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Abstract: In practical scenarios, journal bearings often exhibit shape errors due to machining im-
perfections and operational wear. These deviations from perfect roundness can significantly impact
the performance of journal bearings during start-up. This study investigates the impact of journal
shape errors on transient mixed lubrications, such as water film temperature and asperity contact,
as well as on the rotor dynamics of water-lubricated bearings (WLB) at start-up. The simulation
results of the developed numerical model are compared with the experimental data from existing
studies to verify their accuracy. Following this validation, parametric analyses are conducted using
the model. The analytical results indicate that journal shape error increases the temperature rise
of the water-lubricated bearing system during start-up. The greater the error in journal shape, the
higher the temperature rise, both in terms of shape amplitude and waviness order. Interestingly, the
thermal deformation caused by the temperature effect decreases the vertical displacement during
start-up. The study also finds that higher start-up speeds lead to quicker temperature increases
when shape errors are present. However, these speeds enable the bearing to more rapidly reach
the elastohydrodynamic lubrication (EHL) stage, where the temperature rise stabilizes. Therefore,
start-up speeds must be carefully selected.

Keywords: thermal characteristic; tribo-dynamic behavior; start-up; journal shape error

1. Introduction

WLB systems have a broad range of applications in underwater vehicles, and their
performance significantly impacts the vehicle’s stability and safety [1,2]. Thus, the perfor-
mance of water-lubricated bearings is easily affected by changes in parameters like radius
clearance, thickness of the water film, operating temperature, and surface roughness [3].
Most scholars in the WLB research often focus on the theoretical design of water lubrication
bearings, processing and manufacturing, assembly, and other aspects, and usually regard
the journal as an ideal round [4]. However, in practical engineering, processing errors, wear,
and other factors often affect the surface shape of the rotor shaft, leading to inherent errors
in the micron-level journal waviness and presenting as a non-ideal circular shape. Due to
the mixed lubrication condition of WLBs, the amplitude of the journal shape error is on the
order of microns with respect to the radius clearance and the minimum water film thickness;
it is also one of the crucial factors impacting the tribo-dynamic behaviors of WLBs. Particu-
larly during WLB start-up, journal shape error will exacerbate friction and adhesive wear
at the contact interface, increasing the operating temperature and deteriorating the service
life of the bearing [5]. Therefore, when temperature variations are involved, it is crucial to
examine the impact of journal shape error on the transient lubrication performance and
dynamic response in the start-up state of the WLB system to enhance bearing performance
and lifespan.

During the start-up state, a complex correlation exists between the bearing rotor’s
dynamic characteristics and the contacting surface’s transient mixed elastohydrodynamic
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lubrication properties. A plethora of scholarly research has been conducted, both experi-
mentally and theoretically, to explore this connection in depth [3,5-16]. Mokhtar et al. [5,6]
experimentally measured and observed the axial trajectory and wear during the start-up
state of a fluid dynamic pressure bearing, and the observed results showed that the sliding
wear phenomenon primarily occurs at start-up state and is mitigated after reaching the EHL
state. Fillon’s research team analyzed the tribological characteristics of journal bearings dur-
ing the start-up state by developing a mathematical model for thermoelastohydrodynamic
lubrication (TEHL) of radial dynamic bearings and then conducted the corresponding
tests [7,8]. However, Fillon’s theoretical study did not consider the roughness factor of the
contact surfaces of the rotor shaft and the bushing, so the analytical results obtained may
have some errors [9]. To address this problem, Cui et al. [10,11] used the average Reynolds
equation [12] and Greenwood-Williamson model [13] to introduce the surface roughness
factor and combined the lubrication model with the rotor dynamics equation to construct a
transient mixed elastohydrodynamic lubrication model. Through simulation analysis of
Cui et al.’s theoretical model [10,11], it was discovered that the contact force and contact
time decreased as the relative clearance of the journal bearing increased. However, in his
study, Cui did not account for the transient thermal behavior during the start-up state
of the bearing. Inspired by the above studies, Xiang and Han [14] developed a transient
which combines the lubrication equation and the rotor dynamics equation to analyze the
mixed thermoelastohydrodynamic lubrication behavior of journal bearings and revealed
that neglecting thermal characteristics may lead to underestimating the dynamic contact
load during startup. Subsequently, Xiang et al. [15,16] studied the frictional dynamics of
WLBs with unbalanced rotors. Thus, it can be inferred that journal shape errors (of the
same order of amplitude as the rotor imbalance) substantially affect the mixed friction
behavior of WLBs. However, a limited number of studies have focused on the impact of
journal shape error on the lubrication performance and dynamic behavior of WLBs during
the start-up state.

Most scholarly studies on journal shape errors have primarily focused on types such
as aerostatic bearings [17-19], hydrostatic bearings [20], and hybrid journal bearings [21].
The parameters studied in the literature include journal roughness [22], journal wavi-
ness [23-25], journal roundness error [26], journal misalignment (wear, texture, profile
modifications) [27-29], etc. Among them, Minseok et al. [17] investigated the dynamic
behavior and time—frequency properties of gas cylindrical journal bearings in the presence
of shape errors in both journals and bearings. The research findings indicate that precision
of journal manufacturing holds greater significance than the precision of bearing manufac-
turing. Peng’s research team [23,24] investigated the effect of three-dimensional surface
waviness of bush on the static-dynamic properties of aerostatic plain bearings. However,
the studies mentioned above were conducted from a tribological perspective and did not
account for the dynamic behavior of the journal rotor. Hence, Cai et al. [25] combined
journal shape error and bearing wear to investigate their effects on the tribo-dynamic
behavior of WLBs and found that the effect of journal shape error on the tribo-dynamics
behavior is more remarkable than that of bearing wear. At the same time, Sun et al. [30]
conducted experimental research exploring the effects of shaft shape errors on the journal
dynamics behavior of the bearing system. Recently, Chen and Xiang [31] investigated
the evolution on the transient tribo-dynamic behavior of bearings with the variation in
journal shape error by developing a tribo-dynamic model of WLBs during the start-up
state. However, the thermal effects of the mixed friction behavior were not considered in
their model, and therefore, the results obtained by the study may be less precise [14,31].
Hence, the tribo-dynamic responses of WLBs with journal shape errors must be studied in
depth, considering thermal characteristics during start-up.

