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MICRO-CLEARANCE OIL FILM TEMPERATURE FIELD
CHARACTERISTICS OF HIGH SPEED AND HEAVY TYPE
HYDROSTATIC THRUST BEARING UNDER EXTREME OPERATING
CONDITIONS

Summary

To explore the micro-clearance oil film temperature field characteristics of hydrostatic
thrust bearings under operating conditions of high speed and heavy load, a mathematical model
of micro-clearance oil film is established. According to the principle of computational fluid
dynamics, the relationship between load capacity and rotational speed is calculated, and the
model is solved using the finite volume method. The micro-clearance oil film temperature field
is also investigated and tested to verify the theoretical analysis. The results show that the
rotational speed is coupled with the load-carrying capacity of hydrostatic thrust bearings. When
the extreme operating conditions are between 0t-228.9r/min and 4t-214.9r/min, the oil film
maximum temperature increases slowly with the load increase and rotational speed decrease,
and the average temperature decreases slowly. On the other hand, when the extreme operating
conditions are between 4t-214.9r/min and 32t-78.9r/min, the maximum temperature and the
average temperature slowly decrease as the load increases and the rotational speed decreases;
the influence of rotational speed is greater than that of load, and the temperature rise of the
upstream side is sharper than that of the downstream side.

Key words: Hydrostatic thrust bearing; Large-scale numerical control equipment;
Extreme operating conditions; Micro-clearance oil film temperature field
characteristics, Simulation and experimental investigation

1. Introduction

The hydrostatic thrust bearing has the characteristics of high precision, low power
consumption, good vibration absorption performance, long service life, and good stability, and
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has become the essential part of large numerical control equipment in the national key industrial
fields. With the continuous demand for high speed and heavy duty cutting technologies, the
accuracy, size, and speed of machining and the bearing capacity of machine tools are more and
more challenging. The performance of micro-clearance oil film has a great influence on the
lubrication performance of the hydrostatic thrust bearing; the temperature field of the micro-
clearance oil film in particular, affects the deformation of the friction pair of the hydrostatic
bearing and the stiffness of the oil film. Therefore, it is very important to study the
characteristics of oil film temperature field in the hydrostatic thrust bearing, especially under
extreme operating conditions when the temperature of the oil film increases with the increase
in the turntable rotational speed and load. The oil film transfers heat to the moving guide rail,
deforming the hydrostatic turntable, and the oil film becomes thinner, causing lubrication
failure and limiting the improvement in the performance of the hydrostatic turntable. Therefore,
it is really necessary to determine the factors that affect the oil film temperature field and
determine the distribution law of the oil film temperature field under the condition of high speed
and heavy load.

