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a b s t r a c t

To study the lubrication performance of tilting-pad thrust bearing (TPTBs) during start-up in nuclear
pump, a hydrodynamic lubrication model of TPTBs was established based on the computational fluid
dynamics (CFD) method and the fluid-structure interaction (FSI) technique. Further, a mesh motion al-
gorithm for the transient calculation of thrust bearings was developed based on the user defined
function (UDF).

The result demonstrated that minimum film thickness increases first and then decreases with the
rotational speed under start-up condition. The influence of pad tilt on minimum film thickness is greater
than that of collar movement at low speed, and the establishment of dynamic pressure mainly depends
on pad tilt and minimum film thickness increases. As the increase of rotational speed, the influence of
pad tilt was abated, where the influence of the moving of the collar dominated gradually, and minimum
film thickness decreases. For TPTBs, the circumferential angle of the pad is always greater than the radial
angle. When the rotational speed is constant, the change rate of radial angle is greater than that of
circumferential angle with the increase of loading forces. This study can provide reference for improving
bearing wear resistance.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The nuclear main pump is used to drive the coolant to circulate
in the RCP (reactor coolant system) system, which is the key to the
control of water circulation in nuclear power operation. TPTBs, as a
key component of nuclear pump equipment, plays a vital role in the
operation of nuclear pump [1,2]. In a typical nuclear pump, the
shaft system is usually arranged vertically to minimum the
deflection of the shafting, the weight of the rotating parts and the
axial hydraulic thrust of the nuclear power runner make the ver-
tical thrust of the collar larger [3]. Thus, the application of TPTBs
allows the transfer of loads from sliding components to stationary
components through lubricating oil film [4]. Guo et al. [5] consid-
ered the state of oil film has a significant influence on the lubri-
cation performance of thrust bearing. Qing et al. [6] further
believed that optimizing the state of oil film is always an important
research direction of thrust bearing.

Due to the complex structure and operating environment of
thrust bearing of nuclear main pump, it is a common practice to
by Elsevier Korea LLC. This is an
simplified bearing and use numerical simulation to calculate the
performance of bearings [7,8]. With the development of compu-
tational technology, Computation Fluid Dynamics (CFD) method
become a popular way to study the oil film flow and pad rotation
considering the viscosity shearing heat generation. Jiang et al. [9]
studied the effects of load and rotational speed on the film thick-
ness and temperature. Chen et al. [10] used a CFD model to analyze
the effects of the pad inclination angle and the rotor speed on the
lubrication. Galv~ao et al. [11]found that the coordinates of the pivot
pads variation of a hydrodynamic thrust bearing can result in hy-
drodynamic pressure field changes that forms on the surface of the
pad with consequent changes in the values of the bearing perfor-
mance parameters, such as power loss, load capacity and temper-
atures. Wang et al. [12] built a 3D CFD model for the thrust bearing
in Three-Gorge hydropower station, and the effects of the oil film
clearance size and rotational speed on the load capacity were dis-
cussed. Zhai et al. [13] and wodtke et al. [14] used the FSI technique
to analyze the thermal-hydro-dynamic (THD) lubrication of thrust
bearings and predict the lubrication performance, such as the
pressure, temperature. Later, wodtke et al. [15] used FSI method to
do a thermal-elastic-hydro-dynamic (TEHD) analysis for a thrust
bearing in a hydro power plant, the numerical results are agreed
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Fig. 1. A point-pivoted TPTBs construction (a) The geometry of the pad and the oil
wedge (b) Collar and bearing assembly 3D model.

Fig. 2. Three-dimensional model of pad and boundary conditions.
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well with the measurement data, and also demonstrated that the
temperature, displacement, heat fluxes and forces were exchanged
at the fluid-structure interface between the oil film and the pad.
However, the variation of oil film thickness is mainly determined by
the pad rotation and collar movement [16], the research on tran-
sient motion characteristics of pad under different operating con-
ditions is not enough.

The thrust bearing of nuclear pump is stable when it runs under
rated operating condition [17,18], but the collar rotational speed is
low during machine start-up and makes oil film difficult to
generate sufficient pressure to provide full film lubrication.
Therefore, the bearings may fail in the first fewminutes of machine
start-up，resulting in pad wear [19]. If the nuclear pump fails to
start-stop safely, it will not only cause economic losses, but also
lead to safety accidents [20]. With the construction of nuclear po-
wer units around the world continues to improve, relying on
standard steady-state analysis may not provide accurate informa-
tion about transient performance, because the flow field of the
bearing takes at least a fewminutes to adapt to new conditions, and
operating parameters often change very quickly [21]. The problem
of transient flow caused by boundary movement can be solved by
meshless method and dynamic mesh method. Compared with the
meshless method, the dynamicmeshmethod is moremature in the
study of simulating the flow field changing with time due to the
boundary motion [22].

