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Abstract 

This thesis project was carried out at Fläktwoods AB in Växjö who produces large axial 
fans for different industry applications. The purpose is to increase the knowledge of 
grease lubricated axial ball bearings through FE analyses. 

The project was executed into five sub steps to determine the influence of one or a few 
parameters at a time. The studied parameters are: mesh density, contact stiffness, load, 
bearing geometry (i.e. osculation), geometrical nonlinearity and material nonlinearity (i.e. 
plasticity).  

It is concluded that the mesh density should be selected fine enough to give a smooth 
result but course enough to give a reasonable calculation time. The contact stiffness has 
not a major, but a clear, impact on the contact pressure and penetration. Changes of the 
osculation lead to changes of the contact ellipse shape and applying different load level 
does not affect the shape of the ellipse but rather the size. When dealing with plasticity 
the yield strength is the most important factor to take in consideration. 
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1 Introduction 

1.1 Background 

Fläktwoods is a company in energy efficient air solution systems for both comfort 
inside buildings and air transportation in industry. The company has today over 3500 
employees in 75 countries and most of the sales are allocated to Nordic and European 
countries. The corporate headquarter is in Geneva (Switzerland) and the largest plant 
in Sweden is located in Jönköping.  

This thesis work is performed at Fläktwoods AB in Växjö who produces large axial 
fans for industry applications, see Figure 1.1.  

 

Figure 1.1: Large axial fan installed at a coal-fired power station in Finland 

A common area of use for these large fans is to evacuate exhaust gases in power plants. 
In order to adjust the air flow, the fan blades are supported by bearings to be able to 
change the angel of incidence. Due to the highly contaminated exhaust gases, the large 
fan blades are made of cast steel which gives rise to a large centripetal force, up to 100 
tons. The high centripetal force in combination with gradually turning has a negative 
impact on the bearing life.  

The focus of this thesis is on the marked area in figure 1.2. This includes the bearings 
and its support.  
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Figure 1.2: Section of axial fan from Fläktwoods AB  

1.2 Purpose and Aim 

The purpose of the theses is to increase the knowledge of grease lubricated axial ball 
bearings used in industrial fan application. The bearings are subjected to extremely large 
axial loads and small relative movements. The thesis will also serve as an initial 
investigation of how full scale tests should be performed in a later stage.  

1.3 Limitations 

This thesis will not deliver any design proposals for testing equipment. Neither will fan 
geometry nor fan material be handled. The subject of lubrication and tribology is also 
not included.  

1.4 Research methodology  

A parameter study is done to evaluate the most crucial parameters for FE analysis of 
axial ball bearings. The parameters that are evaluated are mesh density, contact stiffness, 
osculation, load level, geometrical nonlinearity and material nonlinearity. The studies are 
performed by means of the FE software Ansys. 

The accuracy of finite element analysis depends on different parameters such as element 
type, boundary condition and how the loads are applied etc. Therefore the FE model is 
nothing else but an approximate realisation of the reality. The parameter study can be 
done by physical tests. However it will increase the cost, time and resources consumed 
and therefore FE analysis is more suitable choice, at least for parameter evaluation.  

Bearings 



 

3 
Joel Hjalmarsson and Anes Memic 

2 Theoretical aspects of the work  

In this study the finite element method is adopted using Pro Engineer and Ansys as a 
commercial CAD and FE program. The following chapter contains some fundamentals 
of the applied theories provided that the reader has an initial knowledge of basic 
structural mechanics, machine components, and fundamentals of the finite element 
method. 

2.1 Finite element method  

Finite element method (FEM) is a method for approximate solutions of partial 
differential equations. The domain of interest is divided into finite elements on which 
the solution is approximated by piecewise-polynomials. (NE.se 2010). The finer the 
partition (Mesh) is, the more accurate the solution.  

2.1.1 Nonlinear Analysis  

Nonlinear analysis is used when a structure behaves nonlinear when loaded i.e. the 
deformation and the stress state does not have a linear relation to the applied load. The 
three main sources to nonlinear behaviours are: contact, geometric nonlinearities and 
material nonlinearities. In order to manage such calculations with a linear process the 
Newton Raphson method can be used. (Ansys 2007) 

2.1.1.1 Newton-Raphson method  

Newton-Raphson is an iterative method for finding solution to nonlinear equations and 
equation systems (NE.se 2010). In FE calculations the method is used for nonlinear 
problems and the relations between force and displacement is shown in Figure 2.1 for 
one degree of freedom. 

The procedure for Newton-Raphson method is as follows: The load is applied and the 
displacements are calculated. From the displacements new conditions are calculated and 
the displacements are recalculated. This procedure is repeated until the solution is 
converged i.e. reach a certain value or level. The iterative procedure is as follows:  

Compute the displacement increments from: 
 

 (1)  

And update the displacement according to: 
 

 (2) 

Convergence is achieved when residual  is less than a specified 

tolerance or when the displacement increment  is small.  
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Figure 2.1: Newton-Raphson method 

2.1.1.2 Contact 

Two surfaces are said to be in contact when they touch each other so that they become 
mutually tangent (Ansys 2007). When surfaces come into and out of contact, stiffness 
changes abrupt, this causes a nonlinear behaviour. A simple example is when a 
compression spring is compressed. It behaves liner until contact occurs between the 
threads, then the stiffness increase drastically as shown in Figure 2.2.  

