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The electrification of drivetrains has driven demand for high power density electric motors, 

motivating research into integrated cooling and lubrication systems within the DLC for 

Traction Motors project. This thesis investigates bearing lubrication and cooling as part of a 

broader effort to develop a novel power-dense traction motor. Specifically, the conditions 

under which bearing oil lubrication is preferable to conventional grease are investigated. Oil 

is not desired due to its more complex design, but oil lubrication would enable cooling for 

the bearing and the possibility to integrate the bearing lubrication system with cooling 

circuits in the motor. 

A thermal model of the bearing was developed in MATLAB Simulink to support oil 

lubrication design process. The simulation model takes load and angular velocity as inputs 

and accounts for frictional heat generation, heat convection between solids and liquids, 

lubricant viscosity, friction coefficient, and component temperatures. The simulation uses a 

combination of methods, validated where possible against data from the available literature 

of the methods. The shape of the temperature response was adequate and the steady-state 

temperature values were found to be reliable, error mostly within ±7 °C. However, the 

accuracy of simulation response times was insufficient, likely due to uncertainties in the 

handling of bearing and lubricant parameters. Simulation results show that the bearing's 

lubrication condition (kappa ratio) improved significantly upon switching from grease to oil 

or applying cooling to the lubricant. Engineering criteria for lubrication selection was 

formulated. 

Further refinement and testing are required before the tool can be applied with confidence 

in electric motor design. Once done, the simulation can be used as a practical design aid, 

providing early-stage insight into bearing thermal behaviour and lubrication condition 

without the need of an existing prototype.  
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Ajolaitteiden sähköistyminen on lisännyt kysyntää suuritehoisten sähkömoottoreiden 

suuntaan, mikä on motivoinut tutkimusta integroitujen jäähdytys- ja voitelujärjestelmien 

kehittämiseksi DLC for Traction Motors -projektissa. Tässä työssä tutkitaan laakereiden 

voitelua ja jäähdytystä osana laajempaa pyrkimystä kehittää uudenlainen tehokas 

sähköajomoottori. Erityisesti tarkastellaan olosuhteita, joissa laakerien öljyvoitelu on 

suositeltavampaa kuin perinteinen rasvavoitelu. Öljyvoitelua ei usein ole pidetty hyvänä 

vaihtoehtona sen monimutkaisemman rakenteen vuoksi, mutta öljyvoitelu mahdollistaisi 

laakereiden jäähdytyksen ja voitelujärjestelmän yhdistämisen moottorin jäähdytyspiireihin. 

Laakereiden lämpömalli kehitettiin MATLAB Simulink -ympäristössä tukemaan 

öljyvoitelun suunnittelua. Simulaatiomallille annetaan kuorma ja kulmanopeus syötteinä ja 

laskenta ottaa huomioon kitkasta aiheutuvan lämmöntuotannon, lämmön johtumisen 

kiinteissä ja nestemäisissä komponenteissa, voiteluaineen viskositeetin ja kitkakertoimen 

sekä komponenttien lämpötilat. Simulaatio käyttää useita menetelmiä, jotka on validoitu 

mahdollisuuksien mukaan kirjallisuudesta saatavilla olevaa dataa vasten. Lämpötilavasteen 

muoto oli tyydyttävä ja vakaan tilan lämpötila-arvot osoittautuivat luotettaviksi; virheet 

pysyivät pääosin ±7 °C:n sisällä. Simulaation vasteaikojen tarkkuus oli kuitenkin 

riittämätön, mikä johtuu todennäköisesti epävarmuuksista laskentamallin laakeri- ja 

voiteluaineparametrien käsittelyssä. Simulaation vakaan-tilan perusteella laakerin 

voiteluolosuhde (kappa suhde) parani merkittävästi, kun rasva vaihdettiin öljyyn tai 

voiteluainetta jäähdytettiin. Voitelun valinnalle muodostettiin tekniset kriteerit. 

Ennen kuin työkalua voidaan luotettavasti soveltaa sähkömoottoreiden suunnittelussa, 

tarvitaan lisää kehitystä ja testausta. Kun nämä vaiheet on suoritettu, simulaatiota voidaan 

käyttää apuvälineenä suunnittelussa. Simulaatiolla voitaisiin tarkastella laakerin 

lämpökäyttäytymistä ja voiteluolosuhteita ilman olemassa olevaa prototyyppiä.  
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SYMBOLS AND ABBREVIATIONS  

Roman characters 

A area of heat removal  mm2 

c specific heat   J/kgK 

dm bearing mean diameter  mm 

Fa axial load   N 

Fr radial load   N 

M friction moment  Nm 

m mass   kg 

n angular velocity  rpm (revolutions per minute) 

h contact heat convection  W/m2 K 

k thermal conductivity  W/mK 

Pm  Equivalent radial load  N 

𝑄 Heat energy   J 

𝑄̇ Heat energy flow rate  W 

R thermal resistance  K/W 

T temperature   ºC, K 

 

Greek characters 

ρ density   kg/m3 

ν kinematic viscosity  mm2/s 

ν1 rated kinematic viscosity  mm2/s 

κ lubricant condition, kappa ratio - 

ω angular velocity of the shaft rad/s 

µEHL friction constant  - 

µp friction constant plateau point - 



Dimensionless quantities 

Nu Nusselt number 

Pr Prandtl number 

Re Reynolds number 

 

Subscripts 

a housing coolant  

b bearing balls 

c shaft coolant 

f friction 

h housing 

i bearing inner race 

l lubricant 

o bearing outer race 

s shaft 

nm value between two components n and m 

 

Abbreviations 

CFD computational fluid dynamics 

DLC direct liquid cooling  

FEA finite element analysis 

NRMM non-road mobile machinery 

PMSM permanent magnet synchronous motor 

SWC  spiral water cooling



7 

 

 

Table of contents 

 

Abstract 

Acknowledgements 

Symbols and abbreviations 

Declarations 

 
1 Introduction: Effective cooling to increase power density ........................................... 12 

1.1 Background: Electrification ................................................................................. 13 

1.1.1 Current state of electric motor cooling ............................................................ 13 

1.1.2 Direct liquid cooling (DLC) ............................................................................ 14 

1.2 Motivation: Why focus on bearings lubrication? ................................................ 15 

1.2.1 Project and prototype ....................................................................................... 16 

1.2.2 The relevance of stator cooling for the bearing lubrication ............................. 17 

1.2.3 Contribution of the thesis ................................................................................. 17 

1.3 Scope and objectives ............................................................................................ 17 

1.3.1 Framing ............................................................................................................ 18 

1.3.2 Research methods ............................................................................................ 18 

1.3.3 Research questions and hypothesis .................................................................. 18 

1.4 Structure of the thesis .......................................................................................... 19 

2 Literature review leads to thermal modelling ............................................................... 21 

2.1 Comparison between oil and grease .................................................................... 21 

2.2 Integration with direct liquid cooling .................................................................. 23 

2.3 Factors which affect choosing of bearing lubrication .......................................... 24 

2.4 Thermal modelling of bearings ............................................................................ 26 

3 Simulation design for thermal modelling ..................................................................... 29 

3.1 Friction moment ................................................................................................... 31 

3.2 Heat generation, convection and conduction ....................................................... 32 

3.3 Major and minor axis from the contact between balls and races ......................... 34 

3.4 Temperature ......................................................................................................... 35 

3.5 Viscosity and lubrication condition ..................................................................... 37 



8 

 

 

3.6 Tuned parameters and values ............................................................................... 38 

4 Results: Simulation validation ...................................................................................... 40 

4.1 Case study 1 ......................................................................................................... 40 

4.1.1 Initial temperature response ............................................................................. 40 

4.1.2 Temperature response ...................................................................................... 42 

4.1.3 Steady-state temperature .................................................................................. 45 

4.1.4 Lubrication condition, kappa ratio ................................................................... 47 

4.2 Case study 2 ......................................................................................................... 48 

5 Analysis: Valid but up for refinement .......................................................................... 52 

5.1 Simulation verification ........................................................................................ 53 

5.2 Objectivity, reliability and validity ...................................................................... 54 

5.3 Error and sensitivity analysis ............................................................................... 55 

5.4 Integration with rotor DLC .................................................................................. 56 

5.5 Key findings ......................................................................................................... 57 

6 Discussion: Cohesion, findings and improvements...................................................... 58 

6.1 How literature review and simulation go together? ............................................. 59 

6.2 How to determine oil or grease as bearing lubrication in a PMSM? ................... 60 

6.2.1 Engineering criteria for lubrication selection .................................................. 61 

6.3 How cooling and lubrication circuits should be integrated in PMSM? ............... 62 

6.4 Value of the results .............................................................................................. 63 

6.5 Suggested improvements ..................................................................................... 63 

7 Conclusions: A potential tool ....................................................................................... 66 

References ............................................................................................................................ 67 

 

  

 

Appendices 

Appendix 1. Simulation parameters for case studies 

  



9 

 

 

Figures 

Figure 1. Bulldozer with electric motors highlighted (Microsoft, 2025) 

Figure 2. Ball bearing with a cut-out (Microsoft, 2025) 

Figure 3. Lubrication condition of bearing (SKF, 2026, Diagram 3) 

Figure 4. Simulation bearing model, where A is area of contact (mm). a and b are the major 

and minor axis of the elliptical contact between ball and race (mm), c is heat capacity 

(J/kgK), h is convective/conductive coefficient (W/m2K), k is thermal conductivity 

(W/mK), m is mass (kg), Q is heat energy (J), T is temperature (°C) and ν is kinematic 

viscosity (mm2/s). 

