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Abstract 

The bearings for turbo-drill need to withstand the harsh conditions of impact, friction, 
high temperature. Their reliability and longevity are crucial to ensure the drilling 
process, and it is one of the key components of turbo-drill. The tilting thrust bearing is 
widely used in petroleum industry. Failure, especially temperature, has an important 
influence on the lubrication of the dynamic thrust tilting thrust bearing. At present, the 
analysis of tilting thrust bearing is very extensive, but the dynamic lubrication of the 
tilting thrust bearing is not studied. In this paper, the mathematical model of the 
lubrication performance parameters of the fan-shaped tilting thrust bearing is 
established, and the boundary conditions are given. On this basis, the mathematical 
model is dimensionless and solved by the finite difference method, which is conducive 
to the subsequent calculation. By establishing the mathematical model, the practical 
FORTRAN 90 is used to compile the calculation program of the lubrication performance 
of the fan-shaped tilting thrust bearing, and this program is used to calculate the 
influence of the thermal attraction generated under the influence of temperature on the 
bearing pressure and the oil film thickness, and then obtain different temperatures and 
the variation of the lubrication performance of the tilting thrust bearing under the 
influence of different bearing parameters. The accuracy is verified by comparing the 
calculated values with the experimental data of the turbo-drill bearing, and it provides 
a reference for the design research of the tilting thrust bearing of the turbo drill.  
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1. Introduction 

In petroleum machinery, with the advancement and development of drilling technology, the 

application of turbo-drill with diamond drill bits and three-tooth drills in the field of large 

displacement, high inclination, orientation and horizontal wells is increasing. The quality of the turbo-

drill bearing directly affects the performance of the turbo-drill, so the research on the turbo-drill is 
important. Turbo-drill bearings are commonly used in downhole power drills, mainly for rolling 

bearings and thrust sliding bearings with multiple rows of angular contact bearings. Angular contact 

ball bearings have the advantage of being able to withstand large loads, but their disadvantages are 

also obvious, that is, it is difficult to achieve a uniform load. When the load is uneven, the bearing 

starts to bear a large bearing will quickly failure, so that the load on other bearings is increased, and 

the overall service life of the bearing group is reduced. However, the tilting thrust bearing pad can 

automatically adjust the slope to adapt to the change of the load, and the thickness of the oil film on 

the oil side can be changed accordingly. 
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The tilting thrust bearing is generally composed of a bearing block, a heavy-duty bolt and a bearing 

bush, and the bearing bush is uniformly mounted on the bearing seat in the circumferential direction. 

When the disturbance is within the tolerable range, each bearing bush will react accordingly according 

to the amount of disturbance to balance the disturbance, so that the bearing bush returns to equilibrium 
again. Therefore, the tilting thrust bearing has good load sharing and is suitable for use in downhole 

turbo drill bearings. Christopherson[1] and Cope[2] first used mathematical methods to analyze the 

push. For the lubrication problem of the force bearing, they studied the lubrication performance of 

the bearing by establishing a mathematical model of the dynamic lubrication of the thrust sliding 

bearing. Sharma R K and Pandey R K[3][4] studied the lubrication performance of the cycloidal plain 

bearing by a combination of theory and experiment, and compared with the flat bearing. The results 

show that the bearing capacity of the cycloidal bearing is higher than that of the flat bearing. Dowson 

and Huson[5] formally proposed the "Hot Fluid Dynamic Lubrication Model ("THD Model), stating 

that because the lubricating oil film will generate heat under the viscous shearing force, the shear heat 

will decrease the density and viscosity of the lubricating oil, and the viscosity of the oil film will 
decrease. It will lead to a decrease in the thickness of the oil film, so there is an important relationship 

between the temperature of the oil film and the pressure of the oil film, the thickness, and the viscosity 

of the lubricating oil. When analyzing the performance of the bearing, the simultaneous solution of 

the Reynolds equation, the energy equation, the viscosity temperature equation, and the heat 

conduction equation can be greatly improved. The theoretical analysis is more realistic when solving 

the accuracy. Ezzat and Rhode[6], Kim, Ettles[7][8][9], and Boncompain[10] used mathematical 

methods to analyze the effects of various factors on the lubrication performance of thrust bearings. 

