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Abstract: Part of the gas phase within the bearing emanates from the gaseous lubricating medium
generated by the phase transition of the liquid lubricant under low pressure, while the remaining
portion originates from the expansion of gases, such as air, present in the lubricant. This study
delves into the impact of vapor and gas cavitation on the stability of the rotor-journal bearing system.
Utilizing computational fluid dynamics (CFD), a 3D transient lubrication model is developed for the
rotor-journal bearing system. This model integrates a combined cavitation approach, encompassing
both vaporous and gaseous cavitation phenomena. Based on a new structured dynamic mesh
method, the journal orbits are obtained when the journal moves in the rotor-journal bearing system.
In vaporous and gaseous cavitation, shear stress and non-condensable gases (NCG) are incorporated
successively. Compared with the combined cavitation model, the basic cavitation model journal
orbit amplitude is significantly larger than the combined cavitation model. The carrying capacity of
journal bearings under the basic cavitation model is overestimated, leading to a more conservative
prediction for system stability.

Keywords: journal bearing; CFD; stability; cavitation model; a 3D transient lubrication model

1. Introduction

During the operation of the journal bearing, the liquid lubricating medium vaporizes
under the action of low pressure, resulting in a cavitation effect. This phenomenon signifi-
cantly influences the rotor’s stability. Cavitation within the oil film disrupts its continuity,
creating unstable lubrication conditions, particularly when operating under high-speed
and high-load conditions. Such instability can lead to a decline in bearing performance
and, in severe cases, result in damage or failure. The stability of the rotor-journal bearing
system holds pivotal significance in large rotating machines such as compressor turbines
and machine tools [1]. Scholars have conducted extensive analytical studies on the dynamic
characteristics of bearings based on the solution to the Reynolds equation [2-4]. Numer-
ically, the stability of the rotor-journal bearing system was initially studied by solving
dynamic characteristic coefficients during the early stages of bearing dynamic characteristic
research. Xiong et al. [5] investigated the influence of the amplitude of perturbation on the
stiffness and damping coefficients. Taking the deformation of the bearing bush into account,
Liang et al. [6] studied the influence of disturbance amplitude on the stiffness coefficients
of water-lubricated cylindrical bearings. Ren and Feng [7] calculated the instability speed
of journal bearings used for air compressors in differently structured fuel cell vehicles.
Wang et al. [8] investigated the effect of different structural parameters on the instability
speed of rolling mill journal bearings. Xu et al. [9] established a water-lubricated fluid
lubrication model considering turbulence, inertia, and misalignment effects and studied
the dynamic characteristics of bearings under different operating conditions based on
the four-degree-of-freedom equations. Liu et al. [10] proposed a calculation method of
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16 dynamic coefficients considering the deformation of the lining and analyzed the influ-
ence of structural parameters such as eccentricity on the dynamic characteristics of bearings.
However, the linear oil film force is only valid under the condition of small oil film whirling
motion and is unacceptable for the prediction of large unbalanced responses or oil film
whirling motion [11-13]. By iteratively solving the fluid dynamic pressure lubrication
equation and the rotor dynamics equation, nonlinear transient analysis methods offer a
more comprehensive approach to analyzing rotor stability and predicting central trajecto-
ries. Therefore, a nonlinear oil film force model is developed by directly integrating the
oil film pressure acting on the journal surface, enabling direct calculation of journal orbits.
By solving the Reynolds equation, Lin et al. [14] studied the influence of non-Newtonian
characteristics of the lubricating medium on the unstable speed of the rotor and found
that the non-Newtonian lubricating medium has a wider instability boundary than the
Newtonian medium. Wang and Khonsari [15] investigated the effect of inlet position and
pressure on the critical instability speed in bearings. Castro et al. [16] analyzed the effects of
bearing clearance, length-to-diameter ratio, and oil viscosity on oil film whirling motion and
oscillation in a single-disk flexible rotor-journal bearing system. Chasalevris et al. [17,18]
analyzed the exact and approximate solutions of Reynolds equations for journal bearings
and obtained the important design parameters and lubrication characteristics of finite
journal bearings. Additionally, Xie et al. [19] resolved a coupled model involving water film
pressure-rotor dynamics equations, conducting comprehensive rotor dynamics analyses
encompassing vibration, start-stop, and impact analyses.

