflection and misalignment angle caused by defor-
mation can then be calculated. Genetic theory is used
to investigate the effects of parameters of structure on
the misalignment angle. Coupling the structure
characteristics with lubrication, a five-point central
difference method is used to solve the Reynolds
equation and energy equation. The whole process is
shown in Fig. 7.

A mesh of the oil film is created in the thickness
and circular directions. The Reynolds equation is
solved iteratively using the successive over relaxation
method. The pressure, temperature, and viscosity
need to satisfy the convergence with the initial guess
until the switching functions are determined:

n+l n

Ly )

<107,

n+l

p

ij

Tn+1 _ Tn

iJ iJ

n+l
L

<10™, (32)

n"—n"

ij.k ijk

n

<10™

n+l

ijk
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Shafting simplified or
bending stiffness
calculation

Y

Parameters for Misalignment Genetic for
™ 9 - structure
shaft angle r

analysis
QOil film thickness
Reynolds | Viscosity
equation Y equation -

Qil film pressure

Energy
equation

Yes

Thermal
conductively
equation

No

Error for 7

No

Fig. 7 Flow chart of the analysis

4 Results and discussion
4.1 Model description

The rotor-bearing system used in this study is
shown in Fig. 8. A flexible shaft is supported by two
bearings, and the load of the bearing is a nonlinear oil
film force. Based on this system, the severity of mis-
alignment can be represented by all the structure pa-
rameters. The parameters of the shaft shown in Ta-
ble 1 were used to investigate the effect of parameters
on the misalignment angle. Parameters such as the
exciting load F and the radius of the hollow part dj
were investigated.

Fig. 8 Structure of the step shaft

Apart from the misalignment angle analysis, the
misalignment analysis was carried out in combination
with lubrication theory. Lubrication parameters are
shown in Table 2.

Table 1 Parameters of rotor

Parameter Value (m) Parameter Value (m)

D, 0.050 dy 0

D, 0.055 L 0.040
D; 0.065 L, 0.120
Dy 0.080 L 0.150
Dy' 0 Ly 0.190
Dy 0.050 Ly 0.040
Dy’ 0.060 Ly 0.080
Dy’ 0.080 Ly 0.120

Table 2 Lubrication parameters

Parameter Value

Speed (rad/min) 3000
Clearance (m) 3x107°
0il density (kg/cm?) 860
Elastic module (GPa) 210
Journal radius (m) 0.025
Ambient temperature (K) 313
Thermal conductivity of lubricant (W/(m-K)) 0.13
Specific heat of lubricant (J/(kg-K)) 2000
Initial bearing width (m) 0.05
Oil supply temperature (K) 313
Thermal conductivity of bush housing 250

(W/(m'K))
Heat transfer coefficient of bush housing 80

(W/(m*K))
Thermal conductivity of journal (W/(m-K)) 50

4.2 Validation

Sun and Gui (2004) worked on a misaligned
journal bearing, and described the maximum pressure
as a function of the eccentric ratio at a fixed bearing
load. The input data follows our bearing parameters.
Fig. 9 shows the maximum pressure found in this study
and from their theory. The misalignment angle was
0.007°. The results of the present work are in good
agreement with Sun and Gui (2004)’s theory. The
prediction of the maximum oil film pressure (MOFP)
was slightly lower than those from simulation results
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by Sun and Gui (2004) when the eccentric ratio was
less than 0.7. When the eccentric ratio was larger than
0.8, the prediction of the MOFP was higher than those
from simulation results by Sun and Gui (2004). We
expect that these differences arose from the neglect of
temperature and viscosity differences, and from some
assumptions about boundary conditions. The com-
parison also found that if the viscosity is constant, it is
hard to define the constant value, and has a great
effect on the MOFP prediction.