In this paper, a tribo-dynamics model of WLBs is established to investigate the effect
of journal shape error on the start-up performance by considering the coupling charac-
teristics of fluid-solid-thermal interactions, which has not been reported in any research.
The numerical analysis results of the proposed model show that the journal shape error
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exacerbates the temperature increase during start-up. However, thermal deformation
reduces the lubrication gap and increases the hydrodynamic effect, thus improving the
lubrication performance. Meanwhile, the higher the bearing start-up speed, the faster the
rise in temperature and the larger the shaft trajectory. Conversely, lower speeds result in
higher contact forces. Therefore, start-up speeds need to be carefully selected. The above
study results will serve as a reliable reference for bearing design.

2. Mathematic Model
2.1. Transient Lubrication Gap

The object of this paper is a water-lubricated radial bearing with PEEK as the material
of the bush, whose geometry and analyzed coordinate system during the start-up state are
shown in Figure 1. In Figure 1, Oj and Og are the geometric center of the WLB and the
transient center position of the journal, respectively. e is expressed as the eccentric distance
between the geometric center and transient center position. During startup, the transient
lubrication gap at the contact interface is a superposition of nonlinear quantities such as
transient elastic deformation, thermal deformation, and rotor trajectory. The governing
equation is described as [31]:

h(6,z,t) = C(1+¢(t)cos(0(t) — @(t))) + (6, 2,8, p) + Ase(6, t)

+(SBT(0/Z/ t,AT, p) —|—5]T(9,Z, t, AT, p) @

where C and Agr are the radius clearance between journal and bearing and journal shape
error, respectively; ¢(t) and &(t) are the time-varying attitude angle and eccentricity, respec-
tively; épr is the bush elastic deformation; and dpr and 4 are the deformations of the bush
and journal caused by thermal effects, respectively.

Hydrodynamic
modle

Rotor dynamic
equation

Asperity contact

lastic and therma
deformation

Mixed TEHL mode

Figure 1. Geometry of water-lubricated bearings system.

According to the literature on the study of journal shape errors [25,30,31], the shaft
system is primarily processed using the turning method, resulting in a wavy and undulating
surface shape due to machining errors, wear, and deformations in operation, while the
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surface roughness peaks appear randomly. In this way, a sinusoidal function with a period
of 271/n is used to simulate the error in the journal shape [32]. Thus, the time-varying
sinusoidal function is expressed as

sin(6,t) = (ry — rp) sin(nf — nwt) )

where w and n are the rotation speed and the waviness order of the journal shape, respec-
tively. As displayed in Figure 2, the actual and ideal circular journal surface profile are
represented by r; and r;, respectively. Eventually, dsg (6, t) is presented by

Agp(6,t) = CAr[1 + 0.5sin(n6 — nwt)] 3)

where Ar = Jr/C represent the dimensionless amplitude of the journal shape error relative
to the radius clearance. As shown in Figure 2, at n = 0, the journal surface profile can be
considered as an ideal circle.

Bearing
shell

Shaft

Figure 2. Schematic diagram of water-lubricated bearing system with journal shape error.

2.2. Dynamic Equations

The transient journal trajectory during the start-up state of the WLB is determined by
a series of rotor dynamics equations considering both hydrodynamic and contact forces.
Based on the bearing coordinate system shown in Figure 1 and Newton’s law, the transient
dynamic behavior of the journal is governed by the subsequent equations, while assuming
a rigid journal.

{ myx’ = W+ Ffricx(t> — FhK<t) — FCK(i’) — m]wzr COS(”T‘E)”) @)
myl" = Fyg (t) + Fog (t) + Fpricg (t) + myw?rsin(Z5gt)

where m; and W are the rotor mass and static load, respectively; F represents the dynamic
forces (including transient hydrodynamic pressure force, contact force, and mixed friction
force); the subscripts x and ¢ indicate the direction of the coordinate system,; the subscripts
h and ¢ denote hydrodynamic and contact, respectively; the subscript fric represents friction;
and t and r are the start-up time and rotor unbalance.
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The calculation methods of hydrodynamic Fj, and contact force F, described in Equation (4)
are given in detail in Sections 2.3 and 2.5.

2.3. Transient Hydrodynamic Model
2.3.1. Transient Reynolds Equation

During bearing start-up, asperity of the contact surfaces can disrupt the fluid flow
between bush and journal, potentially affecting the lubrication performance. Thus, the
average Reynolds equation [12] was employed as the lubrication control equation to
evaluate the effect of roughness on fluid by the ratio of water film thickness to the composite
surface roughness. The control equation is expressed as follows [33]:

d ph? apy Pl ap ) _ vpe(t) dps \ , dph
206 (9”912;739 "’Z1z;7 P 2 ¢CR386 toopae) Tor @

where Rp and / are the bearing radius and water film thickness, respectively; z and 0 are
the circumferential angle (9€(0, 27)) and coordinate along the axial direction of the bearing,
respectively; p and 77 denote the density and viscosity of the lubricant, respectively; Pj, and
o are the hydrodynamic pressure and composite surface roughness, respectively; ¢s, ¢,
represent the shear and contact factors, respectively; and ¢y and ¢, indicate the flow factors
of the WLB in the circumferential and axial directions, respectively. Each flow coefficient is
related to the ratio of the water film thickness to the combined surface roughness and can
be determined by the following equation.

