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Abstract
In order to improve tribological performance of hydrostatic bearing, an innovative hydrostatic bearing structure having tilting 
oil pad is designed. During the operation, the semicircular boss at the bottom of the oil pad can realize the circumferential 
micro-motion. It generates additional dynamic pressure, and forms the static and dynamic pressure mixing support, make 
up for the static pressure loss, and solves the problems such as low precision and unstable operation of the numerical control 
equipment under the high speed and heavy load conditions. According to the tribological principle and lubrication theory, 
bearing capacity, flow rate, oil film thickness equation and oil film stiffness for hydrostatic and dynamic hybrid bearing are 
derived under variable viscosity conditions. The simulation model of hydrostatic bearing having tilting oil pad is established. 
ANSYS software is used to analyze the distribution of oil film temperature field and oil film pressure field under different 
inclination angles. The effects of tilting oil pad inclination angle on oil film tribological performance and oil film stiffness 
are obtained. The results show that the hydrostatic bearing having tilting oil pad can generate additional dynamic pressure 
in high speed operation, make up the loss of static pressure. When the inclination angle is 0.0044°, oil film temperature rise 
is 34.8 ℃, the average pressure is 622.2 KPa, oil film stiffness is 54104 N/µm, the comprehensive lubrication performance 
is optimal, the oil film stiffness is the largest, and the operation accuracy and stability of hydrostatic bearing are improved.

Keywords  Oil pad inclination angle effect · Hydrostatic and dynamic hybrid bearing · Oil film stiffness · Tribological 
performance · Theoretical analysis and experimental research

1  Introduction

For the hydrostatic bearing worktable running under the 
condition of high speed and heavy load, the extrusion heat-
ing and shear heating will be very large, the viscosity of 
the lubricating oil will decrease more, the oil film distribu-
tion will be uneven and thinner, the stiffness will decrease, 
and the local boundary lubrication or even dry friction will 

occur, which leads to tribological failure. Researchers at 
home and abroad seek a variety of ways and means to solve 
such problems.

Chen et al. [1] put forward the elliptical flexible hinge 
tilting pad bearing. Based on the stiffness modeling of 
the flexure hinge, the influence of the rotational stiffness 
of the flexure hinge on the dynamic and static perfor-
mance of the bearing is studied by using the finite differ-
ence method and Newton iterative method. Taking into 
account, the temperature viscosity effect of lubricating 
oil and the differential equation of journal-tile motion, 
Yang et al. [2] establish its dynamic model based on flex-
ible support tilting pad bearing, and it compares the rel-
evant literature test data. Liu and Chen [3, 4] prepared a 
tilting pad bearing with fulcrum elasticity and damping 
characteristics, which can increase the critical damping 
of the rotor and effectively improve the stability of the 
rotor system. Yu et al. [5] established the thermal elasto-
hydrodynamic lubrication mathematical model of tilting 
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pad bearing under transient condition and studied the 
transient lubrication performance at start. Finally, the 
bearing axis trajectory, oil film thickness, fluid dynamic 
pressure, tile surface temperature, and tile surface ther-
moelastic deformation from the initial position to the 
equilibrium position are obtained. Zhang et al. [6] used 
ANSYS to simulate the effects of inlet oil pressure, inlet 
oil temperature, eccentricity, and journal speed on the 
oil film characteristics of four-watt tilting pad bearings. 
Zhu et al. [7] studied the tile swing characteristics of fan 
guide bearings supported by four tilting pads and found 
that the tile swing angle characteristics are determined 
by the circumferential relative position of the tile and the 
load, preload, and eccentricity. Zhang et al. [8] used Flu-
ent software to simulate the flow field of the traditional 
four-pad hydrostatic support and the new asymmetric 
hydrostatic support structure. The simulation results 
show that the friction of the new asymmetric hydrostatic 
support structure is small, and the piston rod can be 
adaptively balanced when the piston rod is subjected to 
radial offset. In order to improve the safety and reliability 
of traditional rigid fulcrum tilting pad radial bearing, Jin 
et al. [9] put forward a kind of elastic fulcrum tilting pad 
radial bearing for vertical rotor, which is an adjustable 
fulcrum and can realize adaptive pretension. Yang et al. 
[10] studied the effect of high temperature imported oil 
on the comprehensive performance of tilting pad bear-
ings and carried out experiments. The oil film thickness, 
bearing temperature rise, and vibration amplitude at dif-
ferent inlet oil temperatures are obtained. Okabe [11] 
uses the short bearing method to establish the model of 
tilting pad bearings and takes into account the effects of 
turbulence and fluid inertia under high speed conditions. 
Suh and Choi [12] studied the angular deviation between 
tilting pad radial sliding bearing and rotating journal, and 
put forward a three-dimensional numerical model con-
sidering bearing tilt, pitching and yaw motion, journal 
deformation, journal angular motion and thermo-hydro-
dynamic lubrication model. Li et al. [13] uses the finite 
difference method to solve the equations for controlling 
flow and energy transfer, and makes a theoretical study 
on the temperature of the high-speed and heavy-load tilt-
ing pad radial sliding bearing. The experimental study is 
carried out on the high-speed and heavy-load tilting pad 
radial sliding bearing test-bed. Wang et al. [14–17] gave 
a numerical solution method for the lubrication char-
acteristics of the sliding pair considering the dynamic 
pressure effect and simulated its lubrication characteris-
tics. The results showed that the center oil film thickness 
and the maximum inclination angle of the sliding shoe 
are the main influencing factors of the oil film dynamic 
pressure effect.