250
—e— Present work

200} —&— Sun and Gui (2004)’s theory
£
s 150t
o
[TH
O 100p
=

%.2 0.3 0.4 0.5 0.6 0.7 0.8

Eccentric ratio

Fig. 9 Model validation

4.3 Misalignment angle analysis

Rotor design always focuses separately on
strength and lubrication analysis. In fact, lubrication
must be combined with structure to analyze the lu-
brication. Oil film thickness is determined by clear-
ance, misalignment angle, bearing width, and two
angle parameters. However, it is hard to define angles
a and ¢. Further research is needed to understand how
the angles a and ¢ change. According to the structure
parameters of the rotor, an increase in the exciting
force leads to an increase in misalignment. However,
previous studies focused only on symmetrical rotors
or did not even consider the rotor. If the rotor system
is not symmetrical, the load is distributed differently,
and an asymmetrical rotor can cause the lubrication
characteristics to be different. When the other pa-
rameters are constant, the exciting load has a linear
relationship with the misalignment angle. An in-
creasing load can lead to increased misalignment, and
an asymmetrical structure can cause another mis-
alignment angle component which is added to or
subtracted from the initial angle.

Misalignment angles under different exciting
load conditions are shown in Fig. 10. Although the

asymmetry deflection is considered, the misalignment
angle still has a linear relationship with the exciting
load. With an increase in the exciting load, the error
between the misalignment angles, both considering
and not considering deflection asymmetry, increases.
Misalignment angles are nearly the same after de-
flection asymmetry is considered.

To save material or satisfy design demands, ro-
tors are designed to be hollow. Misalignment angles
under different hollow diameters dy are shown in
Fig. 11. The exciting load ' is 8000 N. The change in
the misalignment angle with the hollow diameter d
shows that when d,, is smaller than 20 mm, it has little
effect on the lubrication characteristics. If the rotor
satisfies strength demand, it not only can save mate-
rial, but also cannot influence the lubrication. When
dy changes from 20 mm to 30 mm, misalignment
angle changes slightly. When d is larger than 30 mm,
misalignment angle changes greatly. Thus, other pa-
rameters such as the diameter of every step and the
length of every step, which have effects on lubrica-
tion, are also worth looking into as they may enable
large savings in material. The deflection, misalign-
ment angle, and the angle that is caused by asymmetry

0.030
—v— Left bearing not considering deflection asymmetry
T 0.025} = Right bearing not considering deflection asymmetry |
o —2— Left bearing considering deflection asymmetry
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Fig. 10 Asymmetry deflection influences the mis-
alignment under different loads
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deflection are shown in Table 3. The result shows that
their contributions cannot be neglected.

4.4 Oil film thickness analysis

The effects of journal misalignment and the
orientation of journal misalignment on bearing lu-
brication performance when journal misalignment
takes place in the bearing caused by asymmetry de-
flection were analyzed. According to the factual load
acting on the rotor, a=0, ¢=0, e=2.1x10" m, and
do=0. The exciting force is equal to 8000 N, so the
loads distributed to the right and left bearings are
3096.8 N and 4903.2 N, respectively. The oil film
thickness distribution on the both sides of the bearing
where the asymmetry deflection is considered is
shown in Fig. 12. When the asymmetry deflection is
considered, the misalignment angles of the left and
right bearings are the same and equal to 0.0161°, on
two sections such as n=1 and n=31 that are at the rear
and front of the bearing, respectively. The results
show that at the rear the oil film thickness of the
right bearing that does not consider the asymmetry
deflection tends to be zero, and serious asperity
contact occurs in these regions. However, when the
asymmetry deflection is considered, the minimum
oil film thickness (MOFT) increases, but at the front,
the oil film thickness of the right bearing that does
not consider deflection asymmetry is larger than in
any other condition. The oil film thickness inclines
to one side because of the misalignment angle, if that
side does not consider the asymmetry deflection, and
it will underestimate or overestimate the MOFT
(Fig. 12b).

According to Table 3, when dy=0, the mis-
alignments of the left and right bearings are both
0.0161°. The changes in MOFT with changes in the
bearing width under different eccentric ratios are
shown in Fig. 13. Combined with Fig. 5, when the
misalignment angle is known, with a decrease in the

bearing width, the MOFT increases (Fig. 5, #;>h;), so
the results coincide.