Ettles et al. [23] summarized the research results of various
thrust bearing configurations under transient conditions, the result
showed that transient effect can cause excessive thermal defor-
mation of pad. Pajaczkowski et al. [24] studied the transient TEHD
simulation of hydrodynamic TPTBs in the process of warm and cold
start-up with the method of FEM and CFD, the minimum oil film
thickness stabilizes almost immediately, while the deformation
stabilizes much longer. Li et al. [25] studied the transient effect and
oil film thickness of thrust bearing during start-stop process
through experimental, the results show that the transient thermal
effect and oil film thickness change rapidly at start-up and stop
stages, but not obviously at constant speed. Therefore, it is very
important for equipment stability design to study the reason of oil
film thickness variation in start-up state.

Despite these examples, the influence of operating conditions
on pad motion characteristics needs to be systematically analyzed,
especially the nuclear pump start-stop process. The study applied
the FSI technique to analyze the lubrication performance of TPTBs
in a nuclear pump based on the CFD method. The motion boundary
of the TPTBs is defined based on the UDF, and macros written in C
programming language were loaded into FLUENT through the UDF
interface to realize this control. The transient characteristics of the
TPTBs are calculated based CFD model. The pad tilt angle and collar
movement process under different operating conditions are further
analyzed.

2. Methods

2.1. Calculation models

A tilting pad was adopted to increase the load capacity and
improve the unit stability of pump. The pads can swing freely with
the difference of rotational speed, load and bearing temperature,
wedge shape of oil film is formed in the rotational direction and
generating higher dynamic pressure. Under the assumption that
bearing and collar are perfectly aligned, the calculation results of
single pad can be used to predict the performance of the whole
bearing.

The point-pivoted TPTBs and details of pads are shown in Fig. 1.
Each pad is supported by a point pivot, that allows them to freely
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tilt around a radial line (given by circumferential angle mf) and any
line (given by radial angle mr). During the operation of bearings,
each pad automatically adjusts tilt angle to achieve the film ge-
ometry and balance the operating conditions encountered.

As shown in Fig. 2, a three-dimensional model of tilting pad is
established and realizes the fluid-structure interaction between the
transient flow field and the pads tilt. The pad is considered as a steel
body, the gap between the collar and the pad is considered as a fluid
domain, and the interface between the solid domain and the fluid
domain is set as a coupling surface. The lubricating oil flows in from
the left and flows out from the other three sides. The collar is set as
the moving wall, the inlet and outlet are set as the pressure inlet
and outlet.

The geometric and operating parameters of the pad in the
calculation model are presented in Table 1.
2.2. Governing equation

In current studies, fluid flowing is generally considered to be a
non-isothermal process, and the minimum pressure value is
considered to be higher than the lubricating oil cavitation pressure,
that is, the occurrence of cavitation is not considered. In the
calculation process of this paper: (1) the bearing is assumed to be
laminar flow and the deformation of mirror plate and tile is
ignored; (2) The frictional stress in the fluid obeys Newton's law;



Table 1
Main geometric parameters and operating conditions of pad.

Parameter types Items Value

Structural parameters Outer diameter Do (mm) 690
Inner diameter Di (mm) 330
Thrust pad arc angle qo (deg) 30
Pad thickness ht (mm) 40
Oil film thickness h0 (mm) 0.2
Circumferential eccentricity 0.55
Radial eccentricity 0.569

Operating parameters Inlet pressure Pin (MPa) 0.3
Outlet pressure Pout (MPa) 0.1
Inlet temperature T (�C) 60
Rotational speed N (r/min) 400e1600
Angular speed u (rad/s) 2400e9600

Table 2
Viscosity and temperature performance parameters of lubricating oil.