$pp = (h/o,v)=1— Be~(7) (6)
¢ = (h/o,1/7)
A S A O R I
9s(ln/0,7) = 1("0)25 ; v )
a2 B (;) E > 5
¢e = o—06912+0.7822 0. 304(") +0. 0401(3) o 0< g <3 -
¢ =1, b>3

where v is the surface roughness orientation, which was set to 1 in this study to indicate
that the roughness surface is isotropic. The values of the parameters in Equations (6)—(8)
can be found in [16,28].

vj9(t) denotes the transient speed during the start-up state [15]. This study assumes
that the start-up acceleration process follows a linear acceleration process, which can be
governed by

Ut

vj(t) = 0<t<t, 9)

a

In Equation (7), v, and t, are the final velocity and the accelerating time of the WLB.

2.3.2. Hydrodynamic Forces

The solution of the average Reynolds equation yields the distribution of the dynamic
pressure Pj, of the water film in the solution domain at each instant of time. And the
transient hydrodynamic forces can be obtained by integrating the hydrodynamic pressure,
which can be expressed by

2w L
Fueo(t) = [ [ Repn(6,z,t) sin(6)dzdo
0 2071 L (10)
Fuo(t) = — [ | Rppn(6,z,t) cos(0)dzd6
00
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2.4. 3D Thermal Model

After considering the journal shape error, the transient frictional heat during the start-
up of the bearing cannot be neglected [14]. In the numerical calculation of the transient
three-dimensional (3D) thermal characteristics of WLBs, the lubricating medium of the
WLB and the rigid journal are considered as thermal coupling conductors, considering the
transient characteristics of the fluid—-solid-thermal multi-field coupling during the start-up
stage. Using the Euler method, the transient 3D thermal transfer behaviors of the bearing
are governed by

0Cp | + 0,5 +0p 2 + 0.3 ] = 2 () + %5 (ko) + & () + @

a9
(%) + i (%) + (8 =0 .

where C,, represents the specific heat capacity; k, kg, and k, are the coefficients of thermal
conductivity along the r, 6, and z directions of the WLB, respectively; v;, vy, and v, indicate
the velocity components along the 7, 6, and z directions, respectively; T(Tp,Tw,T)) is the
temperature; the subscripts B and | stand for bearings and journals, respectively; the W
subscripts represent the lubricating medium water; and the heat source @ in the mixed
frictional contact zone of the bearing contains the heat of viscous shear dissipation @y of
the water film shear and the heat of frictional contact @ of the asperity friction. For more
information on the thermal model, see [16,34].

Insufficient dynamic pressure and frequent asperity contact of the contact surface
lead to higher temperatures in the bearing system, which has an effect on the viscosity.
Therefore, the 3D viscosity of the lubricant was evaluated using the following viscosity—
temperature relationship:

8.9
1(6,2,7) = 1.005 10_3(TW(9’Z’223+ 273.15> 47001/ (T (0.2,r)+27315))~1/293] (19

where Tyy is the lubricant temperature.

2.5. Transient Contact Model
2.5.1. Transient Asperity Contact

At the beginning of a WLB’s operation, the journal and bush contact surfaces may
encounter heightened mixed friction behavior, leading to higher contact pressure. This is
especially noticeable when the journal has a shape error [25]. Therefore, assuming that the
surface topography of the friction pair conforms to a Gaussian distribution, the contact
pressure calculation model developed by Kogut and Etsion (KE model) [35], which is able
to take into account the complete plastic deformation, is utilized to determine the transient
contact pressure under the mixed lubrication stage, and the governing equations are [36]:

P. = %mrﬁDKw;( hh:+wc* 5 4 103[@15?3 [1425 )
R +1100¢ 11263 4 3 oo 1
H1LA [ Coor 17+ R 100z Ic)

where D and f are the asperities density and the composite radius of curvature of the
asperity, respectively. According to Beheshti’s research [37], cBD and /o are assumed to
be 0.04 and 100 in this numerical model, respectively. The superscript *” indicates that the
parameters are dimensionless, and h* = g, I and w} are normalized by the composite
surface roughness. I denotes the integral operation. The calculation equation of I. and w}
can be found in [31].
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2.5.2. Contact Forces

After solving the KE model to obtain the transient contact pressure during the bearing
start-up state, the contact forces are determined by

N

7T

L
J Rppc(,z,t) sin(0)dzd6
0
2

O%

(14)

7T

L
Foc(t) = — | [ Rppe(6,z,t)Rp cos(6)dzdf
00

2.6. Transient Deformation

In this study, the journal is made of 45-gauge steel and the bush is made of PEEK. The
stiffness of the journal is considerably greater than that of the bush. Thus, the journal is
assumed to be a rigid isothermal expanding body. According to Equation (1), the total
deformation of WLBs can be calculated by

B(Q/Zr trAT/ P) = 5BE(9/Z/ L, P) + (SBT(QIZ/ t, AT; P)

1(6,1,4, AT, p) = 6,70, 7,1, AT, p) = ayATR (1 + e(t) cos(6(t) — @) )

0
o
where aj and R indicate the thermal expansion and radius of the journal, respectively, and

the thermal deformation and elastic deformation are solved by the influence coefficient
method [38].

5BE (91', Zj/ tr P) — %; GBE (Qi/ er 9@/ ZK) X [Ph (GC/ Zk, t) + Pc (Ggl Zic, t)]

16
5BT(91,Z t, AT) %Z;GBT(Gi/ZjIGQZK/V/\) X AT(Qé,ZK,l’)\,t) (16)
x

where Ggg and Gpr represent the elastic deformation coefficient matrix and heat distortion
influence coefficient matrix of the bearing, respectively; and Gpg (9], zk, 0, ZK) is defined as
the normal elastic deformation of the bearing surface produced at node (6;, z; ) by the unit
force applied at node (6, z¢) to the bush surface. The coefficient influence of thermoelastlc
deformation is calculated using the finite element method (FEM) [39].

2.7. Transient Friction Forces

The effect of transient friction on the transient tribo-dynamic behavior of WLBs during
the start-up state is considerable. During the start-up of WLBs, transient friction is deter-
mined by the transient shear stress of the hydrodynamic and the asperity contact, which
can be calculated using the following equation.

