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ABSTRACT
By integrating the average flow equation and Ng–Pan turbulence model using the boundary condition of mass conserving [Jakobsson-Floberg-
Olsson (JFO)], a mixed lubrication model for misaligned bearing was established considering the effects of turbulence and cavitation. The
numerical solution was obtained using a finite difference scheme. The results indicate that the frictional force and moment calculated using
the JFO boundary condition are greater than those calculated using the Reynolds boundary condition under the constant external load. In
high speed conditions, the turbulence begins to play a role, which makes the maximum oil film pressure and moment decrease and the
minimum oil film thickness, cavitation zone, and friction coefficient increase. The boundary condition and turbulence have important effects
on the equilibrium position of the axis. The misalignment leads to an obvious increase in the friction of the mixed lubrication area and a slight
decrease in that of the hydrodynamic lubrication area.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0074896

I. INTRODUCTION

Journal bearings are widely used in a variety of rotating
machineries, such as wind power, turbine, and ship stern shaft,
and their tribological properties directly affect the safety and reli-
ability of the rotor system. Due to manufacturing errors, installa-
tion errors, and uneven load, journal misalignment is inevitable.
Scholars have done a lot of work on the misalignment. Sun and Gui1

studied the influence of shaft deformation on the full film lubrica-
tion performance of bearing and found that journal misalignment
has important effects on the oil film pressure distribution, oil film
thickness distribution, and moment. In the case of the large eccen-
tricity ratio and misalignment angle, the moment to maintain the
stable operation of bearing increases significantly. Manser et al.2
comprehensively discussed the influence of misalignment on the
tribological performance of surface textured bearing. The results
show that as the misalignment degree (Dm) increases, the maximum
hydrodynamic pressure, friction force, and moment all increase.
Guo et al.3 established a transient lubrication model to study the
influences of misalignment and axial movement on the performance
of groove shaped textured bearing. Ma et al.4 discussed the influ-
ences of surface roughness and misalignment on the performance

of hydrodynamic lubricated bearing. Jang and Khonsari5 reviewed
the variation of bearing performance caused by misalignment and
emphasized that misalignment is detrimental to bearing perfor-
mance. However, the above research did not consider the influence
of misalignment on the lubrication performance of the bearing in the
mixed lubrication (ML) state. de Kraker et al.6 established the mixed
lubrication model of water-lubricated bearing through the average
Reynolds equation7 and calculated the Stribeck curve of the bearing.
Lv et al.8,9 studied the effect of misalignment on the mixed lubrica-
tion performance of bearing and found that the misalignment leads
to the rise in the friction coefficient, which requires a higher speed to
enter hydrodynamic lubrication (HL) from mixed lubrication (ML).

High velocity, large clearance, and low viscosity lubricants may
cause turbulence. Turbulence models commonly used in lubrica-
tion analysis include Constantinescu,10 Ng–Pan,11 Elrod–Ng,12 and
Hirs.13 Dousti et al.14 used the Constantinescu model to analyze the
influences of turbulence and inertia force on bearing performance.
The research showed that turbulence increases the bearing capac-
ity and attitude angle and decreases the eccentricity. Feng et al.15

investigated the influence of turbulence on the misaligned bearing
performance through the Ng–Pan model and found that turbulence
improves the bearing capacity. Lv et al.9 discussed the influence
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of turbulence on the lubrication performance of misaligned bear-
ing under the condition of constant load and found that turbulence
reduces the maximum hydrodynamic pressure and increases the
friction coefficient. Awasthi and Maan16 discussed the effect of tur-
bulence on the performance of textured hydrodynamic lubricated
bearing. At the same time, the boundary conditions have an impor-
tant influence on the simulation results. The commonly used bound-
ary conditions for lubrication analysis are the Reynolds bound-
ary condition17 and [Jakobsson-Floberg-Olsson (JFO)] boundary
condition,18,19 and the latter is more accurate. Later, Elrod20 and
Payvar and Salant21 improved the cavitation algorithm. Jang and
Khonsari22 used the Elrod algorithm to study the tribological per-
formance of misaligned bearing. He et al.23 compared the friction
coefficients under the two boundary conditions and found that the
friction coefficient calculated using the JFO condition is greater than
the result of the Reynolds condition. Lin et al.24 studied the effects
of cavitation and turbulence on the thrust water-lubricated bearing
performance and found that cavitation reduces the bearing capacity,
and turbulence increases the bearing capacity. However, the research
on the effects of turbulence and cavitation on the mixed lubrication
performance of misaligned journal bearing is still lacking.