ISO VG 32 A 8.5922
B 3.3705
Density r (kg/m3) 850
Dynamic viscosity m40/m100 (Pa�s) 0.0272/0.00527
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(3) The fluid is single-phase and incompressible.
The continuity equation is given as:

v

vt
ðrÞþV $

�
r v!�¼0 (1)

where v! is the velocity; r is the density of the liquid.
The momentum equation is given as:
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where m is viscosity of liquid; S
v! is the momentum source term.
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where keff is the effective thermal conductivity, SE is the volu-
metric heat source.

The heat transfer between the fluid and the pad adopts the
coupled heat boundary condition, in which the heat conduction of
the solid is coupled with the convective heat transfer of the fluid in
the calculation process. The temperature distribution in the tilting
pad can be calculated by the solid heat conduction equation, which
is given by the following Eq. (4).

v

vt
ðrshsÞþV $

�
v!srshs

	
¼V $ ðksVTsÞ þ Shs (4)

The geometry of the pad and the oil wedge are shown in Fig. 2.
The oil film thickness is composed of two parts: the basic geometry
of the oil film gap and the displacement of the collar. Thus, the oil
film thickness can be calculated by Eq. (5).

hi ¼ ho � hc � ht
ht ¼ sinmr

�
RP � r cos

�
q� qp

��þ sinmfr sin
�
q� qp

� (5)

where hc is the displacement of collar, ht is the displacement of
pad, qp is the angle between the oil inlet edge and the pivot point.
Rp is the radius of pivot.

The viscosity of lubricating oil decreases with the increase of
lubricating oil temperature. The lubricating oil is ISO VG 32 oil, the
change of viscosity with temperature can be predicted by Walther
formula.

ml ¼ rt ½101̂0̂½A�B logðT �273:15Þ� �0:7� (6)

The parameters A, B and physical parameters of the lubricating
oil are shown in Table 2.
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2.3. Grid independence

The grid size has little effect on the calculation results in the
circumferential and radial directions, being less than 0.4% and 0.3%,
respectively. In the axial direction, for clearance of the oil film (the
clearance between the collar and the pad), the number of grid di-
visions may lead to significant calculation deviation, as shown in
Table 3. The grid result is shown in Fig. 3.

2.4. The transient model and dynamic mesh updating algorithm

The movement of the collar and the pad tilt changes the struc-
ture of the bearing lubrication flow field, resulting in the variation
of the lubrication flow field pressure, the temperature of the pad
and other parameters. In the bearing system, the collar is affected
by the force of gravity produced by the rotor mass and external
load. Hence, the establishment of dynamic oil film in bearing
clearance is a transient flow process caused by boundary motion.

When the oil film force Fo on the collar is equal to the external
load force Fe, and the position of the collar remain stable, it can be
considered to be in equilibrium. The oil film force Fo on the surface
of the collar is calculated by Equation (7):

Fo ¼%spodxdy (7)

where s is the area, po is the oil pressure.

d
dt

ðmvÞ¼ ðFo � FeÞ (8)

where v is the axial movement velocity of the mirror plate.
The infinitesimal body is taken from the steel body, and the

force analysis is carried out on it, as shown in Fig. 4. The resultant
torques of the pad in different directions can be calculated by UDF
integration. The torques in different directions are calculated by
Equation (9).
8<
:

MoðFÞx ¼ ðy� yoÞFoz � ðz� zoÞFoy
MoðFÞy ¼ ðz� zoÞFox � ðx� xoÞFoz
MoðFÞz ¼ 0

(9)

whereMop(F) is the resultantmoment on the pad; (xo, yo, zo) is the
coordinate of the pivot point; Fox, Foy and Foz are the oil film forces
in x, y and z-directions, respectively.

The rotation of the thrust pad around the pivot point is deter-
mined by the moment of force acting on the thrust pad. The motion
of the tilting pad can be obtained from Equation (10):

8>><
>>:

d
dt
Joxux ¼ MoxðFÞx

d
dt
Joyuy ¼ MoyðFÞy

(10)

where Jox and Joy is the moment of inertia of the pad to the pivot;
ux and uy is the angular velocity of the pad.

The transient calculation process is shown in Fig. 5. Firstly, the
surface pressure of the collar is integrated to obtain the transient oil
film force, and the displacement of the shaft under the current time



Table 3
Verification of axial grid independence of oil film clearance.

Grid quantity Axial grid layers Maximum oil film pressure (MPa) Deviation (%) minimum oil film thickness (mm) Deviation (%)

523328 3 3.394 1.39 113.25 �3.39
537472 4 3.421 0.61 112.13 �2.37
551616 5 3.435 0.20 110.74 �1.10
565760 6 3.442 reference 109.532 reference

Note: Radial: 120 divisions; axial: 6 divisions; circumferential: 220 divisions.