A new type of oil pad tilting hydrostatic bearing is pro-
posed, which automatically realizes small angle circum-
ferential tilt during operation, provides the conditions for 
the generation of dynamic pressure, generates additional 
dynamic pressure, and turns the hydrostatic bearing into a 
hydrostatic hybrid thrust bearing. Its comprehensive lubri-
cation performance and oil film stiffness are higher than 
those of hydrostatic bearings, which can be used to solve 
the problems of low machining accuracy and poor stabil-
ity of vertical CNC equipment under the condition of high 
speed and heavy load.

2 � Structure and principle of oil pad tilting 
static and dynamic bearing

The oil pad tilting type static and dynamic pressure bear-
ing is composed of a rotating worktable, a base, and a 
differentiable pendulum oil pad. 12 static and dynamic 
oil pads are evenly distributed on the guide rail, which 
are separated by oil return grooves, and the oil pad tilt-
ing type static and dynamic pressure bearing structure is 
shown in Fig. 1.

A semicircular convex platform is arranged under the 
oil pad, which can swing at any small angle in the circum-
ferential direction to form an inclinable oil pad, which 
meets the conditions for the formation of dynamic pres-
sure, and it realizes the mixed lubrication of static and 
dynamic pressure [18–23]. The static and dynamic pres-
sure mixed support structure is shown in Fig. 2, and the 
working principle is shown in Fig. 3.

Rotary table

Oil pad

Base

Fig. 1   Static and dynamic pressure mixed lubrication support struc-
ture
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3 � Tribological energy control equation 
of static and dynamic bearing

3.1 � Viscosity–temperature relationship 
of lubricating oil

According to the 32# lubricating oil viscosity temperature 
relationship table, as shown in Table 1, the software fitting 
the 32# lubricating oil viscosity temperature relationship 
curve is shown in Fig. 4.

According to Fig. 4, the viscosity and temperature of 
# 32 lubricating oil are exponentially distributed, and the 
exponential function relationship is obtained.

where a = 4.47 × 1028, b = −2048, c = 250.2.
Therefore, the viscosity–temperature relationship equa-

tion is:

(1)y = a × e
−

(

x−b

c

)2

where T
0
 is the inlet temperature (℃) and ΔT is the outlet 

temperature rise (℃).