Although Dousti et al. [20] developed the extended Reynolds equation incorporating
inertia effects, computational fluid dynamics (CFD) methods demonstrate greater efficacy in
handling intricate flow physics, including inertia effects, 3D complexities, and multiphase
flows. CFD methods exhibit reduced reliance on empiricism and model tuning compared to
the extended Reynolds equation [21,22]. Nassab and Moayer [23] established a CFD-THD
(thermohydrodynamic) lubrication model for journal bearings and found that the inertia
effect would have a significant influence on the dynamic pressure lubrication of journal
bearings under light loads, high speeds, and large clearances [24]. Papadopoulos et al. [25]
established the CFD-THD lubrication model of textured pan-shaped pad thrust bearings
and studied the influence of operating parameters and texture parameters on lubrication
performance. Tauvigirrahman et al. [26] solved the lubrication characteristics of bearings
of different materials using a coupled CFD-FSI (Fluid-Structure Interaction) method and
investigated the relationship between bearing materials and bearing friction noise. In order
to obtain the nonlinear oil film force model of journal bearings based on CFD, it is necessary
to extend the CFD lubrication analysis model of journal bearings to the transient flow field
by using the dynamic mesh method. But the negative mesh volume of the CFD model is
more easily generated because of the small clearance flow field of the oil film in the journal
bearing. Li et al. [27] established a transient three-dimensional lubrication model of journal
bearings based on a new structured dynamic mesh method and carried out the lubrication
and stability analysis of journal bearings.

The gases produced within the bearing due to cavitation are not only the result of the
phase transition from liquid to gas as the pressure drops in the cavitated region but also
include gases that are sparingly or immiscible in the lubricating medium, referred to as
non-condensable gases [28]. Therefore, within the flow field of journal bearings, there are
two forms of cavitation: vaporous and gaseous cavitation. For the vaporous cavitation,
Singhal et al. [29] proposed the full cavitation model by considering the influence of bubble
formation and transport, pressure and velocity fluctuation, as well as the non-condensable
gas. Based on the full cavitation model, Li et al. [30] put forward the transient calculation
method to analyze the transient flow field of a journal bearing in a rotor-bearing system.
Furthermore, Li et al. [31] made a detailed derivation of shear stress cavitation and found
that the magnitude of the loading capacity of shear stress cavitation is smaller than the
loading capacity without shear stress cavitation due to the decreased ultimate pressure. For
gaseous cavitation, Lin et al. [32] described the relationship between gas phase volume and
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pressure through linear functions and established a thermoelastic fluid dynamic pressure
lubrication model for journal bearings. Song et al. [33] took the gas phase volume as a
function of the intrinsic solubility of lubricating oil and proposed a dissolution cavitation
model of journal bearings. Zhang et al. [34] investigated the relationship between the
non-condensable gas content and the rotor static equilibrium positions in journal bearings.
So far, the influence of the combined effect of gaseous cavitation and vaporous cavitation
on bearing stability has not been fully covered.

The above literature mostly uses shear cavitation or non-condensable gas cavitation
alone, and the calculation results are quite different from the actual situation. In this paper,
gaseous cavitation considering the content of non-condensable gases and vaporous cavita-
tion considering shear stress are combined to modify the basic oil film cavitation model.
Based on the combined cavitation model and the structured dynamic mesh method devel-
oped by our research group, a three-dimensional transient flow field model is established
to obtain the journal orbits and frequency under two cavitation models (the basic cavitation
model and the combined cavitation model). The influence of shear cavitation and gaseous
cavitation on the stability of journal bearings is investigated.