—8—  Alignment

—e— Left bearing not considering deflection asymmetry

—— Left and right bearings considering deflection asymmetry
—*— Right bearing not considering deflection asymmetry
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Fig. 12 Asymmetry deflection influences the oil film
thickness
(a) Front side; (b) Rear side
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Fig. 13 MOFT changes with bearing width

Table 3 Shaft deformation influenced by d,

Shaft deformation

do (m) o o o 5 5
Y4 (M) Y (m) 0 (°) 04 (°) 06’ (°) 04(°) 06 (°)
0 3.884x107 1.240%107° 0.0049 0.02100 0.01120 0.01610 0.01610
0.01 3.887x107° 1.241x107° 0.0049 0.02102 0.01120 0.01612 0.01610
0.02 3.933x107° 1.254x107° 0.0050 0.02132 0.01136 0.01632 0.01636
0.03 4.150x107° 1.314x107° 0.0052 0.02270 0.01211 0.01750 0.01731
0.04 4.924x107° 1.533x107° 0.0062 0.02800 0.01500 0.02180 0.02120
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Thus, the initial bearing width (LxD=50 mmx
50 mm) may cause asperity contact. In the analysis
below, the bearing width is changed to 40 mm to
analyze temperature, velocity and oil leakage. From
the above analysis, if the asymmetry deflection is
neglected, the design of the bearing may be faulty.
However, all the lubrication prediction mistakes
come from errors in MOFT which are the direct cause
of errors in the analysis of the lubrication.

4.5 Effect of load and bearing width on lubrication
analysis

In the bearing design above, asperity may occur
in the lubrication, so suitable bearing parameters,
such as the load and bearing geometry, are very im-
portant in the process of bearing design. The design
needs to satisfy some rules: it must avoid asperity
contact, meet the load capacity, the oil temperature
cannot be too high, etc. Fig. 14 presents the effect of
different bearing widths and loads on the MOFP when
the misalignment angle equals 0.0161°. The result
shows that when the bearing width increases, the
MOFP increases, especially when ¢ (e=e/c)=0.7.

200

-
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(=]
T

Pmax_k(MPa)
o
S

(o2
o

i T
0.040 0.045

Bearing width (m)

Fig. 14 MOPF changes with bearing width at different
eccentric ratios

8630 0.035 0.050

Apart from the bearing geometry, the exciting
load and speed also have a great effect on lubrication
characteristics. We analyzed the relationship between
the MOFP and load and the relationship between the
MOFP and speed (Fig. 15). When the asymmetry
deflection was considered, the misalignment angle is
0.0161°, but if this component is neglected, the mis-
alignment angles of the right and left bearings are
0.021° and 0.0112°, respectively. The results show
that with increasing load and speed, the MOFP in-
creases. When the asymmetry deflection is consid-
ered, the error increases with the load and speed, so

the asymmetry has a great effect on the prediction of
MOFP, and a suitable load and speed is very impor-
tant when the bearing is designed.

—8— Left bearing not considering deflection asymmetry
—2— Right bearing not considering deflection asymmetry
—e— Right and left bearings considering deflection asymmetry
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9000 2000 3000 4000 5000

Speed (r/min)
(b)

Fig. 15 MOFP changes with load (a) and speed (b)
(LxD=40 mmx*50 mm, £=0.7)

4.6 Oil film pressure analysis

The angle a influences the oil film distribution,
when the angle ¢ is defined. The angle a adds to or
reduces an angle, the whole pressure moves along the
circumference direction, and the amplitude does not
change. The angle ¢ changes the shape of the oil film
distribution. When the angle ¢ equals 7/2, a special oil
film pressure distribution will appear. An increasing
misalignment angle will lead to two peak values and
the shape will be oblique along the width direction. If
@ is smaller than 71/2, the oil film pressure inclines to
the rear of the bearing. If ¢ is bigger than n/2, the oil
film pressure inclines to the front of the bearing.

According to the analysis above, the misalign-
ment angle, angles o and ¢, and eccentric e are four
factors influencing the oil film thickness. The influ-
ence of these factors on the lubrication characteristics
was investigated. Fig. 16 shows the effect of the angle
component of asymmetry deflection on the oil film
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Fig. 16 Effect of asymmetry deflection on oil film
pressure distribution (p=0, e=2.1x10"%, dy=0, a=0, and
L=40 mm)

