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Abstract: As the transmission component in mechanical systems, hydrodynamic journal bearing
is widely used in large electromechanical equipment. The instability of the hydrodynamic journal
bearing often results in mechanical wear and damage, which may cause maintenance shutdowns
and significant financial losses. Accordingly, assessing the hydrodynamic journal bearing online
is a highly effective approach to guaranteeing reliability. To analyze oil film thickness distribution
under various assembly characteristics, this paper proposes a Fluid–Solid coupling analysis method
based on hydrodynamic lubrication theory and Hertzian elastic deformation theory. The novelty
is that the difference between the oil film thicknesses at the same measuring angle within the two
opposing faces of the bearing shell is taken as the assessment parameter, which can directly indicate
the deviation degree of the stator axis. Comparison of simulation and experimental results validated
that the proposed method exhibits exceptional accuracy in practical applications.

Keywords: hydrodynamic journal bearing; oil film thickness; assembly characteristics; Fluid–Solid
coupling analysis; state assessment
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1. Introduction

The rapid advancement of modern industry has imposed higher demands on rotating
machinery, which means increased rotation speed, heavier workloads, and enhanced
operational stability are necessary [1–3]. As crucial supporting components in rotating
machinery, hydrodynamic journal bearing (HJB) has gained widespread use due to its
notable advantages, including high load-bearing capacity, extended lifespan, and robust
operational stability [4–7].

Under the conditions of liquid lubrication, the shaft journal and bearing shell are effec-
tively isolated by lubricating oil to minimize surface wear and ensure optimal operational
efficiency and safety performance of the entire mechanical system [8–10]. However, varia-
tions in assembly characteristics can cause misalignment between the stator axis and the
ideal position, resulting in friction between the shaft journal and the bearing shell during
normal operation. These lead to instability in the oil film, abrasion of the bearing shell,
fatigue breakage, and other issues [11–15]. Real-time assessment is crucial for extending
the service life of the HJB [16–19].

In the Rotor-Bearing system, the assembly error is a primary factor contributing to
misalignment, which subsequently triggers detrimental dynamic effects on the HJB, such as
oil film shock, instability, and wear damage. For years, a comprehensive theoretical frame-
work has been established to study the oil film characteristics of the HJB. The Reynolds
equation proposed by O. Reynolds in 1886 laid a solid foundation for hydrodynamic lu-
brication research [20]. To efficiently obtain numerical solutions to the Reynolds equation,
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researchers worldwide have continuously improved numerical analysis methods and fluid
simulation techniques [21].

To calculate the oil film pressure distribution of the HJB, Wei et al. [22] effectively
combined the double conjugate gradient stability algorithm with Reynolds boundary con-
ditions to enhance the solving efficiency of the Reynolds equation in steady-state and
dynamic analysis. Cam et al. [23] proposed a novel numerical solution for simulating
the two-dimensional hydrodynamic lubrication process by considering slip avoidance
and eliminating air pockets. Lv et al. [24] introduced a simulation method for analyzing
unsteady mixed lubricity bearings and utilized the transient generalized Reynolds equation
to examine liquid film behavior in hydrodynamic lubrication regions, particularly focusing
on local turbulence effects. Mao et al. [25] developed a turbulent lubrication model to inves-
tigate the performance of dynamic pressure radial plain bearings under actual operating
conditions, studying variations in parameters such as Reynolds number, oil film thickness,
oil film pressure, bearing capacity, attitude angle, and discharge rate.

Extensive research and experimental verification have been conducted by scholars
both domestically and internationally to comprehend the impact of assembly errors on
the oil film characteristics and wear mechanism of dynamic pressure radial plain bearings.
Du et al. [26] conducted a comprehensive investigation into the wear mechanism, classifi-
cation of wear experiments, test bench for wear testing, and predictive model for bearing
wear in journal bearings. Zhang et al. [27] examined the influence of axial displacement on
the failure limit of journal bearings through experimental studies under various operating
speeds with occlusal load as a research parameter. Abdou et al. [28], who aimed to study
the dynamic response of oil film in journal bearings during rotor instability, solved nonlin-
ear dynamic equations based on specific directions and degrees of displacement to verify
critical stability limits at different eccentricities. Jeon et al. [29], to enhance lubrication
performance in journal bearings, designed a flexible structure for reducing the impact of
assembly errors. They evaluated and analyzed lubrication performance using minimum
oil film thickness as an evaluation index.

Additionally, Sysaykeo et al. [30] designed a bionic bearing to extend its service life and
conducted simulation and experimental verification on its working contact pressure and ec-
centric load, whose results indicate superior performance compared to traditional bearings.

The aforementioned research focuses on the numerical analysis and simulation method
of hydrodynamic lubrication, as well as its application in studying the influence of assembly
errors on the performance of the HJB. Meanwhile, Joon et al. [31] provided an extensive
review of the literature concerning the misalignment in journal bearings and elucidated
the foundational theories and empirical outcomes associated with such misalignments
to delineate the overarching tendencies that arise from such deviations. However, there
has been no research conducted on constructing oil film mathematical models suitable for
different assembly characteristics of the HJB. Additionally, the elastic deformation of the
shaft journal and bearing shell under eccentric loads is rarely taken into account.

According to the oil film characteristic changes under various assembly conditions, a
new state assessment method for hydrodynamic journal bearing is studied in this research.
The novelties of this study are as follows. (1) The Fluid–Solid coupling model is established
to solve oil film characteristics such as oil film pressure distribution and oil film thickness
distribution under various assembly characteristics; (2) The difference between the oil film
thicknesses at the same measuring angle within the two opposing faces of the bearing shell
is taken as the assessment parameter, which can directly indicate the deviation degree of
the stator axis.