Based on the average flow equation and turbulence model, a
mixed lubrication model for misalignment bearing is established
considering turbulence and cavitation. The finite difference scheme
is used to solve the model. The effects of turbulence, cavitation,
and misalignment on the mixed lubrication performance of bearing
are studied. The research results can provide reference for journal
bearing design.

II. GOVERNING EQUATION
A. Film thickness equation

Figure 1 displays the schematic diagram and coordinate system
of a misaligned bearing. The film thickness equation is

h = c + e0 cos(θ − φ0) + e′( y
L
− 1

2
) cos(θ − α − φ0), (1)

where c is the radial clearance, e0 is the eccentricity at the bearing
middle plane, φ0 is the attitude angle, e′ is the projection of the axis,
α is the misalignment angle, and L is the bearing length.

FIG. 1. Schematic diagram of a misaligned journal bearing.

The dimensionless equation (1) can be obtained as the
following expression:

h = 1 + ε0 cos(θ − φ0) + ε′( y
L
− 1

2
) cos(θ − α − φ0), (2)

where ε0 is the eccentricity ratio and ε′ is the misalignment eccen-
tricity ratio, which can be computed from Ref. 25 as follows:

ε′ = e′

c
= Dmε′max, (3)

where ε′max is the maximum possible value of ε′, which can be written
as

ε′max = 2(
√

1 − ε2
0 sin2(α) − ε0∣cos(α)∣). (4)

B. Generalized lubrication equation
The average Reynolds equation was proposed by Patir and

Cheng.7 Using the cavitation algorithm proposed by Payvar and
Salant,21 the laminar lubrication equation considering the JFO cavi-
tation effect is obtained as follows:

∂

∂x
(ϕx

h3

12η
∂(Fϕ)
∂x
) + ∂

∂y
(ϕy

h3

12η
∂(Fϕ)
∂y
)

= Uϕc

2(pref − pc)
∂{[1 + (1 − F)ϕ]h}

∂x
+ UFσ

2(pref − pc)
∂ϕs

∂x
, (5)

where ϕx and ϕy are the pressure flow factors, ϕs is the shear flow
factor,7 ϕc is the contact factor,26 η is the viscosity of lubricating oil,
σ is the effective roughness, h is the nominal film thickness, pc is the
cavitation pressure, pref is the reference pressure, F is the cavitation
index, ϕ is the dimensionless pressure in the full film zone, (1 + ϕ)
is the partial film content in the cavitation zone, and U is the journal
speed.

According to the turbulence model proposed by Ng and
Pan,11 the turbulent lubrication equation considering the JFO cav-
itation effect can be derived, as shown in the Appendix, and its
expression is

∂

∂x
(ϕx

h3

kx

∂(Fϕ)
∂x
) + ∂

∂y
(ϕy

h3

ky

∂(Fϕ)
∂y
)

= ηUϕc

2(pref − pc)
∂{[1 + (1 − F)ϕ]h}

∂x
+ ηUFσ

2(pref − pc)
∂ϕs

∂x
, (6)

where kx and ky are the turbulent factors,

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

kx = 12(1 + 0.0013R0.9
L ), RL > Rc,

ky = 12(1 + 0.000 358R0.96
L ), RL > Rc,

kx = ky = 12, RL ≤ Rc,

(7)

where RL and Rc are the local Reynolds number and critical Reynolds
number, respectively. The expression of Rc is Rc = 41.1

√
R/c, where

R is the radius of the shaft.
The mean hydrodynamic pressure is

p = pc + Fϕ(pref − pc). (8)

AIP Advances 12, 015213 (2022); doi: 10.1063/5.0074896 12, 015213-2

© Author(s) 2022

 18 Septem
ber 2023 09:20:15

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

The fluid bearing capacity can be obtained using the integral
equation (8), and the capacity components in x and z coordinates
are

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Foilx = −∬
A

p sin θdA,

Foilz = −∬
A

p cos θdA,
(9)

where A is the unfolded area of the bearing.