Figure 2.2: Influence of contact in a spring compression. 

2.1.1.3 Geometric nonlinearities 

Certain geometry drastically changes when subjected to loading. Due to the large 
deflection the stiffness also changes which cause a nonlinear behaviour. A good 
example is a fishing rod (Figure 2.3). If the deformation cause by the loading is not 
taken in to account the deformation would differ a lot. 
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Figure 2.3: Influence of deformation in a fishing rod problem. 

2.1.1.4 Material nonlinearities  

A nonlinear stress-strain relationship results in a nonlinear behaviour. Plasticity is a 
nonlinear stress-strain relationship as shown in Figure 2.4. Definition of Plasticity 
according Ansys (2007) is: “When a ductile material experiences stresses beyond the 
elastic limit, it will yield, acquiring large permanent deformations.”   

 

Figure 2.4: Relationship between Stress and strain 

2.2 Ball bearings  

The thrust (or axial) ball bearing is made to carry load in an axial direction. It consists of 
two washers (shaft and housing), rolling elements (balls) and a cage assembly. The 
washer has a groove called raceway that directs the balls. The cage assembly separates 
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the balls so that they do not come in contact with each other. Figure 2.5 shows an axial 
ball bearing with its different parts. 

 

Figure 2.5: different parts of an axial (or thrust) ball bearing 

2.2.1 Osculation 

Osculation is the ratio between the radius of the ball and the radius of the raceway. The 
osculation highly effect the contact area and thereby both the load carrying capacity and 
the friction. Harris (2001) defines osculation, O, as equation 3, while the definition 
provided by Fläktwoods AB Växjö is according equation 4. Both definitions follow the 
notations in Figure 2.6. 

  (3) 

  (4) 

 

Figure 2.6: Osculation definitions  

2.2.2 Basic static load rating C0 

The basic static load rating C0 is a theoretically calculated load that results in a contact 
pressure of 4200 MPa (for ball bearings). Such pressure produces a permanent 
deformation of the ball element and the raceway which is about 0.0001 of the ball 
diameter. (SKF 2005) 
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2.3 Ansys 

Ansys is a commercial, general purpose FE software which has been on the market 
since 1971 (Moaveni 1999). It can be used in several applications for example to study 
the thermal heat flow, fluid flow, magnetic fields, acoustics/vibrations and last but not 
least structural mechanical problems.  

2.3.1 Contact in Ansys 

A handful of ways to handle contact are available in Ansys. However, the one described 
here is penalty based contact since it provides short calculation times and therefore is 
used.   

2.3.1.1 Penalty based contact    

When a penalty-based contact is used, Ansys adds a spring coefficient (k factor) when 
two surfaces come in contact with each other, in order to prevent penetration and to 
transfer load. (Figure 2.7) However penetration will occur in order to transfer force, 
which is not the case in reality. Therefore the penalty-based methods are sensitive to the 
choice of the spring coefficient. The spring coefficient Ansys uses during calculations is 
the product between the “normal stiffness factor” specified by the user and a reference 
factor calculated by the program 

An additional aspect (apart from the accuracy) to consider when selecting the “normal 
stiffness factor” is the convergence behaviour. A stiffer contact will result in more 
calculation iterations, since bouncing might occur.  

 

Figure 2.7: Contact stiffness 

There are two penalty-based contact methods available in Ansys, Pure Penalty and 
Augmented Lagrange. Pure penalty is quite sensitive to the choice of k factor (equation 
5), while Augmented Lagrange have an extra term, λ, (equation 6) with reduces the 
influence of the k factor.  

npenetrationormalnormal xkF
  (5)

 

npenetrationormalnormal xkF
 (6)

 

k 

Fn  

 

xp  
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2.3.1.2 Asymmetric behaviour 

A contact condition can be either symmetric or asymmetric. When the contact 
condition is symmetric none of the surfaces can penetrate each other, while when the 
contact is specified as being asymmetric only one of the surfaces is prevented from 
penetrating the other i.e. the contact surface can not penetrate the target surface but the 
opposite is possible. Figure 2.8 illustrates the importance of selecting the correct contact 
pair. 

 

Figure 2.8: Importance of the right contact pair  

2.3.1.3 Interface treatment   

There are two interface treatments available in Ansys, adjust to touch and add offset. 
With adjust to touch the software decides which surface offset is needed to close a gap 
between components and establish initial contact. By adding offset the user gives the 
opportunity to choose positive or negative distance to offset the contact surface. A 
positive value will close the gap and a negative value will open the gap.   