The remainder of this paper is organized as follows: Section 2 introduces the Fluid–
Solid coupling analysis method for the HJB. Section 3 defines multiple assembly charac-
teristics, such as stator axis translation, stator axis rotation, and stator axis misalignment.
Section 4 introduces the process used to solve oil film characteristics. Section 5 shows
simulation processes and experimental results. Finally, Section 6 presents conclusions along
with prospects for future work.
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2. Fluid–Solid Coupling Analysis of the HJB
2.1. Analysis of Oil Film Lubricating Properties

The bearing shell of the HJB is securely fixed onto the bearing housing, and there will
be a specific gap maintained between the bearing shell and the shaft journal when the shaft
journal rotates.

When the shaft journal is rotating, lubricating oil is drawn into the gap, which results
in a certain dynamic pressure generated within the oil film. In the meantime, the oil volume
in the wedge void will increase as the speed of the shaft journal increases. Once the speed
of the shaft journal stabilizes, a stable oil film will completely separate the shaft journal
from the bearing shell, which may eliminate mechanical contact and reduce surface wear.
Figure 1a shows the usage examples of the HJB, and Figure 1b shows the general structure
of the HJB. Ideal and non-ideal assembly states are shown in Figures 1c and 1d, respectively.
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2.1.1. Solution of Oil Film Thickness Distribution

The dynamic oil film is mathematically modeled to accurately reflect the complex
structure and real working conditions of the HJB, thereby enhancing the effectiveness and
precision of assessing the bearing state.

The capacity of the lubricating oil film to bear loads is determined by two critical
parameters. One is the ratio of the width and diameter of the HJB, and the other one is
the eccentricity ratio of the HJB. The bearing capacity coefficient Cp is ascertained through
numerical integration methodologies, which are complemented by pertinent line graphs or
tabular data for utilization in design applications [32]. The bearing capacity coefficient Cp
can be expressed as Equation (1).

Cp = F·ψ2/(µ·ω·d·B) (1)

where F represents the external load, ψ represents the clearance ratio (the ratio of radial
clearance to shaft journal radius) of the HJB, µ represents the dynamic viscosity of the
lubricating oil at the operating temperature, B represents the width of bearing shell, ω and
d represent angular velocity and diameter of the shaft journal respectively.

The bearing capacity coefficient Cp is a function that characterizes the relative position
of the shaft journal and the central axis of the HJB under the specified boundary conditions.
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Based on the aforementioned research, the eccentricity can be determined by consult-
ing the corresponding table, and a mathematical model for the oil film thickness at each
point in the HJB is constructed, as illustrated in Figure 2.
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In the O-XYZ coordinate system, the origin is located at the midpoint of the axis of
the bearing shell, while the axis of the bearing shell simultaneously aligns with the Z-axis.
S1 and S2 denote the two opposing faces of the bearing shell while O1 and O2 represent the
centers of S1 and S2 respectively.

Similarly, within the two designated cross-sections (S1, S2), Oj1 and Oj2 represent
centers of shaft journal respectively, ϕ1 and ϕ2 represent attitude angles of shaft journal,
respectively, e1 and e2 represent eccentric distances of shaft journal respectively, ZW1 and
ZW2 are points located on circles of the bearing shell at any given angle (∠α), while oil film
thicknesses at points (ZW1, ZW2) are represented by h1(α) and h2(α), respectively.

As e1, e2 ≪ D/2, indicating that the eccentric distance is significantly less than half
the diameter of the bearing shell, the negligible effects of ∠O1ZW1Oj1 and ∠O2ZW2Oj2 can
be disregarded.

The attitude angle of the shaft journal varies across different sections, as depicted in
Figure 2a. The parameter β is introduced to denote the difference between any given angle
(∠α) and the attitude angle (∠ϕ), as shown in Equation (2).{

β1 = α − ϕ1
β2 = α − ϕ2

(2)

Oil film thicknesses at any given angle (∠α) can be calculated [32] based on Equation (3).{
h1(α) = δ + e1·cos β1
h2(α) = δ + e2·cos β2

(3)

The radial clearance, denoted as δ, signifies the difference between the radius of the
bearing shell (RW) and that of the shaft journal (RJ), as illustrated in Figure 2c.
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To determine the oil film thickness at the point (ZWn) for any given cross-section (Sn)
and any given Angle (∠α), the coordinate system (ZW2 − xyz) is constructed with ZW2 as
the origin, while the line (ZW2ZW1) coincides with the Z-axis, as illustrated in Figure 2b.
The angle between h1(α) and h2(α) can be expressed as the Equation (4).

∠ζ = |arccos(K1)− arccos(K2)| (4)

where parameters (K1, K2) used in calculating ζ are shown in Equation (5).K1 =
[(

h1(α) + RJ
)2

+ RW
2 − e1

2
]
/
[
2·
(
h1(α) + RJ

)
·RW

]
K2 =

[(
h2(α) + RJ

)2
+ RW

2 − e2
2
]
/
[
2·
(
h2(α) + RJ

)
·RW

] (5)

where RW and RJ represent the radius of the bearing shell and the shaft journal, respectively.
The oil film thickness (hn(α)) at the point (ZWn) can be calculated based on the mathe-

matical model of oil film thickness, as demonstrated in Equation (6).

hn(α) =
√

Q1 − Q2 + Q3 (6)

where parameters (Q1, Q2, Q3) used in calculating hn(α) are shown in Equation (7).
Q1 = h1(α)

2

Q2 = (2·b/B)·
(

h1(α)
2 − h1(α)·h2(α)·cos ζ

)
Q3 = (b/B)2·

(
h1(α)

2 + h2(α)
2 − 2·h1(α)·h2(α)·cos ζ

) (7)

where the variable b represents the distance between two cross-sections (S1, Sn), while Sn is
parallel to S1.

