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The objective of the present study is to obtain relevant contact stiffness for a single ball-raceway 
contact which can be used in load distribution analysis of full bearing. Towards this, an elastic 
constitutive model is used in the 3D finite element analysis of load deformation characteristic of large 
diameter bearing ball - raceway contact and the finite element results are validated by conducting 
experiment on the linear mock up model bearing. The FE results show a good agreement with the 
values calculated using Hertz’s relations for deformation. 
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INTRODUCTION 
 
In typical sodium, cooled fast breeder reactor of 
Prototype Fast Breeder Reactor (PFBR) type which is 
under construction at Kalpakkam, near Chennai, in India, 
two rotatable plugs namely large rotatable plug (LRP) 
and small rotatable plug (SRP) are provided along with 
transfer arm (TA) to facilitate fuel handling operation of 
the reactor. The large and small rotatable plugs are 
supported on by a large diameter slewing ring bearings to 
facilitate their rotation during fuel handling while 
withstanding the dead weight of rotatable plugs and 
components supported on the plugs along with seismic 

loads during seismic events. The bearing (~7 m) 
consists of top and bottom races through which the 
component thrust loads are transmitted. These bearings 
require certain most important design features such as: 
 
i) Running friction factor of 0.006  and  start-up  friction  of 
 
 
 
*Corresponding author. E-mail: mstarvin@gmail.com. Tel: 
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0.012 with no permanent indentation during idle condition 
of the bearings. 
ii) Functioning at a temperature of 120°C, handling 
thermal expansion problem as the temperature difference 
between top and bottom races is of 20°C. 
iii) Withstanding dead weight of components of the order 

of 500 t for a 7 m bearing supported on them as well as 
dynamic load and seismic load. 
iv) Working under dry/solid lubrication and expectation of 
design life is for 60 years. 
 
Considering the duty, constraints due to differential 
thermal expansion between races and ease of 
manufacture and assembly, an angular contact thrust 
bearing is selected for the current application, which can 
take heavy axial load in addition to the radial load. 

These large diameter bearings are generally known as 
slewing ring bearings. The application of slewing 
bearings ranges from cranes to wind-power generators, 
excavation machinery, capital goods machinery, nuclear 
reactors and where the operational safety is essential. It 
is therefore  required  to  design  a  bearing  with  specific
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Figure 1. Geometry of angular contact bearing. 

 
 
 
composition to suit a particular application (Josu et al., 
2012; Hirania, 2009). There are no standard procedures 
to define the load carrying capacity, service life and 
rotational resistance due to the special construction of 
large rolling bearings, geometry of raceways, bearing ring 
materials, mechanical and heat treatment technologies 
and working conditions (Zaretsky, 1992; Harris and 
Kotzalas, 2007; Sague, 1978). Unlike in classical 
bearings, slewing ring bearings are less firmly supported 
by their mounting structures and the elasticity of the 
upper and support structures cause an uneven 
distribution of external loads over the rolling bearing 
diameter (Prebil et al., 1995). The unexpected excessive 
load on the ball due to varying load distribution causes 
local deformation of a bearing race way and subsequent 
yielding of case/core interface (Sague, 1978; Pallini and 
Sague, 1985). 

The actual load acting on a bearing is different from the 
assumed conditions in determining static load rating of 
the bearing. Therefore, it is essential to determine the 
maximum load acting on the rolling element of the 
bearing. For this, it is required to know the load 
distribution and angle of contact of rolling element of the 
bearing. After that, it is necessary to convert the actual 
load into an equivalent static load which would cause the 
same contact stress at the centre of the most heavily 
loaded rolling element–race way contact as that which 
occurs under the actual load conditions. This equivalent 
load will be more useful for calculating the dynamic 
capacity of the slewing bearing from the particular loads 
of each rolling element (American National Standard. 
ANSI/AFMA Std. 9, 1990). In the slewing ring bearings, 
prediction of life and uniform distribution of load among 
the rolling elements are tough task due to the flexibility of 
the supporting structures and rings (Pallini and 
Rumbarger, 1979). Analyzing the bearing for these 
conditions is a complex task, and the determination of 
rolling elements loading under this condition is feasible 
only by the numerical methods. A sufficiently accurate FE 
bearing model which can take into account the support 
structures (bearing rings), rolling element-raceway 
contact and the phenomena which occur in it, can make it 

possible. This calls for a complete 3D FE analysis which 
is difficult and time consuming in considering the large 
number of bearing elements and diameter of the bearing. 
However, this can be overcome by using super elements 
for which stiffness of the bearing element–raceway 
contact need to be evaluated a priory (Alain et al., 2008; 
Ludwik, 2006). This paper presents a 3D FE model used 
to study the load-deformation characteristics of single 
rolling element-raceway contact model. 