2.3.2 Large deflection    

In case of geometric nonlinearities explained above, Ansys offers the alternative large 
deflection. This alternative lets the program make changes to the stiffness matrix 
according to the changes in geometry as the equilibrium iterations proceeds.  

2.3.3 Bilinear stress-strain curve   

In context of the license version used, Ansys tender a bilinear approximation of the 
stress-strain relationship as in figure 2.9. The bilinear stress-strain curve requires two 
input values, yield strength and tangent modulus. The yield strength is the value when 
plastics straining occurs and the tangent modulus is the slope of the stress-strain curve 
after yielding.  

Target surface 

 

F 

Contact surface  
Target surface 

F 

Contact surface 
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Figure 2.9: Relationship between Stress and strain, bilinear curve in red and true 
material relation in blue 

However the tangent modulus (Et) is rarely provided for materials. Therefore Et has to 
be calculated according to:  

E
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A
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,
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20
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20

 

(7) 

2.3.4 Meshing controls 

Ansys offers several tools to control the meshing procedure. The mesh densities of the 
whole model can be controlled by global settings for relevance centre in three steps: 
coarse, medium or fine.  

2.3.4.1 Method  

Method is a meshing control that provides the possibility to select different elements 
shapes. The different elements that are available are: tetrahedron or quadrilateral. 
Tetrahedron elements are triangular pyramid like elements with 10 or 4 nodes and 
quadrilateral elements are cube elements with 20 or 8 nodes. (See figure 2.10) 
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Figure 2.10: Quadrilateral elements (left), Tetrahedron elements (right) 

2.3.4.2 Sizing  

Sizing is a meshing control that provides the possibility to mesh with different mesh 
densities at selected regions. By meshing fine in the area of interest and using coarse 
mesh in the remaining parts one is able to reduce CPU time and memory usage.  

There are a couple of ways to select the region of a sizing control available in Ansys. 
The region can be a surface. This will produce a fine mesh (or actually a mesh with the 
size specified) on the surface only. The region can also be an entire body which will 
produce a fine mesh all over the body. If a contact region is to be analysed, Ansys offers 
the possibility to specify the mesh size in the contact region. And to capture a local 
behaviour it is possible to specify a so called sphere of influence which makes it possible to 
set the element size (mesh size) within the volume of a sphere. The sphere of influence 
can be used to enclose both faces and bodies.  

2.3.4.3 Aggressive shape checking  

When aggressive shape checking is used the simulation will make sure that the quality of 
the element is higher, which means less distorted elements. Therefore this option 
should be used when large deflections are likely to appear, since distorted elements 
gives poor accuracy.  
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3 The Model  

The parameter analysis is performed on the model shown in Figure 3.1. The parameters 
evaluated are mesh density, contact stiffness, osculation, load level, geometrical 
nonlinearity and material nonlinearity. However the calculation requires a lot of CPU 
time and memory, and hence the model is reduced by means of symmetry (as shown in 
Figure 3.2) to decrease the number of elements and thereby the required calculation 
time.  

The project is partitioned in to several sub steps. The first sub step, called Analysis 1, 
aims to determine an appropriate mesh density, while the second step (Analysis 2) 
intends to investigate the normal stiffness factor. During Analysis 3 (the third sub step) 
the influence of load magnitude and the bearing geometry (i.e. the osculation) are 
studied. To analyse the influence of the large deflection setting Analysis 4 is preformed. 
Finally, Analysis 5 is investigating the impact of material nonlinearity (i.e. plasticity). 

 

Figure 3.1: Whole model  

 

Figure 3.2: Reduced model 
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3.1 Bearings geometry  

Upon request from Fläktwoods AB the analysed bearing type is 51312. The bearing 
with its supports is modelled in Pro Engineer and exported to Ansys to perform the 
FE-calculations.  

During Analysis 1 and 2, standard osculation of 7.89 % (according Fläktwoods AB 
Växjö, see section 2.2.1) for bearing type 51312 is used. This corresponds to a ball 
radius of 8.731 mm and a raceway radius of 9.42 mm. Two different ball sizes with 
osculation of 4 % and 6 % are also analysed apart from the standard osculation of 7.89 
% in Analysis 3. In order to avoid initial penetration when the ball size was changed (i.e. 
4 % & 6 % osculation) it is decided to model an initial gap of 0.10 mm between ball and 
raceway.  

The used values of the ball and raceway radius are given in Table 1.  

Table 1: dimensions for three osculations  

Osculation 
[%] 

Ball radius – rb 
[mm] 

Raceway radius – rrw 
[mm] 

7.89 
6 
4 

8.731 
8.887 
9.058 

9.42 
9.42 
9.42 

3.2 Boundary conditions and loads  

The force is applied in upwards direction inside the bolt hole in the reduced model to 
achieve realistic loading conditions (denoted with letter A in Figure 3.3). In order to 
achieve symmetry conditions, frictionless support is used at the cut section surfaces of 
the reduced model which can be seen in Figure 3.3 (denoted with letter B). The bottom 
surface of the model is fixed in order to prevent rigid body motion (denoted with letter 
C in Figure 3.3).  