C. Asperity contact force
In some working conditions, the minimum film thickness is less

than the rough peak height. Therefore, the bearing surface and jour-
nal surface inevitably come into contact. The contact force and oil
film force share the external load. Using the asperity contact model
put forward by Greenwood and Trip,27 the contact pressure is

pasp =
16
√

2
15

π(ηsβσ)2E′
√

σ
β
⋅ F5/2(λ), (10)

where ηs is the density of asperity, β is the effective asperity radius,
E′ is the equivalent elastic modulus, λ is the film thickness ratio
(λ = h/σ), and F2.5(λ) is the statistical function that the height of the
asperity obeys the Gaussian distribution, and its expression is28

F5/2(λ) = {
4.4086 ⋅ 10−5(4 − λ)6.804 (λ ≤ 4),
0 (λ > 4).

(11)

The asperity contact force in the x-axis and z-axis is

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Faspx = −∬
A

pasp sin θdA,

Faspz = −∬
A

pasp cos θdA.
(12)

D. Friction coefficient
Considering the influence of turbulence, the shear stress of

lubricating oil is

τ = −kτηU
h
(ϕf − ϕfs) − ϕfp

h
2
∂p
∂x

, (13)

where ϕf, ϕfs, and ϕfp are the shear stress factors29 and kτ is the
turbulent factor,

{ kτ = 1 + 0.0012R0.94
L , RL > Rc,

kτ = 1, RL ≤ Rc.
(14)

The friction force of fluid shear is

Ffoil =∬
A

τdA. (15)

The expression of contact friction force is

Ffasp =∬
A

fasppaspdA, (16)

where fasp is the boundary friction coefficient of the two surfaces.
The total bearing friction can be obtained by summing Eqs. (15)

and (16), and the expression is

Ff = Ffoil + Ffasp. (17)

The total friction coefficient is

f = Ff/W. (18)

E. Misalignment moment
The moments in the two coordinate axis directions are

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Mx = ∫
L

0
∫

2π

0
(p + pasp)(y − L

2
)R cos θdθdy,

Mz = ∫
L

0
∫

2π

0
(p + pasp)(y − L

2
)R sin θdθdy.

(19)

The total moment is

M =
√

M2
x +M2

z . (20)

III. NUMERICAL SOLUTION AND MODEL VALIDATION
A. Numerical solution

In order to solve the above equations, a specific numerical solu-
tion flow as shown in Fig. 2 is established. The detailed solution steps
are as follows:

(1) Assume the initial position of the axis, i.e., initial eccentricity
ratio ε0 and attitude angle φ0.

(2) Calculate the dimensionless oil film thickness according to
Eq. (2).

(3) Calculate the Reynolds number and turbulence coefficient
according to the obtained parameters.

(4) Solve the Reynolds equation (6) to obtain the independent
variable ϕ; if it converges, it goes to next, else, it returns
step (3).

(5) Calculate oil film force and asperity contact force using
Eqs. (9) and (12), respectively.

(6) The equilibrium position of the axis is obtained using the
balance of oil film force, asperity contact force, and external
force.

(7) Output bearing performance.

B. Validation
The program verification includes three parts, namely, cav-

itation model verification, journal misalignment verification, and
mixed lubrication model verification. The results correspond to
Figs. 3–5, respectively. Figure 3 shows the comparison between the
calculated hydrodynamic pressure at 1/5 and 3/5 from the bearing
center and experimental results in Ref. 18. The theoretical calcu-
lation results are consistent with those obtained by experiments,
indicating that the model is correct. Figure 4 presents the com-
parison between the calculated moment in this paper and that in
Ref. 1. The two calculation results are in good agreement. Figure 5
displays the comparative study between the friction coefficients
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FIG. 2. Numerical calculation flowchart.

using the present model and that from Ref. 8. The two are very close,
and the slight difference may be related to the number of meshes and
the selection of convergence accuracy.

IV. RESULTS AND DISCUSSION
The parameters used in this paper are shown in Table I, which

are mainly derived from Ref. 9. The external load is taken as a
constant value.