The temperature field characteristics of the micro-clearance oil film of hydrostatic thrust
bearings have become one of the main factors affecting the normal operation of the machinery;
therefore, they have attracted the attention of many researchers. Heng Fengqin [1] analysed the
thermal characteristics of the oil film between the guide rail and the base of the static pressure
turntable, and presented the law of the influence of the oil film heating on the thermal
deformation of the static pressure turntable. Zhang Yangqin [2-5] studied the heavy load,
temperature rise, and high-speed characteristics of micro-bevelled oil pad hydrostatic bearing
using the finite volume method. Yu Xiaodong [6] simulated the thermal deformation of the
hydrostatic thrust bearing turntable and base using the fluid-structure coupling method, and
revealed the thermal deformation distribution. Yu Xiaodong [7] derived the relationship
between the rotational speed, load, and the thickness of the clearance oil film of the annular
cavity multi-oil cushion hydrostatic thrust bearing rotary table by combining theoretical
analysis and experimental verification and designed the experimental setup of oil film
thickness. Fathimunnisa Begum [8] carried out tribological experiments with jatropha biofluid
and nanoparticles used as lubricant additives. Ma Tao [9] applied the computational fluid
dynamics software FLUENT to discuss the pressure field and temperature field of the liquid
hybrid bearing; in the results, he obtained the pressure and temperature field distribution of the
hybrid bearing, and revealed the influence of the eccentricity on the load carrying capacity.
Wang Junyao [10] obtained the heating performance of an embossing-head by using
electromagnetic induction heating. Zhang Jingdong [11] simulated the temperature field and
pressure field of the oil film in the gap of the hydrostatic rotary table using the fluid mechanics
calculation software FLUENT, and investigated the influence of the speed of the rotary table
and the depth of the oil cavity on the oil film temperature and pressure fields. Nikola Vujnovié¢
[12] pointed out the differences in calculations of annual heating and cooling energy by
modifying the simple hourly method and by using dynamic simulations. Fang Long [13] solved
unsteady mass, momentum and heat equations of oil film by using Matlab, and provided a
theoretical method to analyse the flow and heat transfer characteristics of oil film in hydrostatic
thrust bearings. Sefik Behrem [14] presented the heat transfer coefficient estimation during the
quenching of cylindrical samples in aqueous solutions. Shao Junpeng [15] adopted the finite
volume method to simulate the temperature field of the fluid between the fan-shaped cavity and
the circular cavity, and established the governing equation in the rotating coordinate system; he
discussed the temperature field of the two cavity shapes at the same speed, cavity depth, and
effective bearing area, and optimized the structure of the oil cavity. Lang Ji [16] put forward a
coupling analysis model for thermal effects of sliding bearings, and coupled and solved mass,
momentum, energy, and physical property equations. Liu Daquan [17] established a one-
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dimensional temperature field calculation model for sliding bearings based on the two-
dimensional temperature field model and obtained the thermal boundary conditions of the
contact surface of the bearing pad, the control equations of the circumferential one-dimensional
oil film temperature field, and the analytical expression of the inner surface temperature of the
bearing pad. Zhang Guotao [18] established a thermo-hydrodynamic lubrication model for a
circular double-layer porous bearing in combination with fluid pressure and heat transfer
equations, and revealed the basic source of heat generation and its transfer mechanism. Brito F
P [19] presented an experimental and theoretical study on the thermal behaviour of metallic
elliptical and offset-halves journal-bearing configurations of the same geometrical size under
low-to-high operating conditions using three different commercially available grades of oils.
Singh U [20] performed a theoretical, steady-state thermo-hydrodynamic analysis of an axial
groove journal bearing in which oil was supplied at constant pressure.

At present, the research on the 3D temperature field is not perfect at home in China and
abroad, and there is a lack of direct methods for measuring the micro-clearance oil film
temperature field. Therefore, a three-dimensional finite element model of micro-clearance oil
film has been established, and the temperature field distribution characteristics of the micro-
clearance oil film of the hydrostatic thrust bearing under extreme operating conditions of high
speed and heavy load have been determined. It is of great practical significance to better control
the oil film temperature and reduce the thermal deformation of the hydrostatic thrust bearing.

2. Relationship between load capacity and rotational speed under extreme operating
conditions

Extreme operating conditions refer to the operating conditions in which the maximum
rotational speed can be achieved at a certain load, or the operating conditions in which the
maximum load can be achieved at a certain rotational speed.

2.1  Working principle of hydrostatic thrust bearings

Constant flow hydrostatic thrust bearings are used to supply oil by means of a quantitative
oil pump; the oil is delivered to the hydrostatic oil chamber of the thrust bearing through the oil
separator. Since the lubricating oil has pressure, a lubricating oil layer is formed in the oil
chamber, and the bearing capacity of hydrostatic thrust bearings is produced using the pressure
difference between the hydrostatic oil chambers, and lubricants can float the thrust bearing
turntable and withstand external loads [21-24]. The working principle of a constant flow
hydrostatic thrust bearing is shown in Fig. 1.

turntable

oil film thickness = /
v F
? base
P .%
oil chamber 'I//I I/ pump

Fig. 1 Working principle of a constant flow hydrostatic thrust bearing

2.2 Inertia flow rate of double rectangular chamber

Due to the rotation of the turntable, the lubricating oil in the double rectangular oil
chamber is thrown out and the pressure in the oil chamber drops. The flow rate in the oil
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chamber under the centrifugal force can be obtained by substituting the boundary conditions.
The inertia flow rate in the single rectangular chamber is shown in equation (1).
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where u is the kinematic viscosity, p is the lubricating oil density, w is the angular velocity, 4
is the oil film thickness, and r is the turning radius.

