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Abstract: The main purpose of this study is to assess the transient lubrication 
performances and dynamic behaviours of water-lubricated bearings during 
start-stop cycle based on the numerical prediction. The transient mixed 
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lubrication model coupled with dynamic equation during start-stop cycle is 
established, in which the asperity contacts, and elastic deformation are 
considered. The effectiveness of the present numerical simulation is verified by 
the comparisons with the published test results. Based on the numerical study, 
the transient asperity contacts and dynamic behaviours under different radial 
clearances and acceleration time are revealed. The results demonstrate that at 
the initial and end time during the start-stop cycle; the asperity contact is more 
serious. That is because the hydrodynamic water film is not quite formed at the 
initial start-up period and at the shut-down period the hydrodynamic water film 
is going to disappear. As a result, during this period, the external load is mainly 
shared by the contact load. Especially when the radial clearance is small, the 
asperity contact is more serious. In addition, under longer acceleration time, the 
journal trajectory shows better consistency of the start-up and shut-down 
conditions. 

Keywords: start-stop cycle; water-lubricated bearing; asperity contact; mixed 
lubrication. 
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1 Introduction 

Water lubricated journal bearing, because of its environmental friendly, energy saving 
and noise reduction, is widely used in underwater vehicle (Deng, 2024; Deng et al., 2019; 
Yan et al., 2017). Due to the low viscosity of the water, the thickness of the water film 
between the journal and the bearing is usually too small to provide sufficient load 
capacity. As a result, water-lubricated bearing is usually worked in mixed lubrication 
condition or even boundary lubrication condition (Anil et al., 2017; Chinnusamy et al., 
2024; Deng, 2023; Yao et al., 2023). Especially during the start-up and shut-down cycle, 
the hydrodynamic force yielded by the water film is typically insufficient to support the 
external load, which leads to the serious asperity contact. Therefore, it is of great 
significance to study the tribo-dynamic performances of water lubricated bearing during 
the start-stop cycle. 

Earlier, Mokhtar et al. (1977a, 1977b) studied the starting behaviour of plain, 
hydrodynamic journal bearings during starting and stopping under a steady load. The 
results show that the sliding wear typically occurs during start-up due to the excessive 
asperity contact and the hydrodynamic film is formed in a very short time. They 
measured the journal trajectory and the wear behaviour of the journal bearing at the  
start-up stage and argued the journal bearing was more prone to sliding wear at the  
start-up stage compared with the stopping stage. Monmousseau and Fillon (2000) 
investigated the transient thermoelastohydrodynamic behaviour of a tilting-pad journal 
bearing during start-up exposed to severe operating conditions. Later, Bouyer and Fillon 
(2011) conducted several experiments to understand the mechanisms occurring during the 
transition between mixed lubrication and hydrodynamic lubrication. Cristea et al. (2017, 
2011) experimentally measured the fluid pressure, temperature fields, friction torque and 
oil flow rate of the circumferential groove journal bearing during the start-up time. The 
results showed that the pressure field is established faster than the temperature field. Cui 
et al. (2020, 2018) found that the surface roughness has an important effect on the 
transient characteristics of the bearing during the initial period of startup. That means the 
asperity contact cannot be ignored during the start-up periods. König et al. (2021) 
proposed some approaches for the prediction of friction in sliding bearings subjected to 
start-stop operation and results showed that the actual distribution and position of surface 
roughness played a great role in the frictional losses in sliding bearings during start-stop 
operation. 

Recently, Guo et al. (2023), Tang et al. (2024), Xiang et al. (2021) and Yang et al. 
(2024) numerically investigated the tribo-dynamic lubrication performance of  
water-lubricated bearing during the start-up condition. The influence of wear and 
imperfect journal were considered. They declared that a relatively small accelerating time 
is beneficial to reduce the asperity contact time. Liang et al. (2022) assessed the effect of 
sea wave shock on the start performance of water-lubrication bearing. They found that 
both the amplitude and the time of sea wave shock have a significant influence on the 
lubrication performance during start-up condition. Cao et al. (2022) proposed a  
thermo-elasto-hydrodynamic approach to analyse the transient lubrication characteristics 
of a bidirectional thrust bearing during start-up. However, the tribo-dynamic performance 
of water-lubricated bearings during start-stop cycles are still lacked, especially the 
dynamic behaviours during the shut-down process. 