A. Effect of boundary conditions
Figure 6 shows the comparison of oil film pressure and

thickness distributions in the mid-plane of bearing under

FIG. 3. Comparison between calculated oil film pressure and experimental results.

different boundary conditions when n = 200 rpm. Compared with
the Reynolds boundary condition, the maximum hydrodynamic
pressure and minimum oil film thickness calculated using the JFO
boundary condition move downstream, namely, the attitude angle
calculated using the JFO boundary condition is larger than that
calculated using the Reynolds boundary condition. In the divergent
region of oil wedge, the oil film breaks and cavitation occurs
inevitably. Cavitation will produce a negative pressure zone below
atmospheric pressure, as shown in Fig. 6(a), which cannot provide
bearing capacity. The Reynolds boundary condition takes atmo-
spheric pressure as cavitation pressure, and the pressure gradient
is set to zero in the oil film break region. Therefore, the Reynolds
boundary condition will generate greater errors in comparison with
the results calculated using the JFO boundary condition.

Figure 7 displays the variation in film pressure and thickness
distributions in the middle section with speed. As the rotation speed

FIG. 4. Comparison of moment calculation results.
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FIG. 5. Friction coefficient for different models.

increases, the maximum film pressure decreases, while the fluid
bearing area, cavitation area, and minimum film thickness increase.
The maximum oil film pressure and the minimum oil film thickness
move downstream. That is to say, the attitude angle increases, while

the eccentricity ratio decreases when the speed increases. The main
reason is that the hydrodynamic effect is enhanced at high speed,
which causes the bearing capacity to improve, so it can be balanced
with the external load under small eccentricity.

Figure 8 presents the variation in the axial position of aligned
bearing with speed under two boundary conditions. In the case of
misalignment, the change in the axial position obtained from the
two boundary conditions with speed is similar to that of align-
ment, so it is no longer shown in Fig. 8. When the rotation speed
is 10 rpm, the eccentricity ratio and attitude angle corresponding
to Reynolds and JFO conditions are 0.9951 and 5.41○, and 0.9952
and 7.59○, respectively, and when the rotation speed is 200 rpm,
the corresponding eccentricity ratio and attitude angle are 0.9297
and 25.93○, and 0.931 and 36.69○, respectively. It can be clearly
found that at the same speed, the eccentricity ratio and attitude
angle calculated using the JFO boundary condition are larger than
those calculated using the Reynolds boundary condition. In addi-
tion, with the increase in speed, the difference of the axial position
calculated using the two boundary conditions is greater. The rea-
son for this is that when the speed increases, the cavitation area
increases [see Fig. 7(a)], and the influence of cavitation on the
bearing capacity increases. It is worth noting that, under the JFO
boundary condition, a greater eccentricity ratio is needed to guar-
antee balance with a constant external load, which increases the

TABLE I. Parameters for the calculated bearing.

Parameters Values Parameters Values

Radius (mm) 400 Bearing length/diameter ratio 2
Radial clearance (mm) 1.52 Speed (rpm) 0–200
Roughness of two surfaces (μm) 4.3 Poisson ratio of the shaft and bush 0.3/0.34
Elastic modulus of bush (Pa) 1.0 × 1011 Elastic modulus of the shaft (Pa) 2.1 × 1011

External applied load (kN) 320 Viscosity (Pa s) 0.011
Boundary friction coefficient 0.1 Cavitation pressure (Pa) −72 139.79

FIG. 6. Comparison of film pressure and thickness distributions in the middle section of the bearing under different boundary conditions (n = 200 rpm): (a) film pressure and
(b) film thickness.
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FIG. 7. Film pressure and thickness in the mid-plane of the bearing vs speed: (a) film pressure and (b) film thickness.

possibility of contact between the two surfaces and causes bearing
wear failure.

Figure 9 shows the Stribeck curves under different bound-
ary conditions for both aligned and misaligned bearing. No matter
whether the journal is misaligned or not, the friction coefficient
calculated using the JFO boundary condition is greater than that
calculated using the Reynolds boundary condition. In the case of
alignment, the speeds corresponding to the minimum friction coef-
ficient under JFO boundary and Reynolds boundary conditions are
28 and 25 rpm, respectively. In the case of misalignment, the critical

FIG. 8. Variation in the axial position under different boundary conditions.