L2m
w apy,
Fricg(t) = [ | ("h(f)B + i 15}’3;(99) +ycpc(t)) cos(0)d0dz
L2x Rp | h(t) dpy(t 17)
Fpricx(t) = bf Of (ke + "2 + pepe(t) ) sin(9)dodz

where y. denotes the boundary friction coefficient.

2.8. Boundary Conditions
2.8.1. Thermal Boundary

As shown in Figure 3, the following three types of thermal boundary conditions are
used in this study to better simulate the fluid—solid-thermal coupling characteristics of the
WLB system:

(a) Internal heat exchange boundary conditions (BC1-BC2);
(b) External heat exchange boundary conditions (BC3-BC8);
(c) Cavitation boundary conditions.
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BC9

BC2

BC

rx BC3

BC8 (Lubricant inlet)

BCo

BC4

Ny

BCs

Figure 3. Schematic diagram of thermal boundary conditions of WLBs.

In the water film rupture region (near BC9, shown above), the water film temperature
is evaluated using a cavity boundary condition, which can be controlled by

L_-w, (18)
¢ & Gl

where ¢ is related to the lubricant viscosity, specific heat capacity, and heat transfer coeffi-
cient; and 1 is equal to the ratio of k., and h, where hy,;, and h represent the rupture film
thickness and the standard film thickness, respectively.

The interested reader is referred to [37] for more information on thermal modeling.

2.8.2. Cavitation Boundary

Vincent et al. [40] performed a numerical analysis of the performance of journal
bearings and concluded that the use of Reynolds boundary conditions can yield accurate
hydrodynamic predictions. Consequently, this model incorporates Reynolds boundary
conditions to account for cavitation effects in the bearing circumferential direction during
simulation calculations, which are described as

P E(),O)) =0
Ph 0,L)=0
Pn (60/ ) =0 19)

Apn(00,2)/90 =0

where 0y and L represent the location of the water film rupture and length of the bearing,
respectively.

3. Numerical Schemes
3.1. Numerical Scheme of the Reynolds Equation

To satisfy the fluid mass conservation condition, this study assumes that the fluid
flowing into and out of the computational cell is equal. Thus, the Reynolds equation is
discretely solved using the control volume method (CVM) [2]. A schematic diagram of the
nodes of the control cell is given in Figure 4. Based on this, the average Reynolds equation
(Equation (6)) can be discretized as

(ot ®), - (o) Jos  [(n52), - (p2) o
= %[ (o), — (ph),,]06;, PT1(s), — (@s) ) A0 5 + A6 Az

where Afj; and Azj; denote the mesh size of the control volume (j, k), respectively.
Equation (24) can be simplified in terms of the interface node coefficients, K, for the control
volume in each direction.
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Figure 4. Nodal schematic of the control volume method.

After processing, the final discrete Reynolds equation can be organized in the follow-
ing form.
ANPiN + Aspis + Aepne + Awpnw + Acpic = Bp (1)

Details of the discretization process for the Reynolds equation can be found in [31].

Subsequently, the resulting discrete Reynolds equations are computed iteratively using
the successive over relaxation (SOR) method. During each iteration, the hydrodynamic
pressure is updated by the following equation:

new)

Id =
piIe) — (1 - p)pl) 1y (22)

where 1 is the over-relaxation factor, which was given as 1.5 in this model.

When the hydrodynamic pressure of the current iteration satisfies the following
equation, the iterative calculation stops and the hydrodynamic pressure at this point
is output.

nom 1d)
Yy ’p(new) . p(o ‘
e VUil Ik

<1.0x10°° (23)

3.2. Numerical Scheme of the Dynamic Equation

In this study, the journal dynamics equations (Equation (5)) were calculated iteratively
using the Newmark method to obtain the journal trajectories under the interaction of forces
and static load. The control equations for the iterative computational process are:

Crivat(t) = T+ [(1 =)0 +ag" 1y ae] A

Cront(t) = e+ 01D+ [(1/2 = B)T"y + BT 1 ae) AP (24)
Klepar(t) = 't + [(1 — a)x” s + ak” 1 o] At

Kt+At(t) = Kt + K/tAt + [(1/2 — ‘B)K”t + ‘BK”t+At]Af2

where {,{’,{" and k, k', k" are the displacements, velocities, and accelerations of the journal,
respectively. At is the time step during the iteration. « and f are the constants, which were
set as 0.5 and 0.25, respectively.
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The convergence criterion for 3D temperature is shown below.
old new
}Tigmx) - Tr(nux ) 6
< 1.0x10" (25)
(old)
Tmux

The solution process of the start-up tribo-dynamic model of the fluid—solid-thermal
multi-field coupling WLB, considering the journal shape error, includes the steady-state
process and transient process, as shown in Figure 5. Before starting the calculation, the
asperities contact pressure at the initial time needs to be determined and used as an initial
parameter for the transient tribo-dynamics. In the solution process of a transient tribo-
dynamics model, the most critical step lies in how to realize the time-varying parameter
mapping between the journal dynamics equations and the transient fluid—solid—thermal
lubrication model of the bearings. This study utilizes the transient hydrodynamic forces,
contact forces, and mixing friction obtained by solving the transient fluid—solid—thermal
lubrication model at the current time step t as inputs for the journal dynamics equations.
The dynamics equations are then solved to obtain the transient displacement at the journal
center. This transient displacement is then coupled with the transient elastic deformation,
thermal deformation (bearing and journal), and journal shape error to update the tran-
sient lubrication gap at the next time step ¢ + At. Thus, the fluid-solid-thermal coupling
characteristics of the bearings under the start-up condition are realized.

Solving steady state fluid-solid-thermal

coupled Tribo-dynamics models

Initial water film thickness
input

[ Solve the average Reynolds

equation

| Solve the contact pressure ‘

'

Adjusting
eccentricity

| Solve the elastic deformation

A

A

Convergence of pressure?

Adjusting
attitude angle

Convergence of
attitude angle ?

Solve the steady state thermo-
elastic deformation

Convergence of
temperature ?

Convergence of
external load ?