Further, to experimentally verify the load deformation 
relationship of angular contact slewing ring bearing, a 
linear mock up model bearing with hardened raceway is 
fabricated. Finally, the FE results are validated by 
experimental results as well as a Hertz contact model. 
 
 

GEOMETRICAL STUDY OF AN ANGULAR CONTACT 
BALL BEARING 
 
In this paper, the large diameter angular contact bearing 
has been considered for the study, which is a two point 
contact bearing having single curvature for each raceway 
(Figure 1). Each raceway of the bearing rings is defined 
by toroidal surfaces with centers C1 & C2. The diameters 
of curvature of the raceways and the rolling elements are 
related by osculation ratio: 
 

profile

w

D

D
s   

 

Where, wD  is the diameter of the rolling element and 

profileD  is the diameter of the raceway. 

Bearing manufacturers recommended a value between 
0.92 and 0.98 (Harris and Kotzalas, 2007; Zupan and 
Prebil, 2001) for the osculation ratio. The contact 
between the rolling element and the raceway is a single 
point contact at the equilibrium. The contact angle α is 
defined as the angle between R axis of the bearing and 
the line passing through the point of contact of ball-
raceway and the centre of  curvature  of  a  raceway. The
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Figure 2. Illustration of contact parameters. 
 
 
 

change in contact angle due to variation in load can be 
determined from the shift in the centre of curvatures. 

 
 
MODELING OF CONTACTING SURFACES 

 
Hertz considered the stress and deformation in the 
perfectly smooth, ellipsoidal, contacting elastic solids. 
The application of Hertz theory can be used to model the 
contact between the raceways and the rolling elements 
(Thomas and Hoersch, 1990). The ball deformations are 
mainly concentrated in the vicinity of the contact points. 
The point contact between the race and ball develops 
into an area contact, which has the shape of an ellipse 
with ‘a’ and ‘b’ as the semi-major and semi-minor axes 
respectively (Figure 2). The curvature sum and difference 
are needed in order to obtain the contact force of the ball. 
The ellipticity parameter (k) is related to the geometrical 
parameter F (ρ) by the means of an implicit Equation 1, 

where )(k  and )(kF  are the complete integrals of the 

first and second kind, respectively and k is the constant 
for Hertzian contact elastic deformation. By assuming the 
elliptical eccentricity parameter k, it is possible to 

calculate the corresponding values of )(F  by 

numerical means. The elliptic integrals are commonly 
calculated based on arithmetic/geometric mean 
algorithm, as described in Abramovitz and Stegun (1972). 
Once the value of k related to F(ρ) is obtained, the 
dimensions of the contact area (Harris and Kotzalas, 
2007), the displacement (mutual approach of the bodies 
centers) and maximum stress can be calculated. 

 The relative displacement can be mathematically 
modeled by the following equation: 
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Where K is the flexibility of the rolling elements, Q is the 
contact load in N, δ is the deflection in mm, and m is the 
Hertzian constant exponent (m = 1.5 for point contact). 

This relation relates the force supported by each ball 
bearing and the overall displacements of the bearing. 
However, the flexibility K is a function of the osculation 
ratio s. Since the osculation ratio is an important 
industrial parameter for bearing manufacturers, it is 
required to include its effect in the deflection relationship 
(Table 1). The objective is not to develop a new 
relationship but to derive an analytical relationship from 
works existing in literature (Alain et al., 2008). In this 
framework, the analytical relationship given by Houpert 
(2001) can be used to analytically derive the effect of 
osculation ratio on the deflection. This relationship is 
given by the following equation: 
 

 
WD

Q
s

3
1

3
2

1946.04 110*97.8                                 (3) 

 
 

Numerical model 
 

The finite element method (FEM) has been successfully 
used to evaluate contact problems for the ball and roller 
bearings with complex model and nonlinear capability. 
This numerical modeling of the rolling contact was carried 
out    with    Abaqus    FEA-Static    General   commercial
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Figure 3. Bearing ball and race way contact model (dimensions are in meters). 
 