Fig. 3. Model grid (a) Grid distribution; (b) Grid of fluid domain.

Fig. 4. Force analysis of steel body.

Fig. 5. Transient calculation process.
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step is calculated. Then, the surface pressure of each pad is inte-
grated, and the tilt angle of each tilt pad within the current time
step is calculated according to Equation (10). Finally, a UDF is used
to complete the motion of the mirror plate and the fixed-point
rotation of the thrust pad.

The dynamic mesh methods provided by FLUENT include
smoothing, layering and remeshing. Among the three methods,
layering and remeshing will result in the generation and disap-
pearance of grid nodes [26]. In the smoothing method, the motion
of the boundary is absorbed by the internal nodes, there is no
generation or disappearance of grid nodes in the process of mesh
deformation. For the CFD model of thrust bearing, a standard dy-
namic mesh updating method cannot avoid the computational
difficulties caused by mesh distortion in transient calculation [27].
The algorithm is based on compiled user defined functions (UDFs)
and can be used for transient calculation of bearings in FLUENT.

The fluid domain and solid domain are divided into structural
grids based on the ICEM software, the dynamic grid program
developed by ourselves is used in CFD software FLUENT to realize
the precise movement of grid node. The total number and topology
relationship of the grid nodes remain the same during the calcu-
lation process. After all nodes are looped over at time level, their
coordinates are all known and can be precisely calculated again at
time level tþDt. During the transient calculation process, after
2328
iterations, themesh after updating control by the UDF canmaintain
high quality. The grid deformation at a certain time step is shown in
Fig. 6(b), which is a 2D simplified model with a greatly enlarged
small clearance to better display the grid.



Fig. 6. local grid update process; (a) Initial grid (t ¼ 0) (b) Grid updated.
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3. Model validation

In discrete solution of the governing equation, a double preci-
sion solver is used to avoid the influence of excessive aspect ratio of
the grid, SIMPLE algorithm is used in the pressure-velocity coupling
algorithm. When the residual value of the continuity equation is
reduced to 10e5 and the loading force is approximately equal to the
oil film force, the calculation is considered to converge.

In order to verify the validity of the transient model developed
in this paper, the simulated results are compared with Deng et al.
[28]. The bearing parameters are shown in Table 4. The minimum
film thickness is taken as the key parameter to consider the lubri-
cation performance of the bearing. Fig. 7 shows the comparison of
minimum film thickness based on the different method, and the
maximum error of different models is about 15%. Therefore, the
model in this paper is feasible.

4. Result and discussion

4.1. Influence of start-up conditions on bearing performance

The start-up lubrication performance of thrust bearing plays a
vital role in the stable operation of nuclear main pump. Therefore,
the study of transient performance provide reference for bearing
design and improve the bearing loading capacity. The axial force of
rotor system is changing constantly during start-up. The lubrication
performance of bearings was studied under the nuclear pump
Table 4
Bearing parameters.

Parameter Value

Main/Reverse bearing outer diameter (mm) 370/401
Main/Reverse bearing inner diameter (mm) 775/652
Main/Reverse bearing pad angle (deg) 40.54�/27.26�

Type of lubricating oil ISO VG 32
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coolant system pressure of 2.4 MPa and 2.8 MPa respectively, and
the transient motion process of collar and pad are further analyzed.

FS ¼ps$
p

4
d2 (11)

where ps is nuclear pump coolant system pressure, d is the rotor
diameter. Fs is pressure acting on shaft seal.

X
Fe ¼ � Gþ FS � FH (12)

FH ¼ krgH
p
�
D2
2 � d2n

	
4

(13)

where G is weight of rotating parts, FH is axial thrust of hydraulic
components and is variating with the system temperature and
speed of impeller.

Fig. 8 shows the variation of loading force Fe with rotational
speed under different coolant system pressures. Under the start-up
condition, the loading force increases as the increase of rotational
speed.

The minimum oil film thickness was calculated at coolant sys-
tem pressure of 2.4 MPa and 2.8 MPa, as shown in Fig. 9. Surpris-
ingly, the minimum oil film thickness changes nonlinearly, but
increases first and then decreases with the increase of rotational
speed. When the rotational speed is 600 r/min, the minimum film
thickness reaches the maximum.When the pressure is 2.4 MPa and
2.8 MPa, the maximum of minimum oil film thickness is 56 mm and
63 mm, respectively.