 

Figure 3.3: Boundary conditions and loading in Ansys 
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3.3 Load levels 

To be able to compare load levels, the basic static load rating C0 is used as reference 
load. For bearing type 51312 basic static load rating (C0) is 224 KN which gives a load 
of 40727.3 N (=224 000 * 2/11) in the reduced model since it only contains two balls 
out of eleven (Figure 3.2). Through Analysis 1 and 2 the load of 40 727.3 N is used. 
During Analysis 3 loads according Table 2 are applied and during Analysis 4 loads 
according Table 2 and 3 are applied.  

Table 2: Load levels from 100 % - 200 % of C0  

Force (% of C0) Force [N]  

100 
110 
120 
150 
200 

40 727 
44 800 
48 872 
61 091 
81 455 

Table 3: Load levels from 10 % - 90 % of C0 

Force (% of C0) Force [N] 

10 
20 
40 
50 
70 
90 

4 073 
8 146 
16 291 
20 364 
28 509 
36 656 

3.4 Mesh 

Tetrahedron elements are preferred in the analyses because quadrilateral elements give a 
higher number of nodes and therefore require longer CPU time and memory. 
Quadrilateral elements are also excluded because of difficulties to mesh the geometry 
(oblong elements are obtain when meshing fine).  

In order to reduce the number of nodes (with approximately factor 5), sizing with 
sphere of influence is used instead of contact sizing. The difference between sizing with 
sphere of influence and contact sizing are shown in Figure 3.4.  

  

Figure 3.4: Raceway mesh, sizing with sphere of influence (left) or contact sizing (right)  
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The aim of Analysis 1 is to determine the influence of element size by evaluating 
different mesh densities. The mesh densities that are evaluated for the contact area 
(between the ball and the raceway) are 1.0 mm, 0.5 mm, 0.25 mm, 0.2 mm, 0.15 mm 
and 0.10 mm.  

Throughout Analysis 2, 3 and 4 mesh density of 0.15 mm is used while for Analysis 5 
mesh density of 0.25 mm is used in order to reduce calculation time.  

3.5 Contact normal stiffnes 

When analyzing the mesh densities in Analysis 1, a normal stiffness factor of 1 is used. 
Through Analysis 2 the influence of normal stiffness is studied. The normal factors to 
be evaluated are 1, 0.8, 0.6, 0.4 and 0.2. During the rest of the analyses (Analysis 3, 4 
and 5) normal stiffness factor of 0.6 is used.  

Frictional contact with a friction coefficient of 0.15 is used between the components to 
represent the present conditions together with Asymmetric behaviour, Augmented Lagrange 
and adjust to touch in all analyses. In order to prevent initial penetration during Analysis 
3, a gap of 0.10 mm between ball and raceway is modelled as the osculation is changed 
in Pro Engineer.  

3.6 Material data 

During Analysis 5, several plastic materials are evaluated. The material properties are 
listed in Table 4 and the difference is visualized in Figure 3.5. In all others analyses an 
elastic material with a Young modulus of 200 000 MPa and a poison ratio of 0.3 is used. 
Calculation of the tangent modulus (Et) can be found in Appendix 3.  

Table 4: Material characteristics for different steel types  

Steel 
Rm 

[MPa] 
Rp0,2 

[MPa] 

A5 

[%] 
E 

[MPa] 
Et 

[MPa] 

Uddeholm Ramax 
LH 

1 015 860 13 210 000 1 231 

Uddeholm Ramax 
HH 

1 140 990 12 215 000 1 300 

Carbon chromium 
steel (440A) 

1 793 1 655 5 210 000 3 276 

Uddeholm THG 
2000 

1 820 1 520 13 210 000 2 444 

Carbon chromium 
steel (440B) 

1 931 1 862 3 210 000 3 265 

Carbon chromium 
steel (440C) 

1 965 1 896 2 210 000 6 289 

Uddeholm Unimax 2 050 1 720 9 210 000 4 028 
Uddeholm Hotvar 2 300 1 850 6 210 000 8 791 
SS 22 58 2 300 1 700 3 210 000 27 391 
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Figure 3.5: Ultimate strength, yield strength and tangent modulus for the different steel 
types in Table 4 

A hardness test is conducted to determine the hardness of actual bearing. The hardness 
test is preformed on the washer (inside and outside of the raceway) and on the balls. 
For more information see Appendix 5.  

3.7 Obtaining output data  

The contact pressure evaluated throughout the analyses is measured at the surface of 
the centre ball (Figure 3.2). The given values are maximum value provided by Ansys. In 
the same manner, penetration provide by Ansys is observed. Plastic strain is also 
provided by Ansys. However in this case the maximum values are given for the whole 
reduced model.  

Due to the geometrical conditions, the contact area obtained has the shape of an ellipse. 
The ellipse is printed with a scale bar (as in Figure 3.6) on paper and measured (length 
and width) with a ruler.  

