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Abstract - This report has been written during my 

internship/master thesis at Thales Alenia Space, Cannes, 

FRANCE. The subject of the thesis is ball bearing design, 

and is focused on the software RBSDyn. This software has 

been developed by CNES, the French Center for Space 

Studies, and is used to simulate bearings behaviors under 

various conditions. My mission was to verify, test and 

implement this software for the company. In order to do 

so, the first step was to understand the bearing theory, 

which is the first part of this report. The second step was 

to use the software and verify its results, which is 

presented in the second section. Eventually, the final goal 

of this internship was to create a sequence to help Thales 

Alenia Space engineers to design and select bearings, 

using this software and an Excel tool that needed to be 

created.  

Note that for confidentiality reasons, the values and names 

used for internal TAS mechanisms have been removed of 

this document.  

 

I. THESIS PRESENTATION 

A. Thales Alenia Space 

Thales Alenia Space (TAS), a 

joint venture between Thales 

(67%) and Leonardo (33%), is a 

key European player in space 

telecommunications, navigation, 

Earth observation, exploration and 

orbital infrastructures. Because of its expertise in dual 

(civil/military) missions, constellations, flexible payloads, 

altimetry, meteorology and high-resolution optical and radar 

instruments, Thales Alenia Space is the partner to countries 

that want to expand their space program. The company posted 

consolidated revenues in excess of 2 billion euros in 2014, 

and has 7 500 employees in eight countries. 

 

TAS sub-activities are the following:  

- Telecommunications: being one of the world’s leading 

designers of telecom satellites, platforms and payloads, 

the telecommunication segment accounts for half of the 

company’s business.   

 

- Earth Observation: very high resolution optical and 

radar payloads used for intelligence gathering, 

mapping, crisis management, meteorology or 

oceanography. 

 

- Navigation: localization  and  data  collect,  TAS is 

pioneer  in  European  satellite  navigation,  as  prime 

contractor for the  Egnos  augmentation system (the  

precursor to Galileo) and a major partner in the Galileo 

program. 

 

- Science and Space Exploration: research on 

fundamental physics, planetology, astronomy, and 

space transportation systems.  Thales Alenia Space is 

now the prime contractor on the ExoMars mission. 

 

- Orbital Infrastructure and Space Transport: 

unrivalled expertise  in  this  domain,  being  a  

contributor to the International Space Station (ISS) and 

playing a major role on the ATV (Automated Transfer 

Vehicle) cargo vessels for ESA and on NASA’s 

Cygnus program. 

B. My mission 

For this internship, I have been integrated in the Mechanisms 

Engineering and Development service, which is part of the 

Mechanisms and Solar Arrays department at Thales Alenia 

Space. 

 

The activity of this service is to develop and improve the 

mechanisms used in satellites or subsystems manufactured by 

TAS. There are mainly four different types of mechanisms to 

be developed:  

- Solar Arrays (SA) deployment systems 

- SA driving systems 

- Thruster pointing 

- Antenna pointing 

 

All of these mechanisms use ball bearings and TAS has 

decided to improve its knowledge on how to design and size 

these bearings through the use of the software RBSDyn. This 

tool, developed by CNES, the French Center for Space 

Studies, is used to model bearings systems and to compute 

simulations to analyze how the bearings are reacting in 

different situations. The mission was divided into 4 steps:  

 

- Literature and theory for bearing sizing. The objective is 

to become familiar with both the general theory of ball 
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bearings and with TAS heritage on the subject. At the 

end of this step, a sizing logic and a theory synthesis 

were to be delivered.  

 

- RBSDyn tool understanding. This step is about getting 

familiar with the software and try all the functionality. 

As a result, a tutorial had to be written in order to show 

how to use the main options of the software through a 

simple example.  

 

- Software application. As this is new software for the 

company, it needed to be checked, to ensure that the 

results are acceptable. The objective is to reproduce 

technical studies on bearings used in TAS mechanisms 

and to compare RBSDyn results with available data.  

 

- Sensitivity analysis. The objective is to use the software 

to define the key parameters of bearing design and to 

analyze their impact on the bearing behavior. This is 

done in order to help the engineers decide which 

parameters can be changed to improve the system 

performance.  

-  

II. BEARING THEORY  

A. Introduction  

Ball bearings (BB) have been used for a long time and for a 

very large panel of applications. Basically, every system that 

has a rotor and a stator, and that has a demand for either high 

speed rotation or low friction torque, will use one or several 

ball bearings. Bearings also ensure a precise position of the 

rotation axis and can support very large loads, especially on the 

axial direction. 

 

However, the selection and application of ball bearings for 

spacecraft mechanisms must take into account a number of 

considerations which can be different from other applications 

(for example ground-based industrial or defense applications). 

Some of the main considerations for spacecraft mechanism ball 

bearings are: 

- Aerospace codes of standardization, for instance the 

international code ISO 76:2006 that deals with ball bearings. 

- Space approved materials or specifically qualified for 

new space applications by a dedicated campaign. 

- Ball bearings must be tested and new applications 

must be qualified before flight (typically including 

vibration/shock, thermal vacuum and life testing). 

- Bearing systems must be designed in order to sustain 

launch vibration and the associated loads without damage or 

degradation, which is probably the most challenging 

consideration. 

- Mechanism mass needs to be minimized 

- Fits selected for spacecraft bearings must usually be 

compatible with ease of disassembly in order to enable 

inspection after life test (in contrast to industrial use). 

 

Among ball bearings, there are different configurations that 

are used in different cases. A single bearing can be straight 

(deep groove) or angular. Most of the time, angular bearings 

are used, because they can withstand larger axial loads, but in 1 

direction. Thus, bearings often come by pair in order to 

withstand axial load into 2 directions. A pair of bearings can be 

either in O configuration, or X configuration. In a O 

configuration, the 2 bearing are back to back, while their facing 

each other in the X configuration. 

 

When designing a mechanism using bearings, engineers are 

focused on specific requirements, such as: 

- Overall dimensions 

- External loads (launch and orbit) 

- Lifetime 

- Environment conditions (temperature, vacuum, 

radiations, etc.) 

- Friction torque 

 

When a design have been chosen, it is necessary to go 

through simulations, to make sure that the system will react as 

expected. These analyses include: 

- Contact stress analysis under load  

- Stiffness analysis 

- Thermal response 

- Gapping analysis 

The friction torque is hard to simulate so it has to be tested 

experimentally. 

  

In this chapter, the equations and parameters needed to run 

the analysis are presented. 