speeds are 68 and 65 rpm, respectively. Compared with the curve
calculated using the Reynolds boundary condition, the curve cal-
culated using the JFO boundary condition requires a higher speed
to transform from the ML to HL state for both aligned and mis-
aligned bearing. This is because in the oil film rupture area, the
hydrodynamic pressure obtained using the JFO boundary condition
has a negative pressure zone, as shown in Fig. 6(a), which causes
the bearing capacity to decrease. At the same speed, the JFO bound-
ary condition requires a higher eccentricity to balance the external
load compared with the Reynolds boundary condition (see Fig. 8),
leading to the increase in the friction coefficient. Compared with the
alignment case, the misalignment causes the friction coefficient to
increase evidently in the ML stage and decrease slightly in the HL
stage in both boundary conditions. The critical speed of misalign-
ment is much greater than that of alignment. This is because the

FIG. 9. Effect of the boundary condition on the Stribeck curve.
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FIG. 10. Oil film pressure and asperity contact pressure distributions along circumferential and axial directions (n = 10 rpm): (a) film pressure and (b) contact pressure.

misalignment leads to a sharp increase in the asperity contact pres-
sure and hydrodynamic pressure at one end of the bearing in the ML
state, as shown in Fig. 10, which eventually causes the friction force
to increase.

Figure 11 shows the variation in the moment with speed under
different boundary conditions. In the two cases of misalignment,
the moment calculated using the JFO boundary condition is greater
than that calculated using the Reynolds boundary condition. The
moment corresponding to Dm equal to 0.8 is greater than that when
Dm is 0.6. In the case of a large degree of misalignment, the overturn-
ing moment becomes larger. As the speed increases, the moment
obtained using the two boundary conditions decreases, and the

FIG. 11. Effect of the boundary condition on moment.

moment difference between the two boundary conditions decreases
gradually. When the rotation speed is 10 and 200 rpm, the moment
difference percentage between the two boundary conditions is 8.51%
and 1.86%, respectively. It can be interpreted that when the jour-
nal speed is low, the film thickness is small to ensure that it can
be balanced with the external load, resulting in a sharp increase
in the hydrodynamic pressure and contact pressure at one end of
bearing, so the moment is larger. See Fig. 10; the maximum hydro-
dynamic pressure and contact pressure are close to 16 and 30 MPa,
respectively, and they are concentrated at one end of bearing, which
inevitably leads to a large moment. Under high-speed operating con-
ditions, the bearing capacity is enhanced and the film thickness is
increased, resulting in a more uniform distribution of film pres-
sure along the bearing width, so the moment decreases. In general,
boundary conditions have important effects on pressure distribu-
tion, film thickness distribution, axial position, friction coefficient,
and moment. Therefore, it is very important to deal with the cav-
itation boundary, which will have a major impact influence on the
bearing performance.

B. Effect of turbulence
Figure 12 presents the film pressure distributions under four

different conditions when n = 200 rpm and Dm = 0.8. The maxi-
mum film pressures correspond to Figs. 12(a)–12(d) are 1.01, 0.87,
3.33, and 2.69 MPa, respectively. It can be found that regard-
less of whether misalignment is considered, turbulence makes the
maximum film pressure drop and the cavitation zone increase.
No matter whether turbulence is considered or not, the misalign-
ment makes the oil film pressure unevenly distributed along the
axis; moreover, the maximum film pressure is far away from the
middle section and moves to one end of the bearing. Meanwhile,
the misalignment also makes the maximum film pressure increase
sharply.

Figures 13 and 14 illustrate the hydrodynamic pressure and film
thickness distributions in the middle section of the bearing when
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FIG. 12. Effects of turbulence and misalignment on film pressure along circumferential and axial directions: (a) laminar and aligned, (b) turbulent and aligned, (c) laminar
and misaligned, and (d) turbulent and misaligned.

n = 200 rpm and Dm = 0.8, respectively. From Fig. 13, it is noted
that no matter whether the misalignment is considered or not, tur-
bulence reduces the maximum hydrodynamic pressure and widens
the hydrodynamic region compared with laminar flow. The reason is
that turbulence increases the minimum film thickness; see the par-
tial enlarged view of Fig. 14, whether the effect of misalignment is
considered or not. The minimum film thicknesses corresponding to
the four cases of A, B, C, and D are 105.2, 120.2, 136.2, and 154.7 μm,
respectively. Meanwhile, turbulence makes the maximum hydrody-
namic pressure and the minimum film thickness move downstream
(see Figs. 13 and 14). Compared with laminar flow, turbulent flow
makes the bearing balance with external load at a smaller eccentric-
ity ratio. In other words, turbulence enhances the load capacity of
the bearing.