2.1.2. Reynolds Equations and Assumptions

The fundamental equation of hydrodynamic lubrication theory is the differential
equation governing the pressure distribution in a fluid film, which is derived from the
basic equation of viscous fluid dynamics under certain assumptions [33]. Considering the
structural parameters and lubrication characteristics of the HJB, the following assumptions
are made:

(1) For the purpose of simplifying the calculation of shear stress, the lubricating oil under
consideration is assumed to behave as a Newtonian fluid. According to Newton’s law
of viscosity, shear stress within a fluid is directly proportional to the velocity gradient
perpendicular to the direction of flow.

(2) Due to the extremely small thickness of the oil film, the effect of fluid flow in the
direction perpendicular to the film thickness is disregarded.

(3) To streamline the continuity equation, the fluid is assumed to be incompressible,
meaning that changes in volume due to pressure variations are considered negligible
compared to those resulting from velocity gradients.

(4) To simplify the modeling of fluid flow behavior, the analysis excludes considera-
tions of fluid particle rotation or deformation, focusing solely on the translational
characteristics of fluid particles.

(5) To simplify the velocity field near the solid boundary, a no-slip condition is assumed
between the fluid and solid surfaces, meaning the velocities of both are equal at the
boundary.

(6) To simplify the calculation of pressure distribution within the oil film, the effect of
pressure variation in the direction perpendicular to the oil film thickness is neglected.

(7) To simplify the momentum balance equation, the influences of inertial forces and
gravitational effects on the oil film particles are neglected.
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These assumptions collectively streamline the mathematical modeling of fluid flow, fa-
cilitating the solution of differential equations that describe the behavior of the oil film under
defined conditions. A set of four-member differential equations comprising the Navier–
Stokes equation and the Continuity equation are derived to analyze the oil film pressure
distribution. The two-dimensional Reynolds equation can be expressed as Equation (8).

(∂/∂x)·
[

H3·(∂P/∂x)
]
+ (∂/∂z)·

[
H3·(∂P/∂z)

]
= 6·µ·ν·(∂H/∂x) (8)

where H represents the oil film thickness, P represents the oil film pressure, ν represents
the linear velocity of the shaft journal, while x-axis and y-axis are Cartesian axes.

The dimensionless Reynolds equation is employed to analyze the dynamic charac-
teristics of the HJB based on the hydrodynamic lubrication theory, aiming to elucidate
the action mechanism of various factors and ensure that each variable remains within a
reasonable range, as demonstrated in Equation (9).

(∂/∂φ)·
[

h3·(∂p/∂φ)
]
+ (D/B)2·(∂/∂λ)·

[
h3·(∂p/∂λ)

]
= 3·(∂h/∂φ) (9)

where h represents the dimensionless oil film thickness, p represents the dimensionless oil
film pressure, while φ-axis and λ-axis are dimensionless Cartesian axes.

The Reynolds equation is solved with Reynolds boundary conditions to ensure the
fulfillment of fluid continuity and positive pressure requirements.

2.1.3. Solution of Oil Film Pressure Distribution

To simplify the calculation process, the partial differential equations are transformed
into algebraic equations. The finite difference method is employed to discretize the oil
film into grids, while the partial derivative term in the Reynolds equation is approximated
by utilizing various orders of difference quotients formed by the pressure values on grid
nodes. By solving for the pressure values at each node within the grid, we can obtain a
comprehensive oil film pressure distribution [34,35], as demonstrated in Equation (10).

pi,j =
(

Ai,j·pi+1,j + Bi,j·pi−1,j + Ci,j·pi,j+1 + Di,j·pi,j−1 − Fi,j
)
/Ei,j (10)

where Ai,j, Bi,j, Ci,j, Di,j, Ei,j, Fi,j are coefficient matrixes, as shown in the Equation (11).

Ai,j = hi+1/2,j
3

Bi,j = hi−1/2,j
3

Ci,j = [(D/B)·(∆φ/∆λ)]2·hi,j+1/2
3

Di,j = [(D/B)·(∆φ/∆λ)]2·hi,j−1/2
3

Ei,j = Ai,j + Bi,j + Ci,j + Di,j

Fi,j = 3·∆φ·
(

hi+1/2,j − hi−1/2,j

)
(11)

where i and j represent node numbers in directions of φ and λ, respectively, while ∆φ and
∆λ represent different steps in directions of φ and λ respectively.

The initial pressure distribution is established by assigning values to each boundary
node based on the boundary condition and setting the pressure value of other points as
zero. Subsequently, an iterative calculation process is employed to obtain a more accurate
approximation of the pressure distribution step by step.