 

B. Calculations  

a. Hertzian pressure 

 

Figure 1 shows the 4 parts of a bearing:  

- The inner ring IR 

- The balls 

- The cage used to keep the balls in the right position 

- The outer ring OR 

 

 
The calculations done on a bearing are principally based on 

one key parameter: the contact angle α. 

 

Figure 1: Ball bearing assembly [1] 



BALL BEARING THESIS, DESIGN TOOL EVALUATION 

 
 

  

3 

 

Figure 2 shows the contact angle, which is the angle between 

the radial line and the contact line L. The contact line L 

represents the line between the 2 theoretical contact points. 

Typically, the contact angle α is between 10 and 40°.  

 
 

In a non-loaded ball bearing, the contact between the ball and 

a ring is in theory punctual. Under load, this punctual contact 

becomes an elliptic contact, as shown on Figure 3.  

 
 

The parameters of this ellipse are: 

- a : semi-major axis 

- b : semi-minor axis 

 

The parameter used to measure the contact pressure or stress 

between a ball and a ring is the Hertzian pressure, σH. The 

Hertz theory gives the value of σH, in MPa: 

 

𝜎𝐻(𝑥, 𝑦) =
3𝑄

2𝜋𝑎𝑏
[1 − (

𝑥

𝑎
)

2

− (
𝑦

𝑏
)

2

]   (1) 

 

With:  

- y : the position with respect to the theoretical contact 

point, in the direction of motion of the ball 

- x : the position in the axial direction 

- Q : the force applied on the ball. The calculation of Q 

will be shown later on.  

 

The maximum σH is obviously at the contact point, the value 

is given by Eq. (2) [1]:  

 

𝜎𝐻.max =
3𝑄max

2𝜋𝑎𝑏
   (2)  

 

With Qmax corresponding to most heavily loaded ball as 

shown in Figure 4.  

 
This is the value that is interesting for the engineers designing 

the system, because one of the requirements for the bearing is 

that the Hertzian pressure stays under a given limit, called 

allowed peak Hertzian pressure σHa. This value is discussed in 

the section II.B.c. Load rating or capacity. 

 

One of the main calculations of the Hertz theory is to find the 

parameter of the ellipse to calculate σH.max.  

The main challenge is to find the elongation κ using this Eq. 

(3) [2].  

1 −
2

𝜅2−1
[

𝐹(𝜅)

𝑆(𝜅)
− 1] − Γ = 0   (3) 

 

Where:  

𝐹(𝜅) = ∫ [1 − (1 − 1
𝜅2⁄ ) 𝑠𝑖𝑛2𝜓]

−1/2

𝑑𝜓
𝜋/2

0
   (4) 

𝑆(𝜅) = ∫ [1 − (1 − 1
𝜅2⁄ ) 𝑠𝑖𝑛2𝜓]

1/2

𝑑𝜓
𝜋/2

0
   (5) 

 

And Γ the relative curvature difference of the studied contact.  

 

The semi major axis is given by Eq (6) [2]. 

𝑎 = [
6𝜅2𝑆(𝜅)𝑄𝑅

𝜋𝐸
]

1/3  

   (6) 

 

Where: 

- R the equivalent radius of the contact 

- E the combined Young modulus 

 

And the semi minor axis is found using: 

𝑏 = 𝑎/𝜅   (7) 

 

Γ and R are geometry coefficients; they won’t be explained 

here, as it is not the purpose of this document. More details on 

how to calculate them can be found in [2] and [3]. 

 

Equation (1) - (7) are not easy to handle, especially on a day to 

day design phase, where parameters can change often. This is 

the reason why a tool like RBSDyn is very useful for designer. 

RBSDyn integrates these equations and the tool gives directly 

the Hertzian pressure or the charge distribution. With such help, 

the designers do not to have to focus on the theory.  

 

Figure 2: Contact angle [1] 

x 
y 

Figure 3: Ball-ring contact [1] 

Figure 4: Force distribution [1] 
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b. Contact displacement 

Another interesting parameter related to the Hertzian pressure 

is the contact displacement. It is the value that measures how 

much the 2 centre points of the contacts of a ball (with inner 

and outer rings) displace due to the force Q on this specific ball, 

given by Eq. (8) [1]. 

𝛿𝑛 = (
𝑄

𝐾𝑛
)

2

3
   (8) 

 

With: 

- Q the charge applied on the analyzed ball.  

- 𝛿𝑛 the contact displacement also called penetration or 

depletion, along the contact normal (= the contact 

line) 

- Kn the coupled stiffness of the 2 contacts, along the 

contact normal, given by Eq. (9) [1] : 

 

𝐾n = (
1

𝐾𝑒

2
3

+
1

𝐾𝑖

2
3

)  (9) 

 

With Ke and Ki being the normal stiffness of the outer and the 

inner contact, calculated with this equation:  

 

𝐾𝑒 = 1.481 𝐸 𝜅e [
𝑅𝑒𝑆𝑒(𝜅e)

𝐹e(𝜅e)3
]

1/2

   (10) 
 

for Ke and the same relation for Ki.  

 

c. Load capacity or rating 

The load rating is a value given by the bearing manufacturer 

for each bearing. It represents how much load the bearing can 

withstand and is used by the system designer to choose which 

bearing suits to the load case applied to the system.  

 

As discussed previously the allowed peak Hertzian pressure 

σHa, is the peak stress which will cause the first, very minor, 

permanent plastic deformation detectable at the surface of the 

contact. The ISO 76 [4] defines the value of this parameter, on 

which is added the ECSS (European Cooperation for Space 

Standardization, explained in [5]) yield stress factor of safety 

S0. The ECSS-allowed peak Hertzian contact stress σHa are 

indicated in Table 1 (last row), for the most used materials. 

 

The static radial load capacity C0 is the maximum radial load, 

for which the allowable peak contact stress is reached in the 

bearing. 

 

The Stribeck equation (Eq. 11 [6]) gives the relation between 

the allowable peak contact stress σHa and C0. 