Figure 15 displays the effect of turbulence on the axial posi-
tion in the case of journal alignment. When the speed is less than
80 rpm, the axial positions obtained by the laminar flow model and
turbulence model coincide, that is, no turbulence occurs. However,
when the speed is above 80 rpm, turbulence significantly changes the

position of the shaft center. It should be noticed that the higher the
rotation speed is, the larger the influence of turbulence on the axial
position is; especially, n is equal to 200 rpm. When the rotation speed
is equal to 200 rpm, the eccentricity ratio and attitude angle corre-
sponding to the laminar and turbulent models are 0.931 and 36.69○,
and 0.921 and 43.38○, respectively. Turbulence causes the attitude
angle of bearing to increase obviously and the eccentricity ratio to
decrease slightly.

Figure 16 shows the effects of turbulence and misalignment on
the Stribeck curve of the bearing. No matter whether the journal is
misaligned or not, when the speed is less than 70 rpm, no turbulence
occurs, and the friction coefficients calculated by the laminar and
turbulent models are equal. The critical speeds of the transition from
ML to HL in the case of alignment and misalignment are 28 and 68
rpm, respectively, for both flow regimes. However, with the increas-
ing journal speed, especially when it exceeds 80 rpm, the influence of
turbulence on friction becomes significant. Compared with laminar
flow, turbulent flow increases the friction coefficient of the bearing.
This is because turbulent flow causes the fluid shear stress to increase
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FIG. 13. Effect of turbulence on hydrodynamic pressure distributions in the mid-
plane of bearing.

[see Eq. (13)], and the turbulence only occurs in the HL area. When
the speed increases, the Reynolds number RL and turbulence factor
kτ increase, causing the friction force to increase. The critical speed
from laminar to turbulent flow is 70 rpm. The journal misalignment
results in the increase in the friction coefficient in the ML stage and
the decrease in the friction coefficient in the HL stage in both lami-
nar flow and turbulent flow regimes in comparison to the alignment
case. The reasons have been explained in Sec. IV A and will not be
repeated here.

Figure 17 shows the effect of turbulence on moment when the
misalignment degree Dm is 0.6 and 0.8. It can be found that when
the speed is less than 70 rpm, the moment calculated by the tur-
bulent flow model and the laminar flow model is equal, that is, no
turbulence occurs. When the speed is greater than 70 rpm, turbu-
lence occurs, causing the moment to decrease slightly. As the speed

FIG. 15. Effect of turbulence on the axial position.

increases, the rate of moment drop significantly increases. This is
because turbulent flow makes the maximum film pressure decrease
and the pressure distribution more uniform, as shown in Figs. 12(c)
and 12(d). At high speed, the effect of turbulence on moment is
more obvious. When the speed is equal to 100 rpm and Dm is 0.6
and 0.8, the corresponding moment drop percentages are 1.44% and
1.38%, respectively, and when the speed is equal to 200 rpm, the
corresponding moment drop percentages are 12.95% and 12.68%,
respectively.

From the analysis of Figs. 12–17, it can be seen that
under high-speed working conditions, turbulence has a signif-
icant impact on the bearing lubrication characteristics. There-
fore, under high-speed working conditions and large clear-
ance, the design of the bearing must consider the influence of
turbulence.

FIG. 14. Effect of turbulence on film thickness distribution in the mid-plane of bearing.
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FIG. 16. Effects of turbulence and misalignment on Stribeck curves.

FIG. 17. Effect of turbulence on moment.

V. CONCLUSIONS
In this paper, a mixed lubrication model of misalignment bear-

ing considering cavitation and turbulence is established. The effects
of cavitation, turbulence, and misalignment on the lubrication per-
formance of bearing are analyzed, and the following conclusions are
obtained:

(1) Under the condition of constant external load, boundary
conditions have significant effects on the film pressure dis-
tribution, film thickness distribution, axial position, friction
coefficient, and moment. Both the eccentricity ratio and atti-
tude angle calculated using the Reynolds boundary condition
are smaller than those obtained using the JFO boundary con-
dition, and the friction coefficient and moment are under-
estimated under the Reynolds boundary condition. Under

the high-speed condition, the position difference between the
two axes increases and the percentage of moment difference
decreases.