2. Theory of the Model
2.1. Governing Equations of Flow Field

During the operation of journal bearings, the bearing gap flow field can be regarded
as a convergence—divergence type of small gap flow. The decrease in liquid film pressure
inside the divergent wedge will lead to cavitation of liquid film, and the resulting bubble
will collapse due to the increase in pressure in the convergent wedge. Considering cavita-
tion, there are gas and liquid phases in the flow field of the journal bearing. The “Mixture”
model is adopted to describe a two-phase flow. The mixture continuity equation of the flow
field in journal bearing [35] is

2o+ 9 (pmu) =0 1)

= . . . . .
where v, is mass-averaged velocity, p,; is the mixture density.
The mixture momentum equation [35] is

2 (ontn) + V- (onm@ o) =

T - n (2)
-Vp+V. |:]/lm (V?m + V?m >:| + pmg +F+V. (kz ‘kak?dr,k & ?dr,k)
=1

5
where 1 and k are the number of phases, F is body force and y;, is viscosity of mixture [35],
n
Hm = 2 XrHi 3)

k=1

;d,,k is the drift velocity of secondary phase k,

— - =
Virk = Uk — U (4)

2.2. Governing Equation of Cavitation Model

The working fluid is assumed to be a mixture of liquid, vapor, and non-condensable
gases. The volume of non-condensable gases changes with film pressure during gaseous
cavitation, and a separate vapor mass fraction transport equation with a source term is
solved to model cavitation:

d -
g(Pm(P) +V- (vam¢> =V (yV¢)+ R, — R (5)
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where ¢ is the vapor mass fraction, v is the effective exchange coefficient, R, and R, are
vapor generation and condensation rates, respectively, which are expressed in the full
cavitation model as follows [29]:

vk 2(po —
R, = Ce7Pva (p;,]plp)(l —¢o — ¢g)/ p<po (6)
k 2(p —
R = CC%PIPZ (pSplpv)(PvP/ P> po ()

where k is the local turbulent kinetic energy, ¢ is the coefficient of surface tension of liquid,
C. and C, are empirical constants and C, = 0.02, C. = 0.01, ¢, is the mass fraction of vapor,
¢q is the mass fraction of non-condensable gas (NCG), and py, is the liquid saturation vapor
pressure. The suffixes ] and v denote the liquid and vapor phases.

However, shear stress and NCG based on air solubility are not considered in the basic
cavitation model. The principal normal stress cavitation criterion and theory of air intrinsic
solubility are applied to the vaporous cavitation and gaseous cavitation, respectively, in the
combined cavitation model. In vaporous cavitation, the shear stress affects the amplitude of
the incipient cavitation pressure in the oil film. A stress cavitation criterion is proposed and
verified [31], and the ultimate principal stress cavitation criterion equations are as follows:

p<po+ )\1 = Pcr
Ay = Tyt \/(TM - Tyy)z + 41y ®)
1= 2

2.3. NCG Based on Air Intrinsic Solubility

When the air in the lubricating flow field expands at low pressure, gaseous cavitation
happens. It is assumed that the density of air p, follows the ideal gas state equation:

M
b= 7T ©)

where p and T are the pressure and temperature of the lubricating flow field, respec-
tively, M is the molar mass of air, 28.97 x 1073 kg/mol, and R is the ideal gas constant,
8.314 ]/ (mol-K). The volume fraction of air ¢¢“ can be calculated by:

Pe” = Poin™ 0 (10)
Pg

where ¢ ;,,"" is the mass fraction of air contained in the lubricant when entering the journal
bearing. Guo et al. [36] measured the gas content of the lubricating oil under different
conditions, and the equation of the air intrinsic solubility J in the lubricating oil is as follows:

5= 672.476+%% 11)
p

where pU is the standard pressure.
Therefore, the volume fraction ¢, ;,” of air contained in the lubricant when entering
the journal bearing can be calculated by
V. 1 1
s — = (12)

TV V. 0p T0 2476 208
g"' oil 1—|—m 1+ e T

(Pg,inv

where T is the temperature at standard state, Vg and V,;; are the volumes of air and liquid
lubricating oil, respectively.
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The volume fraction is converted to the mass fraction by the following equation:

Ps"pg Mp
= = 7 - 13
Pgin Qoil & o RT 13)

where po and p,; are the densities of air and liquid lubricating oil, respectively.