(a) Right bearing not considering the asymmetry deflec-
tion; (b) Left bearing not considering the asymmetry de-
flection; (c¢) Right and left bearings considering the
asymmetry deflection when y=0.0161°; (d) Right and left
bearing considering the asymmetry deflection when
y=0.0175°

pressure distribution of two bearings. Fig. 16a pre-
sents the oil film pressure of the right bearing. The
pressure inclines to one side, and the maximum
pressure does not occur at an angle of 180°, but at
172.8°. The MOFP is 166.1 MPa. The MOFP of the
left bearing is 76.9 MPa, and occurs at 162°. When
the asymmetry deflection is considered, and the mis-
alignment angles of the left and the right bearings are
both 0.0161°, the maximum pressure is 99.1 MPa,
and its position is 165.6°. Thus, the left and right
bearings cause errors that can reach 67 MPa and
—22.2 MPa, respectively, so it is very important to
consider the asymmetry deflection or a larger error
may occur. When the hollow diameter dj increases to
0.03 m, the misalignment angles of the left and right
bearings both increase to 0.0175°, the oil pressure
increases to 110.5 MPa, and its peak position is at
169.2°.

4.7 Oil film velocity and oil leakage

To analyze the oil leakage more thoroughly, the
bearing leakage at the front and at the rear were
compared. The average leakage of the bearing under
different speeds and bearing widths was also com-
pared (Fig. 17). The result shows that as the eccentric
ratio increases, the leakage increases, but the effects
on the front and rear are different. The largest effect is
located at the point to which the pressure is inclined.
The misalignment angle has little effect on the leak-
age, and the sum of the leakage is nearly the same.
When the bearing width decreases the oil leakage
decreases, too. With increasing speed, the oil leakage
increases. So it is also very important to consider the
oil leakage in combination with a suitable bearing
width and speed.

The velocity of the oil film along the y direction
is the key factor in the oil flow leakage. The oil film is

20— y=0.0161°, n=5000 r/min, L=40 mm’

—v— ¥=0.0161°, n=3000 r/min, L=30 mm
—a— y=0.0112°, n=3000 r/min, L=40 mm
[—e— ¥=0.0161°, n=3000 r/min, L=40 mm
—e— ¥=0.0210°, n=3000 r/min, L=40

N
()]

(&)
T

Qil film leakage (ml/s)
o

e — n=3000 r/minY L=40 mm at different

Mmisalignment angles of bearing at front and rear sides
%.1 0.2 0.3 0.4 0.5 0.6 0.7
Eccentric ratio

Fig. 17 Oil leakage changes with the eccentric ratios
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also meshed with & points along the oil film thickness
direction. The velocity v when 4=6 is shown in Fig. 18.

360

c (a)
C

-% 2701 T
8 Dividing line
5 |, , \
8 18005 -0.5

s =5 B

kS 7 A~ 0%
g 901 NS N

e _/ S

(5} -t -05

0 0.01 0.02 0.03 0.04
Bearing width (m)

360 -
< (b)
o
5 270f o 1
9] Dividing line
P 0 0 /
o 180f 05 05 0 A
E ?) X s { Q(Sf
= = o .
o _:11. Nl 0 1_5f
-0.5 0.5
0 . . .
0 0.01 0.02 0.03 0.04
Bearing width (m)
360
> (c)
]
§ 2101 Dividing line
S \
0
8 180f-05 oe 0 i
g — . 0% o
N N ’ ° 7]
E 9f~ . NERS Q
£ A S 752
© o L05 ) °. ~ 05 !
0 0.01 0.02 0.03 0.04
Bearing width (m)
360
< (d)
?3 210 Dividing line |
° o 0 \
180F - 0
o 0.5
§ \ 0 05
Lo :
E 90} , o 3
A~ 2
2 —s/l = % A
© 0 o L o L L 05
0 0.01 0.02 0.03 0.04

Bearing width (m)

Fig. 18 Velocity comparison
(a) Right bearing not considering the asymmetry deflec-
tion; (b) Left bearing not considering the asymmetry de-
flection; (c) Left bearing considering the asymmetry de-
flection; (d) Left bearing considering the asymmetry de-
flection, but £&=0.5

The results show that when the eccentric ratio equals
0.7 (Fig. 18a—18c), the misalignment angles are
0.021°, 0.0112°, and 0.0161°, respectively. The ve-
locities v are nearly the same, and the maximum ve-
locity is 3 m/s at the point to which the pressure is
inclined. But the other side velocity v is also very
large, and all the velocity distribution is nearly the
same. The maximum velocity can reach 2.5 m/s.
However, when the eccentric ratio equals 0.5
(Fig. 18d), the misalignment angle equals 0.0161°
and does not change. The maximum velocity v
changes greatly. It decreases to 2 m/s, leading to a
decrease in the oil leakage. The dividing line for the
velocity v also changes: when the pressure inclines
steeply to the front, the dividing line also inclines to
that side and the gradient becomes denser. As no more
oil film can pass through the bearing and flow out, it
is bad for lubrication.