Figure 5. Flowchart of the Simulink simulation 

Figure 6. Calculation process of major and minor axes of elliptical contact between balls and 

races 

Figure 8. Case study 1: Case 1 without gain for temperature rate of change 

Figure 9. Case study 1: Case 1 

Figure 10. Temperature response of calculation and experimental results, 

Figure 11. Case study 1: Simulation outer race temperature response from the seven cases 

Figure 12. Case study 1: Case 2 

Figure 13. Temperature response of calculation and experimental results, 

Figure 14. Case study 1: Steady-state temperature of simulation results (Kuitunen). Along 

White-Box (Cabezas) and empirical measurements (Cabezas, 2025, p. 81). 

Figure 16. Temperature response (Takabi & Khonsari, 2016, p. 665) 

Figure 17. Case study 2: Simulation temperature response, no gain 

Figure 18. Case study 2: Simulation temperature response, gain of 2, ramped signal 

Figure 19. Electric motor bearing lubrication design process with the simulation 

 

  



10 

 

 

Tables 

Table 1. Bearing lubrication methods (Bruce, 2012, pp. 897–898) 

Table 2. Friction moment calculation parameters and variables 

Table 3. Heat energy calculation parameters and variables 

Table 4. Temperature calculation parameters and variables 

Table 5. Viscosity calculation parameters and variables 

Table 6. Simulation tuning parameters 

Table 7. Case study 1: Comparison table of the results 

Table 8. Case study 1: Lubrication condition comparison  



11 

 

 

DECLARATIONS 

 

Turnitin 

The originality of this thesis has been reviewed with the Turnitin similarity checking 

service.   

AI usage 

The author of the thesis, Tuomas Kuitunen, used the following AI-tools during the 

preparation of the thesis: 

1. claude.ai and chatgpt.com 

a. Purpose of use: Summary of papers 

b. The AI is used to speed up the process of finding the relevant information of 

the papers. The information is verified from the paper afterwards. Prompt: 

“Give summary of what this paper has to say about bearing lubrication. Give 

page numbers of the information.” 

2. Microsoft copilot copilot.microsoft.com 

a. Purpose of use: Picture creation 

b. Pictures are created and modified with various prompts to create illustrative 

figures to make the reading experience more enjoyable. 

3. claude.ai 

a. Purpose of use: Converting pictures of equations into Matlab code 

b. Various equations from papers are converted into Matlab code. Prompt: 

“Give this in Matlab code”. Manual check of the produced code is performed 

afterwards. 

 

AI tool usage referred appropriately in the writing and details available in the references. 

Responsibility 

The author, Tuomas Kuitunen, takes full responsibility for the content of this thesis and has 

reviewed and edited the content generated by the possible use of AI tools. 

  



12 

 

 

1  Introduction: Effective cooling to increase power density  

Ongoing megatrend of electrification and sustainability works in favour of electric motor 

industry. Electric motors convert electricity straight to mechanical power for machines to 

use and thus reducing the dependency on fossil fuels. Development of electric motors is 

directed towards more efficient and power dense solutions. From this situation emerges the 

topic for this thesis in form of development for new novel electric motor for mobile machines 

which operate outside of roads (Figure 1). Electrifying these machines has just started and 

there is a huge potential to reduce emissions (Goswami et al., 2022, pp. 1–2).  

 

 

Figure 1. Bulldozer with electric motors highlighted (Microsoft, 2025) 

 

This work is focused on the bearing lubrication and oil cooling possibilities as well as direct 

liquid cooling (DLC) for a prototype electric motor. In combustion engine drivetrains 

bearings account for 10% of frictional losses and for electric motors the drivetrain is simpler 

which leads to the same amount of bearing loss to be proportionally higher part of the total 



13 

 

 

friction loss of the drivetrain (Park, Jungsoo et al., 2025, p. 1). Therefore, a guideline for 

bearing oil lubrication selection is investigated. 

1.1  Background: Electrification 

Many electric motors for on-road vehicles, such as cars, have come to the market as a part 

of the electrification trend. However, majority of non-road mobile machinery (NRMM), 

such as tractors, still utilize combustion engine as the main power source. To further reduce 

emissions NRMM are also to be electrified. This change is enforced by the development in 

emission regulations for NRMM. (Vu et al., 2023, p. 1). 

When it comes to electric motors the requirements for development are similar with road 

vehicles and NRMM: Lighter, more power, higher efficiency. However, NRMM usually 

need to do more than just transport people therefore the power requirements are greater. 

Electric motors with enough power exist but they are not optimised for NRMM meaning that 

the motor is bigger and heavier than what would be optimal. 

One important way to optimise electric motors is the cooling system. Designing a cooling 

system is an optimization problem where multiple factors such as the performance 

requirements of the motor, environmental limitations and of course sustainability, must be 

considered. In the public sector one key factor is also the costs, which directs the design 

process. 

1.1.1  Current state of electric motor cooling 

Efficient cooling results in lower temperatures and therefore increases the lifetime of the 

motor (Garud et al., 2023, p. 1; Lindh et al., 2017, p. 2; Park, Jung-Su et al., 2025, p. 2; 

Petrov et al., 2025, p. 1). More effective cooling of the stator allows more electricity to be 

applied to the electromagnetic elements of the motor resulting in higher power density (Park, 

Jung-Su et al., 2025, p. 2). Elevated levels of heat in the rotor decreases the torque output 

capability of an electric motor and may lead to demagnetisation; magnets lose their 

magnetism which means that motor stops working (Wrobel et al., 2016, p. 1363). 
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Air and gasses in general have significantly worse heat conductivity compared to liquids 

such as water. Liquids are also in general more capable of carrying more heat in them. 

(Valtanen, 2022, pp. 439–441) These fundamental properties have directed the cooling in 

high-performance applications to be with liquid. Dozens, even hundreds, of times better 

convection of heat can be achieved with liquid compared to air (Staton, 2014, p. 10). In high-

performance motors air cooling cannot provide enough heat transfer to create competition 

advantage (Park, Jung-Su et al., 2025, p. 2). 

Traditionally cooling of permanent magnet synchronous motor (PMSM) is done by 

circulating the coolant through the frame of the motor. This method is simple and cost 

effective, but power density could be improved by more novel methods. (Lindh et al., 2017, 

p. 2). Phase-change material cooling, heat pipe cooling and refrigerant cooling methods are 

seen as unsuitable for high-speed electronic vehicles, DLC shows potential (Park, Jung-Su 

et al., 2025, p. 2). 

Bearings are often lubricated with grease which decreases the friction and reduces the 

amount of heat generated. Alternatively, bearings can be lubricated with oil, and it has been 

proven efficient with large industrial motors. Along with the lubrication the oil can conduct 

the heat away straight from the bearings (Lindh et al., 2017, p. 2).  

1.1.2  Direct liquid cooling (DLC) 

When cooling is done by applying liquid directly to the source of the heat means direct liquid 

cooling. With direct liquid cooling the heat does not conduct through the components of the 

machine, the heat is directly transferred to the cooling medium, and the cooling medium is 

transported away from the heat source. 

DLC is shown to remove heat more effectively compared to indirect cooling methods (Credo 

et al., 2023, p. 7; Lindh et al., 2019, p. 8; Park, Jung-Su et al., 2025, p. 1; Petrov et al., 2019, 

p. 10, 2025, p. 10). DLC has been previously used mostly in high power machines (Petrov 

et al., 2025, p. 2). 

To be able to utilise DLC it needs to be clear where the heat is generated. PMSM creates 

heat in the spinning process especially with high torque and/or angular velocity. Heat is 

mainly generated in the stator by the electrical resistance of the windings, in the rotor by the 
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magnets’ electrical conductivity and in the bearings by friction. Other sources of heat are 

generated in the core, both rotor and stator, and by drag of the cooling medium in the 

windings. (Wrobel et al., 2016, pp. 1360–1364). Higher performance and consequently more 

heat can be expected of an electric motor if DLC can be used to remove heat more 

effectively. 

In addition to lubrication oil can be used to cool the bearings (Schaeffler, 2025). Initial 

investment of oil cooling is higher compared to grease (Hodowanec, 1999, p. 1250; Paschall, 

T. W. & Gaynor, 2005, p. 29; Schaeffler, 2025), but in a long run and in high power 

applications the oil cooling system can be beneficial (Paschall, Timothy W. & Gaynor, 2003, 

p. 29).  

1.2  Motivation: Why focus on bearings lubrication? 

As already mentioned earlier sustainability and electrification are driving factors of this 

work. NRMM lack suitable electric motors and therefore the design of them should be 

optimised for the application at hand and the number of combustion engines could therefore 

be reduced. Additionally, the benefits are not limited to NRMM as the advancements of 

electric motors enforce the usage of them in other applications therefore further reducing the 

need for combustion engines. In this case higher power density is desired and the attention 

to heat removal becomes more important. 