The iteration results can be evaluated for their ideal accuracy based on the criterion of
relative convergence, as depicted in Equation (12).(

∑m
j=2 ∑n

i=2

∣∣∣pk
i,j − pk−1

i,j

∣∣∣)/
(
∑m

j=2 ∑n
i=2

∣∣∣pk
i,j

∣∣∣) ≤ ξ (12)

The relative error value can be taken as ξ = 1 × 10−5 to ensure the accuracy of
model solving.
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2.2. Analysis of Elastic Deformation

The lubricating oil directly contacts both the shaft journal and bearing shell in the HJB,
allowing the oil film to support the solid surfaces of the shaft journal and bearing shell
directly. By treating the oil film pressure as the contact pressure applied to the shaft journal
and the bearing shell [36], the radial deformations occurring on the two cylinders are
considered as elastic deformations in accordance with Hertzian contact theory [37,38]. The
variable σ denotes the aggregate of these deformations, and the corresponding expression
is given by Equation (13).

σ =
[
F·
(
GW + GJ

)
/B

]
·ln

{
B/

[
F·
(
GW + GJ

)
·R

]
+ 1

}
(13)

where parameters (GW , GJ , R) used in calculating σ are shown in the Equation (14).
GW =

(
1 − µW

2)/(π·EW)
GJ =

(
1 − µJ

2)/
(
π·EJ

)
R = RW ·RJ/

(
RW − RJ

) (14)

where µW and µJ represent Poisson’s ratio of the bearing shell and the shaft journal,
respectively, while EW and EJ represent the Elastic Modulus of the bearing shell and the
shaft journal, respectively.

3. Definition of Assembly Characteristics
3.1. Stator Axis Translation

Variations in the following assembly characteristics will cause the actual position of
the stator axis to be different from the ideal position—-the coaxiality of the bearing shell
and the shaft journal will exceed the allowable range. Under stable working conditions,
the actual stator axis remains parallel to the ideal stator axis even if the relative translation
occurs, as shown in Figure 3.
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The coordinate system is established with the origin located at the central point of the
ideal stator axis that coincides with the Z-axis.

In the operational state of stator axis translation, eccentric distances (e1T , e2T) of shaft
journal within the two designated cross-sections (S1, S2) can be determined according to
Equations (15) and (16).

e1T =

√
(e1·cos ϕ1 + eT ·cos γT)

2 + (e1·sin ϕ1 + eT ·sin γT)
2 (15)

e2T =

√
(e2·cos ϕ2 + eT ·cos γT)

2 + (e2·sin ϕ2 + eT ·sin γT)
2 (16)

Similarly, in the stator axis translation scenario, γT and eT represent angular displace-
ment and linear distance within the cross-section (S2), respectively, that determine the
positional correlation between the actual stator axis and the ideal stator axis. Attitude
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angles (ϕ1T , ϕ2T) of shaft journal within the two designated cross-sections (S1, S2) can be
determined according to Equations (17) and (18).

ϕ1T =

{
ϕ1 +

∼
ϕ1T | (γT − ϕ1) ∈ (−2π,−π] ∪ (0, π]

ϕ1 −
∼

ϕ1T | (γT − ϕ1) ∈ (−π, 0] ∪ (π, 2π)
(17)

ϕ2T =

{
ϕ2 +

∼
ϕ2T | (γT − ϕ2) ∈ (−2π,−π] ∪ (0, π]

ϕ2 −
∼

ϕ2T | (γT − ϕ2) ∈ (−π, 0] ∪ (π, 2π)
(18)

where parameters
( ∼

ϕ1T ,
∼

ϕ2T

)
represent variations in attitude angles under the condition of

stator axis translation, as demonstrated in Equation (19).{ ∼
ϕ1T = arccos

[(
e1

2 + e1T
2 − eT

2)/(2·e1·e1T)
]

∼
ϕ2T = arccos

[(
e2

2 + e2T
2 − eT

2)/(2·e2·e2T)
] (19)

3.2. Stator Axis Rotation

Variations in the following assembly characteristics will cause the actual position of
the stator axis to be different from the ideal position—-the coaxiality of the bearing shell
and the shaft journal will exceed the allowable range. Under stable working conditions,
the midpoint of the actual stator axis remains aligned with the midpoint of the ideal stator
axis even if the relative rotation occurs, as shown in Figure 4.
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The coordinate system is established with the origin located at the central point of the
ideal stator axis that coincides with the Z-axis.

In the operational state of stator axis rotation, eccentric distances (e1R, e2R) of shaft
journal within the two designated cross-sections (S1, S2) can be determined according to
Equations (20) and (21).

e1R =

√
[e1·cos ϕ1 + eR·cos(γR + π)]2 + [e1·sin ϕ1 + eR·sin(γR + π)]2 (20)

e2R =

√
(e2·cos ϕ2 + eR·cos γR)

2 + (e2·sin ϕ2 + eR·sin γR)
2 (21)

Similarly, in the stator axis rotation scenario, γR and eR represent angular displacement
and linear distance within the cross-section (S2), respectively, that determine the positional
correlation between the actual stator axis and the ideal stator axis. Attitude angles (ϕ1R,
ϕ2R) of shaft journal within the two designated cross-sections (S1, S2) can be determined
according to Equations (22) and (23).

ϕ1R =

{
ϕ1 −

∼
ϕ1R | (γR − ϕ1) ∈ (−2π,−π] ∪ (0, π]

ϕ1 +
∼

ϕ1R | (γR − ϕ1) ∈ (−π, 0] ∪ (π, 2π)
(22)
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ϕ2R =

{
ϕ2 +

∼
ϕ2R | (γR − ϕ2) ∈ (−2π,−π] ∪ (0, π]

ϕ2 −
∼

ϕ2R | (γR − ϕ2) ∈ (−π, 0] ∪ (π, 2π)
(23)

where parameters
( ∼

ϕ1R,
∼

ϕ2R

)
represent variations in attitude angles under the condition of

stator axis rotation, as demonstrated in Equation (24).{ ∼
ϕ1R = arccos

[(
e1

2 + e1R
2 − eR

2)/(2·e1·e1R)
]

∼
ϕ2R = arccos

[(
e2

2 + e2R
2 − eR

2)/(2·e2·e2R)
] (24)

3.3. Stator Axis Misalignment

Variations in the following assembly characteristics will cause the actual position of
the stator axis to be different from the ideal position—-the coaxiality of the bearing shell
and the shaft journal will exceed the allowable range. There is a special condition called
stator axis misalignment, which can be interpreted as the combined effect of stator axis
translation and stator axis rotation. For example, the actual stator axis rotates around the
point (O1), as shown in Figure 5.
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Figure 5. The diagram of stator axis misalignment.