3. Model and Solution Method
3.1. Physical and Computational Models

This paper takes journal bearings as the research object, and the bearing assembly
diagram is shown in Figure 1a. The oil inlet is set on the inner side of the bearing, and the
oil groove is set on the outer side to ensure that the lubricating oil flows smoothly into the
clearance between the rotor and journal bearing. The lubricating medium enters from the
center of the bearing and flows out to both sides, forming a hydrodynamic oil film under
the action of the high-speed rotation of the rotor shaft to realize the support of the rotor, as
shown in Figure 1b. The rotor gradually produces eccentricity in the process of rotation.
The Jeffcott rotor-journal bearing system is applied to study oil film whirling motion, as
illustrated in Figure 2. The journal is subject to rotor gravity and oil film force in the x and
y directions. The structure and operating parameters of the bearing model are listed in
Table 1. As the fluid domain in the simulation calculation process, the lubricating oil film is
meshed, as shown in Figure 1d.

Oil inlet

Stationary wall

(@)

Oil inlet

¥

LA

Oil outlet
l &

Oil groove
(b)

Figure 1. Cont.
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Figure 1. Schematic of the journal bearing. (a) Practical model. (b) CFD model. (c) Solid domain and
fluid domain grid at the oil film. (d) Oil groove mesh.

Figure 2. Rotor-journal bearing system.

The structured mesh is utilized for the oil film. The maximum pressures, x-directional
oil film forces, and y-directional oil film forces calculated by the transient calculated model
with different numbers of meshes are shown in Table 2. To balance the calculation accuracy
and the requirements for proper use of the machine’s memory and simulation time, the
Mesh 3 density (mesh aspect ratio of 87) is employed for the simulated calculation of this
study. The Mesh 3 density is 6, 40, and 200 divisions in the radial, axial, and circumferential
directions, respectively. The cylindrical oil inlet intersects with the curved oil groove,
resulting in a complex structure, so the unstructured grid is used in the oil groove. The
number of layers of radial mesh in bearing pad ;s is 16. The parameters used in the
numerical analysis are listed in Table 1. The flow field is selected as laminar flow. The tilting
of the journal and the deformation of the bearing are ignored in the calculation process.
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Table 1. Parameters of journal bearing model.

Symbol Parameter Base Value
D/mm Journal diameter 32
L/D Length to diameter ratio 0.5/1.0
¢/R; Clearance ratio 0.4%
w/° Angle of oil groove 30
L;/mm Length of oil groove 11/27
D;/mm Diameter of oil inlet 5
e/pum Eccentricity of journal 8
pin/MPa Inlet pressure 0.3
Pout/ Mpa Outlet pressure 0.1
N/r-min~! Rotational speed 0~8000
M/kg Journal mass 6.67
Popera/ Mpa Operating pressure 0.1
At/s Time step size 2 x 1075
u;/Pa-s Viscosity of liquid lubricant 0.03
Uy/Pa-s Viscosity of vapor lubricant 2 x107°
p1/kgm™3 Density of liquid lubricant 872
po/kgm™3 Density of vapor lubricant 1.2
pv/Pa Liquid saturation vapor pressure 29,185

Table 2. Mesh independence analysis.