I
Initial journal center position }—N

Solving transient fluid-solid-thermal coupled

Convergence of
temperature ?

tribo-dynamics models

Reaching the

start-up time?

Convergence of pressure?

Updating the journal center
position
7Y

Solution for the rotor dynamic
equation

Solution for transient thermal
deformation

Transient contact ‘

Transient friction ‘ ‘ f

orce

Transient

Solution for transient elastic
deformation

hydrody namic force

[
Transient hydrodynamic
pressure
3

‘ | Transient contact pressure ‘

CVM | SOR

A

‘ Solve the transient-averaged

| |

KE contact model ‘

Reynolds equation
X

e p——

fmmm————

| . n
—rP{ Transient lubrication gap }:

I
t

I

|

T s |
Solution for the stiffness and I
|

I

damping coefficents

Figure 5. Solution flow of numerical model for start-up state of water lubrication.

+ At
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4. Results and Discussion
4.1. Verification of Present Model

The effect of journal shape error on the start-up behavior of WLBs in this model was
sufficiently verified in [31]. Therefore, this content will not be verified in this study. The
simulation results of the temperature rise during start-up predicted by the established
coupled fluid-solid—thermal model were compared with the experimental results provided
by Kucinschi [41]. From Figure 6, it can be found that the temperature distribution of the
bushing—film interface and the shaft—film interface on the circumference of the journal
bearing at different operation times is in general agreement with the test results of Kucinschi
et al. [41]. Thus, these validation results demonstrate that the developed model can
effectively predict the thermal performance of journal bearings during the start-up state.
The test parameters used in [41] are shown in Table 1. It is worth noting that Kucinschi’s
experiments did not consider journal shape errors.

@ =30s (Experiment)y
“4 5 =60s
@ t=90s o °
24 o =0
t=240s °
— @ =600s
&) 40 t=30s(Simulationn)
N’
o t=60s
; 38 4 t=90s
= 1205
é; =240s
£ 36 2
= 6005
)
2
34
32 4
30 T T T T T T

— .
0 50 100 150 200 250 300 350 400
Circumference (°)

Figure 6. Verification of radial bearing transient circumferential temperature distribution during
start-up state.

Table 1. Kucinschi’s experimental parameters [41].

Parameter Value Parameter Value
Bearing radius 50 mm Bearing width 80 mm
Bearing spe.c1f1c heat 380 1/(kg-K) Journal spec.lflc heat 490/ (kg-K)

capacity capacity
Radius clearance 0.123 mm Lubricant Sp.eCIfIC 2000 J/(kg-K)
heatcapacity
Journal thermal ) Bearing thermal )
expansivity 12 pm/(m-K) expansivity 17 pm/(m-K)
Bearing Poisson ratio 0.3 Bearing elastic modulus 120 GPa
Journal elastic modulus 210 GPa lubricating temperature 30°C
Journal Poisson ratio 0.33 Lubricant viscosity (30 °C) 0.05 Pa-s
Bearing the?mal 65 W/m-K Journal th.er.mal 50 W/mK
conductivity conductivity
Bearing density 8940 kg/m? Journal density 7700 kg /m3
Lubricant thermal . . 3
conductivity 0.13W/m-K Lubricant density 870 kg/m
Start-up time 7s

4.2. Setting of Simulation Parameters

In this study, the simulation parameters of the tribo-dynamics characteristics of WLBs
during the start-up state are shown in Table 2. The journal was rated for 1000 rpm with
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aload of 450 N. At t = 0 s, the journal was static. The journal reached its rated operating
speed (1000 rpm) at t = 2 s and remained there.

Table 2. Start-up simulation parameters for WLBs.

Parameter Value Parameter Value
. Water specific heat
Inner radius/Rp 22.5 mm capacity/ Cpw 42007/ (kg-K)
Outer radius/Rgp 24 mm Journal density oy 7800 kg /m?>
Bearing width/L 20 mm Journal elastic 210 GPa
modulus/Ej
Radius clearance/C 0.06 mm Journal Poisson ratio/ vy 0.3
Bearing elastic Journal thermal
modulus/Eg 389 GPa conductivity /kj S0W/(m-K)
. . . Journal specific heat '
Bearing Poisson ratio/vp 0.4 capacity/Cpy 460 ]/ (kg-K)
. . 3 Journal thermal )
Bearing density/pp 1300 kg/m expansivity 11.9 pm/(m-K)
Bearing thermal Convection heat
conductivity /kp 11 W/(m-K) transfercoefficient/hy, 80 W/(m-K)
Bearing specific heat ' o
capacity/Cpy 1005 J/(kg-K) Inlet temperature/ Tyt 20°C
Bearing thermal Water thermal
expansivity 50 um/(m-K) conductivity /kw 0-599 W/(m-K)
. 3 Journal surface
Water density/pw 1000 kg/m roughness/c 0.2 um
- Bearing surface
Water viscosity /1w 0.001 Pa-s roughness/op 1.6 um

4.3. Effect of Different Journal Shape Error Amplitude

Because machining errors and operating wear are inevitable, the presence of journal
shape error is unavoidable. This section discusses the effect of the amplitudes of different
journal shape errors on the lubrication performance and dynamic response during the start-
up of WLBs. Figure 7 shows that there are fluctuating transient hydrodynamic and contact
forces when journal shape error is taken in account. This is due to the fact that periodic
shape error cause oscillations in the water film, which leads to fluctuations in the mixed
lubrication performance of the bearing. When Ar = 0.002-0.009, as shown in Figure 7b, the
effect of shape error amplitude on the transient mixed lubrication behavior of the bearing
is insignificant compared to the ideal journal. As shown in Figure 7a (Ar = 0.02-0.09), the
fluctuations in forces grow in magnitude during start-up as the amplitude of the shape
error increases further. In addition, it is obvious that the journal shape error alternately
positively and negatively affects the lubrication performance of WLB, as illustrated in
Figure 7a. The impact of alternating positive and negative effects is similar to the results
when thermal effects are not considered [31].