(2) Turbulence occurs at high speed, which reduces the maxi-
mum film pressure and moment and increases the minimum
film thickness, cavitation area, and friction coefficient. Tur-
bulence causes the bearing attitude angle to increase obvi-
ously and the eccentricity ratio to decrease slightly. The
higher the speed is, the greater the difference in the axial posi-
tion and moment drop percentage are. Turbulence increases
the load capacity of the bearing. Under the conditions of high
speed and large clearance, the bearing design cannot ignore
the turbulence factor.

(3) Compared with the case of alignment, the misalignment
degree Dm reduces the minimum film thickness and
increases the maximum hydrodynamic pressure in both
laminar and turbulent flow regimes. At the same time, it
increases the friction coefficient in the ML area and reduces
the friction coefficient in the HL area and needs higher
speed to change from mixed lubrication to hydrodynamic
lubrication.
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APPENDIX: DERIVATION OF THE REYNOLDS
EQUATION CONSIDERING TURBULENCE
AND CAVITATION

Figure 18 shows a schematic diagram of bearing oil film thick-
ness considering the surface roughness of journal and bush. The
upper surface velocity is U, and the lower surface velocity is zero.

FIG. 18. Oil film thickness of bearing with rough surfaces.
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According to Ref. 9, considering turbulence and the surface rough-
ness of bearing and journal, the average unit volume flow in the x
and y directions is

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

qx =
1

Δy∫
y+Δy

y
(− h3

T

kxη
∂p̃
∂x
+ UhT

2
)dy,

qy =
1

Δx∫
x+Δx

x
(− h3

T

kyη
∂p̃
∂y
)dx,

(A1)

where hT is the local film thickness, p̃ is the hydrodynamic pressure,
and δ1 and δ2 are the roughness amplitudes.

According to Refs. 7 and 26, Eq. (A1) can be described as

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

qx = −ϕx
h3

kxη
∂p
∂x
+ ϕc

Uh
2
+ ϕs

Uσ
2

,

qy = −ϕy
h3

kyη
∂p
∂y

.
(A2)

The flow continuity equation is

∂(ρqx)
∂x

+ ∂(ρqy)
∂y

= 0, (A3)

where ρ is the density of lubrication oil, which is a constant value.
By substituting Eq. (A2) into Eq. (A3), the average Reynolds

equation considering turbulence under the Reynolds condition can
be obtained as

∂

∂x
(ϕx

ρh3

kxη
∂p
∂x
) + ∂

∂y
(ϕy

ρh3

kyη
∂p
∂y
) = ϕc

U
2
∂(ρh)
∂x

+ Uσ
2

∂(ρϕs)
∂x

.

(A4)

According to the cavitation algorithm proposed by Payvar and
Salant,21 the expression of Eq. (A4) can be written as

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∂

∂x
(ϕx

ρh3

kxη
∂p
∂x
) + ∂

∂y
(ϕy

ρh3

kyη
∂p
∂y
) = ϕcU

2
∂(ρh)
∂x

+ Uσ
2

∂(ρϕs)
∂x

, Liquidfilm,

∂

∂x
(ρv

ρ
h) = 0, Cavitationzone,

(A5)

where ρv is the density of lubrication oil in the cavitation zone,
representing the average density of the two-phase flow.

The parameters21 are defined as follows:

p − pc

pref − pc
= Fϕ, (A6)

ρv

ρ
= 1 + (1 − F)ϕ, (A7)

F = {
1, ϕ > 0,
0, ϕ < 0.

(A8)

By substituting Eqs. (A6)–(A8) into Eq. (A5), the modified
average Reynolds equation considering turbulence and cavitation is

∂

∂x
(ϕx

h3

kx

∂(Fϕ)
∂x
) + ∂

∂y
(ϕy

h3

ky

∂(Fϕ)
∂y
)

= ϕcηU
2(pref − pc)

∂{[1 + (1 − F)ϕ]h}
∂x

+ ηUFσ
2(pref − pc)

∂ϕs

∂x
. (A9)
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