Maximum x Direction Oil y Direction Oil
Mesh No. of Grids Pressure Film Force Film Force
Pmax (Pa) Fx (N) Fy (N)
571,834.3 36.67 2341
Mesh 1 140,400 (~0.010%) (0.163%) (0.256%)
571,226.3 36.70 23.43
Mesh 2 162,000 (0.096%) (0.082%) (0.170%)
571,621.5 36.72 23.46
Mesh 3 168,000 (0.027%) (0.027%) (0.043%)
571,695.2 36.72 23.46
Mesh 4 184,000 (0.014%) (0.027%) (0.043%)
571,775.7 36.73 23.47
Mesh 5 200,000 (Reference) (Reference) (Reference)

The motion equations of the journal are described as follows:

May, = Fy + Me(%)2 cos(%t)

(14)

Ma, = F, — Mg + Me(%)2 sin(%t)

Since pressure has a major role in the oil film bearing capacity, the effect of viscous

forces is neglected in order to simplify the calculation and analysis process. So Fy and Fy
are obtained by integrating the journal surface force as follows:

2 (15)

F, = R]-fOL 02” psin 6dodz
F, = ijOL o pcosfdodz

3.2. Calculation Procedure

The coupling calculation of bearing transient flow field parameters and rotor motion
parameters is realized based on a structured dynamic mesh [37]. The algorithm guarantees
the mesh quality of the oil film clearance when the journal suffers a large disturbance. It is
loaded into Fluent in the form of the user-defined function (UDF) for the mesh movement
calculation. The flow chart of the calculation procedure for this model is displayed in
Figure 3. Firstly, the steady-state calculation of the model is conducted. Secondly, the total
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calculation time T and time step are set to perform transient computation and to obtain the
non-linear oil film forces Fy and F, by integration. Thirdly, in every time step, substitute
the oil film forces into the rotor dynamics equations to calculate the x and y direction
accelerations, velocities, and displacements of the rotor motion. The axis and grid node
coordinates are computed, and the flow field grid is updated by means of a dynamic grid
algorithm. Finally, if the next time step is greater than the total time step, the calculation
ends. Otherwise, iterate through the preceding steps.

Perform steady calculate

Calculate the rotor motion

»  Obtain the oil film force

Set total calculation time

T and time step At i
i Update the flow field through
Conduct transient structured dynamic mesh algorithm
calculation at current time ¢ i

— =t+At

Next time #+A¢ > Total
calculation time 7

Figure 3. Flow chart of calculation procedure.

The governing equations of flow fields are solved using the finite volume method. And
the SIMPLEC and PISO schemes are adopted in steady-state and transient computation,
respectively. The double precision solver is adopted for the calculation. The PRESTO!
scheme is applied for pressure interpolation because of the high-speed rotating flow in the
journal bearings.

4. Experimental Setup

A full-scale test rig, aligned with the simulation’s scale, has been constructed. The
schematic diagram of the test rig is shown in Figure 4, and the main parameters are shown
in Table 3. The shaft is supported by two journal bearings, and lubricating oil is available
to lubricate the clearance of the shaft and journal bearings. The configuration is equipped
with three counterweight disks that realize the setting of different imbalances. The sensor
system mainly consists of a photoelectric sensor and six identical eddy current displacement
sensors. The photoelectric sensor is responsible for measuring the phase, which can be used
for determining dynamic balancing and rotational speed. The eddy current displacement
sensors are arranged at the counterweight plate, left and right journal bearings, respectively,
which are responsible for measuring the journal orbits.
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Table 3. Main Parameters.

Frequency Motor Range of Control Precision  Adjustable Oil
Changer Power Power Adjustable Speed of Speed Supply Pressure
15 kW 11 kW 0~8000 r/min 0.2% 0~5.0 MPa

The inside of the bearing seat is designed with tooling to test the journal bearing with
the maximum diameter of 250 mm, as demonstrated in Figure 5a. The upper bearing cover
combines with the bearing seat by bolts, which realizing the fixing of bearing, as displayed
in Figure 5b. The lubrication system consists of an oil supply station, an oil return station,
a ball valve, and a pressure gauge. The views of the oil channel in the bearing seat are
displayed in Figure 6. The lubricating oil supplied by the oil supply station flows into the
oil inlet on the right side of the bearing, as shown in Figure 6a. After flowing through
the tooling, lubricating oil enters the internal clearance of the bearing radially, and then
lubricating oil flows out from both sides of the bearing, as shown in Figure 6b. Further, it
escapes from the left exit of the journal bearing to the oil returning station, as shown in
Figure 6a at the end. Finally, the oil returning station pumped the lubricating oil back into
the oil supplying station, which increased the circulation of the lubricating oil.