The main purpose of the present study is to reveal the transient tribo-dynamic and 
asperity contact performance of water-lubricated bearings during start-stop cycle using a 
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numerical model. Based on the simulations, the effect of the radial clearance on the 
transient tribo-dynamic and asperity contact behaviour of the water-lubricated bearing 
under start-stop cycle has been investigated. Furthermore, the results under different 
acceleration and deceleration time have been compared. The results show that smaller 
radial clearance will lead to more serious asperity contact. 

2 Mathematical model 

2.1 Dynamic equations 

The journal trajectory is excited by the transient hydrodynamic load, contact load and 
friction load, and the journal will be displaced in both horizontal and vertical directions. 
In the presented study, the following rotor dynamic equation was used to assess the 
journal dynamic behaviour. 

2

2

2+ ( ) ( ) ( ) + cos
60

2( ) + ( ) + ( ) + sin
60

J fricζ hζ cζ J

J hκ cκ fricκ J

πωm ζ W F t F t F t m ω r t

πωm κ F t F t F t m ω r t

  ′′ = − −    


  ′′ =    

 (1) 

where mJ is the mass of the rotor; Fh(t), Fc(t) and Ffric(t) are the transient hydrodynamic 
load, contact load and friction load, respectively; r is unbalance eccentricity of the rotor. 

Figure 1 Bearing configuration and coordinate system (see online version for colours) 
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2.2 Acceleration and deceleration model 

The function of velocity to time is expressed as follows. The full operating time can be 
divided into four periods, the acceleration time, the steady time, the deceleration time and 
the end time. During the acceleration time, the linear acceleration mode is adopted. 
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where ta is the acceleration time and is equal to the deceleration time; vm is the linear 
velocity of the rotor under steady running process. 

2.3 Transient hydrodynamic model 

During the start-stop cycle, the asperity contact will occur and the water-lubricated 
bearing is working under the mixed lubrication condition. In this present study, the 
average Reynolds equation developed by Patir and Cheng (1978) is applied here to 
calculate for the transient hydrodynamic force considered with asperity contact and 
roughness effect. 

3 3

2
+ + +

12 12 2
h h s

θ z c
B

h p h p ω h hσ
R θ η θ z η z θ θ t

   ∂ ∂ ∂ ∂ ∂ ∂ ∂ =     ∂ ∂ ∂ ∂ ∂ ∂ ∂    

φφ φ φ  (3) 

where h is the lubrication gap, η is viscosity of water, respectively; φθ and φz (Patir and 
Cheng, 1978) are the flow factors in the circumferential and axial directions, respectively; 
φs (Patir and Cheng, 1978) and φc (Wu and Zheng, 1989) are the shear and contact 
factors, respectively; σ is the composite surface roughness; ph is the hydrodynamic 
pressure of the water. The Reynolds boundary condition is used in the current simulation. 
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′ ′ = = =
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 (4) 

2.4 Transient contact model 

Due to the low viscosity of the water, the journal and the bearing cannot be completely 
separated by the water film especially when the rotation speed is low during the start-stop 
cycle. The asperity contact between journal and bearing should not be ignored for a more 
accurate assess of the tribo-dynamic behaviours during the start-stop cycle. The transient 
asperity contact model developed by Greenwood and Tripp (1970) is used here to obtain 
the contact pressure, which can be written as: 

*( , , ) ( ( ))cp θ z t KE F H t=  (5) 

where K is a constant depending on the surface parameters, which can be calculated by 

216 2 ( )
15
π σK σ D= β

β
 (6) 

where D and β are the density and the curvature radius of asperities, respectively. The 
time-varying contact load can be calculated as follows: 
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( ( ))
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−× − <
=  ≥

 (7) 

2.5 Transient lubrication gap 

The transient lubrication gap considering of elastic deformation of the bearing can be 
expressed as: 

( , , ) (1+ ( )cos( ( ))) + ( , , )BEh θ z t C ε t θ φ t δ θ z t= −  (8) 

where ε(t) and φ(t) are the transient eccentricity ratio and the attitude angle, respectively; 
δBE is the elastic deformation. 