The coordinate system is established with the origin located at the central point of the
ideal stator axis that coincides with the Z-axis.

In the operational state of stator axis misalignment, eccentric distances (e1M, e2M) of
shaft journal within the two designated cross-sections (S1, S2) can be determined according
to Equations (25) and (26).

e1M = e1 (25)

e2M =

√
(e2·cos ϕ2 + eM·cos γM)2 + (e2·sin ϕ2 + eM·sin γM)2 (26)

Similarly, in the stator axis misalignment scenario, γM and eM represent angular
displacement and linear distance within the cross-section (S2), respectively, that determine
the positional correlation between the actual stator axis and the ideal stator axis. Attitude
angles (ϕ1M, ϕ2M) of shaft journal within the two designated cross-sections (S1, S2) can be
determined according to Equations (27) and (28).

ϕ1M = ϕ1 (27)

ϕ2M =

{
ϕ2 +

∼
ϕ2M | (γM − ϕ2) ∈ (−2π,−π] ∪ (0, π]

ϕ2 −
∼

ϕ2M | (γM − ϕ2) ∈ (−π, 0] ∪ (π, 2π)
(28)

where parameter
( ∼

ϕ2M

)
represents variations in attitude angle under the condition of

stator axis misalignment, as demonstrated in Equation (29).

∼
ϕ2M = arccos

[(
e2

2 + e2M
2 − eM

2
)

/(2·e2·e2M)
]

(29)
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4. Solving Procedure

In this section, an iterative solution method is proposed for addressing the problem
of Fluid–Solid coupling analysis with various assembly characteristics, such as stator axis
translation, stator axis rotation, and stator axis misalignment, based on hydrodynamic
lubrication theory and Hertzian deformation theory. Figure 6 illustrates the process of
solving the Fluid–Solid coupling model of the HJB.
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Figure 6. The process of solving the Fluid–Solid coupling model of the HJB.

Step 1: Analyze the bearing characteristics of the HJB based on parameters such as
boundary dimensions, material characteristics, external loads, and other relevant factors.

Step 2: Taking into account the influence of various assembly characteristics such as
stator axis translation, stator axis rotation, and stator axis misalignment on attitude angles
and eccentric distance, the initial oil film thickness distribution can be determined based
on the aforementioned mathematical model of oil film thickness.

Step 3: The finite difference method is employed to calculate the pressure values
at each node of the oil film grid, which forms an approximate expression of the oil film
pressure distribution. Afterwards, the supporting force of oil film in various directions can
be analyzed based on the numerical integration method.

Step 4: In accordance with the Hertzian contact theory, the elastic deformation occur-
ring on cylinders, including shaft journal and bearing shell, can be resolved and incorpo-
rated into the oil film thickness distribution.

Step 5: The compensated oil film thickness distribution is brought back into the
Reynolds equation system for solving to obtain the updated oil film pressure distribution.
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The last two analytical results of oil film pressure distribution can serve as a foundation for
assessing the fulfillment of convergence criteria.

If the analysis results fail to meet the convergence criteria, it will become necessary
to transfer the oil film thickness distribution from Step 4 to Step 3 and proceed with
subsequent steps until the convergence criteria are satisfied. Finally, analysis results of oil
film pressure distribution and oil film thickness distribution are generated as output.

5. Results and Discussion
5.1. Simulation

To verify the analytical efficiency and accuracy of the Fluid–Solid coupling model
with various assembly characteristics, such as stator axis translation, stator axis rotation,
and stator axis misalignment, this section will take a specific HJB as the analytic target.
Specifically, the bearing shell material is tin bronze, and the shaft journal material is alloy
steel, with detailed parameters provided in Table 1.

Table 1. Key parameters of the HJB.

cc Value/Units Parameter Value/Units

Diameter of
bearing shell, D 10.08 × 10−3 m

Diameter of
shaft journal, d 10 × 10−3 m

Poisson’s ratio of
bearing shell, µW

0.33 Poisson’s ratio of
shaft journal, µJ

0.29

Elastic modulus of
bearing shell, EW

1 × 1011 N/m2 Elastic modulus of
shaft journal, EJ

2.05 × 1011 N/m2

Width of
bearing shell, B 12 × 10−3 m

Dynamic viscosity of
lubricating oil, µ

40.2 × 10−3 N·s/m2

The rotational speed of the shaft journal in the simulation experiment ranges from
1000 rpm to 6000 rpm to maintain consistency with actual working conditions as much as
possible. Across all three scenarios, including stator axis translation, stator axis rotation,
and stator axis misalignment, the maximum linear distance (eT , eR, eM) within the cross-
section (S2) is defined as half of the radial clearance (δ), while the angular displacement
(γT , γR, γM) within the cross-section (S2) ranges from 0 to 360 degrees.