 

Figure 3.6: Contact area with sale bar (osculation 7.89% and load 100 % of C0) 
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In order to avoid irrational peak values, the values of Von-Misses stress are measured 
by a mean value from the highest loaded area (red in figure 3.7), in the symmetry 
section (middle of the ball).  

 

Figure 3.7: Section of the bearing with Von-Misses stress distribution  
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4 Results and Analysis of Results 

4.1 Analysis 1 – influence of mesh density  

The purpose of Analysis 1 is to study the influence of different mesh densities. The 
result is shown in Table 5 and Figure 4.1. Screenshots of the mesh densities and 
corresponding contact pressure is found in Appendix 1.  

Table 5: Contact pressure in relation to mesh densities 

Mesh density 
[mm] 

Max Contact 
pressure [MPa] 

1 4 306 
0,5 4 469 
0,25 4 498 
0,2 4 316 
0,15 4 380 

0,10 4 338 

Figure 4.1: Contact pressure for different mesh density 
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As can be seen in Figure 4.1, the influence of the mesh density on the contact pressure 
is not significant. However the shape of the ellipse becomes smoother as the mesh 
refines as shown in Figure 4.2.  

 

Figure 4.2: Contact pressure distribution for different mesh size (left 0.15mm, right 
0.5mm) 

4.2 Analysis 2 – influence of the normal stiffness factor 

Analysis 2 is preformed to study the effect of the normal stiffness factor explained in the 
theory chapter. The results are shown in Table 6 and Figures 4.3 and 4.4.  

Table 6: Contact pressure and penetration in relation to normal stiffness factor 

Normal 
stiffness factor 

Max Contact 
pressure [MPa] 

Penetration 
[mm] 

1 4 380 0,00089 

0,8 4 325 0,0012 
0,6 4 261 0,0014 
0,4 4 209 0,0021 
0,2 4 148 0,0042 
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Figure 4.3: Contact pressure for different Normal stiffness factors  
 

Figure 4.4: Penetration for different Normal stiffness factors 

One can see a clear influence of the normal stiffness factor. When the normal stiffness 
increases the penetration decreases as is expected. The decrease is by no means linear 
and clear convergence behaviour can be seen towards the stiffer contact. For the 
contact pressure on the other hand, a linear proportionality is observed.  
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4.3 Analysis 3 – varying the osculation and load 

Throughout Analysis 3 varying osculation and applied load are evaluated. The results 
are shown in Tables 7-11 and Figures 4.5-4.11. Additional details can be found in 
Appendix 2.  

4.3.1 Max Contact Pressure for the osculation’s 

In Table 7 and Figure 4.5 the maximum contact pressure as a function of the load is 
shown.  

Table 7: Max Contact Pressure in MPa for osculation of 7.89, 6 and 4 %  

Force   
(% of C0) 

Force 
[N] 

Osculation 
7,89 % 

Osculation 
6 % 

Osculation 
4 % 

100 
110 
120 
150 
200 

40 727,3 
44 800,3 
48 871,76 
61 090,96 
81 454,6 

4 261 
4 406 
4 543 
4 923 
5 500 

3 986 
4 120 
4 250 
4 590 
5 106 

3 643 
3 763 
3 878 
4 194 
6 385 

Figure 4.5: Contact pressure for different force magnitude and osculation 

The contact pressure increase almost linear with the force for all three ball sizes. The 
smaller the ball is, the higher pressure is calculated. However, the ball can not get to big 
since the ball then will get in contact with the edge of the raceway which causes the 
contact pressure to rise uncontrolled. This phenomenon can be seen for osculation 4 % 
at forces above 150 % of C0 (61 091 N). Figure 4.6 show two balls of 4 % osculation 
subjected to 150 % and 200 % of C0.  
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Figure 4.6: Contact pressure distributed for different load level (left 150 % of C0, right 
200 % of C0) 

4.3.2 Penetration for the osculation’s 

The maximum penetration as a function of the load is shown in Table 8 and Figure 4.7. 

Table 8: Penetration in mm for osculation of 7.89, 6 and 4 %  

Force   
(% of C0) 

Force 
[N] 

Osculation 
7,89 % 

Osculation 
6 % 

Osculation 
4 % 

100 
110 
120 
150 
200 

40 727,3 
44 800,3 
48 871,76 
61 090,96 
81 454,6 

0,0014484 
0,0014977 
0,0015444 
0,0016737 
0,0018698 

0,0013489 
0,0013942 
0,0014384 
0,0015534 
0,0017282 

0,0012506 
0,0012916 
0,001331 
0,0014396 
0,0021916 

 

Figure 4.7: Penetration for different force magnitude and osculation 
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The penetration shows a similar behaviour as the contact pressure. The relation to the 
force is almost linear. For the force of 200 % C0 the penetration increases drastically for 
osculation of 4 %.  