Novel design is strived to gain competitive edge on the market. Aim is to be able to 

manufacture and maintain a lighter and more powerful motor with cheaper cost. For the 

motor to perform better, power to weight ratio should be improved especially in the case of 

NRMM. On an idea level higher power is achieved by applying more electricity to the motor 

resulting in increased level of heat, increasing the importance of effective cooling. 

Oil cooling has potential in high performance electric motors, but it is not utilised for 

bearings (Figure 2) as often as grease. Use of grease is often easily justified because of the 

low initial cost and the simplicity of the design requirements for it. However, oil lubrication 

has the clear benefit of being able to cool down the bearing (Schaeffler, 2025). More 

comprehensive understanding of the oil as bearing lubricant would allow it to be easier 

considered as a potential alternative. Improved guidelines of lubrication selection would 
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reduce the hesitance of the designer, and they would have another tool to justify their choices 

for the lubrication.  

 

 

Figure 2. Ball bearing with a cut-out (Microsoft, 2025) 

 

1.2.1  Project and prototype 

The project is DLC for traction motors and the title for it is Development of high power 

density direct liquid cooled winding electric motor production technologies for heavy 

commercial vehicle traction motor. The project derives from the electrification of NRMM 

which would benefit from more energy dense components such as electric motors. 

Commercially available electrical components suitable for such applications are limited and 

therefore the prices are high. 

Previous prototype was built to confirm a concept of DLC cooling method and to solve 

challenges in the assembly of the motor. A new prototype aims to improve the design to aim 

the motor to have better performance and it to be more manufacturable. The focus of the 

prototype is in DLC with oil cooling for the hairpin wound stator. 
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1.2.2  The relevance of stator cooling for the bearing lubrication 

In PMSM stator the heat is created in the coils or the pins. In DLC with pull-in winding the 

copper wire is wound around a small tube (Petrov et al., 2025, p. 3). In high-speed 

applications the hairpin windings provide higher performance compared to pull-in windings 

(Dimier et al., 2020, p. 7). For both of these oil is forced through the electrical charged 

element. 

Integration of the cooling systems in the motor is desired to simplify the design and to 

improve the power to weight ratio. Stator cooling, rotor cooling and bearing 

cooling/lubrication would ideally be done with same medium, oil, if seen appropriate. The 

prototype motor uses oil cooling for the stator hairpins and therefore oil cooling/lubrication 

for the bearings, as well as oil rotor cooling, is investigated. The hope is to be able to 

integrate the cooling systems to simplify the design of the motor bringing down the 

manufacturing and maintenance costs. 

1.2.3  Contribution of the thesis 

Thesis contributes to the development of electric motors. This contribution affects the 

sustainability of industry utilising traction motors and electric motors are made more 

desirable. Specifically knowledge about bearing lubrication is gained and the new insight 

can be used to ease the future design of electric motors. 

This work is done in collaboration with Danfoss and in a broader view it contributes to the 

values they have and pursue. Danfoss strives to increase machine productivity, reduce 

emissions and to lower energy consumption. Along with electrification sustainability is a 

key value of Danfoss. Work done here is a small contribution when looking at the scale of 

the company but nevertheless a step towards the direction where the company is headed. 

1.3  Scope and objectives 

The plan is to gain a better understanding on the electric motor bearing lubrication and 

cooling to be used in the case study and development of guidelines for lubrication selection. 
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The goal is to aid electric motor design. Findings should be directly usable with the prototype 

at hand and in the future in the lubrication selection for electric motor bearings. To aid the 

design of the prototype the case studies are conducted. Guidelines for bearing lubrications 

selection are discussed and along these tasks the knowledge to answer the research questions 

is acquired. 

1.3.1  Framing 

Stator oil cooling makes the study lean towards oil cooling, but integration of stator side oil 

circulation is left out of consideration. Literature review is done to build the simulation and 

to aid the integration of the rotor and bearing cooling. Rotor cooling methods are briefly 

reviewed but the focus will be kept on the bearing cooling and lubrication. 

The simulation model is aimed to be as simple as possible which can still produce valid 

results. Simplifications and assumptions are in more detail in the section regarding the 

simulation design. The simulation evaluates the lubricant condition, kappa ratio, but the 

utilisation of the it is not discussed with comprehension. 

1.3.2  Research methods 

Literature review consists of academic literature and guides around the selection of bearing 

lubrication. LUT and Danfoss staff are consulted to direct the research into the right 

direction. Literature review is used to develop a method which is beneficial for lubrication 

selection and case study is done to test the method. Based on the literature review and the 

method guidelines for lubrication selection between oil and grease are discussed. 

1.3.3  Research questions and hypothesis 

The first research question is: How to determine oil or grease as bearing lubrication in a 

PMSM? And the hypothesis for it is that choosing lubricant/coolant for an electric motor 

bearing includes multiple factors which affect the outcome. The difference between oil and 

grease comes down to whether the bearing need to be cooled or not. Focus on the research 

therefore is in the factors that affect the temperature generation of the bearing. It seems that 
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lower performing motors should always be done with grease lubrication, then there would 

be a transition region where either could be done and above certain performance 

requirements the lubrication would be done with oil.  

The second research question is: How cooling and lubrication circuits should be integrated 

in PMSM? And the hypothesis for it is that the best case in integrating the lubrication circuits 

would be that all of them utilise the same oil which is able to lubricate the bearings and 

effectively cool the various components. However, the selection of the medium is a 

compromise between lubrication and cooling which will lean towards better cooling 

properties. Likely cooling of the bearings should be done by spraying oil/air mixture to the 

bearings and cooling of the rotor would be done by submerging parts of the rotor with the 

oil. This means that the oil circuits would be parallel and the only integrating factor is the 

type of oil used. 

1.4  Structure of the thesis 

In general, each section tries to make it clear in the beginning what it is all about. Each 

highest-level heading includes a short description of what it is about and so the overall idea 

of the thesis could be understood by just going through the table of contents. This one-line 

description is opened in the first paragraphs of each section. This way the reader is motivated 

to continue the reading through the section, or they can determine that the section is not 

worth their time.  

Introduction section describes what the thesis is about, what is done, why it is important and 

most importantly motivates the reader to continue reading. Especially in the introduction 

section the writing is done so that even somebody without technical background would be 

able to understand what the thesis is all about with the least amount of effort as possible.  

The literature review consists of investigating the lubrication of bearing with cooling in 

mind. Affecting factors of the lubrication are identified and grease and oil are compared. 

Possibilities about the integration with rotor cooling are investigated. Based on the literature 

review the method of simulating the thermal response of the bearing under relevant 

conditions is described. The formulas used in the simulation and the overall structure of the 

simulation is presented. Assumptions are addressed and uncertain parameters presented. 
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Results topic the simulation results alongside the measured data and calculations from 

literature. Results contain two case studies with several different cases, and the results are 

illustrated with figures and main findings are presented in a table.  

The analysis section focuses on analysing the results by addressing what the results show. 

In this section the verification of the simulation is qualified part by part; what was verified 

and what was not? Reliability and validity tell how well the well the results correlate with 

reality and error/sensitivity analysis considers the parameters and aspects critical to the 

function of the simulation. Integration to the DLC topic is briefly discussed and finally key 

findings are presented. 

Discussion section brings all the sections together and addresses the cohesion. Research 

questions are answered, formulation of engineering criteria for bearing/lubrication selection 

is produced and the value of the results is discussed. Suggested improvements section 

discusses the shortcomings of the research and simulation and formulates ways to further 

develop the simulation. Discussion section’s extension is the conclusions which summarises 

the entire thesis into one page.  
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2  Literature review leads to thermal modelling 

For bearings to function efficiently they need to be lubricated properly (Park, Jungsoo et al., 

2025, p. 1). Proper lubrication reduces friction which reduces power loss, and this has an 

economic and ecological impact. About 20% of the world’s energy consumption is from 

power loss created by friction (Zander et al., 2023, p. 1308). Even a small reduction in the 

friction of a grease bearing can significantly reduce the carbon footprint (Calderon-Salmeron 

et al., 2024, p. 9). Effective lubrication increases the lifetime expectancy of the bearing and 

can reduce the amount of required maintenance. 

The aim is to integrate oil circulations in the PMSM prototype. As the cooling of the stator 

is done with oil, an option of lubricating/cooling the bearings by oil becomes more suitable. 

However, even if the oil circulation already exists in the motor, it is not given that the bearing 

lubrication/cooling should be done with oil, other methods are often chosen instead. 

Bearing can be lubricated by several methods such as circulating oil, oil bath, oil mist, oil-

spot, solid and grease (Table 1). With circulating oil lubrication, the oil is pumped into the 

bearing and after the bearing the oil drips into a container from which it is recirculated again 

through desired components such as a filter. Oil bath refers to lubrication where the bearing 

is partially submerged in oil container and while it spins the ball pick up the oil for the whole 

bearing. In oil mist lubrication fine particles of oil are sprayed with air to the balls of the 

bearing, the oil lubricates and air cools. Compared to oil mist, oil spot lubrication uses bigger 

droplets of oil, and the excess oil needs to be collected. Solid lubrication uses solid film that 

releases lubricant. This method is rare and used in unusual environments. Most common and 

simplest lubrication method is grease lubrication where the properties of oil are modified 

with additives to create grease which can be cost effectively applied and maintained. (Bruce, 

2012, pp. 897–898).  