The difference between the oil film thicknesses (DBOFT) at the same measuring angle
within two cross-sections (S1, S2) is considered to be the evaluation parameter. A larger
DBOFT means that the stator axis exhibits a higher degree of deviation, which supports the
state assessment of the HJB.

In the stator axis translation scenario, the simulation of the DBOFT is carried out
while the measuring angles are set to 150 degrees and 210 degrees, respectively. Figure 7
illustrates the simulation results.

In the stator axis rotation scenario, the simulation of the DBOFT is carried out while the
measuring angles are set to 150 degrees and 210 degrees, respectively. Figure 8 illustrates
the simulation results.

In the stator axis misalignment scenario, the simulation of the DBOFT is carried out
while the measuring angles are set to 150 degrees and 210 degrees, respectively. Figure 9
illustrates the simulation results.
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The following conclusions can be derived through simulation and analysis in the
stator axis translation scenario:

(1) The DBOFT is expressed in nanometer scales.
(2) Through the horizontal comparison of Figure 7, the maximum DBOFT remains unaf-

fected by different measuring angles.
(3) Through the longitudinal comparison of Figure 7, the absolute value of the DBOFT

decreases as the rotational speed increases gradually, indicating a tendency towards
stable operation of the Rotor-Bearing system.

(4) According to the subgraphs in Figure 7, the DBOFT remains unaffected by varying
linear distance (eT) when the angular displacement (γT) is constant.

(5) The variation range of the DBOFT is significantly influenced by the rotational speed
when the linear distance (eT) and the angular displacement (γT) are constant. There is
a specific scenario where γT = 0◦ and eT = 0.02 mm. When the range of rotational
speed is [1000 rpm, 6000 rpm], the variation range of the DBOFT is [−101 nm,−10 nm]
at a measuring angle of 150 degrees and [−393 nm,−40 nm] at a measuring angle of
210 degrees, with the DBOFT decreasing by 90.1 percent and 89.8 percent, respectively.

The following conclusions can be derived through simulation and analysis in the
stator axis rotation scenario:

(1) Similar to the radial clearance, the magnitude order of the DBOFT is micron. Therefore,
the rotation scenario can be effectively distinguished from the translation scenario.

(2) Through the horizontal comparison of Figure 8, the maximum DBOFT remains unaf-
fected by different measuring angles, which is analogous to the translation scenario.

(3) Through the longitudinal comparison of Figure 8, the absolute value of the DBOFT
decreases as the rotational speed increases gradually, which is analogous to the
translation scenario, indicating a tendency toward stable operation of the Rotor-
Bearing system.

(4) The variation range of the DBOFT is less influenced by the rotational speed when the
linear distance (eR) and the angular displacement (γR) are constant. There is a specific
scenario where γR = 0◦ and eR = 0.02 mm. When the range of rotational speed is
[1000 rpm, 6000 rpm], the variation range of the DBOFT is [−14.382 µm,−12.630 µm]
at a measuring angle of 150 degrees and [−56.016 µm,−49.190 µm] at a measuring
angle of 210 degrees, both of which exhibit a decrease of 12.2 percent.

The following conclusions can be derived through simulation and analysis in the
stator axis misalignment scenario:

(1) Similar to the radial clearance, the magnitude order of the DBOFT is micron. Therefore,
the misalignment scenario can be effectively distinguished from the translation scenario.

(2) Through the horizontal comparison of Figure 9, the maximum DBOFT varies with
different measuring angles. Therefore, the misalignment scenario can be effectively
distinguished from the translation scenario and the rotation scenario.

(3) Through the longitudinal comparison of Figure 9, the absolute value of the DBOFT
decreases as the rotational speed increases gradually, which is analogous to the
translation scenario and the rotation scenario, indicating a tendency toward stable
operation of the Rotor-Bearing system.

(4) The variation range of the DBOFT is subtly influenced by the rotational speed when the
linear distance (eM) and the angular displacement (γM) are constant. There is a specific
scenario where γM = 0◦ and eM = 0.02 mm. When the range of rotational speed is
[1000 rpm, 6000 rpm], the variation range of the DBOFT is [−5.072 µm,−4.982 µm]
at a measuring angle of 150 degrees and [−19.755 µm,−19.402 µm] at a measuring
angle of 210 degrees, both of which exhibit a decrease of 1.8 percent.

5.2. Experiments

The exact and real-time measurement of oil film thickness can provide a mass of
data that supports the state assessment of the HJB. The application of the eddy current
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displacement sensor (ECDS) in measuring oil film thickness offers significant advantages,
including higher sensitivity, higher sampling frequency, stronger reliability, and a non-
destructive property [39–42].

The Rotor-Bearing system and experimental setup are depicted in Figure 10. The shaft
journal is supported by two HJBs spaced 220 mm apart. The elastic coupling establishes
a connection between the shaft journal and the driving motor, enabling precise regula-
tion of the rotational speed of the shaft journal. At the same time, the data acquisition
system (DAQ) is composed of NI equipment, ECDSs, and a set of self-developed data
acquisition procedures.
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Figure 10. Diagram of the Rotor-Bearing system and experimental setup.

To verify the accuracy of the Fluid–Solid coupling analysis method proposed in this
paper, four ECDSs are arranged at both ends of the bearing shell to monitor the oil film
thicknesses at measuring angles of 150 degrees and 210 degrees. Multiple rotational
speeds of the shaft journal are set to 1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm, 5000 rpm,
and 6000 rpm. The sampling frequency and the sampling period are set to 1000 Hz and
10 s, respectively.