In order to explain the reason for the change of oil film thickness
under the start-up conditions, the circumferential angle and radial
angle change with the rotational speed as shown in Fig. 10. As the
rotational speed increases, the tilt angle gradually decreases, and
the tilt angle in a stable state at 1600r/min. According to Eq. (5), the
change of film thickness is determined by the displacement of
collar and the tilt of pad. The displacements caused by the collar
movement and pad tilt at the pressure of 2.4mpa and 2.8mpa are
given in Fig. 8. When the rotational speed is less than 600 r/min, the
influence of pad tilt on minimum film thickness is greater than that
of collar movement due to the large tilt angle of pad, and the
minimum film thickness increases gradually (h400<h500<h600).
That is, the establishment of dynamic pressure at low speed mainly
depends on pad tilt. When the rotational speed is greater than 600
r/min, the influence of pad tilt on minimum film thickness is less
than that of collar movement due to the small tilt angle, and the oil
film thickness decreases gradually (h600>h800, etc). Therefore, the
establishment of dynamic pressure under high speed mainly de-
pends on the moving of the collar. Some special designs must be
used to avoid side effects in transient situations with the insuffi-
cient load-carrying capacity (see Fig. 11).

The calculated pressure and temperature profiles at the start-up
pressure of 2.4mpa and 2.8mpa is shown in Fig. 12, the trends of
variation in themaximum pressure andmaximum temperature are
similar. As the speed increases, the high-pressure area of the oil film
gradually shifts from the outlet area to the pivot point position as
shown in Fig. 12(a). The maximum pressure under 2.4 MPa is larger
than 2.8 MPa condition due to the higher loading forces. Similarly,
the maximum temperature of the thrust pad increases with the
rotational speed, the decrease of film thickness at the inlet, which
resulting in a reduction in lubricant flow rate. In addition, the
decrease of oil film thickness leads to the enhancement of shear
effect and the friction heat, the maximum temperature under
2.4 MPa is larger than 2.8 MPa, as shown in Fig. 12(b).



Fig. 7. Comparison of minimum oil film thickness of bearing under different geometric parameters.

Fig. 8. Operating parameter.
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4.2. Influence of loading force on bearing characteristics

In order to demonstrate the effect of loading force on the
lubrication characteristics of thrust bearings, such as pressure,
temperature and oil film thickness. Table 5 shows the loading force
Fe under different coolant system pressure when the rotational
speed of nuclear pump is 1485r/min.

Fig. 13 shows the oil film pressure distribution on the pad under
different loading force, the pressure distribution of oil film under
different loading forces is very similar. As the loading force in-
creases, the high-pressure area is shifted towards the opposite di-
rection of rotation, the pressure outside the thrust pad area is very
small, meaning that the pressure in the membrane is much higher
than the pressure of the oil inlet.

The temperature distribution of the pad under different Fe is
showninFig.14. The temperatureat the lubricatingoil inlet is low,and
the highest temperature is distributed at the oil outlet near the outer
diameterof thepad. That is due to the large linear velocityat theouter
diameterandtheviscous frictionof theoilfilm, the temperatureof the
pad near the back edge is much higher than that of the leading edge.
2330
The oil film thickness distribution of the thrust pad under
different Fe is shown in Fig. 15. The maximum film thickness is at
the lubricating oil inlet, and the thickness decreases circum-
ferentially at the right exit outer diameter and reaches the mini-
mum at the right exit outer diameter.

In summary, the maximum pressure shifts to the pivot point of
pad, and the temperature of pad increases circumferentially with
the increase of Fe. At the outer diameter of the right exit, the
maximum linear velocity and the minimum thickness of the
lubricating oil result in the strongest shear flow, which leads to the
highest friction heat flux and temperature. The thickness of oil film
decreases, the pressure of oil film increases, and the shear flow
strength increases, which leads to the increase of temperature.
However, the higher the temperature, the lower the viscosity of the
oil and the lower the pressure, so the loading force and oil film force
are balanced by reducing the film thickness.

Fig. 16 shows the motion of the pad under different loading
forces. Under the same loading force, the circumferential angle of
pad is always larger than the radical angle. The bearing gives the oil
film awedge shape in the direction of rotation and generates higher



Fig. 9. Minimum oil film thickness.