 

 𝐶0 =
32𝜋

15
𝜅 [

𝑆(𝜅)𝑅

𝐷𝐸
]

2

𝜎𝐻𝑎
3𝑍𝐷² cos 𝛼    (11) 

 

Table 1: Allowable Peak Hertzian Stress [5] 

Type of 

Material 
Material 

Standard peak 
Hertzian 

stress ISO76 

(GPa) 

Yield 
Stress 

Factor of 

Safety 

Peak 

Hertzian 

stress “space 
application” 

(GPa) 

Stainless 

steel 
AISI 440C 4.0 1.25 3.2 

Chromium 
steel 

SAE 52100 4.2 1.25 3.36 

Stainless 
steel 

XD15NW 4.2 1.25 3.36 

Stainless 
steel 

Cronidur 30 4.2 1.25 3.36 

 

Where:  

- Z the number of balls 

- D the diameter of the ball 

- α the contact angle 

- σHa is the admissible Hertzian pressure  

and the other parameters defined earlier 

 

Note that there are two types of load rating applicable to 

bearings, the “Static” and “Dynamic” load ratings, which 

define allowable loads applied statically, i.e. without any 

rotational speed, and in fatigue situations, respectively. For the 

vast majority of spacecraft applications, except for the longest 

duration reaction wheels, consideration of the dynamic load 

rating is not required.  

 

The static load capacity is a key parameter during the design 

of a bearing system, used by the designer to choose the right 

bearing. In order to know what C0 is needed for a specific 

system, the designer analyses the worst case load applied on the 

system. To do that, the designer uses a parameter called the 

equivalent static load P0. This parameter shall not exceed static 

load capacity:  

𝐶0 ≥ 𝑃0   (12) 
 

In order to calculate P0, the designer has to determine the 

axial and radial forces Fa  and Fr  applied (internal and external 

forces) on each bearing of the mechanisms for the worst case 

load scenario. The details of the calculations for the forces 

depending on the load cases are given in the appendix A. Force 

calculation. Using these forces, P0 is calculated using Eq. (13). 

Figure 5 shows P0 on an Fr vs. Fa graph (source [1]). 

 
 

𝑃0 = max (𝑋0𝐹𝑟 + 𝑌0𝐹𝑎;  𝐹𝑟)   (13) 

 

X0 and Y0 are coefficients depending on α. Experimentation 

gives the following values for these coefficients, in Table 2 [5]. 

 

 Knowing Fa, Fr  of the worst load case and the contact angle 

α, the designer can choose a bearing for which  𝐶0 ≥ 𝑃0 . 
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Table 2 : X0 and Y0 [5] 

α (°) X0 Y0 

10 0,5 0,5 

15 0,5 0,46 

20 0,5 0,42 

25 0,5 0,38 

30 0,5 0,33 

35 0,5 0,29 

 

As a first approximation, it is always a reasonable starting 

point to make an initial selection of a bearing which has a load 

capacity approximately twice that needed prior to any detailed 

analysis, due to the safety margins and de-rating that applied on 

space systems. 

 

It will be necessary for the bearing manufacturer or user to 

confirm the Hertzian pressure under the worst case loading 

experienced under any conditions (e.g. ground tests, 

transportation, launch, in-orbit operation, etc.). 

 

d. Preload 

While designing the bearing system, another important 

parameter to take into account is the preload. To preload a pair 

of bearings is to enclose the 2 inner rings or the 2 outer rings in 

order to apply a given load on both bearing and to fix this 

position, using hard or flexible fixation. Preload is usually 

expressed as an equivalent axial load applied to each bearing of 

the pair. 

 

Bearings pairs are preloaded in order to provide a defined 

stiffness characteristic for launch or on orbit operation as well 

as to prevent offloading due to thermal gradients or prevent 

skidding. 

 

Additional advantages which are conferred by the use of a 

preloaded bearing system include: 

- Elimination of axial clearance and/or radial internal 

clearance to produce a defined precision and location 

of the rotational axis 

- Prevention of damage to balls and raceways (if 

preload is sufficiently high to prevent gapping) under 

exposure to launch vibration  

- Ensure an optimal distribution of loads on balls 

despite the (very small) manufacturing variations in 

ball and raceway size and form. 

 

 

 

There are two basic ways of applying the preload to a bearing 

system: 

 

 Hard preload  

This is done by forcing together the rings to lock-in in a 

preloaded position which is pre-defined by the bearing 

manufacturer. This deflection is done on the inner ring for an O 

pair and on the outer ring for an X pair, using the preload gap 

𝛿𝑝𝑟𝑙𝑑 as shown in Figure 6. 

 

 
Figure 6: Hard preload [5]  

a) before preloading 

b) after preloading 
 

Whilst the magnitude of the preload obtained by this method 

may be identical to that obtained by soft preloading described 

below, its stiffness will be much higher in general, and hence 

the term “Hard preloading” is used for such a configuration. 

 

 Soft or compliant preload 

In this case the compliancy may be provided by a flexible 

diaphragm or semi-rigid housing or by using a conventional 

housing where compliancy is provided by allowing one bearing 

to slide (or float) axially against a load applied by a spring as 

shown in Figure 7. 

 

 
Figure 7: Soft preload [5] 

 

Most space applications of preloading are done using hard 

preload. 

 

Figure 5: Evolution of the equivalent load [1] 

a) 

 

           
b) 

after 

prelo

ading b) 

 

           
b) 

after 

prelo

ading 
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The design of a hard preload consists in the calculation of the 

preload gap necessary 𝛿prld. To do so, the designer must first 

choose the magnitude of the preload force Prld needed for the 

system. Rules of thumb exist concerning the choice value of the 

preload, but there is no exact calculation to be done. Bearing 

designers use their experience to find an appropriate figure, and 

tools like RBSDyn are helpful to verify is the preload is 

efficient. 

Knowing the preload force value, the designer can then find 

the preload gap 𝛿prld needed to ensure such a preload using  

Eq. (14) [1]: 

𝛿𝑝𝑟𝑙𝑑 =
𝛿𝑛.𝑝𝑟𝑙𝑑

sin 𝛼 
  where  𝛿𝑛.𝑝𝑟𝑙𝑑 = (

𝑃𝑟𝑙𝑑

𝑍𝐾𝑛𝑠𝑖𝑛 𝛼
)

2/3
    (14) 

 
 𝛿𝑛.𝑝𝑟𝑙𝑑 being the preload displacement along the contact 

normal, for one bearing. 

 

e. Verification 

Once the calculation of the load capacity and of the preload 

needed for the system have been done, the designer has to 

verify that the bearing will respect the requirements given for 

each specific system.  

 

The first step of the verification is to calculate the new 

contact angle. Indeed, under load, the contact angle is changed. 

This calculation is done using Eq. (15) and (16) [1]:  

  
and 

- dα is the variation of the contact angle from an off-

loaded contact angle αo.  