2.6 Load capacity 

The transient hydrodynamic load can be obtained by integration of the water film 
pressure, as follows: 

2
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
 =



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

 

 
 (9) 

where Fhκ and Fhζ are the vertical and horizontal hydrodynamic forces, respectively. 
Under the mixed lubrication regime, the friction force is composed of the contact shear 
force and the water film shear force, which can be given by: 
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
 ∂ =  ∂ 

 

 
 (10) 

2.7 Simulation procedure 

Figure 2 shows the flow chart of the transient mixed lubrication analysis for  
water-lubricated bearing during start-up and shut-down periods. The steady equations are 
solved first to initial the lubrication gap and start the transient start-up and shut-down 
process. The transient average Reynolds equation is solved using the finite difference 
method (FDM), and the convergence accuracy is set to be 1.0 × 10–5 while the mesh 
density is 160 for circumferential direction and 21 for axial direction. After obtained the 
transient hydrodynamic force, contact force and friction force, the rotor dynamic equation 
can be solved using Runge-Kuta method with second order accuracy. Then the journal 
centre position and the lubrication gap can be updated to calculate for the next timestep 
with the updating velocity of the rotor until reaching the given time. In this current 
simulation, the acceleration time is set to be 0.25 s, and the total time is fourth time to the 
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acceleration time while the step time is set to be 0.5 µs. The material of the bearing is 
polymer and the journal is 45-steel. Other simulation parameters used in the present study 
are listed in Table 1. 

Figure 2 Flow chart of the calculation procedure (see online version for colours) 
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Table 1 Basic parameters of water-lubricated bearing system 

Parameter Value  Parameter Value 
Inner radius/RB 22.5 mm  Journal roughness/σJ 0.2 µm 
Outer radius/RO 25 mm  Journal density/ρJ 7,800 kg/m3 
Bearing width/L 40 mm  Journal elastic modulus/EJ 210 GPa 
Clearance/C 0.05 mm  Journal Poisson ratio/νJ 0.3 
Bearing hardness/HB 0.3 GPa  Friction coefficient/µc 0.1 
Bearing density/ρB 1,300 kg/m3  Bearing roughness/σB 0.6 µm 
Bearing elastic modulus/EB 2.32 GPa  Bearing Poisson ratio/νB 0.327 
Water density/ρW 1,000 kg/m3  Contact parameter/σβD 0.04 
Water viscosity/ηW 0.001 Pa.s  Contact parameter/σ/β 0.01 
Acceleration/ta 0.25 s  Step time/Δt 0.5 µs 
External load/W 1,000 N  Steady rotation speed/ω 1,000 rpm 
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3 Results and discussion 

3.1 Model validation 

In order to validate the accuracy of the present numerical model, the simulation results 
are compared to the published test results given by Mokhtar et al. (1977a, 1977b). The 
test parameters of journal bearing are listed in Table 2. As shown in Figure 3(a), the 
asperity contact time under different external load of simulation results obtained by the 
present mathematical model shows a good agreement to the test result given by Mokhtar 
et al. (1977a, 1977b). The journal trajectories of simulation and test results are plotted in 
Figure 3(b). During the start-up period, the journal is gradually lifted and separate from 
the bearing to form hydrodynamic film. Therefore, the comparisons plotted in Figure 3 
demonstrate that the present mathematical model accurately predict the tribo-dynamic 
behaviours for water-lubricated bearing during the start-stop cycle. 

Figure 3 Verification of the tribo-dynamic performances during start-stop: (a) rotor trajectory, 
(b) contact time (see online version for colours) 
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Table 2 Tested parameters of journal bearing given by Mokhtar et al. (1977a, 1977b) 

Parameters Value  Parameters Value 
Bearing inner radius 37.326 mm  Bearing material Lead-bronze alloy 
Bearing width 76.2 mm  Acceleration time 0.3 s 
Radius clearance 0.12 mm  Journal roughness 0.12 μm 
Rotation speed 850 rpm  Bearing roughness 1.473 μm 
Journal material Steel  Viscosity of the oil 0.074 Pa s 

Figure 4 (a) Acceleration and deceleration model, (b) Journal trajectory, (c) Hydrodynamic and 
contact load, (d) Maximum fluid pressure and contact pressure (see online version  
for colours) 
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Figure 4 (a) Acceleration and deceleration model, (b) Journal trajectory, (c) Hydrodynamic and 
contact load, (d) Maximum fluid pressure and contact pressure (continued) (see online 
version for colours) 
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3.2 Transient performance during start-up and shut-down 