2.1  Comparison between oil and grease 

The main ways of bearing lubrication are grease, oil mist, and oil air (Qiang et al., 2015, p. 

1). Compared to oil-mist and sealed bearings grease lubricated bearings have lower initial 

cost. Grease-lubricated bearings need to be relubricated, but the type of grease can be 
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changed mid-use if seen beneficial (Hodowanec, 1999, p. 1248). Sealed bearings have a long 

service interval limited by the lifetime of the grease but requires bearing to be replaced as 

maintenance instead of regreasing (Hodowanec, 1999, pp. 1250–1251). 

 

Table 1. Bearing lubrication methods (Bruce, 2012, pp. 897–898) 

Type Description Pros and cons 

Oil Bath Bearing sits, partially or fully, 

submerged in an oil bath 

• Inexpensive 

• No cooling 

• Reservoir required 

• Not for high-speed applications 

Circulating Oil is pumped through the 

bearing 

• Cooling 

• Additional system required 

Spot Oil air mixture sprayed 

directly on the bearings. Oil is 

circulated 

• Cooling 

• Low oil usage 

• Additional system required 

Mist Mist/fog oil air mixture 

sprayed directly on the 

bearings. Oil is not circulated 

• Cooling 

• Additional system required 

• Uncertain environmental implications 

Grease Non-sealed The viscosity of oil is 

increased with additives to 

create grease, honey-like 

liquid 

• Inexpensive 

• No cooling 

• Can and should be regreased 

• Not for high-speed applications 

Sealed Grease is kept inside the 

bearing with shield or seals 

• Inexpensive 

• No cooling 

• No additional features required 

• To service, bearing is replaced 

• Not for high-speed applications 

Other Solid Rare method where lubrication 

is done by solid medium, for 

example a film or powder 

• No cooling 

• For unusual environmental conditions 

eg.  high temperature or low pressure 

 

The main disadvantage of oil mist lubrication is the high initial cost due to complex design 

(Hodowanec, 1999, p. 1250; Paschall, T. W. & Gaynor, 2005, p. 29; Schaeffler, 2025). Oil-

mist is an excellent way to deliver lubricant to the bearing, but precautions need to be done 

in design to overcome oil getting into the motor (Hodowanec, 1999, p. 1250). Oil provides 
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cooling to the bearing, rinses off debris and reduces the friction more than grease; in use the 

relubrication is done by the system itself (Schaeffler, 2025). With oil-mist particles are 

washed out, corrosion is kept away, and maintenance is reduced (Paschall, T. W. & Gaynor, 

2005, p. 29).  

The operating bearing temperature can be reduced from 50% to 65% when using oil mist 

instead of grease if fresh oil is applied constantly (Paschall, Timothy W. & Gaynor, 2003, p. 

174), achieved in enclosed fan cooled alternative current electric motor (Weihsmann & 

Subler, 1980, p. 487). Compared to grease, oil mist system has more components and design 

challenges such as cavities for the oil flow and oil collection. Oil mist system consumes 40% 

less oil compared to conventional oil lubrication systems. (Paschall, Timothy W. & Gaynor, 

2003, p. 174) When axial and radial loads are lower than 400 N: Under 40 000 rpm grease 

lubrication is observed to have lower temperature, change compared to oil mist; over 40 000 

rpm oil-mist resulted in lower temperature change (Qiang et al., 2015, pp. 6–7). 

When large amount of heat is created or conducted to the bearing grease lubricant viscosity 

and be thrown out from the parts that need to be lubricated. In high-speed applications 

increasing the flow rate of oil lubrication can add heat to the bearing as the oil churns when 

centrifugal forces throw it outwards (Bruce, 2012, p. 897). 

Oil cooling of bearings is more effective and suitable for power dense electric motor designs 

compared to grease lubrication. The higher cost and complex design of the oil cooling system 

make designers hesitant to choose it and therefore it would be beneficial for them to know 

when they must resort into using it. 

2.2  Integration with direct liquid cooling 

Heat does not easily leave rotor assembly therefore along with managing magnet loss, 

enhanced cooling is required (Wrobel et al., 2016, p. 1363). Hollow shaft enables cooling to 

be added to the rotor by circulating fluid inside of it. Although the cooling is then not exactly 

where the heat is generated in the rotor. 

Water has higher heat capacity compared to oil (Lindh et al., 2017, p. 2; Valtanen, 2022, p. 

440). Water also has higher heat conductivity compared to oil (Valtanen, 2022, p. 440). 

However, water has insufficient lubricating properties and when contaminated it is 
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electrically conductive which is not desired in case of stator DLC. Oil can be directly sprayed 

on electric driving motor’s heat sources which allows better cooling than what could be 

achieved with water due to its electrical properties (Garud et al., 2023, p. 1; Park, Jung-Su 

et al., 2025, p. 2). In addition to the unsuitable properties of water, as the oil is used for the 

cooling of the stator the research is directed towards oil as a coolant. 

Novel methods show potential in rotor cooling regardless of the medium. “With the 

prototype’s power density at 5.8 kW/kg at 12 000 r/min, the results show that the average 

temperature of PMs decreased by about 38 ◦C by applying the SWC, verifying the 

effectiveness of the cooling structure.“ SWC stands for spiral water cooling and water is 

more effective compared to oil which was also observed to decrease temperature 

significantly. (Chu et al., 2024, p. 1255). SWC the design requires complex geometries and 

calculations which are not as straight forward to solve as with conventional electric motor 

design. 

2.3  Factors which affect choosing of bearing lubrication 

Several factors affect the decision of the lubricant: most importantly viscosity, along with 

temperature range, speed, load, materials and overall design (Khonsari & Booser, 2017, p. 

23). Bearing type and size, operating temperature, motor speed and load are used in the 

lifetime calculations of the bearing, and the lifetime is a function of the viscosity 

(Hodowanec, 1999, p. 1248). 

The bearing properties directly affect the friction moment (SKF, 2025) and heat 

convection/conduction (Cabezas, 2025, pp. 26–27; Mäkelä, 2005, p. 111; Nguyen-Schäfer, 

2019, p. 3). Lubricant properties define the viscosity of the lubricant with the temperature of 

it (Peleg, 2018, p. 2663). Angular velocity and viscosity have a direct effect on the 

convection of the heat, notably the convection of the lubricant; assuming constant convective 

coefficients is likely to introduce error (Cabezas, 2025, p. 37). 

Bearing temperature is directly proportional to angular velocity (Qiang et al., 2015, pp. 6–

8). Bearing frictional moment is inversely proportional to the angular velocity (Cabezas et 

al., 2023, p. 4). The temperature of the bearing increases with angular velocity but the rate 

of change decreases as the angular velocity increases.  



25 

 

 

Power losses can be categorised into load-dependent which is caused mechanical load and 

load-independent which is caused from angular velocity. In the case of bearing, load-

dependent would be for example bearing mechanical power loss (rolling friction) and load-

independent would be for example bearing drag loss (moving through oil). (Nutakor et al., 

2018, p. 43; Park, Jungsoo et al., 2025, p. 1) 

The main reason for implementing oil bath lubrication is to add cooling. However, as the 

speed of the motor increases more heat is transferred into the bearing oil lowering its 

viscosity resulting in thinner film thickness. Therefore, total power loss is higher, at least 

when the oil also circulates through the gears of the system. (Nutakor et al., 2018, p. 42). 

With oil lubrication higher bearing mechanical power loss occur by degreasing the 

temperature. Both bearing mechanical and bearing viscous power loss increases with the 

diameter of the bearing and these losses are bigger when the speed increases. (Nutakor et al., 

2017, p. 49). 

Viscosity of the lubricant, mean diameter of the bearing and angular velocity of the bearing 

define the kappa ratio which is the ratio between operating viscosity and minimum viscosity. 

Kappa ratio describes the lubrication condition; the amount of load carried by the lubricant 

film (Figure 3). Under 0,1 kappa ratio all the load is carried by the asperities on the bearing 

contact surfaces and over 4 kappa ratio all the load is carried by lubricant film. Higher 

viscosity, higher angular velocity and larger mean diameter of the bearing increase the kappa 

ratio which is desirable. (SKF, 2026) 

Mentioned factors in the end affect most of the properties of the bearing. Temperature 

appears to be the key factor in bearing lubrication. Change in temperature changes viscosity 

of the lubricant which results in altered friction properties of the bearing. Friction then again 

affects the heat generation increasing the temperature. Temperature also affects the 

convection and conduction of the heat which determines the final response of the system. 
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Figure 3. Lubrication condition of bearing (SKF, 2026, Diagram 3) 

 

2.4  Thermal modelling of bearings 

Thermal behaviour can be observed, or it can be modelled by computational methods such 

as analytical calculations, finite element analysis (FEA) or computational fluid dynamics 

(CFD). Observation and computational methods coexist for power loss analysis (Wrobel et 

al., 2016, p. 1). Empirical methods, observation, are used to verify the computational 

methods as well as on their own.  