- B is the occultation ratio defined as: B=fe+fi-1, with fe 

and fi the conformity of the external and internal 

contact. 

 

The conformity is the ratio between the radius of the race 

way and the ball diameter. In Figure 8 [7], the race conformity 

is f=r/D . Usually, the conformity values are between 0.51 and 

0.56. There are two conformity factors per bearing: fi for the 

internal contact and fe for the external contact. 

 

 
 

The new contact angle is then:  α = αo + dα  

 

Then, in order to verify that the Hertzian pressure stays under 

the maximum allowed, it is necessary to calculate the force 

Qmax in the most loaded ball, which is given by Eq. (17) [2].  

𝑄𝑚𝑎𝑥 =
𝐹𝑎

𝑍 sin𝛼 𝐽𝛼( )
   (17)   

 

Where ε and Jα (ε) are given by the ratio  𝐹𝑟 tan 𝛼 /𝐹𝑎. 

 

The calculation of ε and Jα (ε) is complex, but the Table B.1 

from [2] in the annexes gives data for different values of the 

ratio. 

 

Once the designer has calculated Qmax, it is possible to 

calculate the Hertzian pressure in the most heavily loaded ball, 

using the Eq. (2).  

 

Another important information is whether or not there is 

gapping. The user must calculate the total deflection, due to 

load and preload, using Eq. (18) [1]:  

 

𝛿𝑛.𝑚𝑎𝑥 = (
𝑄𝑚𝑎𝑥

𝐾𝑛

)
2/3 1

2ε
   (18) 

 

which is the adjusted equation using ε (compared to the one 

presented at the beginning of this document).  

 

Gapping occurs if the maximum load deflection is larger than 

the preload displacement added to the minimum load 

deflection. But the occurrence and the value of the gapping is 

difficult to compute, especially because it depends not only on 

𝛿n.max and on 𝛿n.prld of the most loaded ball, but also on how 

the forces are distributed, and whether the dominant load is 

axial or radial on each bearing. This is another example where 

the software RBSDyn is much useful because, using the 

structural stiffnesses coupled with a Finite Element Method 

(FEM) code, it can estimate the gapping. This is presented in 

the next part of this report.   
 

Contrary to the Hertzian pressure, there is no ECSS 

(European Cooperation for Space Standardization, stated in 

Source [1]) that limits the ball gapping. The ECSS only states 

that ”if bearing gapping occurs during vibration, adequacy of 

lubricant and potential consequential mechanisms damage or 

degradation due to bearing components or shaft motion shall be 

demonstrated to conform to the specified functional 

performance and lifetime.” 

III. BALL BEARING ANALYSIS TOOL : RBSDYN 

 

The software RBSDyn has been developed by the CNES, 

starting 20 years ago. Years after years, features and calculation 

methods have been added and improved. The software is 

mature enough to serve as an analysis tool for industrial 

Figure 8: Conformity [7] 

where 

(15) 

 

 

(16) 
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companies such as TAS. The access is open as the license to 

use the software is free, which is another advantage of this tool.  

 

It is a tool for static and dynamic analysis of mechanisms 

fitted with ball bearings, based on both FEM modeling and 

specific ball bearing theory [8]. Indeed, the bearing theory is 

used to take into account the tangent stiffness matrix of each 

ball bearing which is dependent on the axial preload (type and 

value), on the deflections or on the rotation speed of the shaft 

and that a FEM code could not calculate accurately. But the 

bearing theory is not enough to model an entire system 

structure, for instance ring deflection, and could give inaccurate 

results in extreme cases. The FEM code helps calculating 

accurately the structural stiffnesses of the system.  

 

Note that the code and the theory behind this software is not 

accessible, so it has been impossible to verify the equations 

used and to compare with the theory. It would have been 

interesting for TAS to know the “inside” of such a software in 

order to use the same equations on other studies for instance, or 

just to have a deeper understanding on the ball bearing theory 

that could be useful for the design and sizing phase.  

 

As it is an analysis tool, the user needs to know exactly what 

the system looks like and what are the external conditions in 

order to model it and see the effect of these external conditions 

on the system. This is why this tool is used to verify the 

suitability of a system, not to design it.  

 

A study with RBSDyn is done in 3 steps : 

- Model creation  

- Loads definition 

- Simulation and results acquisition 

 These steps are rather simple, and not time consuming, but 

small errors can badly compromise the results of the analysis. 

This is why great care has to be taken when using this tool.   

A. Model creation 

The model creation starts with the creation of the materials. 

Five parameters are required : 

- Young’s modulus, 

- Poisson’s ratio, 

- Density, 

- Coefficient of thermal expansion, 

- Viscous-damping coefficient.  

 

With the material defined, the user defines the bearings used 

in the study. There is plenty of information necessary to fully 

describe a bearing. Figure 9 shows the bearing creation window 

with all the parameters needed. The usual bearing parameters 

are found: contact angle, conformity, rings diameters, number 

and diameter of the balls and the external dimensions of the 

bearing.  

 

The angles So and Si are only used for 4 contact points 

bearings, that are not used in space industry. These bearings 

take up considerably less axial space than paired angular 

bearings but they do not support as large radial loads. 

 

Another section, not shown Figure 9, is used to enter the 

number of balls Z and the material of the balls and the rings.  

 

 

 
 

Using the bearings, the user creates a model of the system, 

with one or several bearings and the shaft and the housing in 

which the bearings are inserted. Shaft and housing are divided 

in portions, in order to allow different diameters. Figure 10 

shows an example of a system fully constructed using the 

bearing dimensions of Figure 9, in a back to back configuration 

pair of bearings. This example will be used further in this 

document to illustrate the use of RBSDyn.  

 

One can see the portions used to create the shaft and the 

housing. The black points correspond to nodes of the system, 

used for the FEM calculations. One of the keys of the model is 

that the bearings are connected to the points of the shaft and 

housing. If not, for instance if the creation is not done in the 

right order, the 2 parts could be separated and give improper 

Figure 9: Bearing creation window 

Figure 10: Model created 
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results. This why the way of creating the model is really 

important and has to be done methodically.  

 

Another key point is to fully fix one point of the model. 

Indeed, as rotational speed or displacement can be given, it is 

necessary to fix one node to ensure a reference point. The fixed 

point is showed Figure 11, on the top right corner. 

 

In the end, the construction of a model is simple, but some 

strict rules have to be followed in order to have a proper, 

realistic model 

 

B. Load definition 

The definition of the loads and external conditions of the 

system is richer, because many options exist to load the system. 