Ezzat and Rhode mainly analyzed the effects of hot oil exchange and convection heat transfer on oil 

film temperature. Kim and Ettles analyzed the lubrication performance of several bearings with 

different support structures under the same working conditions. Boncompain solved the mathematical 

model of thrust bearing by finite difference method. The research indicates that the load and mirror 
speed have a great influence on the lubrication performance of thrust bearing. For the first time, 

Hubener[11] established a three-dimensional hot flow pressure lubrication model for thrust bearings 

and adopted the finite element method.  To solve this, the three-dimensional model takes into 

account the heat transfer of the oil film and the bearing pads and mirror plates, ignoring the 

circumferential heat transfer of the oil film.  He solved the temperature thickness and pressure of the 

oil film by the adiabatic solution method considering the temperature gradient in the film thickness 

direction and compared with the results obtained by the traditional solution method. The results show 

that the temperature in the oil film thickness direction is not uniform, and the solution result is solved 

by the three-dimensional model.  

Jeng[12] established a three-dimensional model of a tilting-tilt thrust bearing. The equations were 

solved using different numerical methods: the finite difference method was used to solve the 

Reynolds equation and the energy equation was finite element method. The model can calculate the 

lubrication performance of the oil film of the bearing in the laminar and turbulent flow states, and can 

also calculate the thrust bearing stiffness and damping.  

Ettles[13] established a dynamic bearing lubrication model for thrust bearings and studied the 

transition of bearings from transient to steady state. In the course, the influence of thermal inertia on 

lubrication performance was analyzed.  

Wang[14] established a three-dimensional TTEHD model of thrust bearing, studied the starting 

characteristics of the tilting pad thrust bearing, and obtained the relationship between the formation 

process of the lubricating oil film and the temperature and starting rate when the heat balance is 

reached. The research shows that the faster the bearing starting speed, the oil film temperature rise is 

lower. Michel studied the hydrostatic groove to the large fan-shaped tilting tile thrust using the theory 

of thermal fluid dynamic lubrication. 

M.Wasilczuk et al.[15]used CFD computational fluid dynamics software to simulate the two-

dimensional and three-dimensional flow of thrust bearings. The velocity distribution, temperature 
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distribution, and pressure distribution were obtained. Directly supply oil, which can reduce the 

thermal deformation caused by temperature 

The influence of bearing lubrication performance, the large tilting pad thrust bearing of hydropower 

unit as the research object, and calculated the oil film thickness, oil film pressure and oil film 

temperature of static pressure oil tank at different depths and different diameters. 

The research object of this paper is the fan-shaped tilting thrust bearing. During the operation, the 

bearing and oil film temperature will increase with the drastic change of the load, resulting in the 

viscosity of the drilling fluid decreasing, the thickness of the oil film decreasing, and the temperature 

change drastically. It will cause thermal stress to cause further changes in the thickness of the oil film 

and the occurrence of burning and thermal deformation, which will eventually lead to the weakening 

of bearing capacity and the reduction of bearing life, which will seriously affect the drilling work. 

In summary, the rapid development of computer technology has greatly improved theoretically study 

bearing lubrication problems. Many scholars have used finite difference method and finite element 

method as numerical calculation methods for solving dynamic pressure thrust bearing lubrication 

model. In order to make the theoretical calculation results more realistic, scholars gradually factor the 

viscosity-temperature effect, hot oil carrying, and bearing bush deformation into the factors affecting 

the lubrication performance, which greatly improved the accuracy of the mathematical model of the 

thrust bearing. In recent years, scholars have achieved good simulation results by using fluid 

dynamics analysis software such as CFD. 