The change of velocity over time is shown in Figure 4(a). It can be seen that the whole 
process can be divide into acceleration time (start-up), steady time and deceleration 
time(shut-down). At the start-up instant, the rotor will move into the opposite direction of 
the rotational speed as shown in Figure 4(b), which is due to the transient large horizontal 
friction force in the initial time of the start-up. During the start-up period, the vertical 
displacement is gradually smaller that means the rotor is gradually raised to generate 
sufficient hydrodynamic force. During the shut-down period, the rotor will gradually 
move to the initial position. During this period, the dynamic pressure water film 
disappears and the contact load increases. The variation of hydrodynamic load and 
contact load during the start-stop cycle is illustrated in Figure 4(c). Even the acceleration 
time is not quite over, the hydrodynamic is dominant to share the external load. What’s 
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more, during the shut-down condition, the fluid pressure will not disappear immediately, 
but will last for a period of time as shown in Figure 4(d). What’s more, the asperity 
contact mainly appeared during the initial time of start-up period and the end time of 
shut-down period. Figure 5(a) gives the distribution of fluid pressure of different time 
step. The fluid pressure area gradually expanded during the start-up period while the 
contact pressure area shrank as shown in Figures 5(a) and 5(b). During the shut-down 
period, the result was the opposite. The fluid pressure area gradually disappeared while 
the contact pressure area raised. In addition, due to the horizontal movement of the 
journal during the start-stop cycle, the concentrated area along the circumferential 
direction of the fluid pressure and contact pressure is changed of different timestep. 

Figure 5 The distribution during different time, (a) fluid pressure, (b) contact pressure (see online 
version for colours) 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0.0

0.2

0.4

0.6

0.8

1.0

A
ix

al
 d

ir
ec

tio
n(

z/
L)

Circumferential direction(rad)

0.000

0.413

0.826

1.239

1.651

2.064

2.477

2.890
Fluid pressure(MPa)

2.8812

0.1s

 
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

0.0

0.2

0.4

0.6

0.8

1.0

A
ix

al
 d

ir
ec

tio
n(

z/
L)

Circumferential direction(rad)

0.000

0.411

0.823

1.234

1.646

2.057

2.469

2.880
Fluid pressure(MPa)

2.8761

0.2s

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0.0

0.2

0.4

0.6

0.8

1.0

A
ix

al
 d

ir
ec

tio
n(

z/
L)

Circumferential direction(rad)

0.000

0.387

0.774

1.161

1.549

1.936

2.323

2.710
Fluid pressure(MPa)

2.7064

0.3s

 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0.0

0.2

0.4

0.6

0.8

1.0

A
ix

al
 d

ir
ec

tio
n(

z/
L)

Circumferential direction(rad)

0.000

0.423

0.846

1.269

1.691

2.114

2.537

2.960
Fluid pressure(MPa)

2.9596

0.6s

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0.0

0.2

0.4

0.6

0.8

1.0

A
ix

al
 d

ir
ec

tio
n(

z/
L)

Circumferential direction(rad)

0.000

0.437

0.874

1.311

1.749

2.186

2.623

3.060
Fluid pressure(MPa)

3.057

0.7s

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0.0

0.2

0.4

0.6

0.8

1.0

A
ix

al
 d

ir
ec

tio
n(

z/
L)

Circumferential direction(rad)

0.000

0.216

0.431

0.647

0.863

1.079

1.294

1.510
Fluid pressure(MPa)

1.5054

0.8s

  
(a) 

 

 



   

 

   

   
 

   

   

 

   

    Investigation on the transient asperity contact behaviours 87    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 5 The distribution during different time, (a) fluid pressure, (b) contact pressure 
(continued) (see online version for colours) 
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Figure 6 Journal trajectory under different radial clearances 
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Figure 7 (a) Hydrodynamic and contact load under different radial clearances, (b) Maximum 
fluid pressure and contact pressure under different radial clearances (see online version 
for colours) 
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3.3 Parameters evolution 