3.2 � Bearing capacity equation

Since the double rectangular oil cavity is a combination of 
two identical rectangular cavities, a rectangular cavity is 
used for calculation, and its pressure is approximately uni-
formly distributed as shown in Fig. 5, and the structure and 
effective area of the rectangular cavity are shown in Fig. 6.
Then, the bearing capacity of a single rectangular cavity is:

where l
1
=

L−l

2
 , Q =

bh3Δp

12�l
 , if the influence of l1b1

LB
 is ignored, 

the above equation can be simplified to:

The bearing capacity of the double rectangular oil chamber 
is obtained as follows:

where Ae is the effective bearing area of the oil cavity.
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Oil chamber

Oil pad

Semicircular boss

Fig. 2   Tilting oil pad
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h

w

1-Rotate the worktable 2-Hydrostatic guideway 3-Quantitative fuel supply 
pump 4-Fuel tank 5-Tilting oil cavity 6-Intake pipe W-External load 

h-Pressure oil film

Fig. 3   Static/dynamic pressure support working principle diagram. 
(1) Rotate the worktable, (2) hydrostatic guideway, (3) quantitative 
fuel supply pump, (4)fuel tank, (5) tilting oil cavity, (6) intake pipe 
W-external load h-pressure oil film

Table 1   32# Lubricating oil 
viscosity parameter table Temperature (℃) 10 20 30 40 50 60

Kelvin temperature (K) 283 293 303 313 323 333
Viscosity (Pa⋅s) 0.1900 0.0907 0.0487 0.0288 0.0184 0.0125
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Fig. 4   32# Lubricant viscosity–temperature curve

w = p(B − 2b
1
)(L − 2l

1
)

+
p

2
[LB − (B − 2b

1
)(L − 2l

1
)]

= p[(L − l)(B − b
1
) + l

1
b
1

= pLB

[(

1 −
l
1

L

)(

1 −
b
1

B

)

+
l
1

L
+

b
1

B

]



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:231

1 3

231  Page 4 of 10

3.3 � Flow equation

The clearance between the rotating table and the base of 
the hydrostatic bearing is a parallel plate, so the flow equa-
tion can be deduced and calculated according to the gap 
flow formula between the parallel plates.

When the film thickness is h, the flow rate Q through 
the oil pad can be calculated in the two flow directions of 
X and Y, respectively:

The total flow caused by the combined action of differen-
tial pressure and shear force is the sum of X-direction and 
Y-direction flow.

The flow through the rectangular cavity is:

where Δp is the pressure difference and � is the dynamic 
viscosity.

The flow through a double rectangular cavity:

(6)QX = 2
h3(B − b)Δp

12�l

(7)QY = 2
h3(L − l)Δp

12�b

(8)Q =
Δph3

6�

[

B − b
1

l
1

+
L − l

1

b
1

]

3.4 � Oil film thickness equation

Figure 7 shows that the oil film of static and dynamic pres-
sure mixed support of tilting oil pad is composed of central 
support oil film, circumferential inclined oil film, and elastic 
deformation, and the shape of oil film is shown in Fig. 7.

Central support oil film thickness:

Circumferential inclined oil film thickness:

Elastic deformation thickness:

Total oil film thickness:

Further arrangement is available:

where θ and γ are polar coordinate elements; h0 is the film 
thickness at the central support; δmax is the maximum defor-
mation deflection; R0 is the distance from the center of the 
tilting oil pad to the axis of rotation; R2 is the maximum 
radius of deformation; Mθ is the circumferential tilt angle.
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p

Fig. 5   Oil pressure distribution from single rectangular chamber

B
b 1

l1 L

q

Fig. 6   Single rectangular cavity structure and effective area

Fig. 7   Oil film shape
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3.5 � Oil film stiffness

The differential of bearing capacity to the thickness of oil 
film is the stiffness of oil film.

where Ps is the input pressure of the oil supply system; Ae 
is the effective bearing area; P0 is the ratio of the oil cavity 
pressure to the limited pressure in the design state; h is the 
oil film thickness.