4.3.3 Von-Misses Stress for the osculation’s 

In Table 9 and Figure 4.8 the maximum Von Misses stress as a function of the load is 
displayed.  

Table 9: Von-Misses Stress in MPa for osculation of 7.89, 6 and 4 %  

Force   
(% of C0) 

Force 
[N] 

Osculation 
7,89 % 

Osculation 
6 % 

Osculation 
4 % 

100 
110 
120 
150 
200 

40 727,3 
44 800,3 
48 871,76 
61 090,96 
81 454,6 

2 800 
2 850 
2 950 
3 200 
3 500 

2 400 
2 450 
2 550 
2 750 
3 100 

2 200 
2 250 
2 300 
2 550 
2 800 

 

Figure 4.8: Von-Misses stress for different force magnitude and osculation 

According Figure 4.8 Von-Misses stress increases along with the force for the three ball 
sizes. It is also clear that the shapes of the lines are similar and parallel. Further more 
the difference in stress is higher between osculation of 7.89 % and 6 % than the 
difference between osculation of 6 % and 4 %.  
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4.3.4 Ellipse size for the osculation’s  

The ellipse length is shown in Table 10 and Figure 4.9, as a function of the load.  

Table 10: Ellipse length for osculation of 7.89, 6 and 4 %  

Force   
(% of C0) 

Force 
[N] 

Osculation 
7,89 % 

Osculation 
6 % 

Osculation 
4 % 

100 
110 
120 
150 
200 

40 727,3 
44 800,3 
48 871,76 
61 090,96 
81 454,6 

6,64 
6,90 
6,83 
7,44 
8,15 

7,81 
8,10 
8,15 
8,75 
9,65 

9,13 
9,59 
9,65 

10,00* 
10,21* 

The ellipse width as function of the load is shown in Table 11 and Figure 4.10. 

Table 11: Ellipse width for osculation of 7.89, 6 and 4 %  

Force   
(% of C0) 

Force 
[N] 

Osculation 
7,89 % 

Osculation 
6 % 

Osculation 
4 % 

100 
110 
120 
150 
200 

40 727,3 
44 800,3 
48 871,76 
61 090,96 
81 454,6 

1,36 
1,24 
1,22 
1,33 
1,64 

1,06 
1,10 
1,15 
1,28 
1,59 

0,96 
1,00 
1,00 
1,13 
1,24 

Figure 4.9: Ellipse length as a function of Force (% of C0) for different osculation 

* Note that the two last values for osculation 4 % are inappropriate because they exceed 

the contact surface.  
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Figure 4.10: Ellipse width as a function of Force (% of C0) for different osculation. 

Figure 4.11: Ellipse area as a function of Force (% of C0) for different osculation 

* Note that the two last values for osculation 4 % are inappropriate because they exceed 

the contact surface.  

Some tendencies can be seen when analysing the ellipse shape. Generally the area 
increases along with the load. The ellipse width decreases as the ball size increases 
(osculation decreases), while the length increases. This can be considered as logical since 
line contact would occur for osculation 0% and point contact for osculation ∞%.  

In 2008, SKF performed a physical test to evaluate the damages on an axial ball bearing 
subjected to similar conditions. Comparing the analysis performed in this thesis, a 
similar shape of the ellipse can be seen in Appendix 6.  
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4.4 Analysis 4 – influence of large deformations 

In Analysis 4 the setting large deflection is studied. The results are shown in Table 12 and 
Figure 4.12.  

Table 12: Contact pressure at different load levels, when using large deflection or not.  

Force   
(% of C0) 

Force 
[N] 

Max contact 
pressure with 

Large deflection 

Max contact pressure 
without Large 

deflection 

10 
20 
40 
50 
70 
90 
100 
110 
120 
150 
200 

4 072,73 
8 145,46 
16 290,92 
20 363,65 
28 509,11 
36 65,57 
40 727,3 
44 800,3 
48 871,76 
61 090,96 
81 454,6 

1 868,4 
2 433,0 
3 135,7 
3 401,5 
3 835,9 
4 195,9 
4 351,4 
4 497,9 
4 636,6 
5 017,4 
5 560,3 

1 866,7 
2 391,1 
3 060,3 
3 315,9 
3 744,0 
4 102,9 
4 260,7 
4 405,6 
4 543,0 
4 923,3 
5 500,3 

Figure 4.12: Contact pressure as a function of the loading, with (blue) and without (red) the 
setting large deflection.  

The setting large deflection does not give a significant difference on the result. However, 
the calculation time increases drastically. Hereby it is concluded that the setting is 
irrelevant for this kind of study. The only noticeable difference is that the pressure 
increase slightly with large deflection setting as Figure 4.12 visualizes.  

 

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

0 50 100 150 200 250

C
o

n
ta

ct
 p

re
ss

u
re

 (
M

P
a)

Force (% of C0)

Contact pressure without 
large deflection

Contact pressure with large 
deflection



 

26 
Joel Hjalmarsson and Anes Memic 

4.5 Analysis 5 – influence of plasticity 

In Analysis 5 different materials are evaluated to see the behaviour when plasticity 
occurs. The result is shown in Table 13 and Figure 4.13. Colourations of the contact 
pressure are available in Appendix 4. 