3.3.1 Effect of radial clearance 
Figure 6 exhibits the axis orbit of the journal under different radial clearance. It can be 
seen that the horizontal displacement is small and the vertical displacement is bigger 
under smaller radial clearance. This is because under the same external load, the smaller 
eccentricity can provide enough hydrodynamic load under smaller radial clearance. In 
addition, during the start-up condition, the dynamic water film forms faster. Enough 
hydrodynamic can be formed in a relatively short start time as shown in Figure 7(b). 
During the shut-down period, the fluid pressure lasts for a longer time under smaller 
radial clearance. And, under smaller radial clearance, the maximum contact pressure 
significant decreased during the whole start-stop cycle. 
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Figure 8 Journal trajectory under different acceleration time 
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3.3.2 Effect of acceleration time 
Figure 8 compared the axis orbit of the journal under different acceleration times, it can 
be seen that journal trajectory is roughly the same. When the acceleration time is longer, 
the dynamic response is more stable. As a result, the journal trajectory under start-up 
condition is more consistent with journal trajectory under shut-down periods compared to 
the shorter acceleration time. The maximum fluid pressure and contact pressure is almost 
the same under different acceleration time during the whole start-stop cycle as shown in 
Figure 9(b). In the initial phase of start-up, the asperity contact will last longer time under 
the longer acceleration time. In order to avoid the wear caused by the asperity contact, the 
acceleration time should not be too long. In addition, it can be observed from Figure 9 
that at the beginning of start-up there are a sudden increase in the hydrodynamic load and 
a sudden decrease in the contact load (‘friction drag’ effect). 
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Figure 9 (a) Hydrodynamic and contact load under different acceleration time, (b) Maximum 
fluid pressure and contact pressure under different acceleration time (see online version 
for colours) 
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Figure 9 (a) Hydrodynamic and contact load under different acceleration time, (b) Maximum 
fluid pressure and contact pressure under different acceleration time (continued)  
(see online version for colours) 

 
(b) 

0
1

2
3

4
5

6

01234 Maxmimum fluid pressure(MPa)

Ti
m

e(
s)

 t a
=1

.5
s

 t a
=1

.0
s

 t a
=0

.5
s

 t a
=0

.1
s

 M
ax

m
im

um
 fl

ui
d 

pr
es

su
re

01234

Maxmimum contact pressure(MPa)

 M
ax

m
im

um
 c

on
ta

ct
 p

re
ss

ur
e

 
0.

00
0.

05
0.

10
0.

15
0.

20
0.

25

0123 Maxmimum fluid pressure(MPa)

Ti
m

e(
s)

0123

Maxmimum contact pressure(MPa)



   

 

   

   
 

   

   

 

   

   92 T. Yang et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

4 Conclusions 

In this study, the transient asperity contact behaviours and dynamic responses of  
water-lubricated bearing during start-stop cycle are investigated according to the 
numerical simulation. In addition, the effects of radial clearances and acceleration time 
on transient mixed lubrication performances are compared. The following conclusions 
can be summarised: 

1 In the initial time of start-up, the hydrodynamic water film has not yet fully formed 
and is going to disappear in the end time of the shut-down. As a result, during these 
periods the external load is mainly shared by the contact force caused by the asperity 
contact. 

2 Under larger radial clearance, the asperity contact is more serious as the maximum 
contact pressure is significant larger during the whole start-stop cycle. 

3 The journal trajectory shows better consistency during the start-up and shut-down 
condition under longer acceleration time. And the asperity contact lasts for a longer 
time under longer acceleration time. 

Data availability 

The data that support the findings of this study are available from the corresponding 
author upon reasonable request. 
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Nomenclature 

mJ journal mass, kg Δt iteration step, s 
v linear velocity, m/s C radial clearance, mm 
F force, N µ boundary coefficient 
r unbalance eccentricity, mm L bearing width, mm 
ta acceleration time, t HB bearing hardness, GPa 
RB bearing radius, mm t simulation time, s 
ω angular velocity, rad/s ρ density, kg/m3 
p pressure, MPa η viscosity, Pa.s 
φ flow, contact, shear factors E elastic modulus, GPa 
ε eccentricity ratio   
δ elastic deformation, µm Subscripts: 
φ attitude angle θ, z circumferential, axial 
σ surface roughness, µm h, c hydrodynamic, contact 
β asperity curvature radius s shear 
D asperity density E elastic 
h lubrication gap, µm f friction 
  * dimensionless 
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