To investigate the influence of thermal effects on the starting characteristics of the
bearings in the presence of journal shape errors, the transient responses of the bearings
with and without the considered thermal effects are compared in Figure 8. As indicated in
Figure 8a, the thermal effect slightly reduces the overall contact force and maximum contact
pressure at the bearing end (by 0.1 MPa). The contact force reduction is more significant
with increasing start-up time. This is due to the fact that, as the bearing starts up, the bush
thermal deformation continues to increase, making the thermal deformation increase and
leading to a decrease in the minimum water film thickness, which in turn increases the
dynamic pressure effect and decreases the contact behavior, as shown in Figure 8b. The
journal trajectory graph shown in Figure 8c also shows that the thermal effect increases the
dynamic pressure effect, causing the journal trajectory to rise.
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Figure 7. Effect of journal shape error amplitude on transient contact force and transient hydrody-
namic force of water-lubricated bearing: (a) Ar = 0.02-0.09; (b) Ar = 0.002-0.009.
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Figure 8. Comparison of dynamic characteristics of bearings with and without consideration of
thermal effects: (a) contact force; (b) deformation; (c) journal trajectory.

Figure 9 illustrates the influences of different journal shape error amplitudes on the
maximum temperature during start-up of the WLB. The bearing produces more asperity
contact friction behavior due to the journal shape error contributing to an increased rise in
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temperature in the bearing compared to perfect journals, especially in the range of 2-9%
error amplitude. The temperature variation caused by the error amplitude of the journal
shape is up to 1.15 °C higher than that due to the perfect journal, and the difference in
temperature is proportional to the error amplitude. The presence of journal shape errors
has a negative effect on the temperature rise of WLBs, as shown in Figure 9, with overall
temperature fluctuations of 2 °C or less. The larger the journal shape error, the more
frequent the contact between the contact interface of the bush and journal in the unit
time of the start-up process and the more significant the contact behavior, which leads
to higher temperatures. As shown in Figure 10, although the larger the error amplitude
of the journal shape is, the larger the temperature rise is during start-up state of bearing,
the maximum temperature location remains essentially constant in the circumferential
direction. That is, the error amplitude of the journal shape does not change the position of
the maximum temperature.
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Figure 9. Effect of journal shape error amplitude on transient maximum temperature of the WLB:
(a) Ar = 0.02-0.09; (b) Ar = 0.002-0.009.
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Figure 10. The temperature distribution for different journal shape error amplitudes (within 2 s
startup time).

4.4. Effect of Different Journal Shape Error Waviness Orders

This section analyzes how the waviness order in shape error impacts the transient
performance of bearings. Figure 11 clearly illustrates the transient dynamical forces under
the effect of even-order waviness (Figure 11a) and odd-order waviness (Figure 11b) during
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the start-up of bearings. It is evident that fluctuations caused by the waviness order are
periodic, with the former differing from the latter by one cycle. Figure 11a shows that
the contact and hydrodynamic force exhibit volatility as a result of the journal shape
waviness, and the amplitude of the fluctuation decreases as the waviness order decreases.
The transient contact hydrodynamic force under the 2nd- and 4th-order journal shape
waviness shows a decreasing trend in the range of fluctuation with the increase in the
start-up time, while the fluctuation of the 6th, 8th, and 10th order journal shape waviness
is larger. As depicted in Figure 11b, odd-ordered waviness generates a larger transient
hydrodynamic force during start-up compared to even-ordered waviness. This results
in a rapid reduction in friction between the WLB and the journal, positively affecting
the bearing’s start-up. However, this effect fluctuates with increasing start-up time and
gradually disappears as the journal shape waviness order increases further. In addition, the
lubrication performance exhibits fluctuation convergence characteristic when the waviness
order of the journal shape error in low-priced.
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Figure 11. Influence of journal shape error order on transient contact force and transient hydrody-
namic force of water-lubricated bearing (Ar = 0.033): (a) even-order; (b) odd-order.

Figure 12 demonstrates the impact of temperature on hydrodynamic pressure for
shape errors with different waviness orders. The results clearly indicate that the transient
hydrodynamic pressure increases when the temperature effect is taken into account. Addi-
tionally, the distribution plot shows a slight increase in the dynamic pressure region and
the maximum hydrodynamic pressure due to the temperature effect.

Figure 13 confidently displays the journal displacements considered to have odd- and
even-order waviness at start-up. As can be seen in Figure 13, compared with the ideal
journal, the fluctuation amplitude of the journal trajectory increases and then decreases
with the waviness order, with the minimum fluctuation amplitude of the even order being
n = 2 and the maximum fluctuation amplitude being n = 8 and the minimum fluctuation
amplitude of the odd order being n = 3 and the maximum fluctuation amplitude being n =7.
Compared to the ideal journal, the fluctuation amplitude in the x direction is inversely
proportional to the increasing waviness order, with the minimum fluctuation amplitude at
n =10 and the maximum fluctuation amplitude at 7 = 2 for even orders and the minimum
fluctuation amplitude at n = 9 and the maximum fluctuation amplitude at n = 3 for odd
orders, as illustrated in Figure 13c,d. This is because the k direction is the primary direction
of bush deformation. When the waviness order of the journal shape error is low, the
thermal deformation is not significant. Thermal deformation becomes more significant as
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Figure 14 illustrates the effect of the waviness order of the journal shape error on
the transient maximum temperature of WLBs at start-up. As shown in Figure 14, the
influence of journal shape error on the transient temperature rise of the WLB is evident
at the initial stage of start-up, i.e., before t < 0.5 s. The higher waviness order has a
more negative impact on the start-up temperature compared to the ideal journal as the
start-up time increases. The overall fluctuation pattern of the instantaneous maximum
temperature follows a trend of first increasing and then stabilizing with the waviness error.
This may be due to the fact that the start-up process is mainly in a mixed lubrication state,
and the journal shape waviness error becomes the main factor affecting the contact. The
higher the wave order of the journal, a more dramatic undulation of the journal shape,
establishment of the dynamic pressure area of the water film, and destruction of alternating
occur, destroying the continuity of the water film. Therefore, it cannot form an effective
lubrication, the interface contact behavior is intensified, and the thermal deformation will
be more obvious. From Figure 14, it can be seen that, for even-order waviness, the smallest
temperature fluctuation amplitude is exhibited at n = 2, and n = 10 exhibits the highest
instantaneous maximum temperature (25.37 °C). Odd-order waviness exhibits the highest
transient maximum temperature at n = 7 with 25.32 °C. Combined with the above analysis,
tin terms of lubrication performance of WLBs, low-order waviness of the shape error is
more favorable.