4 � Numerical simulation of tribological 
properties

4.1 � Grid division

According to the actual production, the 20 t–140 r/min 
working condition is studied. The three-dimensional model 
of oil film is established by UG, and the thickness of oil 
film is 0.069 mm, as shown in Fig. 8. The three-dimen-
sional model is imported into ANSYSICEM to divide the 
structured grid, and O-BLOCK is used to improve the grid 
quality of the oil hole [24, 25]. The total number of grids 
is 330,056, of which 0.9 ~ 1 grid accounts for 95.235% of 
the total grid, the angle standard is above 45°, the grid 
quality is very good. Figure 9 is the overall grid diagram 
of the oil film, and Fig. 10 is the schematic diagram of the 
quality of the oil film grid.

(15)J =
dW

dh
=

3Ps ⋅ Ae ⋅ p0

h

4.2 � Boundary condition

The boundary conditions are set in ICEM, the two entrances 
are set to IN1 and IN2, the four outlets are set to OUT1, 
OUT2, OUT3, and OUT4, the upper surface of the oil film is 
set to ROTA TE, both sides of the oil film are set as periodic 
boundary conditions INTERFACE1, and the rest of INTER-
FACE2 are set to WALL, as shown in Fig. 11.

4.3 � Lubricating oil attribute setting

The viscosity–temperature relationship is set according to 
Eq. (15). The quantitative oil supply is adopted, the flow 
rate of the two oil inlets is 0.035 kg/s, the temperature is 
293 K at room temperature, and the pressure at the outlet is 
atmospheric pressure.

5 � Numerical simulation results and analysis

According to the engineering practice and related litera-
ture, the circumferential dip angle is selected from 0.0012° 
to 0.0060° [26]. And the maximum and minimum oil film 

Fig. 8   Oil film three-dimensional model diagram

Fig. 9   Oil film overall grid diagram

Fig. 10   Oil film grid quality diagram
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thickness corresponding to the inclination angle from 
0.0012° to 0.0060° calculated by formula (14) are shown 
in Table 2.

5.1 � Effect of inclination angle on tribological 
properties

Under the condition of load 20  t and rotational speed 
140 r/min, the static and dynamic oil film pressure and 
temperature under seven simulated dip angles ranging 
from 0.0012° to 0.0060° are limited by space, and only 
the pressure field and temperature field are given when 
the inclination angle is 0.0044°. As shown in Figs. 12 and 
13, the relationship between pressure and inclination angle 
is shown in Fig. 14, and the relationship between oil film 
temperature and inclination angle is shown in Fig. 15.

It can be found from Figs. 12 and 14 that the circumfer-
ential pressure of the oil film increases along the rotation 
direction of the worktable under the working condition 
of 20 t load and 140 r/min speed, which is caused by the 
additional dynamic pressure when the lubricating oil flows 
from the oil cavity to the sealing edge. The maximum pres-
sure increases at first and then decreases with the increase 
in inclination angle, and the maximum value appears when 
the inclination angle is 0.0044°, and the bearing effect of 
oil film is the best.

It can be seen from Figs. 13 and 15 that the temperature 
field distribution of the oil film is uneven and the local 
high temperature occurs because the oil film is subjected 
to the combined action of extrusion pressure and trans-
verse shear force. When the oil film rotates, due to the 

influence of shear, the outside heat is large, and the highest 
temperature appears on the outside of the sealing edge.

5.2 � Effect of inclination angle on stiffness

Similar to the research process of load 20 t and speed 140 r/
min, use CFX to post-process the software simulation 
results, select the “ave and force” options in FUNCTION 
Calculator to get the average pressure and oil film stiffness of 
the oil chamber under different inclination angles, as shown 
in Table 3.