 
 

software. The finite element model represents the actual 
geometry of the rolling contact between the ball, and the 
bearing ring raceways and it is used for the determination 
of load deformation relationship. For the purpose of 
analysis, a simplified model is needed to save the time in 
determining the ball deformation characteristic of the 
bearing. In this analysis, a bearing with N balls, the FE 
model as shown in Figure 3  is  constructed, which 
consist of a  half ball contacted by the half of 1/N top 
raceway ring and  the bottom raceway ring. The model 
was constructed with a groove radius of 16.51 mm and 
ball diameter of 31.75 mm. The numerical model of the 
rolling contact comprises the measured geometric and 
material characteristics of the bearing raceways. It was 
used to simulate a contact of the rolling element and a 
bearing raceway at a varying contact force from 1 to 30 
kN. 

Selection of the suitable element-type for modeling has 
a significant influence on the accuracy and efficiency of a 
FE simulation. Several simulations have been conducted 
to test FE models with a view to identify finest modeling 
scheme. In the simulations, 8-node 3D first-order 
reduced-integrated elements were used for meshing the 
contact surfaces of ball and raceways. The edges of the 
contact surfaces in the direct contact zone of the model 
were divided to obtain the mesh dimensions of the order 
0.1 × 0.1 mm and the other regions were meshed with 
coarse mesh (Qin and Balendra, 2000). The fine meshes 
at   the   contact   region  provide  better  solution  for  the 

analysis of contact problems. The method of digitization 
 of the model and the selection of suitable dimensions for 
the meshing is based on the following presumptions: the 
primary objective of analysis is to obtain the dependency 
between deformation and the load whereas determination 
of contact area and distribution of contact pressure are 
secondary. Similarly, increasing the density of the mesh 
in 3D FE model increases significantly the time needed to 
perform the analysis due to increase in number of 
elements. Table 2 includes the effect of the density of the 
mesh on the parameters of the contact zone for a 2D 
model of the contact zone of the roller with the bearing 
raceway. Ultimately, the mesh dimensions were finalized 
for further calculations in the contact zone. 

The following boundary conditions are included for the 
simulation of a bearing model: 
 

a) all nodal degrees of freedom (d.o.f.) on bottom 
surfaces of the bottom raceway are constrained to move 
in the direction of Z; 
b) since one half of the 1/N of the ball bearing assembly 
was taken for analysis, symmetrical conditions are 
applied along the axial (x- direction) of the model; c) the 
outer surface of the bottom and top race ways are 
constraint to move in the out directions (direction of Y). 
 

 

EXPERIMENTAL VERIFICATION 
 

In order  to  verify  the  stiffness  characteristics  of  large
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Table 1. Global deformation relations for ball bearing (Thomas and Hoersch, 1990). 
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Table 2. Comparative calculation results of 2D models of the contact zone of rollers with a slewing bearing raceway (d = 20 
mm, l = 18 mm, Flim = 35,713 kN) (Gibezyńska and Marciniec, 1995). 
 

S. No Model 
Mesh size 

(mm) 
Number of 
elements 

Number of  
nodes 

Po[MPa] δ(mm) 
Calculation  time indicator 

(for model A = 100) 

1 A 0.025 6060 6172 2690.34 0.092554 100 

2 B 0.05 1565 1622 2687.45 0.092267 21.6 

3 C 0.1 496 638 2679.46 0.092056 5.58 

 
 
 
diameter angular contact bearings determined 
analytically, a Linear Model Mockup (Angular contact) 
Bearing (LMMB) was fabricated at IGCAR, Kalpakkam as 
part of development program for large diameter bearings 
to be used in FBRs. The cost of making a complete 
bearing was prohibitive and also it will be challenging to 
conduct experiments due to large size of set-up and huge 
loads required for loading. Hence, sections of complete 
races were represented by small rectangular steel blocks 
(Whittemore and Petrenko, 1921). The linear model 
angular contact bearing is shown in Figure 4. 
 