25.0 1

Maximum temperature (°C)
B
n
1

20.0 H

C=0.06, o=1.6, ®=1000, load=0.5MPa

C=0.06, 0=1.6, ®=1000, load=0.5MPa

25.0 - e

|
n=3
perfget

~

0

n
1

Maximum temperature(°C)

20.0 4 ~

T T
1.0 LS 2.0 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)

(a) (b)

Figure 14. Influence of journal shape error order on transient maximum temperature of water-
lubricated bearing: (a) even order; (b) odd order.

Figure 15 shows the evolution of the transient contact behavior of WLBs for different
waviness orders during start-up. As shown in Figure 15a, the contact pressure distribution
at 0 s indicates that the contact pressure increases gradually with the increase in the
waviness order, which may be due to the existence of the journal shape error reducing the
contact area between the journal and the bush. When the start-up time is equal to 0.6 s,
the contact pressure of even-ordered waviness journal shapes decreases rapidly, and all of
them are smaller than those of ideal journals. This may be due to the fact that the waviness
of the journal shape facilitates the formation of a water film during the initial start-up state
of the bearing. With increasing speed, the formation and rupture cycle of the water film is
shortened, and it is not easy to form a stable water film to provide hydrodynamic pressure,
so the final contact pressure is instead greater than the ideal journal. Figure 15b indicates
that the transient contact pressure of the odd-order waviness is greater than that of the ideal
journal at both t =0sand t = 0.6 s. Att =2 s, the contact pressure of most of the odd-order
waviness is lower than the pressure of the ideal journal, while the situation is exactly the
opposite for the even-order waviness. In addition, the maximum contact pressure should



Lubricants 2024, 12, 106

18 of 24

N=0

N=10

N=0

N=3

move from the center of the bushing to the ends, which is in general agreement with the

findings of [42].

Contact pressure (MPay

Circumference (deg)

Contact pressure (MPa)

2.7989MPa | |

et pressure (MPa)

umference (deg)

Contact pressure (MPa)
Al

mference (deg)

Contact pressure (MPa)

3.0106MPa

2 3 4
Circumference (deg)

Contact pressure (MPa)

Axial (2/1

4
rcumference (deg)

Contact pressure (MP;

mference (deg)

Contact pressure (MP:

mference (deg)

sure (MPa

3 4

e (deg)

Contact pressure (MPa)

Circumference (deg)

Contact pressure (MPa)

Circumference (deg)

et pressure (MP:

Circumference (deg)

‘ontact pressure (MPa)

2.4222MPa I
2 3

e (deg)

Contact pressure (MPa)

ct pressure (MPa)

1.6161MPa

3 4
Circumference (deg)

Contact pressure (MPa)

2 3
Circumfere

e (deg)

Contact pr (MPa)

Circumferes

e (deg)

Contact pressure (MPa)

3 i
ence (deg)

ct pressure (MPa

2 3 4
Circum ference (deg)

t pressure (MPa)

umference (deg)

Contact pressure (MPa)

Circumference (deg)

Contact pressure (MPa)

Circumference (deg)

Contact pressure (MP:

3

Circumfe deg)

Contact pressure (MPa)

Circumference (deg)

Contact pressure (MPa)
~

3 4
Circumference (deg)

Contact pressure (MPa)

3 4
Circumference (deg)

Contact pressu

3

umference (deg)

© (MPa)

3 1
cumference (deg)

Contact pressure (MPa)

4

Circum deg)

Contact pressure (MPa)

Contact pressure (MPa)

3.5938MPa

Circumference (deg)

Circumference (deg)

(b)

Contact pressure (MP:

3

Circumference (deg)

2 3 1
Circumference (deg)

Figure 15. Influence of journal shape error order on transient contact pressure distribution of WLBs:

(a) even order; (b) odd order.
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4.5. Effect of Different Starting Speeds on Bearing Performance

The rotational speed is one of the key parameters for the start-up process of WLBs,
which directly affects the inertia effect and lubrication status of the journal. This section
explores the effect of rotational speed on the performance of bearings during the start-up
state under the operating conditions of radius clearance of 0.06, surface roughness of 1.6,
and journal shape waviness of the 3rd order with an error amplitude of 0.033%. Figure 16
illustrates the transient contact force time-varying plots for WLBs starting at low and high
speeds. The bearing’s overall contact forces are significant under low speed. As the start-up
time increases, the volatility of the transient contact force gradually decreases. The initial
fluctuation amplitude is larger and the fluctuation period is shorter with higher speeds.
The fluctuation decay time is proportional to the speed.

500

400 |

C=0.06, =1.6, loadf"?ASM Pa, n=3, Ar=0.033

500

l C=0.06, 6=1.6, load=0.5MPa, n=3, Ar=0.033

C=0.06, 0=1.6, load=0.5MPa, n=3, Ar=0.033

400

300 4

300

Contact (N)

C=0.06, =1.6, load=0.5MPa, n=3, Ar=0.033

200

0.5 L0 15 20
Time (s)

Contact force (N)

s 207000
2000

—— 3000
4000

0
Time (s)

100

e |
2 300
£
S
g
< 200
=]
O
— 200
100 {—— 600
—— 1000
—— 1400
0{—— 1800
0 200 400

T
600

T T T T
2000 3000 4000

Revolution (s) Revolution (s)

(a) (b)

Figure 16. Effect of different rotational speeds on transient contact forces of WLBs at start-up: (a) low
speed, (b) high speed.
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Figure 16a demonstrates that the transient contact force of the WLB at the completion
of start-up is much larger than 0 N, indicating that the WLB may be operating in boundary
lubrication or mixed lubrication. Figure 16b illustrates that the contact force at the comple-
tion of the start-up is approximately equal to 0 N when the speed exceeds 3000 rpm. This
suggests that the water film may have separated the bush from the journal, and the WLB
system is in a state of EHL. Combined with the results of the previous analysis, it can be
found that the journal shape error brings fluctuation to the bearing lubrication performance,
but does not affect the influence brought by the change in bearing lubrication parameters.