The area ratio K of the double rectangular chamber to the circular chamber is shown in
equation (2).
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where K is the area ratio, and R; and R; are the inside and the outside radius of the circular
chamber.

The amount of oil leakage of the oil pad in the double rectangular chamber is shown in
equation (3).
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2.3 Relationship between load capacity and rotational speed

With the high-speed operation of the turntable, part of the hydraulic oil is discharged from
the oil chamber due to the centrifugal force, resulting in a decrease in the film thickness; as the
rotational speed increases, the film thickness decreases more rapidly. When the oil film
thickness drops to 0.04 mm, a machine alarm is activated. If the safety factor is 1.5, the
calculated film thickness is not less than 0.06 mm. The inertia flow rate caused the film
thickness to decrease; the relationship between the inertia flow rate and the oil film thickness
is shown in equation (4).
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where Q is the total flow rate, B, b, L, and / are the outside and the inside width, the outside and
the inside length of single rectangular oil chamber, and 4, is the oil film thickness
corresponding to the inertia flow rate.

The ejection of hydraulic oil results in a decrease in the film thickness. Under the same
load, different oil film thicknesses require different flow rates. Therefore, the difference
between the flow rate of 0.1 mm and 0.06 mm of oil film thickness is the amount of oil leakage
at this time.
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The relationship between rotational speed and load under extreme conditions can be
obtained from equation (5), as shown in Table 1.

Table 1 Relationship between rotational speed and load under extreme conditions
Load(t) 0 4 8 12 16 20 24 28 32
Rotational speed (r/min) 2289 2149 196.7 1823 1624 1472 127.1 1084 789

2.4 Oil film temperature rise

When the hydrostatic turntable is rotating, the temperature of the hydraulic oil gradually
increases. Generally, to ensure proper operation, the hydraulic oil needs to be cooled. The main
causes of hydraulic oil temperature rise are friction power consumption and pump power
consumption. Firstly, there is a relative motion of hydraulic oil between the turntable and the
base. The shearing of the oil film will consume the power of the motor, and this part of the
shear force will eventually be converted into heat to increase the temperature of the oil film.
The friction power consumption is calculated according to equation (6).

2
%
Ny =Z/”Af%’ (6)

where N, is the friction power consumption, 4, is the friction area, A is the initial oil film
thickness, and v is the linear velocity.

From equation (6) one can see that the friction power consumption is only related to the
relative rotational speed when determining the shape of the oil chamber, the type of hydraulic

oil, and the load. In the entire area of the oil chamber, the sum of velocity vectors is always
equal to the rotational speed of the turntable.

In addition, under certain operating conditions, the hydrostatic turntable is lost by the
throttle, support clearance, pipeline valves and filters, and the power consumed is called the
output power of the pump. Since the pressure drops to zero after the hydraulic oil flows out of
the hydrostatic support oil chamber, the input power of the system oil pump has been
completely consumed; the flow rate of the relief valve of the oil pump is shown in equation (7).

0,=K,>0, (7)

where 0, is the oil pump flow rate and K, is the flow coefficient.

The total power consumption of the pump is calculated based on the initial state of the
flow, as shown in equation (8).

29,

=P 4 1074, 8
P = Toax100 - P ®

where p, is the supply oil pressure.

It is assumed that the temperature rise of the lubricating oil is caused by the heat generated
by the total power consumption, as shown in equation (9).
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where Af is the temperature rise, Cy is the specific heat capacity, and J is the mechanical
equivalent of heat.

3. Model and meshing of micro-clearance oil film

3.1 Micro-clearance oil film model

The liquid in a hydrostatic turntable is a laminar flow. When the hydrostatic turntable is
stable, an oil film will be formed between the turntable and the oil pad. In order to reduce the
amount of calculation, an oil pad is selected as the research object and the three-dimensional
structure of the oil film was established by Unigraphics (UG), as shown in Fig. 2. The
corresponding oil film models under different loads are established, respectively.