The implementation of the dynamic loads and their results are 

not explained in this document. They have been detailed in the 

tutorial written during this internship, in case the dynamic load 

is used in the future.  

a. Preload 

One of the important parameters in ball bearing design is the 

preload and especially hard preload, as most space application 

use hard preloading, as mention before.  

 

When inserting a pair of bearings in the system, the user can 

specify a “preload displacement”, or the preload gap 𝛿prld . It 

corresponds to the how much the ring of a bearing will be 

displaced to achieve the preload. It is a rather exotic way to 

define the preload of a pair of bearings: usually, the preload is 

given in Newton instead of µm. The user needs to try different 

values of preload displacement until the intended preload value 

in Newton.  

 

This process is not really efficient and one of the suggestions 

that have been given to CNES at the end of this internship was 

to improve the way the preload is defined. For instance, the 

software could simply give the choice between a preload in 

Newton or in µm. If this is not possible, the software could run 

a series of iterations with different preload displacements until 

it reaches the value of the preload. This is what the user has to 

do, but to run the iterations one by one is tedious. 

 

Once the preload is set up in RBSDyn, the simulation gives 

the Hertzian pressure inside the bearings due to this preload 

only. Even if this results is not the most relevant, it is an 

interesting way to verify that the model is done properly and 

gives expected results. Moreover, the software shows the 

results of the simulation in order to visualize the effect of the 

loads and preloads defined. Figure 11 shows this result.  

 

 
Figure 11: Graphical result of the preload simulation 

 

Even if it is hard to extract a detailed result from this scheme, 

it is used to globally understand the behavior of the bearing 

system.  

 

b. Static load 

The main use of RBSDyn is to simulate the loads that will be 

applied on the bearing system during specific life-time 

situations (launch, solar panels deployment, in-orbit life, etc.). 

These loads are divided into two types of load: static and 

dynamic loads. This section focuses on static loads and how 

RBSDyn treats them.  

 

The loads are divided in 5 directions. Using the frame 

showed Figure 12, the loads are: 

- Axial load (X direction) 

- Two Radial loads (Y and Z direction) 

- Two Torques (around Y and Z axes) 

A load has to be applied to a selected node of the model. 

Usually, the loads are applied at the center of the pair, but for 

some systems that have connection only on one side of the pair, 

the application point can be outside the pair. It is always 

possible to change the application point and modify the loads 

accordingly. 

 

 

In most cases, the load case can be reduced to only 3 loads: 

the axial load toward X, the radial load toward Y and the torque 

around Z. For instance, these 3 loads are the loads given by 

TAS to the bearing constructor. They act as inputs in the 

bearing design: the engineer designing the mechanism has 

defined a set of 3 loads for each load case, on which the bearing 

designer’s reflection is based.  

  
 

Figure 13 shows how the loads are implemented in RBSDyn, 

these loads being applied to the node at the center of the pair 

Figure 12: Bearing axes [7] 

frame 
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presented before. These values are typical values for this type 

of bearing used for space application. Note that these kind of 

loads are rather large for such a small system: 3.5cm diameter 

and 2.0cm large.  But as mentioned previously, the angle of the 

bearings plus the preload applied to the pair helps the system 

being highly resistant.  

 

 
The specifications of the mechanisms give different situations 

each with a specific load case. The launch load case is 

presented here, but many other exists such as release, 

deployment, orbit life time, and sometimes it differentiated into 

radial dominant and axial dominant.  

 

c. Thermal environment 

As the satellite lives in a demanding environment concerning 

the thermal conditions, it is necessary to inspect the effects of 

the temperature on the system. There are 2 effects of the 

temperature:  

 

- Overall temperature change.  

- Temperature gradient 

 

Indeed, for instance if the satellite stays for a long period in 

the shadow of Earth, its overall temperature will be reduced 

globally (except the parts that are heated for a particular 

purpose). The temperature range endured by satellites once in 

orbit can be really large, up to + 150°C down to – 150°C. This 

is a very rough environment for the satellite, especially for the 

instrument or the payload, but not so much for the bearings.  

 

The effect of a change in temperature either expands or 

contracts the material, both axially and radially. As the balls 

and the rings are made of the same material, the effect of a 

global temperature change is not important. Each part is 

expanding or contracting with the same coefficient of thermal 

expansion. There are minor changes in the resulting Hertzian 

pressure, due to the fact that at the contact point, the material is 

under pressure and its properties are slightly modified, which 

slightly modify how the system reacts to the load case.  

 

The effect of an overall temperature change can be much 

more important if the material on which the shaft or housing are 

mounted is not of the same material and has a different 

coefficient of thermal expansion. This more global study of the 

behavior of the whole mechanism is relevant and is not done 

using RBSDyn, but using a more global software for thermal 

analysis. Doing such study does not require the ball bearing 

theory.  

 

On the contrary, the analysis of temperature gradient effect is 

much more complex as it involved the differentiation between 

the internal and external ring. A temperature gradient can occur 

when one part of the satellite is facing the sun and the other is 

facing the outer space. A global gradient is applied between the 

2 faces. In the case of the bearing system, it can also happen if 

one of the rings is close to a part which is heating, as an 

electrical motor or a thruster. Before going into the thermal 

study, the engineer needs to determine the temperature 

difference that can be created between the 2 rings. The value of 

this gradient depends on the situation, but is usually of several 

degrees, positive or negative, between the inner and the outer 

ring. It is of course far less than the temperature range of the 

overall temperature, due to the proximity of the 2 rings.  

 

These 2 cases have to be studied using RBSDyn, which is 

done using the thermal map. Figure 14 shows the application of 

a random thermal gradient on the example system presented 

earlier. The user can define the temperature of the 8 portions of 

the model and of the outer and inner rings of the pair. The same 

study could have been done at different temperature but as 

mentioned before, the global temperature does not have a large 

influence on the results. 

 

 

  
 

There are some problems with the simulation under thermal 

environment, mainly due to the axial clearance calculation 

which is compromised. After a discussion with CNES, a 

method has been found to override this problem and to have 

proper results. As this method is rather complex and not 

relevant here, it will not be explained. It has been detailed in the 

tutorial written for TAS for the use of RBSDyn. 

 

 

 

Figure 14: Thermal map definition 

Figure 13: Loads in RBSDyn 
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C. RBSDyn Results 

Before getting into details of the results of the static and 

dynamic studies, the software can give the user some useful 

information. First, it computes the total mass of each ring and 

the location of center of gravity along the X axis.  