In this paper, the large-scale flat tilting pad thrust bearing is studied. The lubrication of the thrust 

bearing is solved iteratively by establishing the Reynolds equation of the lubricating oil film, the oil 

film energy equation, the heat conduction equation, the viscosity temperature equation of the 

lubricating oil, the oil film thickness equation, and the thermal deformation equation. The 
performance parameters, and then describe its lubrication performance, the innovation of this paper 

is to calculate the influence of the thermal deformation of the bearing bush on the oil film under the 

unsteady temperature field, and then explore the influence on the lubrication performance of the 

bearing, and how to discretize the unsteady heat conduction. Equation and thermal deformation 

equation. 

2. Establishment of Mathematical Model of Tilting Thrust Bearing 

2.1 The establishment of mathematical theory model 

2.1.1 REYNOLDS equation and boundary conditions 

The Reynolds equation is derived from the N-S equation in cylindrical coordinates and has the 

following assumptions: 

(1) The volume force is negligible, including electric power, magnetic force, gravity, that is, 

X=Y=Z=0; 

(2) There is no slip between the lubricating fluid and the interface; 

(3) Since the lubricating oil film is very thin, the pressure does not change greatly, so the oil film 

pressure is constant along the film thickness direction.， /p z =0； 

(4) The oil film of the drilling fluid is incompressible and is a Newtonian fluid with a constant density; 

(5) The fluid is laminar, and no eddy currents and turbulence occur in the oil film; 

(6) The inertial force is negligible because the inertial force is very small compared to the viscous 

force, du/dt=dv/dy=dw/dz=0; 

Based on the above assumptions, by simplifying the N-S equation, the Reynolds equation can be 

obtained: 
3 3

6
rh p h p h

r
r r r

                                 

(1) 
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Where: r, θ is the coordinate of any point on the oil film in polar coordinates; p is the oil film 

pressure; is the drilling fluid dynamic viscosity; h is the oil film thickness; is the rotation speed 

of the mirror plate. 

According to the working condition of the wedge oil film, the pressure of the visible oil film boundary 

is approximately 0. The mathematical expression of the boundary is: 

|p =0，
0|

p
=0 

Where: is the tile boundary; 0is the oil film fracture boundary. 

2.1.2 Energy equation and boundary conditions 

According to the principle of conservation of energy, the energy balance equation can be used to 

represent the energy exchange in the viscous fluid, and the energy relationship in the oil film of the 

fan-shaped tilting thrust bearing is: 
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Where: J is the thermal work equivalent; CP is the specific heat of the fluid; is the fluid density; k 

is the heat transfer coefficient; Bk is the heat exchange coefficient; T is the oil film temperature, 0T is 
the oil inlet temperature; P is the fluid pressure; other variables are as described above The Renault 

equation is consistent. 

According to the condition of the bearing and the fluid, the boundary conditions are: 

The temperature of the wedge oil film into the oil side ( 0 ) is constant, namely: 

0 0T T . 

The inner and outer diameters of the wedge oil film are adiabatic boundaries, namely:  

0, 1

0, 2

T
R R

R

T
R R

R  

Where: R1 is the inner diameter of the bearing and R2 is the outer diameter of the bearing. 

2.1.3 Steady-state heat conduction equation and boundary conditions 
The heat transfer equation is a description of the distribution of temperature in the bearing pads. 

According to the heat transfer theory, the temperature control equation of the fan-shaped tilting thrust 

bearing is: 
2 2

2 2 2
0P P PT T T

R RR R
                                (3) 

Where: for the bearing temperature, R is the bearing radius, θ is the angle between the bearing. 