CFD is used to simulate fluid behaviour in timesteps. It requires that a mesh of the 

component at hand is created, and the calculations are done specifically to that geometry. 

Along this other setup such as validation of boundary conditions need to be done. This 

method is computationally heavy, but the results are accurate. Fluid flow can be visualised, 

and components specific losses can be determined. As the number of parameters increase so 

does the computational load. Park et al. (2025, pp. 2–4) uses CFD to calculate drag losses of 

various ball bearing bridges. 

FEM is similar to CFD as it also simulates the behaviour of the via mesh of a geometry, is 

suitable for complex geometries and suffers from computational load. In addition to thermal 

modelling FEM can be used for evaluating mechanical deformation. Method requires several 

assumptions resulting in non-generalisable results. Method’s ability to calculate heat 
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convection could be improved by using the method with CFD. (Sibilli & Igie, 2018, pp. 4, 

18–19). 

Friction in bearing can potentially be calculated precisely. Freely accessible calculation 

methods SKF, Schaeffler, Schleich or “Low Friction Powertrain” are able to calculate the 

friction moment of deep groove ball bearing with correlation to measured data. However, 

the recommended parameters, such as friction coefficient, should be adjusted for better 

correlation. (Zander et al., 2023, pp. 1308–1310).  

The friction coefficient is the most influential factor in dynamic modelling of the bearing 

and to reduce the error the friction coefficient can be varied based on temperature and the 

ratio of rolling and sliding friction (Takabi & Khonsari, 2016, pp. 665–666). The friction 

coefficient depends on the lubricant properties, load, surface roughness and the velocity 

(sliding and rolling) between the components (Nutakor et al., 2019, pp. 520–521). Different 

methods are used for different situations (Nutakor et al., 2019, p. 514, 516; Takabi & 

Khonsari, 2016, p. 666) but the factors which the friction depend on should be accounted. 

The SKF method conditions for grease lubrication include that it is a steady-state, lithium 

soap grease with mineral oil, temperature is 20 C and the bearing is filled approximately 

30%. For oil lubrication bath, jet or oil-air can be used with viscosity range 2-500 mm2/s. 

Other condition requirements are that speed and loads are constant, and the bearing is not 

misused. To calculate the friction moment, SKF method considers: viscosity, speed, bearing 

type, bearing bore/outside diameter, radial and axial loads. (SKF, 2025, pp. 2–5). 

Cabezas et al. (2023, p. 3) develops the thermal model with four stages: load, friction, heat 

generation and state-space. The flow of the calculations goes through the first three stages 

to get the amount of heat generated and the convection of the heat is calculated with state-

space model in time steps to reduce the complexity compared to fully analytical approach. 

Method from Hoffmann et al. (2020, p. 1024) is basis for the thermal modelling described 

in the paragraph above Cabezas et al. (2023) but it did not verify the method via empirical 

means. Cabezas et al. (2023, p. 11) shows correlation between empirical data and their 

developed (Light Gray-Box) model. Both use SKF method to calculate friction moment. 

The traditional Arrhenius equation provides adequate solution to the viscosity of the 

lubricant based on the temperature. More accurate methods exist such as Williams–Lander–

Ferry, Vogel–Tamman–Fulcher and the traditional Arrhenius can be modified. These 
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methods have tuning parameters which can be adjusted for more accurate results. (Peleg, 

2018, pp. 2669–2670). 

In calculation of the conductivity coefficients of the lubricant Nusselt number formulas are 

used. Different Nusselt numbers are used case by case depending on for example if the object 

reassembles a rotating disk or inner surface of a hollow shaft (Zheng & Chen, 2017, p. 597). 

It is known what the Nusselt numbers depend on but either complex equations or the 

formulas need to be obtained experimentally (Jiji, 2009, p. 56). Different formulas are used 

to calculate the Nusselt number (Cabezas, 2025, p. 36; Takabi & Khonsari, 2013, p. 97) 

depending on method and structure of the calculations.  
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3  Simulation design for thermal modelling 

To investigate the thermal behaviour of the bearing a simulation is built in Matlab Simulink. 

The computation method used in the simulation is closely based on method by Cabezas et 

al. (2023) and it is modified with formulas by Takabi & Khonsari (2016). The simulation is 

validated by comparing the results to the experimental data (Cabezas, 2025, pp. 77–78, 81; 

Takabi & Khonsari, 2016, p. 665).  

Lumped model structure of the bearing is presented in Figure 4. Subscripts refer to the 

components or the contacts between the components. Subscripts are labelled based on the 

first letter of each component, note that f stands for friction. List of subscripts are available 

in Symbols and Abbreviations section in the beginning of this document. 

 

 

Figure 4. Simulation bearing model, where A is area of contact (mm). a and b are the major 

and minor axis of the elliptical contact between ball and race (mm), c is heat capacity 

(J/kgK), h is convective/conductive coefficient (W/m2K), k is thermal conductivity 
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(W/mK), m is mass (kg), Q is heat energy (J), T is temperature (°C) and ν is kinematic 

viscosity (mm2/s). 

 

A lumped model is used where different parts of the bearing, and the surrounding 

components are simplified into a simple node. Heat is transferred between these nodes 

according to the attributes affecting the components at each timepoint. 

The flow of the variables is illustrated by arrows in Figure 5. The angular velocity and the 

radial and axial forces are inputs to the system, and they can be varied throughout the 

duration of the simulation, however, the angular velocity is assumed to be the target rate 

already in the beginning and forces remain unchanged throughout the simulation. Along with 

viscosity these are used to calculate the friction moment.  

 

 

Figure 5. Flowchart of the Simulink simulation 

 

The friction moment is assumed to transform completely to heat which is added to the 

system. This added heat is used, along with the heat already in the system to calculate the 

temperature. The temperatures of the different parts in the system influence the 

convection/conduction of heat between the parts and the flow of heat is calculated for the 
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next timestep. The temperature of the lubricant in the bearing is used to determine its 

viscosity which affects the frictional moment. Effect of the bearing’s cage is not neglectable 

(Gao et al., 2022, p. 23), but it is not considered in the simulation to simplify the model. 

3.1  Friction moment 

The basic structure of the friction moment calculations is done with method by SKF (2025): 

𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑟𝑜𝑙𝑙 +𝑀𝑠𝑙𝑖𝑑𝑒 +𝑀𝑠𝑒𝑎𝑙 +𝑀𝑑𝑟𝑎𝑔 (1) 

where M is the friction moment (Nm). 

The SKF (2025, p. 2) method (Equation 1) calculates the friction caused by rolling contact, 

sliding contact, seal and drag, which are added together as the total friction moment. Inputs 

for the friction moment are presented in Table 2. 

 

Table 2. Friction moment calculation parameters and variables 

Parameters Variables 

Symbol Description Unit Symbol Description Unit 

D Bearing outside diameter mm Fr Radial force N 

d Bearing bore diameter mm Fa Axial force N 

R1,2,3 Geometric constant - n Angular velocity rpm 

S1,2,3 Geometric constant - ν Kinematic viscosity mm2/s 

C0 Basic static load rating - Tb Temperature, balls C 

Krs Starvation constant -    

Kz Bearing type geometric constant -    

H Oil level mm    

irw Number of ball rows -    

VM Drag loss factor -    

 

The SKF method assumes friction of the fluid to be constant and oil level of the bearing is 

assumed to be jet air lubrication (SKF, 2025, p. 4). The SKF (2025) method is modified to 

make the friction coefficient change under the conditions of the simulation. Friction 

coefficient is calculated by the following formula: 
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µ𝑝 = 
41

3600
−

𝑇𝑏
18000

(2) 

µ𝐸𝐻𝐿 =

{
 

 µ𝑝,
𝑀𝑠𝑙𝑖𝑑𝑒

𝑀𝑟𝑜𝑙𝑙
> 0.1

µ𝑝

0.1

𝑀𝑠𝑙𝑖𝑑𝑒

𝑀𝑟𝑜𝑙𝑙
,

𝑀𝑠𝑙𝑖𝑑𝑒

𝑀𝑟𝑜𝑙𝑙
≤ 0.1

(3) 

where µ𝑝 is friction coefficient plateau point and µ𝐸𝐻𝐿 is the friction coefficient. 

These formulas (Equations 2-3) are based on experimentally measured traction curves 

presented in a graph by Takabi & Khonsari (2016, p. 666). Equation 2 is linear interpolation 

formula in simplified form where the known two points are (T1 = 25, µ = 0.01) and (T2 = 

115, µ = 0.005). Above a 0.1 ratio between friction moment slide and roll ratio the 

temperature is the only affecting factor for the friction coefficient and below the 0.1 value 

the ratio affects the friction coefficient as well (Equation 3). 

3.2  Heat generation, convection and conduction 

Total heat energy added at each timestep is calculated with the following formula (Cabezas, 

2025, p. 44; Valtanen, 2022, pp. 167–168): 

𝑄̇𝑓,𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑡𝑜𝑡𝑎𝑙  ω (4)  

where 𝑄𝑓,𝑡𝑜𝑡𝑎𝑙 is the heat energy rate added to the system (W), ω is the angular velocity of 

the shaft (rad/s). 