OUT3

OUT4

OUT2OUT1

EC
AF

RET
NI

1

IN
TE

R
FA

CE
2

IN1

IN2

ROTATE

Fig. 11   Oil film boundary condition setting

Table 2   Maximum and 
minimum oil film thickness at 
different inclination angles

Inclination angle (°) 0.0012 0.0020 0.0028 0.0036 0.0044 0.0052 0.0060
hmax (mm) 0.0710 0.0723 0.0736 0.0750 0.0763 0.0776 0.0789
hmin (mm) 0.0670 0.0657 0.0644 0.0630 0.0617 0.0604 0.0591

Pressure
Contour 1

[Pa]

7.447e+005

6.037e+005

4.627e+005

3.217e+005

1.806e+005

3.965e+004

-1.014e+005

-2.424e+005

-3.834e+005

-5.244e+005

-6.654e+005

Fig. 12   Pressure field at an inclination angle of 0.0044°

Temperature
Contour 1

[K]

3.244e+002

3.208e+002

3.171e+002

3.134e+002

3.098e+002

3.061e+002

3.025e+002

2.988e+002

2.951e+002

2.915e+002

2.878e+002

Fig. 13   Temperature field at an inclination angle of 0.0044°
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6 � Experimental study on tribological 
properties

In order to verify the correctness of theoretical analysis and 
numerical simulation, experiments were carried out on a 
certain type of vertical lathe worktable in a factory. The 
maximum cutting diameter of the machine tool is 3150 mm, 
the diameter of the worktable is 2830 mm, there are 12 dou-
ble rectangular oil cavities, quantitative oil supply, maxi-
mum load capacity 40 t, maximum speed 200 r/min. The 
experimental device is shown in Fig. 16, the pressure sensor, 
temperature sensor, displacement sensor and pressure gauge 
are installed as shown in Figs. 17, 18, 19 and 20, and the 
data acquisition and display system are shown in Fig. 21. 
The pressure sensor is a piezoresistive pressure transmitter 
with a working voltage of 24 VDC, a measuring range of 

Fig. 14   Oil film pressure and inclination angle

Fig. 15   Oil film temperature and inclination angle

Table 3   Oil film pressure and 
stiffness vary with inclination 
angle

Inclination angle (°) 0.0012 0.0020 0.0028 0.0036 0.0044 0.0052 0.0060
Average pressure (KPa) 590.2 591.8 594.8 600.7 622.2 596.1 593.1
Greatest pressure (KPa) 609.2 686.3 701.5 712.7 744.7 716.8 715.7
Stiffness (N/μm) 51,322 51,461 51,722 52,235 54,104 51,835 51,574

Fig. 16   Oil pad tilting static pressure bearing

123

4 5

Fig. 17   Pressure sensor layout

It can be seen from Table 3 that the average pressure of 
the oil cavity and the oil film stiffness first increases and 
then decreases with the increase in the inclination angle. 
When the inclination angle is 0.0044°, the oil cavity aver-
age pressure and oil film stiffness reach the maximum, and 
the oil film bearing capacity and stability are the best. With 
the increase in the inclination angle, the additional dynamic 
pressure formed by the movement of the oil film increases, 
which increases the bearing capacity and stiffness of the oil 
film. But when the inclination angle exceeds 0.0044°, the 
oil film there is too thin, which will cause the pressure and 
stiffness of the oil film to decrease.
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− 0.1 to 100 MPA and an accuracy of ± 0.25%FS. The aver-
age pressure of the oil cavity is measured by the pressure 
gauge, the temperature sensor is an integrated temperature 
transmitter, the measuring range is − 200 ℃ ~ 1600 ℃, and 
the measuring accuracy can reach 0.5%. The working volt-
age of the displacement inductance sensor is 24VDC, the 
measuring range is 0.25 and 1.25 mm, and the highest sen-
sitivity is more than 0.1 μm. Since each adjustment of the 
oil pad inclination angle requires the lifting of the rotating 
table and the fixed workpiece, the reinstallation process is 
extremely difficult, and the result may be affected by the 
eccentric load caused by the placement of the workpiece. 
This experiment is mainly to verify the correctness of the 
simulation method. So limited by the field conditions, the 
pressure field, temperature field, average pressure, and oil 
film stiffness are only verified when the inclination angle is 
0.0044°. Adjust the height of the bolt at the bottom of the oil 
pad so that there is a fixed height difference between the two 
bolts, and the adjusted inclination angle can be calculated by 
the distance. The displacement sensor is used to verify the 
displacement of the oil pad bolt position, ensuring that the 
inclination is 0.0044°.