The assumptions are as follows: 

(1)The bearing bush is uniform and omnidirectional; 

(2)The thermal conductivity, specific heat capacity and density are all fixed values; 

(3)The bearing system is heat steady conduction,  

0
t

T

 

(4)There is no internal heat source in the bearing system 
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(5)The thickness of the bearing pad is much smaller than the width and length of the bearing bush, so 

the bearing bush can be regarded as a two-dimensional plane heat conduction problem. 

2.1.4 Sticky temperature equation 

In this paper, the Newtonian viscous fluid is studied. When the temperature of the oil film rises, the 

interaction force between the fluid molecules decreases, so that the viscosity decreases and the 

lubricating performance also decreases. When considering the influence of temperature on the 

viscosity, the Barus equation is usually used : 

0

0

T T
e  

However, in fact, the Roselands viscosity equation is more in line with the Barus viscosity equation, 

so the Rolelands viscosity equation is used: 
1.1

0
0

138
ln 9.67

138

0

T

T

e                                      (4) 

Where: 0 is the viscosity of 0T ; T is the oil film temperature; 0T is the oil inlet temperature. 

2.1.5 Oil film thickness equation 

The oil film thickness of the tilting thrust bearing is determined by the circumferential direction, radial 

inclination and thermal deformation of the bearing bush, as shown in Figure 1. The oil film thickness 

equation of the tilting thrust bearing can be obtained as follows: 

0 0 0 0 0

1 1 1 1
cos cos sin sin

2 2 2 2
r r r r rh h m r r m r r         (5) 

Where: 0h is the oil film thickness at the fulcrum of the bearing; 0r and 0 are the radius and 

circumferential angle of the bearing fulcrum respectively; r  is the angle of the bearing; ,rm m is the 

radial and circumferential inclination of the bearing;  is the heat of the bearing Deformation. 

 

Figure 1 The geometry of the tilting thrust bearing 

2.1.6 Steady state thermal stress and thermal deformation equation 

When an object expands or contracts under the influence of a changing temperature, even if there is 

no external force, stress will be generated in the object, and the stress caused by the thermal 

deformation caused by temperature without external force is constrained. It is called thermal stress. 

The thermal deformation equation consists of three equations, namely: 

(1)Thermal equilibrium differential equation 

1
0

21
0

r r r

r r

F
r r r

S
r r r

                          (6) 

(2)Thermal geometry equation 
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(3)Thermophysical equation 

1
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                            (8) 

Where: r is the thermal stress in the radial direction;  is the thermal stress in the angular direction; 

r  is the shear stress; F and S are the volumetric forces; r is the radius of any point of the bearing; 

 is the circumferential angle of any point of the bearing; u is Displacement in the radial direction; 

v is the displacement in the angular direction; r  is the deformation in the radial direction;  is the 

deformation in the angular direction; r is the deformation in the shear direction;  is the linear 

expansion coefficient of the object; T is the temperature difference at different points on the bearing 

pad; E and G are the elastic modulus and the shear modulus, respectively. 

2.2 Bearing condition structural parameters 

Table 1-1 Tilting thrust pad parameters 

Name symbol Numerical value unit 

Thrust tile inner radius 1R  22.5 mm 

Thrust tile outer radius 2R  45 mm 

Thrust angle r  45 degree 

Number of tiles Z 8 / 

Radial inclination rm  0.005 / 

Circumferential angle m  0.006 / 

Thrust tile minimum oil film thickness 0h  50 m  

Drilling fluid lubrication density  1.10~1.44 3g cm  

Drilling fluid heat capacity C 1-0.777*SF .J kg k  

Drilling fluid thermal conductivity  0.399+0.960*SF .W m k  

Drilling fluid viscosity  5.7 mpa s
 

Bearing bush  0.3 E Gpa  

Bearing density wa  7.6~9.0 3g cm  

Bearing thermal conductivity wa  27~71 wm k  

Bearing thermal expansion coefficient  16~19*10
6
 1K  
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tensile strength wa  130~700 MPa  