The total friction moment is used to calculate the generated heat. The heat is partitioned to 

the balls (1/2) and contact regions (1/4 each) and the heat flow between bearing elements is 

calculated with lumped model (Cabezas et al., 2023, pp. 3–4; Hoffmann et al., 2020, pp. 

1018–1020). Heat flow between parts is calculated based on the following formulas: 

𝑄̇𝑛→𝑚 = ℎ𝑛𝑚 𝐴𝑛𝑚 (𝑇𝑛 − 𝑇𝑚) (5) 

𝑄̇𝑛→𝑚 =
𝑇𝑛 − 𝑇𝑚
𝑅𝑛𝑚

(6) 

where 𝑄̇𝑛→𝑚 is the heat energy transferred from n to m (W), ℎ𝑛𝑚 is the contact heat 

convective/conductive coefficient between components n and m (W/m²K), T is the 
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temperature of the component (K), A is the contact area between parts (m2) and 𝑅𝑛𝑚 is the 

thermal resistance between components n and m (K/W). 

Equation 5 is used for the flow of heat to the bearing lubricant, and for the flow of heat to 

the cooling fluids for housing and the shaft as cooling is applied. Conduction between 

housing or shaft and corresponding race is calculated also by Equation 5. Equation 6 is used 

to calculate the heat conduction between the balls and the races. Inputs for the heat energy 

calculations are presented in Table 3. 

 

Table 3. Heat energy calculation parameters and variables 

Parameters Variables 

Symbol Description Unit Symbol Description Unit 

- Various geometry parameters mm n Angular velocity rpm 

ks Thermal conductivity, metal W/mK ν Kinematic viscosity mm2/s 

kl Thermal conductivity, lubricant W/mK Fr Radial force N 

cl Specific heat, lubricant J/kgK Fa Axial force N 

ρl Density, lubricant kg/m3 Ta Temperature, housing 

cooling fluid 

ºC 

hoh Conduction coefficient, outer 

race/housing 

W/m²K 

 

Th Temperature, housing ºC 

hha Convection coefficient, housing 

coolant (air) 

W/m²K 

 

To Temperature, outer race ºC 

his Conduction coefficient, inner 

race/shaft 

W/m²K 

 

Tb Temperature, balls ºC 

hcs Convection coefficient, shaft 

coolant 

W/m²K 

 

Ti Temperature, inner race ºC 

Aha Area of heat removal, housing mm2 Ts Temperature, shaft ºC 

Acs Area of heat removal, shaft mm2 Tl Temperature, shaft 

cooling fluid 

ºC 

 

The convection coefficients for heat flow between bearing components and the lubricant are 

calculated using formulas presented by Cabezas (2025, pp. 35–36). However, the Nusselt 

numbers for the races and balls are calculated by the following equation (Takabi & Khonsari, 

2013, p. 97): 

𝑁𝑢 = 0.33 · 𝑅𝑒0.5 · 𝑃𝑟0.4 (7) 
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where 𝑁𝑢 is the Nusselt number, 𝑅𝑒 is the Reynolds number and 𝑃𝑟 is the Prandtl number. 

Other convection/conduction coefficients are given as parameters. These coefficients and 

areas of heat removal are tuned to make the simulation correlate to the experimental data. 

3.3  Major and minor axis from the contact between balls and races 

The heat conduction from the balls of the bearing to the races is based on the ellipse that is 

formed between the balls and the race when they are pressed against each other with a force. 

Calculation of the ellipse contains dozens of equations, and the method used requires 

variables to be iterated (Nguyen-Schäfer, 2019, p. 34, 41, 49).  

Figure 6 illustrates the calculation process of major and minor axes of the elliptical contact 

between balls and races. The functions are named with BTM prefix and BTM_F2ab is the 

main function.  

Along with the variables in the illustration (Figure 6) the function uses various parameters 

of the bearing which are either acquired from the bearing manufacturer’s technical 

information or estimated with formulas from the book by Nguyen-Schäfer (2019). The 

illustration (Figure 6) does not contain all the variables but to clarify the calculation process 

these are presented. To be noted is that RHS and LHS refer to right and left side of a function 

on page 38 of the reference.  (Nguyen-Schäfer, 2019, pp. 1–55) 

While calculating the major and minor axes exponent of reference’s equation 2.20 is 

modified from 1.5 to 1.578 to reduce error which is likely caused by calculation accuracy 

difference (Nguyen-Schäfer, 2019, p. 31). Axial load is assumed to be a fifth of the radial 

load. This assumption produces similar values to the major and minor axes of the elliptical 

bearing contact as in the reference without changing the Pm value (Nguyen-Schäfer, 2019, 

p. 35, 55). 
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Figure 6. Calculation process of major and minor axes of elliptical contact between balls 

and races 

 

The calculation uses both radial (Fr) and axial (Fa) forces to calculate the major and minor 

axis of the ellipse for inner and outer race. The function outputs an array of all the major and 

minor axes from the balls that distribute the load.  If any of the iterations did not converge 

the function produces a warning. The resulting function is tested to provide results withing 

small error to the example case (Nguyen-Schäfer, 2019, p. 35, 55). 

3.4  Temperature 

The temperature is calculated from the heat flow by the change in temperature in every 

timestep. Equations are based on the reference, but missing equation are added (Cabezas et 

al., 2023, p. 6): 

𝑑𝑇ℎ
𝑑𝑡

=
𝑄̇𝑜ℎ − 𝑄̇ℎ𝑎
𝑚ℎ𝑐ℎ

(8) 
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𝑑𝑇𝑜
𝑑𝑡

=
𝑄̇𝑓𝑜 + 𝑄̇𝑏𝑜 − 𝑄̇𝑜𝑙 − 𝑄̇𝑜ℎ

𝑚𝑜𝑐𝑜
 (9) 

𝑑𝑇𝑏
𝑑𝑡

=
𝑄̇𝑓𝑏 + 𝑄̇𝑖𝑏 − 𝑄̇𝑏𝑜 − 𝑄̇𝑏𝑙

𝑚𝑏𝑐𝑏
 (10) 

𝑑𝑇𝑖
𝑑𝑡

=
𝑄̇𝑓𝑖 − 𝑄̇𝑖𝑏 − 𝑄̇𝑖𝑙 − 𝑄̇𝑖𝑠

𝑚𝑖𝑐𝑖
 (11) 

𝑑𝑇𝑠
𝑑𝑡

=
𝑄̇𝑖𝑠 − 𝑄̇𝑠𝑐
𝑚𝑠𝑐𝑠

 (12) 

𝑑𝑇𝑙
𝑑𝑡

=
𝑄̇𝑜𝑙 + 𝑄̇𝑏𝑙 + 𝑄̇𝑖𝑙

𝑚𝑙𝑐𝑙
 (13) 

where m is the mass of the component (kg) and c is the heat capacity of the component 

(J/kgK). 

From Equation 10, division with the number of balls is removed to use all the balls of the 

bearing in the calculations instead of just one, therefore all the balls are combined to a single 

node in the lumped model. Equations 8-13 calculate the temperature rate of change as a 

function of time. This is then integrated to get the temperature of given component with 

Simulink’s Integrator -block. Inputs for the temperature calculations are presented in Table 

4. Gain of 200 is applied to temperature rate of change (before the Integrator -block). The 

gain is applied to all the components to make to simulation behave a similar speed to the 

measured data. The gain does not affect the final temperature nor the shape of the response 

graph. 

Specific heat values and thermal conductivity constants are assumed to be constant 

throughout the simulation. Cooling of the system is done to the housing and to the shaft. The 

cooling is done by fixing the cooling medium (individually) to a certain predetermined 

temperature, in case study 1 26 ºC and case study 2 20 ºC. Bearing lubrication can be also 

cooled in similar way but it is not used for this simulation. Mass of the bearing parts can be 

estimated roughly from the total mass of the bearing. Housing, shaft and lubricant masses 

are estimated to reasonable values. 
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Table 4. Temperature calculation parameters and variables 

Parameters Variables 

Symbol Description Unit Symbol Description Unit 

mh Mass, housing kg Fr Force, radial N 

mbo Mass, outer race kg Fa Force, axial N 

mbb Mass, balls kg 𝑄̇𝑓𝑜  Heat power, friction → outer race W 

mbi Mass, inner race kg 𝑄̇𝑓𝑏  Heat power, friction → balls W 

ms Mass, shaft kg 𝑄̇𝑓𝑖 Heat power, friction → inner race W 

ch Specific heat, housing J/kgK 𝑄̇ℎ𝑎 Heat power, housing → cooling fluid W 

co Specific heat, outer race J/kgK 𝑄̇𝑜ℎ Heat power, outer race → housing W 

cb Specific heat, balls J/kgK 𝑄̇𝑏𝑜 Heat power, balls → outer race W 

ci Specific heat, inner race J/kgK 𝑄̇𝑖𝑠 Heat power, inner race → shaft W 

cs Specific heat, shaft J/kgK 𝑄̇𝑐𝑠 Heat power, shaft → cooling fluid W 

   𝑄̇𝑜𝑙 Heat power, outer race → lubricant W 

   𝑄̇𝑏𝑙 Heat power, balls → lubricant W 

   𝑄̇𝑖𝑙  Heat power, inner race → lubricant W 

 

3.5  Viscosity and lubrication condition 

The traditional Arrhenius method is used for its simplicity and the results from it are deemed 

adequate for the small temperature scale present in the simulation: 

ln (
𝜈(𝑇1)

𝜈(𝑇𝑟𝑒𝑓)
) =

ln (
𝜈(𝑇1)
𝜈(𝑇2)

)

1
𝑇1
−
1
𝑇2

(
1

𝑇1
−

1

𝑇𝑟𝑒𝑓
) (14) 

where ν is the kinematic viscosity of the lubricant (mm2/s).  