 

There is also a feature to calculate the first eigenmode of the 

system, which is very useful for design of the overall satellite: 

if a system in the satellite induces a vibration of the same 

frequency as one of the eigenmodes of the bearing system, the 

bearings could undergo severe vibration amplitude. The 

engineers try as much as possible to avoid such situation in the 

satellite.    

a. Results   

Once the load case has been defined in the software, the 

simulation can be run. Figure 15 shows the same graphical 

results seen before, but for the example load case presented in 

the static loads part of this report. 

 

 
One can easily see how the bearing pair behaves in this 

situation: the loads are applied to the shaft while the housing is 

maintained fixed. In this load case, the torque is dominant, this 

is why the pair seems to have rotated around the torque axis.  

Note that the displacements showed by this scheme are 

exaggerated to have a better understanding. The actual 

displacement of each node can be displayed by double-clicking 

on it and is in the order of magnitude of 10µm. 

  

The most important results computed by RBSDyn are given 

in the bearing result window, showed in Figures 16 and 17. 

They show different numbers that can be used by the bearing 

designer to verify how the system is behaving. Using the top 

left section, the user chooses which bearing has to be displayed. 

The user can then access the bearing results which are: 

 

 The Hertzian pressure, in MPa, given for the 2 contacts of 

the selected ball (inner ring and outer ring). The pressures 

of all the balls are shown in the polar diagram on the left. 

This diagram is very useful to have a quick view on how 

the forces are distributed in the bearing. 

 

 The contact displacement shows how the ball is crushing 

(or not) into the rings. If this value is negative, it means 

that the selected ball is gapped and this value gives how 

large this gapping is. 

 The forces on the inner ring help the user to know how the 

3 loads of the load case are acting on each bearing. For 

instance here, the torque applied is so large that despite a 

positive radial load, the force acting on the left bearing is 

negative: – 121.5 N. 

 

For instance, the results of the bearing of the right are 

interesting: as shown on Figure 16, the Hertzian pressure of the 

ball n°1 is 3004 MPa, which is above the acceptance limit, but 

not by very much. One can see that on the same bearing, 4 balls 

are offloaded: the Hertzian pressure is null on the polar 

diagram. It is not showed here, but the gaping reaches 14 µm.  

 

Using this information and especially the Hertzian pressure 

and the gapping, the designer can tell if the bearing is suitable 

or not for this load case. This will be seen in the last part of this 

report. 

 

 
 

 
 

b. Error and validation 

The software validation was part of my mission, as 

mentioned before. The idea is to compare RBSDyn results with 

data available for TAS mechanisms. This is done on 7 different 

bearing systems. The objective is to reproduce these reference 

data using RBSDyn and verify that they are close. For each 

bearing system, 3 types of information are available:  

- the maximum Hertzian pressure in the system 

- the value of the gapping  

- the stiffnesses (axial, radial and angular) 

 

Figure 15: Result window Figure 16: Bearing results (left bearing) 

Figure 17: Bearing results (right bearing) 
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  The process is to gather the same information using RBSDyn 

and compare all of them to the reference results. All the 

numbers are not interesting individually, but here is the recap of 

the comparisons, for the 3 types of results: 

 

- The Hertzian pressure is always lower with RBSDyn than 

with the reference results. There are between 2 and 5% 

difference without temperature gradient. With a gradient, 

the error goes up to 8%. 

 

- The ball gapping also gives suitable results, RBSDyn is 

once again lower than the reference values. The difference 

is between 1 and 2 µm less for RBSDyn. 

 

- The stiffnesses are more problematic. RBSDyn is not able 

to give proper results, as the error can goes up to 60% in 

some cases.  

 

The reader can find an example of the comparison table that 

has been done with one of TAS mechanisms bearing in the 

appendix B. RBSDyn Results Comparison. It shows 

individually all the numbers that are collected for each load 

case, preload case and temperature case.  

 

As a conclusion, one can say that the software can be used for 

Hertzian pressure and for gapping, but is not reliable for 

stiffnesses. The stiffnesses of a bearing system are important 

for modeling and simulating the entire mechanisms, but it is not 

so problematic not having proper results with RBSDyn. Indeed, 

when the design is fixed and the supplier chosen, it will give its 

own simulation results with a priori the correct stiffnesses 

results, which can be implemented in the model.  

 

On the other hand, having the gapping and the Hertzian 

pressure during the design phase is important, as it validates or 

not a given design. As mentioned, the maximum error for these 

two parameters is 8%. The proposed solution is to add a margin 

of +10% on RBSDyn results in order to compensate for this 

error.  

 

Eventually, the software results for Hertzian pressure and 

gapping have been validated after these comparison tests and it 

will be added to the tools available in the company.  

IV. DESIGN SEQUENCE 

 

One of my missions was to write a sequence, or process, 

that the engineer designing a bearing system would follow. 

The goal of this sequence is to help a user who is not friendly 

with the bearing theory and who has just the basic 

requirements from the system he/she is designing.  Note that 

for every system there are different possible solutions of a 

bearing, and this sequence helps the engineer to choose one or 

several from all the possibilities. 

 

This sequence is divided into two steps: first the sizing of 

the bearings with respect to the requirements using an Excel 

tool and second the verification that the chosen design is 

acceptable under loads conditions, with an analysis using the 

software RBSDyn.  

a. Sizing  

The aim of the sizing part is to find the most suitable 

dimensions, preload and force capacity for a particular 

situation i.e. available dimensions and load case. The 

objective is to end up with a detailed design of the bearing 

system and a preload value as much suitable as possible for 

this particular situation. If the situation changes, for instance 

if different load cases are applied to the system, it is necessary 

to run the sizing sequence for each load case and to trade-off 

in order to find the best compromise.  

 

The first step of this analysis sequence is to enter the 

external conditions: 

- available dimensions: internal and external diameters, 

width. 

- load case: axial, radial and moment load applied at the 

center of the pair of bearing.  

 

Using the dimensions and the method presented in the 

appendix A. Force calculation, the forces applied on each 

bearing of the pair are computed. They are the forces applied 

at the thrust center of the bearing, depending on the distance 

between the 2 bearing (given by the width) and on the contact 

angle α. The contact angle is essential for every step in the 

analysis, and this is why it also has to be chosen at the 

beginning. Most of the time, the user do not know what angle 

should be chosen so a good method is to do several analyses 

with different contact angles and select the most suitable 

design.  