Figure 5. Local schematic diagram of the rotor-journal bearing test rig. (a) The installation place of
journal bearing. (b) Fit between bearing cap and seat.
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(a) (b)

Figure 6. Lubrication channel inside the bearing seat. (a) Main cross-section view. (b) Lateral
cross-section view.

5. Result and Discussion
5.1. Comparison Study When L/D = 0.5

As demonstrated in Figures 7 and 8, a comparison of the journal orbits and frequency
spectrum calculated with the basic and combined cavitation model when N = 2000 r/min
(f = 33.3 Hz) is carried out. The journal orbits with the combined cavitation model are
in the fourth quadrant, and only the rotational speed frequency vibration appears in the
frequency spectrum. While the center of the journal orbits with the basic cavitation model,
it is near the journal bearing center. And the half-speed frequency component is much
larger than the rotational speed frequency component, which means that the system turns
into an unstable state. Therefore, the journal orbit with the basic cavitation model is much
larger than that with the combined cavitation model. This is because shear stress and gas
cavitation are ignored in the basic cavitation model. And the bearing capacity is overvalued,
causing a conservative forecast for the stability of the rotor system.

) D

T T —8 T T

-20

10 20 30 40 8 9 10 11 12 13 14 15 16
x (Um) x (Um)

(a) (b)

Figure 7. Comparison of whirling orbits with different cavitation models (L/D = 0.5, N = 2000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.
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Figure 8. Comparison of frequency spectra with different cavitation models (L/D = 0.5,

N = 2000 r/min). (a) Basic cavitation model. (b) Combined cavitation model.

In the process of increasing speed to 3000 r/min and 4000 r/ min, the whirling orbits are
displayed in Figures 9 and 10. With different cavitation models, significant differences occur
in the change of bearing trajectories and the stability of the rotor system as the rotational
speed increases. For the combined cavitation model, the orbit center approaches the journal
bearing center, and the journal orbits become larger gradually but keep their regularly
elliptical shape. With the basic cavitation model, the journal orbits expand continually with
the increase in rotational speed, but there is no phenomenon of rub impact between bearing
bush and rotor. This is because the rapid increase in oil film force forms the journal’s limit
circle motion due to the hydrodynamic force’s nonlinear effect, which is called the “limit
cycle” phenomenon [38]. Combining with Figure 11, it can be seen that the journal orbits
still have only the 65 Hz component when N = 4000 r/min (f = 66.7 Hz), the rotor keeps
stabilized the rotational speed frequency whirling motion in the combined cavitation model.
However, for the basic cavitation, the half-speed frequency component (35 Hz) is further
increased, and the rotational speed frequency is basically completely submerged, indicating
that the rotor system is completely unstable at this speed. The vibration frequency in
the rotor movement is mainly concentrated in the half-speed frequency rather than the
rotational speed frequency, which will lead to excessive vibration of the whole rotor system
and may have an effect on the operational stability of the rotor. Excessive vibration will
even further accelerate the wear of the bearing and reduce its service life.

60 0
40- N
-2
A20- -3
~ ~ g
-20- >
-6
401 7.
—60 T T T T T -8 T T T T T T T
60 40 20 0 20 40 60 4 5 6 7 8 9 10 11 12
x (Um) x (um)
(a) (b)

Figure 9. Comparison of whirling orbits with different cavitation models (L/D = 0.5, N = 3000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.
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Figure 10. Comparison of whirling orbits with different cavitation models (L/D = 0.5, N = 4000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.

Amplitude (um)
[\] w = o1
¢ ¢ 8 o

—
=
1

S

0 ; ——
0 20 40 60 80 100120140160 180200
S (Hz)

(@)

5

[\ w B
| | !