Table 13: Pressure, penetration, plastic strain and stress in relation for different steel 
types   

Steel 
Pressure 
[MPa] 

Penetration 
[mm] 

Plastic strain 
Von Misses 

Stress [MPa] 

Uddeholm Ramax LH 2 769,7 0,042468 0,026389 1 065,8 

Uddeholm Ramax HH 3 339,9 0,04236 0,023672 1 254,9 

Carbon chromium steel 
(440A) 

4 550,5 0,041793 0,014431 1 935,6 

Uddeholm THG 2000 4 030,4 0,04217 0,01614 1 742,7 

Carbon chromium steel 
(440B) 

4 766,9 0,04151 0,013706 2 093,7 

Carbon chromium steel 
(440C) 

4 808,4 0,041928 0,012119 2 112,8 

Uddeholm Unimax 4 542,7 0,041966 0,015625 1 936,1 

Uddeholm Hotvar 4 774,4 0,041615 0,013018 2 060,6 

SS 22 58 4 862 0,042089 0,011832 2 058,4 
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Figure 4.13: Results of analysis 5 in comparison with yield strength 

The hardness values that are obtained from the hardness test are 479 HB for the ball, 
507 HB for the inside and 411 HB for the outside of the raceway. If compared with the 
steel types used in the analysis, there is a fairly good correlation in hardness. For more 
details see Appendix 4.  

From Figure 4.13 it is clear that the contact pressure increases along with the yield 
strength. Von Misses stress follows the same pattern while plastic strain shows an 
inverse relation. The effect of the tangent modulus is not as significant as for the yield 
strength.  
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5 Discussion 

FEM implies approximations of the reality and therefore the solutions results shall not 
be viewed as exact. The results achieved in the thesis are a guideline for a forth coming 
physical test.  

Since the bearing is subjected to high loads, the shape of the support will change slightly 
to a more hyperbolic shape (in the whole model). As a consequence, the bearing will be 
asymmetrically loaded. In the reduced model this deformation of the support is not 
covered.  

The linear relation between contact pressure and normal stiffness factor seen in 
Analysis 2 is probably illusionary since the contact pressure is likely to stop increase and 
convergence as the contact stiffness goes to infinity.  

The strange behaviour of the ellipse dimensions noticed in Analysis 3 might originate 
from measuring problems. The ellipse measurements are likely to differ from the 
appropriate values since they are measured with a ruler. However the estimated error of 
the ruler measuring should be smaller than the deviation of the achieved results.  

The bearing assembly could be considered as a relatively stiff geometry. This leads to 
very small geometrical changes. Therefore it seems reasonable that the setting large 
deflection has a small effect on the result reasonable.  

It is difficult to find good material properties to compose the bilinear stress-strain 
curve. The bilinear curve needs the values of the yield strength and the tangent 
modulus. To find out the tangent modulus, the values of the tensile strength and the 
elongation are needed. For most materials only the yield strength and the tensile 
strength are given. Therefore only a limited scope of materials was possible to evaluate. 
An approach that can be implemented to determine the properties of the material is to 
perform a tensile test of the bearing material. This would probably give more reliable 
result for the actually application. It is concluded that the tangent modulus has small 
influence on the result. However this would not be the case if large plastic strains were 
to be evaluated.  
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6 Conclusions 

The contact pressure differs about 5 percent for mesh densities from 0.10 to 1.00. 
Therefore the selection of element size is irrelevant for the contact pressure and ellipse 
shape is considered instead. The mesh density should be selected fine enough to give a 
smooth result but course enough to be able to compute in a reasonable time. It is 
concluded that, an element size of 0.15 mm give a smooth ellipse shape and a feasible 
calculation time.  

The normal stiffness factor for the Augmented Lagrange contact method has a clear but 
not a major impact on the contact pressure and the penetration. The calculation time is 
not significantly affected. Therefore it is concluded that the factor should be selected 
high (around 1.0) if no convergence problems occur.  

Changes of the osculation lead to changes of the ellipse shape. Moreover, the contact 
pressure decreases as the osculation is reduced. Applying different load level does not 
affect the shape of the ellipse but rather the size. As a result it is concluded that changes 
to osculation can reduce the pressure but also change the stress distribution. By changes 
of the geometry, the load can be increased without increasing the pressure. 
Nevertheless, this will change the stress distribution which gives side effects such as the 
ball coming into contact with the edge of the raceway or increased friction.  

The setting large deflection has no major impact on the result except for longer 
execution times. Hence it is concluded that large deflection is irrelevant when not 
having large deflections, as in this case.  

