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Abstract: In order to more accurately calculate the film stiffness of angular contact ball bearing, it is necessary to establish 

the film stiffness calculation model that is consistent with reality. The frictional heat exists in high-speed ball bearings, and 

can impact on oil film thickness and stiffness. The calculation model of film stiffness of an angular contact ball bearing 

taking account of the effects of viscous heating was proposed based on the elastohydrodynamic lubrication theory. The 

central film thickness and film stiffness have been determined. An example was calculated with this derived equation and 

the result was compared with that given in other literatures. The calculation results show that the central film thickness 

decreases and the film stiffness increases when friction heating are considered. 
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1. INTRODUCTION 

 As the key component of rotating machinery, bearing-
rotor system plays a more and more important role in the 
industrial field. The support stiffness of a bearing has a great 
influence on the precision and dynamics performance of 
rotating machinery. To calculate the stiffness of bearing 
considering thermal effects, it is necessary to analyze the 
actual working conditions of bearing and the detailed loading 
parameters, including the load, the speed, the lubricating film 
thickness and the viscosity, and so on. 

 In previous work, great efforts have been made by 
researcher to develop a computing method of bearing 
stiffness. However, the existence of oil film and its impact on 
the stiffness are ignored, and the contact between rolling 
elements and raceways is regarded as pure Hertz contact by 
approximate method. Wang [1] calculated the contact 
stiffness and synthesizing stiffness of angular contact ball 
bearing, which included the centrifuge displacement of the 
inner raceway. Actually, the integral rigidity of rolling bearing 
is composed of the contact stiffness and film stiffness. With 
the development of computational techniques, based on 
elastohydrodynamic lubrication, the studies of influence of 
stiffening effect of lubricating film on bearing dynamics 
characteristics were taken into account [2, 3]. Considering 
film thickness, the axial stiffness formula of tapered roller 
bearing was derived, and also explained that  the existence of 
oil film had significant impact on bearing stiffness by using 
an example [4-6]. Koye and Winer [7] compared their optical 
film measurement and the calculated film thickness by 
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isothermal theory, and the results showed a good accordance 
between them. In fact, the frictional heat of ball bearing can 
be generated under high speed conditions. However, the 
influence of viscosity shear heat of oil film on film stiffness is 
not considered in most models mentioned above. Cheng [8, 9] 
presented the most comprehensive model of the 
elastohydrodynamic lubrication process. Not only the viscous 
heating but also heat transfer within the lubricant film and the 
bearing surface are considered in his work. He draws a 
conclusion that the viscous heating in the inlet zone could 
substantially reduce the film thickness. However, the 
influence of the lubricant was only manifested at very high 
surface speeds. In this paper, based on elastohydrodynamic 
lubrication theory, the film thickness between ball and 
raceways is analyzed. Considering the impact of thermal 
effects on film thickness, the calculation model of film 
stiffness of angular contact ball bearing is proposed to be in 
agreement with actual conditions. 

2. GOVERNING EQUATION 

 A two-dimensional isothermal Reynolds equation for 
elliptical contact could be written as 
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where 
 
is the lubricating density, p

 
is the local pressure, h is 

the thickness of film, and  is the fluid viscosity. The 

parameter U and V are the average velocity of bearing 

lubricant in the x and y
 
directions respectively. 
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 The elastic deformation equation is given to describe the 
deformation displacement of each point on the elasticity 
surface: 
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where x
 
and l  are, respectively, the addition coordinate 

corresponding to the x and y
 
directions. W  is the solution 

domain. E  is the equivalent elastic modulus. 

 The film thickness at any point in the contact zone is given 
by 
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where h0 is the minimum lubricant film thickness. Rx
 
and Ry

 are an equivalent radius of curvature along the x and y
 

directions, respectively. 

3. FILM STIFFNESS MODEL OF A BALL BEARINGS 

 As discussed in the above section, according to these 
governing equations, the film thickness and distribution of 
angular contact ball bearing can be obtained at isothermal 
condition. Hamrock and Dowson [10] established a 
generalized formula for central lubricant film thickness in an 
elliptical area point contact, which is adopted in this article. 
The equation is 
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 are dimensionless parameters. 
 
h

0  
is the fluid 

viscosity at atmospheric pressure (Pa·s); a  is the pressure 

coefficient of viscosity; W is the load acting on roller. k is the 

ellipticity. 