Figure 17 illustrates that neglecting thermal deformation causes the journal displace-
ment to shift towards the lower right. It is important to note that the thermal deformation
value resulting from thermal effects is similar to the elastic deformation value resulting
from contact, which is approximately 0.8 to 0.9 um. Taken together with the analytical
content of the previous sections, neglecting thermal effects results in an inaccurate calcu-
lation of total deformation, leading to an underestimation of the hydrodynamics [14,31].
Furthermore, the prediction of journal displacement would have an error of approximately
1 pm, which is equal to the amount of thermal deformation.

The graph of the bearing temperature variation in the WLBs during the start-up state
(Figure 18) shows that the lower the start-up speed, the lower the instantaneous maximum
temperature rise in the WLB. When the rotational speed is lower, although the lubrication
state of the bearing is worse, the contact frequency and effective friction of the interface
of the friction pair at the starting time are much smaller than those at high rotational
speed, so the instantaneous maximum temperature rise in the bearing at low speed is
lower than that at high speed. From Figure 18b, it can be seen that when the rotational
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speed is higher than 2000 rpm, the instantaneous maximum temperature of the bearing first
rises to the maximum value and then slowly decreases to a constant value, indicating that
the high rotational speed affects the instantaneous temperature rise in the bearing at the
starting moment. When the EHL state is reached, its maximum temperature decreases to a
constant value as a result of the reduced asperity contact behavior. At the same time, the
instantaneous temperature at high speed is much higher than that at low speed, indicating
that high speed may cause an instantaneous high temperature rise, thereby increasing the

probability of shaft neck locking or burning due to high temperature.
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Figure 19 indicates that the higher the speed, the larger the range of fluctuation in the
journal trajectory during start-up, the shorter the displacement fluctuation period, and the
more intense the trajectory oscillation. The displacement of the journal in the horizontal
direction is greater than that in the vertical direction, which may be due to the presence
of static loads along the vertical direction, which can offset some of the transient forces
and shock loads generated during the rotation of the journal. While there is no static
load in the horizontal direction, nonlinear forces (contact forces, hydrodynamic forces,
friction forces), which are susceptible to lubrication gaps, dominate, and therefore, the

1000

1800
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displacement fluctuations are rather larger. In addition, the magnitude of the fluctuations
the journal trajectories in Figure 19 is basically the same, which suggests that the fluctuation
of the displacement may not be related to the rotational speed, but to the journal shape
error. The rotational speed mainly affects the fluctuation period of the journal trajectory,
and the higher the rotational speed, the shorter the fluctuation period and the larger the
displacement. In summary, the results clearly demonstrate that both the shape error of
the journal and the starting speed have a significant and undeniable effect on the rise in
bearing starting temperature. Furthermore, parameters such as load, radial clearance, and
roughness have also been found to have significant impacts on the operating temperature
of the bearing [4]. Therefore, further studies are needed to determine the main factors that
influence the temperature increase.

15 C=0.06, 5=1.6, load=0.5MPa, n=3, Ar=0.033 55 C=0.06, 5=1.6, load=0.5MPa, n=3, Ar=0.033

~ ~~

E = |
= 2 56 -
10+ 5
= =

g £
5 =
N 58
) %]
= =
- =)
£ o4 E59 1
= -~

= =

g £-60
-7} %)
@5 9
E =61
Z e
[=] a

=10 - 62

0.0 0.5 1.0 1.5 2.0
Time (s)

(a)

C=0.06, 6=1.6, load=0.5MPa, n=3, Ar=0.033

N

n

|
91
S

| (ulm)
23
1 1

|
n
=Y
1

5

|
91
&0
1

[—]
1
acement in the x direction

|
=)
S

1

|
n
1

Displacement in the £ direction (um)

Displ
8
1

|
=
=

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)

(©) (d)

Figure 19. Effects of different rotational speeds on starting journal trajectories of water-lubricated
bearings: (a) low speed in horizontal direction, (b) low speed in vertical direction, (c) high speed in
horizontal direction; (d) high speed in vertical direction.

5. Conclusions

A transient tribo-dynamics model of WLBs considering the fluid—solid—thermal cou-
pling relationship was developed to investigate the effect of journal shape error on the
tribo-dynamics behavior during the start-up state. Based on the numerical model after
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sufficient validation, the effects of parameters such as the amplitude of journal shape error,
waviness order, and rotational speed on the tribo-dynamics characteristics of bearings
during start-up were discussed, and the following conclusions were obtained.

(1) The greater the amplitude of the journal shape error, the more pronounced the tem-
perature increase during start-up and the greater the fluctuation in lubrication per-
formance. The location of the maximum temperature during the bearing’s start-up
state remains unaffected by changes in error amplitude. Temperature changes are
not significant when the amplitude of the shape error is less than 9%. of the bearing
radius clearance.

(2) The temperature effect reduces the displacement in the vertical direction during the
start-up state of the WLB, which is more significant at higher waviness orders of
journal shape error.

(3) The higher the starting speed of the bearing, the easier it is to reach the EHL state, but
the temperature rise becomes faster and the shaft track becomes larger. And when the
speed is lower, although the temperature is lower, the friction and contact force are
greater, so one must be careful when choosing the starting speed.

(4) The neglect of thermal effects leads to an underestimation of the hydrodynamic
effect during the startup of WLBs with journal shape errors, resulting in errors in the
prediction of the friction dynamics behavior.
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