Equation 14 is a combination of two formulas where a term (Ea/R) is substituted (Peleg, 

2018, p. 2663, 2666). This Equation is a naturally degreasing curve defined by two 

viscosities given at certain temperatures. Usually, lubricant manufacturers provide the 

viscosities at 40 ºC and 100 ºC, these are the T1 and T2. Inputs for the viscosity are presented 

in Table 5, Tl is substituted to Tref in Equation 14. 
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Table 5. Viscosity calculation parameters and variables 

Parameters Variables 

Symbol Description Unit Symbol Description Unit 

T1 Temperature 1 ºC Tl Temperature, lubricant ºC 

T2 Temperature 2 ºC    

ν1 Kinematic viscosity at T1 mm2/s 
   

ν2 Kinematic viscosity at T2 mm2/s    

 

Lubrication condition is determined by kappa factor (SKF, 2026). This kappa factor is 

calculated from the viscosity of the lubricant, angular velocity of the bearing and the pitch 

diameter of the bearing with following formulas:   

𝜈1 =

{
 
 

 
 
45000

𝑛0,83𝑑𝑝𝑤
0,5 , 𝑛 < 1000

4500

𝑛0,5𝑑𝑝𝑤
0,5 , 𝑛 ≥ 1000

(15) 

𝜅 =  
𝜈

𝜈1
(16) 

where 𝜈1 is the rated viscosity (mm2/s), n is the angular velocity of the shaft (rpm) and dpw 

is the pitch diameter of the bearing and 𝜅 is the kappa ratio (-). 

The simulation can calculate the rated viscosity with Equation 15 (Nguyen-Schäfer, 2019, 

p. 125) or the rated viscosity (also known as minimum viscosity) can be added as a constant 

to the simulation. Nguyen-Schäfer (2019, p. 124) includes the density of the lubricant to 

calculate the kappa ratio but its effect is deemed small and the kappa ratio is calculated with 

formula by SKF (2026) (Equation 16). 

3.6  Tuned parameters and values 

Certain parameters are not given by the authors of the measured data (Cabezas, 2025; Takabi 

& Khonsari, 2016) therefore they are tuned for the simulation to produce results that 

correlate with the measured data. The parameters are presented in Table 6 with values used 

in final simulation. In addition to these, gain for certain calculations can be added and 

different calculation methods can be toggled from the calculation parameters file. 
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Table 6. Simulation tuning parameters 

Symbol Describtion Case study 1 Case study 2 Unit 

mh Mass, housing 2 1 kg 

ms Mass, shaft 3 1 kg 

ml Mass, lubricant 0.3 0,01 kg 

hha Convection coefficient, outer race/housing 9 20 W/m²K 

hcs Convection coefficient, housing coolant 16 20 W/m²K 

hoh Conduction coefficient, inner race/shaft 4000 5000 W/m²K 

his Conduction coefficient, shaft coolant 9000 5000 W/m²K 

Aha Area of heat removal, housing 32000 20000 mm2 

Acs Area of heat removal, shaft 3000 5000 mm2 

 

The case study 1 uses the bearing SKF 7203 BEP and grease lubricant ISO VG-32 and case 

study 2 uses the bearing SKF6205/C3 and oil lubricant LGWA 2 (SKF). ISO VG-32 has 

viscosity of 31,5 mm2/s at 40 °C and 5,3 mm2/s at 100 °C; for LGWA 2 the viscosity is 250 

mm2/s at 40 °C and 17 mm2/s at 100 °C. The Simulink model uses ode15s solver with 

variable step size. For case study 1 housing is assumed to be aluminium and other 

components to be steel, for case study 2 all are assumed to be steel. Simulation parameters 

for both case studies are listed in Appendix 1.   
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4  Results: Simulation validation 

The simulation is validated by comparing the results of it to the results to the measured data 

by Cabezas (2025, pp. 77–78, 81) in case study 1 and to the measurements by Takabi & 

Khonsari (2016, p. 665) in case study 2. The case studies’ measurement setups are different, 

and the setups are not documented in comprehensive accuracy. Case study 1 is from more 

documented measurement setup and the simulation can represent the setup better. Case study 

2 is more of an extra as the simulation would require way to simulate multiple bearings next 

to each other. 

The simulation begins by running parameters (Appendix 1) file and then plotting illustration 

of the bearing. These illustrations are used to verify the geometric parameters and to tune 

the parameters which are not provided by manufacturer. The race cross-section is drawn as 

DGBB regardless of the bearing type. The dashed lines illustrate the small side shoulder (the 

flat part connecting the groove to the outer face) location, D2 for outer race and d2 for inner 

race. (Figure 7 and Figure 15) 

4.1  Case study 1 

Case study 1 has measured data from a testing setup where only one bearing is tested. The 

measured data contains seven cases with predefined constant load and angular velocity. The 

measured data and simulation results are presented alongside each other and the correlation 

and differences are addressed. The response graphs are presented in Figure 8 - Figure 13 and 

steady-state temperature values for seven cases are shown in Table 7. Figure 14 presents the 

steady-state temperatures in a graph. Table 8 lists the lubrication conditions of different 

lubrication scenarios for the seven load and angular velocity cases. These figures and tables 

are in more detail under corresponding titles on the following pages. 

4.1.1  Initial temperature response 

Temperature response for the simulation without gain settles to the final temperature in about 

60000 seconds, 16.7 hours (Figure 8). For faster and more realistic response a gain of 200 is 
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applied to the temperature rate of change for all the components. These results are presented 

in Figure 9 and Figure 12. 

 

 

Figure 7. Case study 1: Illustrations of the bearing SKF 7203 BEP 

 

 

Figure 8. Case study 1: Case 1 without gain for temperature rate of change  
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4.1.2  Temperature response 

The shapes of the responses all appear similar: the temperature raises faster in the beginning, 

and the rate slows down when the temperature gets closer to the final steady-state 

temperature. Lowest temperature is in housing which is slightly lower than the temperature 

of the outer race. This is true for both measured data and simulation results. The final 

temperature of the balls is the highest, slightly higher than the final temperature of the inner 

race. Figure 9 and Figure 10 both present the case 1; Figure 12 and Figure 13 present the 

case 2.  

 

 

Figure 9. Case study 1: Case 1 
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Figure 10. Temperature response of calculation and experimental results,  

Pm = 578 N, n = 625 rpm (Cabezas, 2025, p. 77) 

 

Measured data (Figure 10 and Figure 13) shows that the temperature settles to the steady-

state for all of the components during the first 300 seconds, slightly faster in the case 2 

compared to the case 1. Similar response is shown in simulation results when temperature 

rate of change has a gain of 200 (Figure 9 and Figure 12). Temperature responses of the 

outer race show that the response follows a similar shape across all the seven cases and they 

settle into the steady-state during the first 300 seconds (Figure 11). 
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Figure 11. Case study 1: Simulation outer race temperature response from the seven cases 

 

 

Figure 12. Case study 1: Case 2 
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Figure 13. Temperature response of calculation and experimental results,  

Pm = 5660 N, n = 2890 rpm (Cabezas, 2025, p. 78) 

 

4.1.3  Steady-state temperature 

Figure 14 has the final steady-state temperatures of the components plotted case by case. On 

the x-axis are the different cases, inputs for them are presented in Table 7. The colour 

differentiates the method/source of the data, additionally, small offset is applied to the x-axis 

to make the illustration clearer. Different components are illustrated with different symbols: 

square for housing, X for outer race, circle for balls and plus sign for inner race.  
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In this work, the temperature of the balls and inner race is lower in the simulation compared 

to the White-Box method by Cabezas (2025), case 4 being the exception to this. Case 4 has 

significantly lower load to angular velocity ratio compared to the other cases. White-Box 

method values correlate to the measured data closer compared to the simulation results. 

Temperature difference between the components increases as the overall temperature 

increases which is observable from both calculation methods. Figure 14. 

 

 

Figure 14. Case study 1: Steady-state temperature of simulation results (Kuitunen). Along 

White-Box (Cabezas) and empirical measurements (Cabezas, 2025, p. 81). 

 

Steady-state temperatures between measured data and simulation are presented in Table 7. 

Experimental data was available from housing and outer race (Cabezas, Sebastián, 2025, p. 

81) therefore the table shows the values from those. The seven cases are from pairs of load 

(Pm) and angular velocity (n).  

In most of the cases the error, which is the temperature difference between the measured 

data and simulation, is between 0 and 7 °C. The case 7 has an error of 20 °C. Housing and 

outer race are close to the same temperature in both measured data and simulation, housing 
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temperature being lower in every case except in the measured data of case 7. Measured data 

shows on average a higher difference between housing and outer race (4 °C) compared to 

the simulation (0,9 °C). Difference in error values between housing and outer race is on 

average 0,9 °C.  