 Obviously, the influence of the frictional heat on film 
thickness was not considered in the formula by Hamrock and 
Dowson. When the bearing runs at high speeds, some of the 
frictional heat generated in each concentrated contact region 
is dissipated in the lubricant momentarily residing in the 
contact inlet zone. This effect tends to increase the 
temperature of the lubricant in the contact region. Because the 
big velocity gradient in oil film due to high speed can give rise 
to viscosity shear heat, moreover, if the roller is scrolling with 

sliding, shear heat will exist in whole lubrication area, which 
can change the temperature of lubricant films. The results by 
Cheng [11] showed that the sliding in contact zones had little 
influence on the central film thickness and could be disregard. 
Meanwhile, according to the experimental result by Crook, 
the film thickness mainly depended on lubricant viscosity in 
entrance region, that is, the film thickness relied on the 
temperature in its initial entrance zone. So, the approximate 
calculation method developed by Грубин [12] is reasonable. 

 According to Грубин formula, assuming
  
H

0,l
= h

0
R

x
is 

the entrance film thickness parameter at the isothermal 

condition, and 
  
H

0,T
is the entrance film thickness parameter 

considering heat effects, the relationship between the two is 

given by 
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where c is the heat correction factor, which can reflect the 
influence of shear heat in the inlet zone on film thickness, the 
equation is 

  
c =

3.94

3.94 + L0.62
  (11) 

where 

  
L = h

0
U 2b K ;  K  is the coefficient of heat conduction of 

lubricating oil; b  is the coefficient for calculating viscosity 

as a function of temperature. At the same time, the numerical 

calculation results by Dowson showed that when ellipticity 

k>5, the film thickness 
  
h

0
 in entrance zone calculated by 

Грубин formula was identified with the central film thickness 

 
h

c
 in an elliptical area point contact calculated by Hamrock 

and Dowson. So, by substituting Eqs. (4) and (11) into Eq. 

(10), the film thickness parameter formula is determined from 
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 Then, by substituting Eq. (12) into Eq. (5), the central film 
thickness calculation formula considering the influence of 
temperature rise is obtained. 
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 According to the definition of stiffness, the expression for 
central film stiffness in the contact zone considering heat 
effects is given by 
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 Zhao [13] recommended that the film rigidity at Hertz 
contact zone was equivalent to the derivative of the force in 
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the zones of contact versus the central film thickness, the 
formula of film stiffness in the contact zones was defined as: 
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4. RESULTS AND DISCUSSIONS 

 According to experimental condition by Fan [14], the film 

stiffness considering heat effects is calculated. The 

experimental parameters are given as follows: the equivalent 

radius of curvature 
 
R

x  
is 0.0127 m; the equivalent elastic 

modulus  ¢E  is 1.17 × 1011 pa; the fluid viscosity at 

atmospheric pressure 
 
h

0  
is 117.0 Pa · s; the pressure 

coefficient of viscositya  is 3.0×10-8 m2/N; the coefficient 

for calculating viscosity b  is 0.042/K; the average 

entrainment velocity of lubricating oil U is 387×10-6 m/s. 

The calculation result using the method presented in this 

article is compared with that by Eq. (15). The results are 

shown in Table 1. 

Table 1. Film stiffness of isothermal EHL and thermal EHL. 

 

Loading  

(N) 

Film Stiffness of  

Isothermal EHL (×108 N/m) 

Film Stiffness of  

Thermal EHL (×108 N/m) 

8 1.9412 1.9413 

9.5 2.3318 2.3320 

11 2.7267 2.7269 

12.5 3.1251 3.1254 

14 3.5268 3.5271 

15.5 3.9314 3.9318 

17 4.3387 4.3390 

18.5 4.7483 4.7487 

20 5.1602 5.1606 

21.5 5.5742 5.5746 

23 5.9901 5.9906 

24.5 6.4078 6.4083 

 

 From Table 1, at high speed, under the same conditions of 
loading, the film stiffness considering heat effects is bigger 
than that without heat effects. Because the film thickness at 
Hertz contact zone depends on the flow of lubricant through 
entrainment movement in the inlet zone, and the different 
velocity of oil film can lead to the viscous shear, so it can 
increase the temperature of the lubricant. The lubricant film 
thickness decreases as a result of temperature increase in the 
contact region, so that the film stiffness increases. 

 

 

CONCLUSION 

 In this paper, the film stiffness model of angular contact 
ball bearing considering heat effects is presented. The main 
objectives are to calculate the film stiffness more accurately 
to obtain the comprehensive bearing rigidity model and the 
following conclusions can be obtained: 

(1) The frictional heat has great influence on film stiffness, 
and cannot be neglected in the actual calculations. 

(2) The film stiffness considering heat effects is higher 
than that without heat effects, and the film stiffness 
decreases with increasing speed. 
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