 

Once the forces applied on each bearing are known, the tool 

computes the preload needed to avoid gapping on the most 

loaded bearing. This is done using the Eq. (19) [9]: 

𝑃𝑚𝑖𝑛 = [𝐹𝑜𝑟𝑚𝑢𝑙𝑎 𝑖𝑠 𝑐𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙]   (19) 

This formula gives an order of magnitude on how large the 

preload should be, using Pax.eq the equivalent axial force 

applied on the bearing. The tool let the user choose which 

value of preload he wants to apply. Usually, the best is still to 

stick with Prld=Pmin as a first choice, and change it if 

necessary. 
 

Once the user has selected the preload, the forces applied on 

each bearing of the pair are computed again, taking into 

account the preload value. Indeed, the preload adds a load on 

each bearing and modify how the bearings react to the 

external load case.  Using these forces, the tool calculates the 

static load capacity necessary for the bearing to withstand the 

forces. This is done with the safety coefficient S0 presented in 

II.B.c.Load Capacity, in order to limit the Hertzian pressure to 

3200 MPa as stated by the ECSS standard.   

 

This gives a minimum load capacity and the objective is 

then to find bearing parameters that gives a load capacity 
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greater than this limit. As presented before, the load capacity 

is a function of the contact angle α, the mean diameter dm, the 

ball diameter Dw and the number of balls Z. The angle has 

been chosen at the beginning and the mean diameter is taken 

as the middle value between the available internal and 

external diameters. In the end, only Z and Dw are not fixed: 

they are the parameters that have to be determined to size the 

bearing.  

 

To choose Z and Dw, the tool gives as a result of the 

analysis a curve Z vs. Dw. This curve is the couples (Z, Dw) 

that match with the minimum load capacity C0. But 2 

considerations have to be taken: 

- The minimum number of balls is set to 8, so Z≥8 

- It is mandatory to leave space for the cage between 

the balls: 20% of the ball diameter is left between 

each ball. For given Dw and dm, this limits the 

number of ball. 
 

Eventually, the graph given by the tool is shown in Figure 

18, with the ball diameter Dw on the horizontal axis and the 

number of balls Z on the vertical axis: 

 

 
 

The couples of admissible (Dw, Z) are given by the blue 

curve, called Zmin admissible.  

 

The Z chosen by the user has to be equal or larger than Zmin 

admissible, in order to have C0<C0.min, equal or larger than 

Zmin and equal or smaller than and smaller than Zmax. This 

means that it has to be between the blue curve and red curve, 

and over the green curve:  

𝑍 < 𝑍𝑚𝑎𝑥  ;  𝑍 > 𝑍𝑚𝑖𝑛  ;  𝑍 > 𝑍𝑚𝑖𝑛. 𝑎𝑑𝑚𝑖𝑠𝑠𝑖𝑏𝑙𝑒   
 

The part corresponding to the admissible results has been 

colored in Figure 18. One can notice that it is tiny but there 

are several possible solutions. These curves have been 

obtained with a test study: this tool have been tested on a TAS 

mechanism that has already been designed in order to 

compare the results given by tool with the actual design of the 

bearing of the mechanism. In the end, the actual design of this 

mechanism is indeed among the possible solutions given by 

the tool. 

 

As there may be more than one solution proposed by the 

tool, the user can either choose one of them, for instance 

using a common ball diameter, or can propose different 

design to the bearing constructor, who will give advises on 

the best solution. Note also that each load case can gives 

several results, but the final design shall be as compliant as 

possible for each load case, meaning that cross-checking all 

the results may narrow the possible solutions.  

 

Some parts of the curve are inadmissible: for instance with 

Dw<2.8, Zmin admissible is larger than Zmax. Such Dw cannot 

be chosen. So the solution here should be within 2.7<Dw<4.2 

and 7<Z<15. 

 

In some situations, a load case might be too extreme and no 

solution is found. The user needs to change some initial 

parameters, such as the contact angle or the mean diameter 

(within the acceptable ranges) or reduce the preload. The 

impact of such parameters is discussed below. 

 

Eventually, this tool has been tested on 5 different bearing 

systems, coming from 3 mechanisms used at TAS. The 

conclusions of these tests are positives: the tool gives good 

results that are close to the actual mechanisms parameters. It 

is important to understand that this sequence and the results 

given are only predesign results, computed with the basic 

bearing theory, and it is made to gives indications to the 

designer. Then the designer needs to use RBSDyn and work 

with the bearing constructor in order to find the most suitable 

solution.  

b. Bearing Parameters Impact  

 

For many reasons, it is interesting for bearing designers to 

study the sensitivity of a bearing system to its main parameters. 

For instance, if the sizing tool does not give any solution, it is 

good to know what can be changed to “help” the tool to find 

one. It is also useful if the user wants to reuse a bearing design 

for a new, slightly different application. Indeed, it is easier to 

reuse a known design than to start from scratch the bearing 

sizing.   

 

The overall goal is to help the bearing designer to choose 

these parameters during the sizing phase. It gives indication on 

how each parameter can be changed to impact the Hertzian 

pressure or the gapping of balls, for a bearing system. For these 

reasons, the sensitivity of a design to its parameters has been 

studied. The method was to analyze the behavior of a bearing 

pair under a defined load case, while changing one parameter at 

a time. The study has been done using the software RBSDyn to 

Figure 18: Number of balls as function of ball diameter 
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get the impact on the Hertzian pressure and the gapping. The 

studied parameters are: 

- Preload 

- Ball diameter 

- Number of balls 

- Mean diameter  

- Contact angle  

 

The results are given in Figure 19, showing both the 

maximum Hertzian pressure (blue, with the left scale) and the 

maximum gapping (red, with the right scale), depending on the 

studied parameter. Note that for confidentiality reason, a factor 

has been applied to all the results number.  

 Figure 19: Preload  

As expected, the preload has an important impact on the 

gapping. The gapping is greatly reduced with the preload 

growing and with a sufficient preload, the gapping is 

canceled. On the contrary, the Hertzian pressure is first 

reduced and then increased by the preload. The reduction is 

explained by the fact that increasing the preload helps the 

bearing to distribute the load on more balls, which means that 

each ball are less loaded. At some point, when all balls are 

loaded, meaning that gapping disappears, the preload just 

loads all balls, so the pressure increases.  

 Figure 19 : Ball Diameter Dw  

Increasing the ball diameter simply decreases the gapping 

and the maximum Hertzian pressure. The reason behind this 

phenomenon is as the larger the ball diameter, the larger the 

elliptic contact area. So the force is distributed on a wider 

area, which reduces the overall pressure.  