Elastic Modulus E 75~120 Gpa  

Bearing speed  3000 minrad  

Tile bearing capacity  6.0 MPa  

The value of SF in the table is determined by the density. If the density 
31000kg m  is SF= 

0.0317( 1000)；If 
3 3831.2 1000kg m kg m , then SF= 0.00508( 831.2) ; 

3. Steady-state thermal lubrication analysis of inclined thrust bearings 

3.1 Steady-state thermal lubrication analysis of tilting thrust bearing 

The mathematical model established in the previous section can be programmed to calculate the oil 

film thickness distribution and oil film pressure of tilting thrust bearings with an average temperature 

of 200 ° C, as shown in Figure (2) and (3). 

 

Figure 2 Oil film thickness distribution     Figure 3 Oil film pressure distribution  

Changes in film thickness and pressure due to thermal deformation are shown in Figures (4) and (5), 

respectively.  

 

Figure 4 Oil film distribution 

By comparing the graphs (2) and (4), it can be seen that the oil film thickness on the side close to the 

oil-extracting side changes drastically, especially at the oil-producing edge near the fulcrum position 

C, and the thickness of the oil film changes. The peak value of the minimum oil film at point C is 

dimensionless 0.8900 or 44.5 m , while Table 1-1 shows that the minimum oil film thickness of the 

tilting thrust tile is 50 m , and the minimum oil film thickness under the influence of thermal stress. 

Reduced by 5.5 m  
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Figure 5 Oil film pressure distribution 

It can be seen from the figure (5) that under the influence of thermal deformation, the oil film pressure 

peak is dimensionless 0.05740 or 6.601MPA. According to Table (1), the bearing capacity of each 

tile of the tilting thrust bearing is required. 6.0MPA and the oil film pressure of the tile under the 

influence of thermal stress is 6.601MPA can withstand the pressure acting on the bearing bush. The 

pressure at the boundary is 0. This is due to the fact that the lubricating oil in the wedge-shaped oil 

chamber communicates with the lubricating oil in the oil groove, so the oil film boundary pressure is 

approximately zero. 

The above figure analyzes the thermal stress, thermal deformation, oil film pressure and oil film 

thickness at an average temperature of 250 ° C. However, in practice, the downhole operating 

temperature increases as the drilling depth increases, so the following is an analysis. Analysis of 

bearing lubrication performance at different temperatures. The different temperature of the bearing 

bush will form different thermal stresses, thus forming different oil film thickness and pressure. The 
figure below shows the different oil film pressures formed by the different temperature under the 

same bearing design parameters as shown in Figure (6). 

 

(a)                      (b)                       (c) 

 

(d)                      (e)                       (f) 

Figure 6 Oil film pressure distribution at different temperatures 

Figure (6) Oil film pressure distribution at different temperatures: (a) bearing temperature 150 ° C; 
(b) bearing temperature 200 ° C; (c) bearing temperature 250 ° C; (d) bearing temperature 300 ° C; 

(e) bearing Temperature 350 degrees Celsius; (f) bearing temperature 400 degrees Celsius. 
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In order to more clearly analyze the change of oil film pressure, the circumferential screenshot of the 

maximum oil film pressure is shown in Figure (7). 

 

Figure 7 Oil film pressure distribution with temperature 

It can be seen from the figure that the oil film pressure changes with the increase of the bearing 

temperature. In the circumferential direction, the oil film pressure first increases and then decreases 

and the oil film pressure at the fulcrum is the largest, and the maximum at the fulcrum. The oil film 

pressure increases as the temperature increases. It can be seen from the figure that at a temperature of 

300 degrees Celsius and a temperature of 250 degrees Celsius, the maximum oil film pressure 

difference is 0.004 or 0.26 MPa, and the faster the oil film pressure rises in the circumferential 

direction as the temperature increases. 

The change of oil film thickness is analyzed when the temperature of the bearing bush is increased. 