 

Experimental setup 
 
Each block has a cylindrical groove on one face, parallel to the 
opposite face, having a radius slightly greater than that of the ball 
with which it was to be used (curvature co-efficient of 0.52) so that 
the contact between ball and raceway will be elliptical. These races 
were of length 150 mm with semi circular raceway radius of 16.51 
mm. The horizontal offset between the axes of the cylindrical 
grooves were 1.27 mm. The raceways were made from Medium 
Carbon Chromium Steel (AISI 4140) which is through hardened to 
50 HRc. The raceway grooves were ground to the required radius 
and surface finish. In an actual ball bearing, the axis of the groove 
would be an arc of a circle about the axis of rotation. The rolling 
elements (balls of standard sizes of 31.75 mm) were purchased 
from commercial manufacturers made of through hardened (62 
HRc) high-Carbon Chromium Bearing Steel (AISI 52100). The 
variations in diameter of balls are 2.5 µm. A grinding surface finish 
of less than 0.4 µm on bearing raceways was achieved. 

As the primary goal of the experiment was to obtain load-
deformation characteristic of the ball-raceway contact, the length of 
the linear mock-up bearing is selected to accommodate 3 to 4 balls, 
though theoretically one number of ball is sufficient to evaluate the 
load-deformation characteristics. The set-up is designed to 
accommodate higher number of balls (upto 4) so that it will be easy 
to align the set-up with respect to the loading point to ensure 
stability and possible to make a parametric study with respect to 
number of balls. Towards studying the load-deformation 
characteristics of linear angular contact bearing, a special purpose 
test rig was fabricated and the setup is shown in Figure 5. Since, it 
is difficult to measure strain in the bearing ball through conventional 

strain measurement techniques, high accuracy micrometers (least 
count of 1 µm) are used to measure the relative approach of the 
two races; that is, the deformation of balls and races combined as 
shown in Figure 5. The two micrometers each are placed at 
opposite corners of each raceway. The tests were conducted on 
two sets of linear bearing mock up pieces by placing different 
number of balls that is, two, three and four balls between the 
raceways under loads, varying from 200 N to 31 kN per ball. The 
loads were chosen in such a way that there are no indentations 
formed during the tests. 

Care was taken to ensure the following conditions during these 
tests: 
 
1) The surfaces of the raceways and rolling elements were cleaned 
and degreased before assembly. 
2) All bearing surfaces were parallel to each other and also 
perpendicular to the line of action of the load. 
3) The balls were placed symmetrically with respect to the line of 
action of the load. 
4) A cage was provided to restrict the balls from moving along the 
length of the cylindrical raceways before and during the test so that 
the symmetric spacing is maintained. 
5) The load was applied gradually to the balls through a hydraulic 
Jack. 
 
The deformation of contact surfaces were evaluated by subtracting 
average readings of the lower raceway from the average readings 
of two micrometers fixed at the opposite corners of the top raceway. 
Due to this, the deformations in the support structure are not added 
with final contact deformation. Deformation at lower loads are 
neglected as the same are highly non-linear due to geometrical 
deviations in the loading structure including gaps which need to be 
overcome prior to establishing the ball-raceway contact. The load–
deformation characteristics of various tests conducted by placing 
different number of balls under varying loading conditions are 
plotted in Figure 6. The experiments are repeated three times to 
ensure repeatability of the results. 
 
 

RESULTS AND DISCUSSION 
 
The estimation of the load–deformation characteristics for 
the contact zone of the ball and raceways have been 
carried   out  using  Hertz  theory  and  FE  analysis.  The
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Figure 4. Photo of linear model mock up bearing assembly. 

 
 
 

 

 

 
 

Figure 5. Experimental set-up. 
 
 
 

contacting bodies are made of materials defined by their 
modulus of elasticity E(E1 = E2 = 2.06 × 10

5 
MPa) and 

Poisson’s ratio μ ( 0.3) and the equivalent modulus of 
elasticity   E*  is  defined  in  terms  of  properties  of  both 

contacting materials (American National Standard 
ANSI/AFMA Std. 9, 1990). The initial clearance between 
the contacting bodies in the numerical model is made 
zero. The friction coefficient between the  rolling  element
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Figure 6. Load–deformation characteristics. 