The leakage and velocity distributions along the
circumference are shown in Fig. 19. The result shows
that the maximum leakage occurs earlier than the
maximum velocity.
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£ 2
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Fig. 19 Velocity and leakage distribution

According to the average oil leakage analysis
(Fig. 17), the oil leakage is nearly the same when the
misalignment angle changes, but the eccentric ratio
can change the oil film leakage significantly. The oil
leakage distribution along the bearing width direction
is shown in Fig. 20. The results show that at the rear,
the discretion oil leakage of the right bearing, not
considering the asymmetry deflection along the
bearing width direction, is larger than under any other
conditions. However, at the front, it is smaller than
under any other conditions. So together the results
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explain why the average oil leakage is the same al-
though the misalignment angle is different.

- Left bearing not considering deflection
—=— Right bearing not considering deflection
—— Right and left bearings considering deflection asymmetry
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Fig. 20 Leakage discretization
(a) Rear side; (b) Front side

4.8 Viscosity analysis

In this study, the influence of pressure and tem-
perature on oil film is analyzed (Fig. 21b). To find the
effect of pressure on the viscosity, the #-7 model is
also used in this problem (Fig. 21a). The oil viscosity
is very large in the oil inlet position because of the
low temperature. As temperature increases, the av-
erage velocity of the fluid molecules increases, and
molecular distances between them increase. This
causes the viscosity to decrease. To analyze the vis-
cosity thoroughly, the pressure cannot be neglected,
especially at high pressure. Wen and Huang (2002)
showed that when the pressure reaches 1-10 GPa, the
viscosity can increase significantly. It is very impor-
tant to consider the effect of pressure, especially at
bigger loads. According to our results (Fig. 21), the
viscosity in higher pressure regions will increase, but
when the effect of pressure is neglected, the values
decrease. So it is very important to consider the rela-
tionship between viscosity and pressure. This result
will also influence some other lubrication character-
istics such as the oil film pressure. For example, if the
n-T model is used to analyze lubrication with the

parameters the same as shown in Fig. 16b, unlike the
result above, the maximum pressure is 83.2 MPa. To
find the detailed difference, viscosity at the maximum
oil film pressure position based on the P-y#-T model
and the #-T model of the position are compared. The
results show that the maximum oil film pressure oc-
curs at the same position, but the values are 0.05965
Pa‘s and 0.01567 Pa-s for the P-»#-T model and #-T
model, respectively. Thus, it is very important to
consider the effect of oil film pressure.

(a)

0.08

0.06

Viscosity (N-s/mm?)

' 180
0 360 270 0)

Fig. 21 Viscosity distribution under different models at
one section k=8 (p=0, ¢=2.1x1075, dy=0, L=40 mm,
y=0.0112°)

(a) n-T model; (b) P-n-T model

4.9 Temperature field analysis

Fig. 22 presents the effects of asymmetry de-
flection on the temperature distribution. The section is
along the thickness direction £=10. Combining with
Fig. 16, the results show that the temperature in-
creases suddenly until the peak pressure position
reaches and then the pressure drops. The temperature
also drops until the pressure is zero, and then the
temperature is constant. However, the temperature
distribution is similar under different conditions
(Fig. 22). Fig. 22a shows that maximum temperature
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(a) Right bearing not considering the asymmetry deflec-
tion, dy=0, y=0.0210°; (b) Left bearing not considering the
asymmetry deflection, d¢=0, y=0.0112°; (c) Left bearing
considering the asymmetry deflection, d;=0, y=0.0161°;
(d) Left bearing considering the asymmetry deflection,
dy=0.03 m, y=0.0175°

371.2 K occurs at a position of 180°. The temperature
also inclines to one side like the pressure distribution.
Fig. 22b shows that the maximum temperature is
350.8 K, and this time the misalignment angle is
0.0112°. Fig. 22c shows that the maximum tempera-
ture is 358.4 K, so the right bearing overestimates the
temperature by 12.8 K, and the left bearing underes-
timates the temperature by 7.6 K. Fig. 22d shows that
when dy=30 mm, the temperature is 361.3 K. So the
precise analysis model and the suitable structure pa-
rameters for the asymmetry model are very important
for predicting the temperature field.