The relative error (acc) between the simulated value and the measured value is taken
as the criteria for state assessment, as shown in Equation (30).

acc = (1 − |SV − MV |/|MV |)× 100% (30)

where SV , MV represent the simulated value and the measured value, respectively.
In the specific stator axis translation scenario where the angular displacement is 0 and

the linear distance is 0.02 mm, the data sets collected at various rotational speeds are
statistically analyzed, as shown in Table 2.

Table 2. Experimental results under the condition of stator axis translation.

Measuring
Angles/◦

Rotational
Speeds/rpm

Simulated Values
of the DBOF/m

Measured Values
of the DBOFT/m Acc

150

1000 −1.01 × 10−7 −1.12 × 10−7 90.18%
2000 −0.41 × 10−7 −0.45 × 10−7 91.11%
3000 −0.24 × 10−7 −0.26 × 10−7 92.31%
4000 −0.17 × 10−7 −0.19 × 10−7 89.47%
5000 −0.13 × 10−7 −0.14 × 10−7 92.86%
6000 −0.10 × 10−7 −0.11 × 10−7 90.91%

210

1000 −3.93 × 10−7 −4.25 × 10−7 92.47%
2000 −1.58 × 10−7 −1.69 × 10−7 93.49%
3000 −0.94 × 10−7 −1.01 × 10−7 93.07%
4000 −0.65 × 10−7 −0.70 × 10−7 92.86%
5000 −0.50 × 10−7 −0.54 × 10−7 92.59%
6000 −0.40 × 10−7 −0.43 × 10−7 93.02%
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The variation range of the DBOFT is [−112 nm,−11 nm] at measuring angle of 150 de-
grees and [−425 nm,−43 nm] at measuring angle of 210 degrees when the range of ro-
tational speed is [1000 rpm, 6000 rpm], with the DBOFT decreasing by 90.2 percent and
89.9 percent, respectively. The simulation results are consistent with the measured results.

In the specific stator axis rotation scenario where the angular displacement is 0 and
the linear distance is 0.02 mm, the data sets collected at various rotational speeds are
statistically analyzed, as shown in Table 3.

Table 3. Experimental results under the condition of stator axis rotation.

Measuring
Angles/◦

Rotational
Speeds/rpm

Simulated Values
of the DBOF/m

Measured Values
of the DBOFT/m Acc

150

1000 −1.4382 × 10−5 −1.5383 × 10−5 93.49%
2000 −1.3230 × 10−5 −1.4365 × 10−5 92.10%
3000 −1.2909 × 10−5 −1.3915 × 10−5 92.77%
4000 −1.2764 × 10−5 −1.3613 × 10−5 93.76%
5000 −1.2682 × 10−5 −1.3487 × 10−5 94.03%
6000 −1.2630 × 10−5 −1.3382 × 10−5 94.38%

210

1000 −5.6016 × 10−5 −6.0454 × 10−5 92.66%
2000 −5.1527 × 10−5 −5.5622 × 10−5 92.64%
3000 −5.0279 × 10−5 −5.4258 × 10−5 92.67%
4000 −4.9713 × 10−5 −5.3615 × 10−5 92.72%
5000 −4.9394 × 10−5 −5.2988 × 10−5 93.22%
6000 −4.9190 × 10−5 −5.2492 × 10−5 93.71%

The variation range of the DBOFT is [−15.383 µm,−13.382 µm] at measuring angle
of 150 degrees and [−60.454 µm,−52.492 µm] at measuring angle of 210 degrees when
the range of rotational speed is [1000 rpm, 6000 rpm], with the DBOFT decreasing by
13.0 percent and 13.2 percent, respectively. The simulation results are consistent with the
measured results.

In the specific stator axis misalignment scenario where the angular displacement is
0 and the linear distance is 0.02 mm, the data sets collected at various rotational speeds are
statistically analyzed, as shown in Table 4.

Table 4. Experimental results under the condition of stator axis misalignment.

Measuring
Angles/◦

Rotational
Speeds/rpm

Simulated Values
of the DBOF/m

Measured Values
of the DBOFT/m Acc

150

1000 −0.5072 × 10−5 −0.5463 × 10−5 92.84%
2000 −0.5012 × 10−5 −0.5428 × 10−5 92.34%
3000 −0.4995 × 10−5 −0.5411 × 10−5 92.31%
4000 −0.4988 × 10−5 −0.5385 × 10−5 92.63%
5000 −0.4984 × 10−5 −0.5372 × 10−5 92.78%
6000 −0.4982 × 10−5 −0.5359 × 10−5 92.97%

210

1000 −1.9755 × 10−5 −2.1249 × 10−5 92.97%
2000 −1.9521 × 10−5 −2.1174 × 10−5 92.19%
3000 −1.9456 × 10−5 −2.1143 × 10−5 92.02%
4000 −1.9428 × 10−5 −2.0918 × 10−5 92.88%
5000 −1.9412 × 10−5 −2.0842 × 10−5 93.14%
6000 −1.9402 × 10−5 −2.0830 × 10−5 93.14%

The variation range of the DBOFT is [−5.463 µm,−5.359 µm] at measuring angle
of 150 degrees and [−21.249 µm,−20.830 µm] at measuring angle of 210 degrees when
the range of rotational speed is [1000 rpm, 6000 rpm], with the DBOFT decreasing by
1.9 percent and 2.0 percent, respectively. The simulation results are consistent with the
measured results.