 
 
 
and the raceways is taken to be 0.002. The three-
dimensional contact model developed and its accuracy 
was validated in light of favorable comparisons between 
finite element results and analytical solutions obtained 
within the elastic region. To compare these results with 
the experimental results, experiments were conducted on 
a linear angular contact mock up bearing as discussed in 
the previous section. The load deformation 
characteristics of ball-raceway combinations under 
varying load conditions with different number of balls are 
shown in Figure 6. From graph shown in Figure 6, it can 
be seen that the load-deformation characteristics are 
non-linear in nature which is as expected. Further, the 
differences in the deformation observed with two, three 
and four balls are very interesting and this needs further 
study. Several possible reasons exist for these 
differences which include the variation in the actual ball 
diameters and deviation in the raceway curvature along 
the length of the cylindrical groove, the asymmetric in 
loading results in non uniform load distribution etc. 

The comparison of the load – deformation 
characteristics of FE results, Hertz theory and the 
experimental value for four balls are shown in Figure 7. 
From the plot, it can be seen that all the three results 
closely match with each other. It is observed that 
homogenized four ball case very closely follows the FEM 
and Hertz theory compared to two and three balls case. 
This may be due to more uniformity and symmetry in load 
application in the case of four balls compared to two and 
three balls case. Figure 8 shows the agreement between 
the load and contact stresses of FEM result and Hertz 
theory. Figure 9 shows the variation of contact area with 
the applied  load.  The  good  agreement  between  finite 

element and analytical results demonstrates the accuracy 
of the finite element model and appropriateness of the 
boundary conditions. 
 
 
Implementation of FE model 
 
Proper modeling and accurate representation of rolling 
elements is the key factor in solving the large diameter 
bearings numerically. Modelling of large number of rolling 
elements, shape of the rolling elements and its modeling 
of the contact problem in a full bearing is a difficult one. 
Hence, by considering the complexity of modeling, it is 
better to apply a revolutionary approach like super 
element techniques to model the full bearing (Alain et al., 
2008). This type of simplification allows replacing the 
rolling elements under compression by a non-linear 
spring working in tension. In the FE model, a rolling 
element in a sector is defined by two nodes representing 
the centers of curvature of race ways. Then, each node is 
linked to the corresponding opposite node by non-linear 
traction spring as shown in Figure 10. Top and bottom 
raceway zones of contact between the rolling element 
and raceway in a sector are modeled by rigid shells. 
Further, these rigid shells are connected to the 
corresponding centers of curvatures to establish elliptical 
contact. The super element was synthesized (non-linear 
spring) based on the results obtained in the ball raceway 
deformation characteristics and it is substituted for rolling 
elements in the global model as shown in Figure 11. 
The FE analysis shows a uniform load distribution on the 
2 m model bearing (Figure 11). From Figure 12, it is clear 
that   the  loads  are  equally  distributed  on  all  the
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Figure 7. Comparison of load-deformation characteristics. 
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Figure 8. Plot between load and contact stress. 
 
 
 

rolling elements of the bearing for the applied uniform 
load. This implies that the simplified model validates the 
actual bearing model and it can be used for further 
analysis. 
 
 
CONCLUSION 
 
The   non-linear    load-deformation    characteristics    of 

angular contact bearing were determined using FE 
Models. The FE results were validated by conducting 
experiments on a linear contact mock up bearing 
fabricated at IGCAR, Kalpakkam. The results of FE 
experiments are compared with the Hertz relation. The 
results show a good agreement between them. The other 
contact parameters such as contact area and contact 
pressure measured using FEA are in good agreement 
with   analytical  results.  The  study  of  load–deformation
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Figure 9. Graph between load and contact area. 

 
 
 

 

 
 

 

Figure 10. Geometrical approach. 

 
 
 
characteristics of a single ball with the raceways can be 
used as a basis to model a full bearing by sub structuring 
technique.   The   key   element   for   the  sub structuring 

technique is the replacement of the rolling elements by 
non linear traction springs. The characteristics of the 
springs   can   be    defined    by    the    load-deformation
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Figure 11. FE model of 2 m slewing ring bearing. 
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Figure 12. Uniform contact load distribution under axial loading. 
 
 
 

characteristics derived from the Numerical/Experimental 
method. This type of simplification allows for avoiding the 
multiple modeling of the contact problems in large 
diameter bearings. 
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