When a=n/2, p=n/2, and dy=0.03 m, the mis-
alignment is 0.0175°. The oil film pressure and
temperature distribution are shown in Fig. 23. This
time the distribution of the oil film pressure is dif-
ferent from the distribution shown in Fig. 16. The
maximum temperature occurs along the bearing
width direction. However, another result shows that
as the misalignment angle increases, the MOFP
occurring at the front and rear are very clear. This
time the temperature also has two peak values, one
on each of these two sides.
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Fig. 23 Pressure (a) and temperature (b) fields
o=n/2, p=n/2, e=2.1% 107, dy=0.03 m, L=40 mm, y=0.0175°
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Fig. 24 shows the temperature distribution
along the circumference direction when n=31. The
results show that when a=n/2, the peak value is dif-
ferent from when o=0, but the temperature along the
circumference (0—70°) is higher when o=mn/2 than
when a=0. When 0=0, ¢=0 and a=0, ¢p=n/2, the in-
crease in misalignment angle can increase the tem-
perature significantly. Comparing a=0, and ¢=0 with
0=0 and ¢=n/2, the maximum temperature does not
change but the point at which the maximum tem-
perature occurs is different. The phase difference is
/2.
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Fig. 24 Temperature distribution under different mis-
alignments, a and ¢

The oil film temperature has a strong relation-
ship with the temperature boundary condition. The
misalignment angle when the asymmetry deflection is
considered is shown in Fig. 25. As the inlet tem-
perature increases, the maximum oil film temperature
increases. So controlling the inlet temperature can
control the oil film temperature well.

—a— g=0, ¢=0, e=2.1x10%, dy=0, L=40 mm, y=0.0112°
—&— g=0, ¢=0, e=2.1x10"5, dy=0, L=40 mm, y=0.0161°
—o— a=0, =0, e=2.1x10%, dy=0, L=40 mm, y=0.0210°
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Fig. 25 Temperature changes with inlet temperature

The above analysis shows that all the structure
parameters have some effect on the lubrication
characteristics. A more precise model can now be
established and a reasonable rotor system design can
be developed that involves the rotor and the bearing.
Although the genetic analysis method has little use
in the step shaft in this study, it is very useful in the
design. It may be particularly useful for complex
rotors that consider the misalignment angle and
strength to achieve a suitable value and a good match
between the structure of the rotor and the bearing.
This study does not consider asperity contact, which
is another source of heat in the lubrication. This heat
source may push the temperature higher than shown
in our results (Fig. 22). If asperity contact occurs,
this model needs to be corrected. Wang et al. (2002)
found that the temperature had a strong relationship
with the friction coefficient. An 8% error in the
maximum temperature was observed if the friction
coefficient was reduced by 10% (Zhai and Chang,
2001). The lubricant not only generated heat through
viscous shearing but also played a role in cooling by
transporting heat out of the thermally intensive as-
perity contacts. Interaction also increased the lubri-
cant temperature away from the asperity contact.
According to these papers, the heat caused by as-
perity has a strong relationship with the friction
coefficient, so if we want to predict the temperature
more precisely, the asperity model needs to be added
to this model.

5 Conclusions

1. The formulation for calculating the mis-
alignment angle of a rotor model is derived. The
whole rotor system can be simplified as a step shaft
problem. As well as the bending stiffness equivalent,
bearing design can incorporate both lubrication
analysis and structure characteristics.

2. A misalignment angle component is con-
tributed by asymmetry deflection. The right bearing
overestimates and the left bearing underestimates the
oil film pressure and maximum temperature. Con-
sideration of the asymmetry deflection has a great
effect on the lubrication.
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3. Leakage analysis based on the velocity was
analyzed. The misalignment angle had little effect on
the oil leakage, but the oil distribution was greatly
influenced by misalignment, the reason that mis-
alignment angles change the oil distribution is that it
has great effect on velocity field. The maximum
pressure does not occur at the same position when
the misalignment angle changes and the maximum
temperature of the oil film do not occur at the same
point as the maximum pressure.
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