5.3. Discussion

In the process of researching the state assessment method for the HJB under different
assembly characteristics, the DBOFT is used as a quantitative assessment index. Figure 11
presents the comparison between simulation results and measured results.
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Figure 11. The comparison between simulation and experiment. (a) (a1) and (a2) are generated from
the data in Table 2. (b) (b1) and (b2) are generated from the data in Table 3. (c) (c1) and (c2) are
generated from the data in Table 4.

In the simulation experiments, according to the magnitude order of the DBOFT, the
translation scenario can be effectively distinguished from the rotation scenario and the
misalignment scenario. Similarly, according to the difference between maximum DBOFTs
with different measuring angles, the misalignment scenario can be effectively distinguished
from the translation scenario and the rotation scenario.

In the experimental validations, the DBOFTs under different assembly characteristics
are measured. Tables 2–4 show the predictive effect of the Fluid–Solid coupling model,
which verifies the rationality of the proposed state assessment method for the HJB.

6. Conclusions and Future Work

There are some problems in the process of researching the state assessment method for
the HJB. At first, the mathematical model for determining the oil film thickness distribution
with various assembly characteristics is lacking. Secondly, the omission of elastic defor-
mations occurring on cylinders, including shaft journal and bearing shell, often impacts
the analysis results of oil film characteristics. Thirdly, the coupling relationship between
mechanics and hydrodynamics of the HJB remains ambiguous.

In this paper, a Fluid–Solid coupling analysis method is proposed to take the elastic
deformation of the shaft journal and the bearing shell into account, thereby effectively
improving the numerical accuracy of oil film characteristics and providing a practical
method for industrial applications. It is a simple and efficient method to use the DBOFT as
a quantitative assessment index, and the coupling mechanism of the HJB is successfully
revealed by the Fluid–Solid coupling analysis method. Experimental and simulation results
verified the effectiveness and superiority of the proposed model, and the comparison
results show that accuracies are all above 89.47 percent.
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In future work, larger-diameter hydrodynamic journal bearings will be the focus
of the study, encompassing the impact of different loads on bearing characteristics. We
will comprehensively consider factors such as oil film viscosity, flow state, and boundary
conditions to strengthen the performance of the assessment model.
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Nomenclatures
The following nomenclatures are used in this manuscript:
Cp The bearing capacity coefficient
F The external load
ψ The clearance ratio
µ The dynamic viscosity of the lubricating oil
ω The angular velocity of the shaft journal
B The width of the bearing shell
D The diameter of the bearing shell
d The diameter of the shaft journal
α The given angle
ϕ The attitude angle of the shaft journal
β The difference between any given angle and the attitude angle
δ The radial clearance
S1, S2 The two opposing faces of the bearing shell
O1, O2 The centers of S1 and S2
Oj1, Oj2 The centers of the shaft journal within S1, S2
ϕ1, ϕ2 The attitude angles of the shaft journal within S1, S2
e1, e2 The eccentric distances of shaft journal within S1, S2
ZW1, ZW2 Points located on circles of the bearing shell at ∠α within S1, S2
ZJ1, ZJ2 Points located on circles of the shaft journal at ∠α within S1, S2
h1(α), h2(α) Oil film thicknesses at the two points (ZW1, ZW2)
ζ The angle between h1(α) and h2(α)
RW , RJ The radius of the bearing shell and the shaft journal
b The distance between the two cross-sections (S1, Sn)
ZWn The point located on the circle of the bearing shell at ∠α within Sn
hn(α) The oil film thickness at the point (ZWn)
K1, K2 Parameters used in calculating ζ

Q1, Q2, Q3 Parameters used in calculating hn(α)
H The oil film thickness
P The oil film pressure
ν The linear velocity of the shaft journal
x, y, z Cartesian axes
h The dimensionless oil film thickness
p The dimensionless oil film pressure
φ, λ Dimensionless Cartesian axes
Ai,j, Bi,j, Ci,j, Di,j, Ei,j, Fi,j Coefficient matrixes
ξ The relative error value
σ The aggregate of radial deformations occurring on the two cylinders
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GW , GJ , R Parameters used in calculating σ

µW , µJ Poisson’s ratio of the bearing shell and the shaft journal
EW , EJ Elastic Modulus of the bearing shell and the shaft journal
γT , eT Angular displacement and linear distance within the cross-section

(S2) in the stator axis translation scenario
e1T , e2T The eccentric distances of the shaft journal within the two designated

cross-sections (S1, S2) in the stator axis translation scenario
ϕ1T , ϕ2T The attitude angles of the shaft journal within the two designated

cross-sections (S1, S2) in the stator axis translation scenario
∼

ϕ1T ,
∼

ϕ2T Variations in attitude angles under the condition of stator
axis translation

γR, eR Angular displacement and linear distance within the cross-section
(S2) in the stator axis rotation scenario

e1R, e2R The eccentric distances of the shaft journal within the two designated
cross-sections (S1, S2) in the stator axis rotation scenario

ϕ1R, ϕ2R The attitude angles of the shaft journal within the two designated
cross-sections (S1, S2) in the stator axis rotation scenario

∼
ϕ1R,

∼
ϕ2R Variations in attitude angles under the condition of stator axis rotation

γM, eM Angular displacement and linear distance within the cross-section
(S2) in the stator axis misalignment scenario

e1 M, e2 M The eccentric distances of the shaft journal within the two designated
cross-sections (S1, S2) in the stator axis misalignment scenario

ϕ1 M, ϕ2 M The attitude angle of the shaft journal within the two designated
cross-sections (S1, S2) in the stator axis misalignment scenario

∼
ϕ2 M Variations in attitude angle under the condition of stator

axis misalignment
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