Amplitude (Um)

[
1

0 20 40 60 80 100120140160 180200
f(Hz)
(b)

Figure 11. Comparison of frequency spectra with different cavitation models (L/D = 0.5, N = 4000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.

As shown in Figures 12 and 13, when the rotational speed further improves to
5000 r/min (f = 83.3 Hz), the journal orbits calculated by the basic cavitation model main-
tain the limit circle motion with the half-speed frequency component, and the half-speed
frequency component increases continually, showing that the system is in a state of com-
plete instability. In contrast, the shape of the journal orbits based on the combined cav-
itation model changes from the elliptical to the “inner figure eight” shape. The journal
orbits are further enlarged, and the orbit center is closer to the bearing center. When
N =5000 r/min, a vibration at about half-speed frequency (42 Hz), indicating that oil film

whirling motion appears.

In the summary analysis it was found that the journal orbit amplitude of the combined
cavitation model is obviously smaller than that of the basic cavitation model. With the
increase in rotational speed, the journal orbit center of the combined cavitation model
is gradually closer to the bearing center, and its journal orbit is also gradually enlarged.
When the rotational speed is increased to 5000 r/min, the half-speed frequency compo-
nent appears in the combined cavitation model, and its journal orbit also changes. The
half-speed frequency component of the base cavitation model continues to increase with
the increase in rotational speed and almost completely submerges the rotational speed
frequency. Therefore, compared with the combined cavitation model, the base cavitation
model is relatively conservative in predicting the journal trajectory.
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Figure 12. Comparison of whirling orbits at different cavitation models (L/D = 0.5, N = 5000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.
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Figure 13. Comparison of frequency spectra at different cavitation models (L/D = 0.5, N = 5000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.

The whirling orbits and frequency spectra of the rotor at different rotational speeds
with this journal-bearing support are given in Figure 14. When the rotational speed is
4900 r/min, the rotor is a stable power-frequency vortex. When the rotational speed
increases to 5100 r/min, the half-frequency begins to appear on the frequency domain
graph, but the trajectory has not yet appeared in the obvious “inner figure eight” shape.
When the rotational speed reaches 5300 r/min, the oil film vortex begins to appear, and the
time domain graph shows a more obvious “inner figure eight” shape, and the frequency
domain graph shows obvious half-frequency components. In the comparative simulation,
using the modified cavitation model, the bearing appeared as a half-frequency vortex near
5000 r/min, and the trajectory showed the shape of “inner figure eight”, so the test results
achieved good consistency with the numerical simulation results.
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Figure 14. Whirling orbits and frequency spectrum (L/D = 0.5). (a) N = 4900 r/min. (b) N = 5100 r/min.
(c) N =5300 r/min.

5.2. Comparison Study When L/D = 1.0

For the journal bearings with L/D = 1.0, as displayed in Figures 15 and 16, when
N =2000 r/min (f = 33.3 Hz), the whirling motion orbits for the basic cavitation model
present a “limit cycle” shape dominated by half-speed frequency, indicating that the rotor-
journal bearing system has lost stability. Although a faint half-frequency component
appears in the frequency spectrum with the combined cavitation model, the journal orbit
calculated by the combined cavitation still exhibits a regular elliptical shape and a small
journal orbit amplitude.
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Figure 16. Comparison of frequency spectra at different cavitation models (L/D =1, N = 2000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.

In Figures 17 and 18, when the rotational speed rises to 3000 r/min, the amplitude
of journal orbits based on the combined cavitation model gradually increases, and the
half-speed frequency component is enhanced with an “inner figure eight” shape track,
indicating the appearance of the oil film whirling motion. In Figures 19 and 20, with the
combined cavitation model, the half-speed frequency component is more obvious, and the
shape of journal orbits presents a more obvious “internal figure eight” in the process from
3000 r/min increasing to 5000 r/min. At corresponding speeds, the journal orbits for the
basic cavitation model still keep the “limit cycle motion”, showing the rotor is always in an
unstable state in the basic cavitation model. The numerical results further indicate that the
prediction of system stability by the basic cavitation model is more conservative than that
by the combined cavitation model.