From Analysis 5 it is concluded that the yield strength is the most important factor to 
take into consideration for plasticity analyses, due to its large impact compared to the 
tangent modulus.  
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Appendix 1 – Samples of mesh - Analysis 1 

This appendix contains pictures from Analysis 1. The figures illustrate the relevance of 
selecting the correct mesh size. They are arranged in pairs, the left picture shows the 
mesh and the right shows the resulting contact pressure distribution.  

  
Figure A1-1: Mesh density 1.0 mm 

  
Figure A1-2: Mesh density 0.50 mm 

  
Figure A1-3: Mesh density 0.25 mm  
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Figure A1-4: Mesh density 0.20 mm  

  
Figure A1-5: Mesh density 0.15 mm 

  
Figure A1-6: Mesh density 0.10 mm 
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Appendix 2 – Contact ellipses of Analysis 3 

The following figures are screenshots taken in Ansys. The figures are showing the 
distribution of contact pressure on the centre ball.   

Osculation 7.89 % 

 
Figure A2-1: Force 40 727 N 

 
Figure A2-2: Force 44 800 N  

 
Figure A2-3: Force 48 873 N 
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Figure A2-4: Force 61 091 N 

 
Figure A2-5: Force 81 455 N 

Osculation 6 % 

 
Figure A2-6: Force 40 727 N 
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Figure A2-7: Force 44 800 N  

 
Figure A2-8: Force 48 873 N  

 
Figure A2-9: Force 61 091 N  
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Figure A2-10: Force 81 455 N 

Osculation 4 % 

 
Figure A2-11: Force 40 727 N 

 
Figure A2-12: Force 44 800 N  
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Figure A2-13: Force 48 873 N  

 
Figure A2-14: Force 61 091 N  

 
Figure A2-15: Force 81 455 N 
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Appendix 3 – Material data calculations 

Calculations of Et (tangent modulus) for each material:   

E

Rp
A

RpRm
E

,

,

t

20

5

20

 

Uddeholm Ramax LH: MPa 1231

210000

860
13,0

8601015
tE

 

Uddeholm Ramax HH: MPa 1300

215000

990
12,0

9901140
tE

 

Carbon Chromium Steel (440A): MPa
793 1

3276

210000

1655
05,0

1655
tE

 

Uddeholm THG 2000: MPa 2444

210000

1520
13,0

15201820
tE

 

Carbon Chromium Steel (440B):  MPa
931 1

3265

210000

1862
03,0

1862
tE

 

Carbon Chromium Steel (440B):  MPa
965 1

6289

210000

1896
02,0

1896
tE

 

Uddeholm Unimax: MPa 4028

213000

1720
09,0

17202050
tE  

Uddeholm Hotvar: MPa 8791

210000

1850
06,0

18502300
tE
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Appendix 4 – Contact ellipses of Analysis 5 

The following figures are screenshots taken in Ansys. The figures show contact pressure 
distribution on the centre ball for different steel types.   

 
Figure A4-1: Ramax LH 

 
Figure A4-2: Ramax HH 

 
Figure A4-3: TGH 2000 
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Figure A4-4: Unimax 

 
Figure A4-5: Hotvar 

 
Figure A4-6: 440A 
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Figure A4-7: 440B 

 
Figure A4-8: 440C 

 
Figure A4-9: SS 22 58 
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Appendix 5 – Hardness test  

A hardness test is conducted to determine the hardness of a thrust ball bearing. The 
testing equipment is shown in Figure A5-1. The hardness is measured on the balls, 
inside and outside of the raceway as Figure A5-2 illustrates. Hardness is measured in 
Brinell (HB) and the results are gathered in Table A5-1. Table A5-2 contains hardness 
values for the steel types used in Analysis 5 as a comparison.  

 
Figure A5-1: The testing equipment   

 
Figure A5-2: The tested bearing.  

  

Calibration 
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Display /Measuring devise 

Inside of the 
raceway 

Outside of 
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Table A5-1: Hardness data in Brinell  

Inside of the 
raceway 

Ball 
Outside of the 

raceway 

505 
505 
505 
496 
524 

404 
431 
431 
404 
411 
398 
398 
404 
404 
411 
424 

472 
488 
465 
480 
488 

Average (HB) 507 479 411 

 
 
Table A5-2: Hardness data in Brinell for the used steel types, the values in brackets are 
approximate  

Steel HB 

Uddeholm Ramax LH 302 
Uddeholm Ramax HH 340 

Carbon chromium steel (440A) (510) 
Uddeholm THG 2000 (400) 

Carbon chromium steel (440B) (540) 
Carbon chromium steel (440C) (560) 

Uddeholm Unimax (550) 
Uddeholm Hotvar (540) 

SS 22 58 (530) 

 

 



 

 

Appendix 6 – SKF Lab test of Thrust Ball Bearings 

The following figures are results form a lab test preformed by SKF in 2008.  

 
Figure A6-1: ball with ellipse shaped mark cased by plastic deformation 

 
Figure A6-2: ball with a cut in the ellipse shaped mark, cased by plastic deformation 

 
Figure A6-3: plastically deformed ellipse on the raceway 
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