 Figure 19 : Number of balls Z 

Increasing the number of balls also reduces both the 

pressure and the gapping. A larger number of balls distribute 

the load on more balls, so each ball is less charged: this 

reduces the Hertzian pressure. This also reduces the gapping, 

the same as for the ball diameter.  

 Figure 19 : Mean diameter Dm 

The mean diameter has very little effect on the Hertzian 

pressure and the gapping. That being said, a larger diameter 

allows the user to increase also the number of balls and/or the 

ball diameter, which have a bigger impact.  

 Figure 19 : Contact angle α 

The impact of the contact angle is the most interesting but 

also the most difficult to predict and explain. Indeed, this 

graph, one can see that the maximum Hertzian pressure 

decreases and then increases with α. But the impact of the 

contact angle is very depending on the situation, and varies a 

lot with the load/preload case. Indeed, several tests have been 

carried out on the same bearing but with different loads or 

preloads. The results show that increasing α can increase or 

decrease the Hertzian pressure and the gapping. More 

precisely, the curve shape is shifted to the left or the right 

compare to the graphic shown here. Note the scales here: the 

effect of changes of the angle is rather small on the Hertzian 

pressure but more important on the gapping. 
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All these par parameters have been studied individually, but 

when the engineer is designing a bearing, the engineer must 

“play” with all of them at the same time to have the expected 

results. Moreover, the designer also has to keep in mind that 

the parameters can depend on what the bearing constructor is 

able to achieve and to provide. For instance the ball diameter 

should be decreased if the number of ball increases, according 

to the space needed for the cage among other factors.  

 

As it has been said in the previous part, designing a bearing 

is to find the most suitable tradeoff between all the design 

parameters. This is why knowing the effect of each of them 

gives a good indication on which direction to take during the 

sizing phase. This analysis now shows the bearing designer 

that changing the ball diameter or the number of balls can be 

used to effectively lower the Hertzian pressure and the 

gapping, whereas changing the preload can be used to modify 

only the gapping.  

 

IX. CONCLUSION 

Studying ball bearings is more complex than it first seems. 

A lot of theory has to be involved in order to fully understand 

or simulate the behavior of bearings. Many points of view 

have to be taken into account: the bearing system, the pair, the 

balls, the rings, etc. Moreover, FEM theory can also improve 

the results of bearing analysis, as it has been seen with 

RBSDyn. But ball bearings are essential for many 

mechanisms, to reduce friction as much as possible. This is 

the reason why software like RBSDyn can be very useful for 

bearing designer. Most bearing constructor have their own 

software, so having one in Thales Alenia Space is important 

to keep as much knowledge as possible in the company and 

thus be more independent and reactive.  

 

This document has shown how RBSDyn, the software for 

bearing analysis, is used and what type of results can be 

computed. This software gives satisfactory results, even 

though not perfect but the differences are mainly due to 

modeling differences or errors. Hopefully, this software will 

be used by Thales Alenia Space development teams when 

mechanisms will require bearings. But as RBSDyn is “only” 

for analysis, the Excel tool for sizing bearing is coupled with 

the software in order to give the ability to the engineer to fully 

design and verify a bearing solution. This tool and the 

document on parameters impact explain and guide the bearing 

designer into the sizing process, so that anyone who is not 

expert on bearings is able to run the sizing sequence. It also 

gives sufficiently accurate results especially if used for 

predesign analysis.  
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APPENDIX 

A. Force Calculation 

The axial and radial forces applied on the 2 bearings are 

called Fa1/Fr1 and Fa2/Fr2. The axial and radial and moment 

load applied on the overall system are designated by A, R and 

M respectively. There are different cases, depending on the 

loads, explained in [10] and that are summed up here: 

 Pure axial load 

R and M are null: 

𝐹𝑎1 = max ((𝑃𝑟𝑙𝑑
1.25 + 0.727𝐴1.25)0.8; 𝐴) and 𝐹𝑎2 = 𝐹𝑎1 − 𝐴 

Pure radial load R centered 

A and M are null: 

𝐹𝑟2 = 𝐹𝑟1 =
𝑅

2
 

𝐹𝑎2 = 𝐹𝑎1 = max (𝐺𝑎 , 𝑃𝑟𝑙𝑑) with 𝐺𝑎 = 1.216𝐹𝑟 tan 𝛼  

 

 Centered torque 

𝐹𝑟2 = 𝐹𝑟1 =
𝑀

2
 

𝐹𝑎2 = 𝐹𝑎1 = max (𝐺𝑎 , 𝑃𝑟𝑙𝑑) with 𝐺𝑎 = 1.216𝐹𝑟 tan 𝛼 

 

 Combined loads R, A, M (with R and M centered) 

𝐹𝑟2 = 𝐹𝑟1 =
𝑅

2
+

𝑀

2
 

𝐺𝑎1 = max (1.216𝐹𝑟1 tan 𝛼 ; 𝑃𝑟𝑙𝑑
1.25 + 0.727𝐴1.25)0.8) and 

𝐺𝑎2 = max (1.216𝐹𝑟2 tan 𝛼 ; 𝑃𝑟𝑙𝑑
1.25 + 0.727𝐴1.25)0.8)  

If 𝐺𝑎1 ≥ 𝐺𝑎2 + 𝐴 then 𝐹𝑎1 = 𝐺𝑎1 and 𝐹𝑎2 = 𝐹𝑎1 − 𝐴 

Else 𝐹𝑎2 = 𝐺𝑎2 and 𝐹𝑎1 = 𝐹𝑎2 + 𝐴 

 Combined loads R, A, M (with R off-centered from a 

distance a and M centered) 

𝐹𝑟1 =
𝑎

𝐿
𝑅 +

𝑀

2
 and 𝐹𝑟2 = (1 +

𝑎

𝐿
) 𝑅 +

𝑀

2
  

and same sequence as previously for centered loads. 

 

B. Value of ε and Jα(ε) 

 

Table B.1: Value of ε and Jα(ε) depending of the force 

ratio [2] 

C. RBSDyn Results Comparison 

Table C.1 has been obtained during the tests of RBSDyn, in 

order to compare the reference values with RBSDyn results. It 

shows two load cases, on which no temperature gradient is 

applied. Each load case has three different preload values. For 

every situation, the Hertzian pressure, the stiffnesses and the 

maximum gapping and the number of gapped balls.  

Table C.1: Comparison between RBSDyn results and the reference values 
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