In summary, it can be seen that when L/D = 0.5 in the combined cavitation model, the
rotor at 5000 r/min results in the journal orbits appearing as an “inner figure eight” shape,
while when L/D =1, the rotor at lower speed conditions (3000 r/min) results in the journal
orbits appearing as an “inner figure eight” shape. The results show that as the bearing
aspect ratio increases, the stability of the rotor further decreases, which is consistent with
the rule found by Castro et al. [16] through bifurcation analysis.
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Figure 17. Comparison of whirling orbits at different cavitation models (L/D =1, N = 3000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.
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Figure 18. Comparison of frequency spectra at different cavitation models (L/D =1, N = 3000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.
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Figure 19. Comparison of whirling orbits at different cavitation models (L/D =1, N = 4000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.
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Figure 20. Comparison of whirling orbits at different cavitation models (L/D =1, N = 5000 r/min).
(a) Basic cavitation model. (b) Combined cavitation model.

The test results of the rotor supported by this bearing with an aspect ratio (L/D) of
1.0 are given in Figure 21. At low rotational speeds, the whirling orbits are approximately
elliptical and maintain a steady power-frequency vibration. After crossing the first-order
critical speed (the critical speed of the system was tested to be 2700 r/min~2900 r/min),
when the speed was increased to 3500 r/min, a half-frequency appeared in the frequency
spectrum, and the whirling orbits began to show the shape of the “inner figure eight”,
which indicated that oil film whirling motion begins to occur in the rotor at this rotational
speed. With the further increase in rotational speed, gradually away from the critical
speed, the rotor vibration gradually decreased, but the half-frequency component was
gradually rising. Compared with the numerical simulation results, using the combined
cavitation model, half-frequency vortexing occurs at 3000 r/min, and the trajectory shows
the shape of “inner figure eight”, so the test results and the numerical simulation results
are in good agreement.
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Figure 21. Cont.
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Figure 21. Whirling orbits and frequency spectra (L/D = 1). (a) N = 2500 r/min. (b) N = 3500 r/min.
(c¢) N =4700 r/min. (d) N = 5300 r/min.

6. Conclusions

In this paper, based on the combined cavitation model and considering shear stress and

non-condensable gas (NCG) in the lubricating flow field of journal bearings, the transient
lubrication model is established. The whirling orbits and frequencies are obtained with
the basic and combined cavitation models. The stability of the rotor system supported by
journal bearings with different L/D is analyzed. The following conclusions can be drawn:

@

@)

With different cavitation models, significant differences occur in the change of bearing
trajectories and the stability of the rotor system as the rotational speed increases.
Based on the combined cavitation model, the journal whirling orbits present a regular
elliptical shape at low speed. With the increase in rotational speed, the whirling
orbits change into an “inner figure eight” shape. With the basic cavitation model, the
journal orbits expand continually with the increase in rotational speed and finally
form the limit circle motion of the journal, but there is no phenomenon of rub impact
between bearing bush and rotor. The increase in rotational speed causes a gradual
rise in the half-speed frequency component, leading to a gradual destabilization of
the rotor system.

When L/D = 0.5 in the combined cavitation model, the rotor at 5000 r/min results in
the journal orbits appearing in an “inner figure eight” shape, while when L/D = 1, the
rotor at lower speed conditions (3000 r/min) results in the journal orbits appearing
an “inner figure eight” shape. The results show that as the bearing aspect ratio
increases, the stability of the rotor further decreases. The test results for both bearings
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achieved good agreement with the numerical simulation results using the modified
cavitation model.

(3) Compared with the basic cavitation model, the combined cavitation model journal
orbit amplitude is significantly smaller than the basic cavitation model. Under the
basic cavitation model, the load carrying capacity of journal bearings is overestimated
due to the neglect of shear stresses and gas cavitation (NCG), leading to an overly
conservative prediction of system stability.
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