Fig. 10. Tilt angle of pad transient rotation.

Fig. 11. Variation the displacement of collar and pad.
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dynamic pressure to balance the external load. The shape of the oil
wedge is mainly determined by the tilt angle along the x-direction,
which increases the lubricating oil inlet clearance, as shown in
Fig. 16(a). In addition, with the increase of the loading force, the tilt
angle and the minimum oil film thickness of the pad decrease
simultaneously, which means that there are two ways to balance
the larger loading force of the bearing system: the decreases of the
overall oil film and the pad tilt angle. The initial tilt angle of pad
varies rapidly and the bearing can establish dynamic pressure in a
relatively short time. Under the action of centrifugal force, the oil is
brought to the outside of the pad, which increases the radical angle
along y-direction, as shown in Fig. 16(b).

Fig. 17 shows the variation of the ratio of the circumferential
angle to the radical angle with time under different loading forces.
When N ¼ 1485r/min, as the increase of the loading force, the tilt
angle of the pad decreases in both directions, and its ratio increases.
Meanwhile, as the loading force increases, the circumferential
angle of the pad decreases slightly along the x-direction, and the
radical angle of the pad decreases greatly along the y-direction. The
effect of radical angle on bearing performance is more pronounced
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with the increase of loading force. Further, the increase of loading
forces will lead to substantial reduction of the circumferential
angle, resulting in the reduction of minimum film thickness, and
the film thickness is mainly determined by the circumferential
angle. The lubrication requirements of thrust bearing system can be
achieved by adjusting the tilt angle of pad.

5. Conclusions

The purpose of the present paper is to investigate the transient
performance of bearings based on the computational fluid dy-
namics method (CFD). The bearing mechanism of TPTBs under
different working conditions is explained, and predict the effect of
nuclear pump start-up on the lubrication performance of thrust
bearings under different coolant system pressure. It provides
theoretical support for improving bearing wear resistance and
bearing optimization design. The main conclusions are as follows.

1) The three-dimensional hydrodynamic lubrication model of
TPTBs was established based on the CFD method and the FSI
technique. Further, a mesh motion algorithm for the transient
calculation of thrust bearings was proposed based on the User
Defined Function (UDF). The validity of the calculation model
was verified.

2) When the nuclear pump is in the start-up condition, and the
coolant system pressure is 2.4Mpa and 2.8Mpa, the high-
pressure area of the oil film gradually moves from the oil
outlet edge to the pivot point, and the maximum pressure in-
creases continuously. The maximum temperature is at the oil
outlet near the outer diameter of the pad and decreases grad-
ually along the circumferential. Minimum film thickness in-
creases and then decreases with increasing of rotational speed,
the influence of pad tilt on minimum film thickness is greater
than that of collar movement at low rotational speed. The
establishment of dynamic pressure at low speed mainly de-
pends on pad tilt. The opposite conclusion is reached at high
rotational speed.

3) When the rotational speed is 1485 r/min, the maximum oil film
pressure and the maximum temperature of the pad increase
with the increase of loading force, and the minimum oil film
thickness decreases. Circumferential angle is always greater
than radial angle as the dynamic pressure builds up, and



Fig. 12. Variation of lubrication parameters under start-up conditions.

Table 5
Loading forces at 1485 r/min.

Rotation speed N (r/min) Coolant system pressure ps (MPa) Load force Fe (KN)

1485 2.4 477
1485 2.8 447
1485 7 176

Fig. 13. Contour plot of hydrodynamic pressure (MPa) (a)176 KN, 1485r/min, (b) 447 KN, 1485r/min, (c) 477 KN, 1485r/min.

Fig. 14. Contour plot of pad temperature (K) (a)176 KN, 1485r/min, (b) 447 KN, 1485r/min, (c) 477 KN, 1485r/min.
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Fig. 15. Contour plot of oil film thickness (um) (a)176 KN, 1485r/min, (b) 447 KN, 1485r/min, (c) 477 KN, 1485r/min.

Fig. 16. Tilt angle of pad, N ¼ 1485r/min.

Fig. 17. Variation of the ratio of the circumferential angle to the radical angle,
N ¼ 1485r/min.
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through the analysis of the ratio of the circumferential angle to
the radial angle, it is found that the effect of radial angle on
establishment of dynamic pressure is more pronounced with
the increase of loading force.
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