Fig. 2 Micro-clearance oil film model

3.2 Micro-clearance oil film mesh

A three dimensional geometry model of the oil film is established by UG, and is imported
into the ICEM CFD to generate grid. The micro-clearance oil film model is shown in Fig. 3.A
structural hexahedron grid is used for the complex geometry oil film; this grid inherits the
advantage of the Cartesian grid and an unstructured grid, and it may save the quantity and
enhance the quality of the grid [25-27]. The total number of the grid is 1006354, and the quality
distribution below 0.8 is 0; the grid number between 0.8-0.9 is 7568, which accounts for a total
of 0.75%, while the grid number between 0.9-1.0 is 998786, which accounts for a total of
99.25%. The micro-clearance oil film grid model block map is shown in Fig. 4, and the grid
quality is shown in Fig. 5.

Fig. 3 Micro-clearance oil film grid model Fig. 4 Micro-clearance oil film grid model block map
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Fig. 5 Grid quality by 3x3x3

3.3 Boundary conditions

The boundary conditions used for the solution of temperature fields are as follows: the
pressure on the external boundary is 0 MPa, the pressure for nodes on the pocket boundary is
the same, the flow of lubricant through the hole is equal to the bearing input flow, the
temperature of lubricant is the temperature of the surrounding atmosphere on the external
boundary, the temperature of lubricant through the hole is the temperature of the oil chamber.
The boundary conditions of the oil film are shown in Fig. 6.

INTERFACEL
IN1

¥
ouT1

ouT2
IN2

INTERFACE2

ouT4

Fig. 6 Boundary conditions

3.4 Calculation accuracy control

The calculation model of the fluid is the total energy dissipation model which takes into
account the effects of fluid kinetic energy. The convergence of the iteration residual curve is
less than 10, which can be used for post-processing calculation, and the number of iterations
to solve the operation is 100. The iteration residual curve is shown in Figure 7.

Momentum and Mass | Heat Transfer | (]

1.0e+00 4}
1.0e-01 3¢

1.0e-02 5

Variable Value

1.0e-03 4

1.0e-04 o

1.0e-05 3¢

1.0e-06 —

T T T T T T T
0 20 40 &0 80 100
Accumulated Time Step

= RMS P-Mass = RMS U-Mom =—— RMS V-Mom RMS W-Mom

Fig. 7 Iteration residual curve
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4. Results and discussion

The parameters of the lubricant used in the numerical simulation are the same as those
of the ISO 32 lubricant tested in the factory. The density is 872 kg/m?, the specific heat
capacity is 1884 J/kg-K, the thermal conductivity is 0.132 W/m'K, the dynamic viscosity is
0.3365 pa's, the coefficient of thermal expansion is 0.00087 K-!, and the ambient temperature
is 15 °C. The temperature fields of oil film under different extreme operating conditions are
simulated; the extreme operating conditions include 0t-228.9r/min, 8t-196.7r/min,
16t-162.4r/min, 24t-127.1r/min, and 32t-78.9r/min. The oil film temperature fields are shown
in Figures 8 to 12.

Samerie Lomeare
3216600 W 321064002
3.177e+002
3.144e+002
3.111e2002
3.078e+002
3.045e+002
30126002
2.979e+002
2.946e+002
2.913e+002

2.880e+002
K]

3.183e+002
3.148e+002
3.115e+002
3.082e+002
3.048e+002
3.015e+002
2.981e+002
2.947e+002
2.914e+002

2 .880e+002
K]

Fig. 8 Oil film temperature field with 0t-228.9r/min ~ Fig. 9 Oil film temperature field with 8t-196.7r/min
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Fig. 10 Oil film temperature field with 16t-162.4r/min Fig. 11 Oil film temperature field with 24t-121.1r/min
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Fig. 12 Oil film temperature field with 32t-78.9r/min

From Figures 8 to 12 one can see that the temperature distribution of the micro-
clearance oil film is roughly the same, and the temperature field of the oil film is unevenly
distributed. The highest temperature is distributed on the outer side of the oil sealing edge,
while the temperature of the oil film on the inner side of the oil sealing edge is in the middle;
the temperature rise on the upstream side is sharper than that of the downstream side. It is
mainly due to the combined influence of rotational linear velocity, dynamic pressure, and
flow. The maximum and the average temperature of the oil film under different loads are
shown in Fig. 13.
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Fig. 13 Variation in the oil film temperature under different loads

It can be found from Figure 13 and Table 1 that both the rotational speed and the load
have an influence on the temperature rise of the oil film, but the influence of the rotational speed
on the temperature rise of the oil film is greater than that of the load.