6.1 � Experimental method

When the ambient temperature is 15 ℃ and the worktable is 
loaded with 20 t, the oil film temperature, oil film pressure, 
and oil film thickness are measured at different rotational 
speeds.

6.2 � Experimental results and data analysis

The experiment adopts the method of measuring the average 
value for many times, and the pressure and temperature of 

1

2

3

4 5

Fig. 18   Temperature sensor layout

1

2 3

4

5

Fig. 19   Displacement sensor layout

Fig. 20   Pressure gauge layout

Fig. 21   Data acquisition and display system
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different oil cavity positions vary with the rotational speed, 
as shown in Figs. 22 and 23.

It can be seen from the above Fig. 22 that when the load 
is 20 t, the pressure at 3 and 5 points increases gradually, 
which is caused by the dynamic pressure, and the pressure at 
the other three points gradually decreases, which is consist-
ent with the distribution law of the pressure field in Fig. 12.

As can be seen from the Fig. 23 above, with the increase 
in rotating speed, the temperature rises rapidly and changes 
significantly, and the temperature rises at point 3 and point 
5 are the highest. Point 3 is located outside the oil cavity, 
with large linear velocity and high shear clarification, point 
5 is located at the downstream side of the oil cavity, forming 
dynamic pressure; point 3 and point 5 have large temperature 
rise, which is consistent with the temperature field distribu-
tion in Fig. 13. The average pressure of the oil cavity at 
100–140 r/min is measured by the pressure gauge, and the 
average stiffness of the oil film is calculated, as shown in 
Table 4.

From the comparison between Tables 3 and 4, it can be 
found that the experimental values of average pressure and 
stiffness are in good agreement with the simulated values, 
and the error is 5%.

7 � Conclusions

A novel hydrostatic bearing structure with tilting oil pad 
is proposed. The hydrostatic bearing structure can generate 
additional dynamic pressure in the process of operation, and 
can be converted into static and dynamic mixed hydrostatic 
bearing, and can solve the problems of machining accuracy 
and running stability of CNC equipment under high speed 
and heavy load conditions.

The bearing capacity equation, flow equation, film 
thickness equation, and oil film stiffness equation of tilt-
ing oil pad hydrostatic bearing with double rectangular 
cavity are derived, and the tribological performance of 
hydrostatic bearing is analyzed under the condition of 
variable viscosity. It is concluded that the tilting oil pad 
can produce additional dynamic pressure under the condi-
tion of high speed, and the influence of tilting angle on the 
tribological performance and oil film stiffness of the new 
tilting oil pad is revealed.

Through the simulation calculation of the inclination 
angle of the oil pad, the average pressure of the oil cavity 
and the oil film stiffness at different inclination angles under 
the same oil cavity area are obtained, and seven groups of 
data are comprehensively analyzed. The results showed that 
when the inclination angle is 0.0044°, the tribological per-
formance, the average pressure and stiffness of the oil film 
are the highest, the bearing capacity is the largest, and the 
operation of the oil film is the most stable, which is verified 
by experiments. The tilting oil pad will generate additional 
dynamic pressure, thereby increasing the average pressure 
and stiffness of the oil film, and improving the stability and 
accuracy of the hydrostatic bearing.

In actual production, adjusting the nut under the oil pad 
can change the inclination angle of the oil pad and fix it, 
which can achieve higher processing quality under high 
speed and heavy load conditions.
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Fig. 22   Pressure at different oil chamber positions varies with speed

Fig. 23   Temperature rise of different oil chambers varies with speed

Table 4   Average pressure and average stiffness at different speeds

Rotating speed (r/min) 100 110 120 130 140
Average pressure (KPa) 604 608 620 623 626
Average stiffness (N/μm) 52,522 52,870 53,913 54,174 54,435
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