Figure (8) shows the oil film thickness contrast distribution of the bearing temperature increasing 

from 150 ° C to 300 ° C. 

 

(a)                      (b)                      (c) 

 

(d)                     (e)                      (f) 

Figure (8) Oil film thickness distribution at different bearing temperature 

Figure (14) Oil film thickness distribution at different temperatures: (a) bearing temperature 150 ° C; 

(b) bearing temperature 200 ° C; (c) bearing temperature 250 ° C; (d) bearing temperature 300 ° C; 

(e) bearing Temperature 350 degrees Celsius; (f) bearing temperature 400 degrees Celsius. 

Figure (8) shows the distribution of oil film thickness as the bearing temperature increases from 150 ° 

C to 300 ° C. It can be found that as the drilling depth increases, the temperature gradually increases, 

resulting in an increase in the thermal stress of the bearing bush, resulting in greater thermal 

deformation, resulting in an increase in the thickness of the oil film at the inlet and outlet, and in 
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drilling. The thickness of the oil film at the liquid inlet is greater than the thickness of the oil film at 

the oil outlet. 

 

Figure 9 Weekly screenshot of oil film thickness as a function of temperature 

The circumferential screenshot of the minimum oil film thickness is shown in Figure (9). Further 
analysis of the deformation of the oil film thickness at different temperatures can be seen. At the oil 

inlet, the oil film thickness gradually increases with the increase of temperature. The decrease is 

because the temperature of the drilling fluid is much larger than the temperature of the bearing bush, 

and the bearing bush exhibits a heating trend. At this time, the direction of the thermal stress is 

perpendicular to the bearing bush and points to the outside of the bearing bush. The greater the 

temperature difference, the greater the thermal stress causes the film thickness to be The smaller the 

oil is at the oil outlet, the drilling fluid gradually flows out of the bearing bush, and because of the 

cooling effect of the cooling groove between the bearing bushes, the temperature of the drilling fluid 

near the outlet of the bearing bush is lower than the bearing bush temperature, and the direction of 

the thermal stress and the oil in this time The direction of the thermal stress at the mouth is opposite, 
that is, perpendicular to the inside of the bearing pad, which results in a higher oil film thickness as 

the bearing temperature is higher. 

4. Conclusion 

In this paper, under the influence of the steady-state thermal stress of a tilting thrust bearing, a 

Reynolds equation, an oil film energy equation, a steady-state heat conduction equation, a viscosity 

temperature equation, an oil film thickness equation, and stability are established. The thermal stress 

balance equation of the Reynolds equation, the unsteady-state thermoelastic equation of motion, and 

the mathematical model of the lubricity of inclined thrust pads consider the time factor. The 
dimensionless processing of the above equations and the finite difference method are used to 

implement the above equations. Discrete processing and use FORTRAN programming to analyze the 

following conclusions: 

Under the influence of steady-state thermal stress, the circumferential thermal deformation of the 

bearing bush produces large thermal deformation at the oil inlet and the oil outlet, and the thermal 
deformation inside the bearing shell is small, and the radial thermal deformation of the bearing shell 

is affected. The influence of circumferential and radial thermal stress is manifested in the large 

thermal deformation of the inner and outer diameters of the bearing bush, and the thickness of the oil 

film is much smaller than the thickness of the oil film under the thermal deformation, and the pressure 

of the oil film of the bearing bush is also considered. The oil film pressure under thermal deformation 

is much larger and the bearing capacity is stronger. At the same time, the oil film pressure increases 

with increasing temperature and can carry a larger load. 

The viscosity of the drilling fluid is not much different between the stores without considering the 

thermal stress, but the viscosity of the oil film is gradually reduced under the influence of the steady-

state thermal stress, and reaches the minimum near the oil outlet. The oil film viscosity, which does 

not consider thermal stress, is at a minimum near the bearing fulcrum, where the oil film thickness is 

the smallest and the viscosity is the lowest. 
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