5. Experiment on temperature field characteristics

The experiment was carried out on a heavy-duty CNC lathe of Qigihar Heavy CNC
Equipment Corp. LTD. Five JWB integrated temperature sensors were used to test the
temperature field of micro-clearance oil film under different extreme conditions. The structure
of oil pad on the base is shown in Fig. 14, the installation position of the temperature sensor is
shown in Fig. 15, and the data display setup is shown in Fig. 16.

‘

A

Fig. 14 Testrig Fig. 15 Temperature sensors

~BHAH GHEBZ

184 5

Fig. 16 Data display setup

The temperature rise under loads of Ot and 12t was tested respectively, while the rotational
speed of the turntable gradually increased from Or/min with an increment of 20 r/min. Based on

the experimental data, the relationship between rotational speed and temperature rise are shown
in Fig. 17 and Fig. 18.
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Fig. 17 Relationship between temperature rise and Fig. 18 Relationship between temperature rise and
rotational speed at different positions under Ot rotational speed at different positions under 12t

It can be seen from Fig. 18 that the larger the oil chamber load is at the same rotational
speed, the faster the oil film temperature rises. When the load is constant, the temperature rise
continues to increase with the increase in rotational speed. The results show that both the
rotational speed and the load have an effect on the temperature rise. By comparing the data in
Fig. 17 and Fig. 18, one can see that when the rotational speed increases to a certain extent, the
slope of the temperature rise increases. Therefore, it can be concluded that the influence of
rotational speed on the oil film temperature rise is greater than that of load. The temperature
rise of the oil film at different positions is different; the temperature rise in the positions of
sensors 3 and 5 is the highest, and the temperature rise in the positions of sensors 1 and 4 is
relatively low. The sensor 1 is located inside the inner oil chamber. At the same speed, the linear
velocity of the sensor 1 is the smallest, and the oil film shear force generates less heat per a unit
of time, so the temperature in the position of the sensor 1 rises slowly. The sensor 4 is located
on the downstream side of the oil chamber; the flow on the downstream side is large, and the
amount of heat taken away by the lubricating oil is large, so the temperature rise in the position
of sensor 4 is low. The sensor 5 is located on the upstream side of the oil chamber, and the
upstream side flow is large; the heat is carried by the hot lubricating oil, so the temperature rise
in the position of sensor 5 is high.

6. Conclusions

The relationship between the rotational speed and the load of the hydrostatic turntable
under extreme operating conditions is deduced, and the inertia flow rate of the double
rectangular chamber is calculated according to the principle of computational fluid dynamics.
A 3D physical model of micro-clearance oil film is established and solved using the finite
volume method. The micro-clearance oil film temperature field is also investigated and tested.
When the extreme operating conditions are between 0t-228.9 r/min and 4t-214.9 r/min, the
maximum temperature of the oil film rises slowly, while the average temperature decreases
slowly. When the extreme operating conditions are between 4t-214.9 r/min and 32t-78.9 r/min,
the maximum temperature and the average temperature showed a tendency to decrease slowly.
Through the analysis of temperature rise data, it can be concluded that both the load and the
rotational speed have an effect on the temperature rise. However, under extreme operating
conditions, the effect of rotational speed on temperature is stronger than that of load. The
temperature on the upstream side rises more sharply than that on the downstream side; also, the
temperature on the outside of the oil chamber rises more sharply than that of the inside of the
oil chamber and is nonlinear. The research results provide a theoretical basis for the temperature

64 TRANSACTIONS OF FAMENA XLVII-1 (2023)



Micro-clearance Oil Film Temperature Field Characteristics of X. Yu, Z. Han, S. Zhan, D. Zhou, F. Wang,
High Speed and Heavy Type Hydrostatic Thrust Bearing F. Sun, J. Jiao, J. Wang, H. Jiang
under Extreme Operating Conditions

control of the oil film in the clearance of the hydrostatic thrust bearing, the adjustment of the
oil film stiffness, the research on the deformation of the bearing friction pair, and the stability
of the hydrostatic bearing system.
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