 

Table 7. Case study 1: Comparison table of the results 

 Input Housing temperature (°C) Outer race temperature (°C) 

Case Pm  n Measured Simulation Error Measured Simulation Error 

1 578 625 32,9 27,7 -5,2 36,2 27,7 -5,2 

2 5660 2890 63,5 66,4 2,9 72,8 68,3 4,8 

3 3990 2135 50,6 50,5 -0,1 57,2 51,7 1,1 

4 1140 2764 35,8 41,6 5,8 40,5 42,3 6,5 

5 3306 1757 48,7 43,8 -4,9 51 44,7 -4,0 

6 2220 2010 47,5 41,8 -5,7 49,6 42,5 -5,0 

7 4675 877 57,9 37,5 -20,4 57,5 38,1 -19,9 

 

4.1.4  Lubrication condition, kappa ratio 

The simulation calculates the lubrication condition, kappa ratios, for different scenarios 

which are listed in Table 8.The column for ISO VG32 which is the grease used in the bearing 

of the testing setup by Cabezas (2025), therefore these values correspond with the results in 

Table 7. With ISO VG32, in all the cases the kappa ratio is in the mixed lubrication area 

(Figure 3), lowest value (0,49) is in case 2 and the highest value (1,40) is in case 4. 

Columns for LGWA2 and ISO VG32(c) in Table 8 represent hypothetical scenarios where 

the lubricant/method is altered. LWGA2 is the oil used in case study 2, but it is utilised in 

here to observe how the kappa ratio changes when switched to oil. By switching to the oil, 

the kappa ratio increases by 140% to 410% depending on the case. The column for ISO 

VG32(c) represents a scenario where the base lubricant is the original grease, but it is 

constantly applied to the bearing at atmosphere’s temperature (26 °C). By applying this 

lubrication cooling method, the kappa ratio increases by 15% to 600%. (Table 8) 
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Table 8. Case study 1: Lubrication condition comparison 

 Input Lubrication condition, kappa ratio 

Case Pm  n ISO VG32 LGWA2 (SKF) ISO VG32(c) 

1 578 625 1,16 5,97 1,33 

2 5660 2890 0,49 1,21 3,42 

3 3990 2135 0,78 2,23 2,94 

4 1140 2764 1,40 3,88 3,34 

5 3306 1757 0,95 2,98 2,66 

6 2220 2010 1,14 3,48 2,85 

7 4675 877 0,82 3,33 1,76 

  

4.2  Case study 2 

In case study 2 the measurement testing setup has four bearings next to each other: two 

cylindrical roller bearings and two angular contact ball bearings (Takabi & Khonsari, 2016, 

p. 669). For this reason, the setup cannot be represented by the simulation as good as in the 

case study 1. The temperature of the neighbouring bearings is not considered and the amount 

of load supported by each bearing is not known. The load values used in the two simulations 

were chosen as 3500 N and 900 N. The measured data is presented in Figure 16 with crosses 

and plus signs, the lines are calculations, both by Takabi & Khonsari (2016). 

  

 

Figure 15. Case study 2: Illustrations of the bearing SKF 6205/C3 
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Figure 16. Temperature response (Takabi & Khonsari, 2016, p. 665) 

 

The simulation results are presented in temperature response graphs. The graphs show 

temperature response of the two simulations differentiated frow each other with solid (Pm = 

3500 N) and dashed line (Pm = 900 N). Lines present the response of the housing, outer race, 

balls and inner race. The temperatures of each component increase faster in the beginning, 

and the rate of increase slows down as the temperature gets closer to the steady-state 

temperature. Contradictory to the case study 1, the temperature response seems to behave in 

a similar time frame as in the measured data but the error in the steady-state temperatures is 

larger. The calculation by Takabi & Khonsari (2016, p. 665) show an overshoot of the balls’ 

temperature in both cases peaking after about 200 seconds which is not present in these 

simulations. (Figure 17 and Figure 18) 
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Figure 17. Case study 2: Simulation temperature response, no gain 

 

Figure 17 shows the response graphs of the simulation without gain and the angular velocity 

is at target speed from the beginning of the simulation. The temperature of the balls and inner 

race can be observed to increase rapidly in the beginning, ball temperature rises over the 

steady-state temperature. The temperatures do not converge to the steady-state temperature 

in the similar time (2000 s) as in the calculation and measurement data by Takabi & Khonsari 

(2016, p. 665). 
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Figure 18. Case study 2: Simulation temperature response, gain of 2, ramped signal 

 

The simulation response is improved by applying a gain of 2 to the temperature rate of 

change to all the components and by applying a ramp (10 s) to the beginning of the angular 

velocity signal (Figure 18). The temperature of the balls still rises rapidly in the beginning 

of the simulation, but the overshoot of the temperature of the balls is eliminated. Without 

gain and angular velocity initially at target and gain of 2 and ramped signal both have the 

same steady-state temperatures for the components for both cases. The steady-state 

temperature for the Pm = 900 N case is withing ±3 °C error for housing and outer race. For 

Pm = 3500 N the error is around -30 °C for both housing and outer race.  
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5  Analysis: Valid but up for refinement 

The results are analysed and the correlation with the literature review is addressed. 

Objectivity, reliability and validity is discussed and error and sensitivity of the factors in the 

simulation are addressed. Integration with rotor DLC is briefly addressed and key findings 

presented. 

Two case studies were conducted where two different bearing lubricant combination were 

compared to the measured data of a testing setups with the same bearing lubricant 

combinations. The results were presented separately for each case study; the temperature 

response graphs from the simulation and measurements were presented alongside each other 

for comparison. The case study 1 was more comprehensive and it also contained numerical 

data from simulation and measurements and also kappa ratios were calculated. The case 

study 2 was mainly to present the difference in simulation response time. 

In the case study 1 the simulation produces results similar to the measured data of the housing 

and outer race. The simulation correlates to the measured data with the steady-state 

temperatures of the components, and with the shapes of the temperature responses. 

Temperature of the components from highest to lowest is balls, inner race, outer race and 

housing. The shape of the temperature response of the simulation is similar to the measured 

data; temperature raises faster in the beginning, and the rate of change gets smaller as the 

temperature gets closer to the steady-state temperature. 

In case study 1 the lubrication condition kappa ratios are calculated. This ratio dependent on 

the pitch diameter of the bearing and varying factors: temperature and the angular velocity. 

Based on Equation 15 and Equation 16 it can be concluded that increase in temperature 

decreases the kappa ratio and increase in angular velocity increases the ratio. Increase in 

temperature decreases the kappa ratio because viscosity is decreased. Case 1 and case 4 ball 

temperatures are similar (Figure 14); case 4 has higher angular velocity and higher kappa 

ratio (Table 8). Case 3 and 6 have similar angular velocity; case 3 has higher temperature 

and lower kappa ratio (Table 8). 

By default, the case study 1 simulation response is too slow and a gain of 200 is needed for 

the temperature rate of change to make the simulation reach the steady-state in faster 
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simulation time. This gain does not affect the final temperature if the simulation is allowed 

to reach the steady-state. After applying the gain, the simulation starts behaving more closely 

to the Cabezas method and measurements, although the shape and steady-state temperature 

remain unchanged.  

In the case study 2 the simulation only requires a gain of 2 to behave in similar simulation 

speed to the measured data. The measured data only contained two cases, and the load was 

not known, therefore this case cannot be judged in terms of accuracy. The shapes of the 

temperature responses and the magnitude of the component temperatures are similar to the 

calculation by the reference data by Takabi & Khonsari (2016, p. 666), however the 

overshoot of the temperature of the balls (Figure 16) did not occur in the simulation (Figure 

18).  

5.1  Simulation verification 

The bearings are illustrated based on the bearing parameters. The balls do not overlap with 

the races, and the race curvature shows larger diameter compared to the ball’s diameter 

(visible when zooming into the plots in Matlab). Balls are reasonably spaced; between them 

there is a room for the cage. Dimensions of the bearing correlate with the dimensions given 

by the manufacturer and the bearings look reasonable. 

The simulation has five main blocks: friction moment, heat added, heat flow, solid 

component temperature and lubricant temperature (including viscosity). Heat flow is the 

most complex one of them containing calculation for major/minor axes of the bearing 

ball/race contact and convection coefficient calculations for the lubricant. 

Friction moment and heat added could be verified according to results provided by Cabezas 

(2025, pp. 41–46); the simulation could produce closely similar results with constant 

viscosity and friction moment calculation according to SKF. Major/minor axes calculation 

were verified to the results provided by the author of the method (Nguyen-Schäfer, 2019, p. 

35, 55). However, the number of balls in the bearing was unclear but varying the amount did 

not change the result significantly. Viscosity calculations produced similar results to the 

calculations by Cabezas (2025, p. 34). 
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The function block: heat flow and temperature could not be verified individually. The 

measured data was used to confirm these blocks. To be noted is that friction moment 

calculations were altered by adding the calculations for condition dependent friction 

coefficient according to graph by Takabi & Khonsari (2016, p. 666).  

Kappa ratio values could not be verified against reference material, but the results are 

reasonable. According to SKF (2026) three of seven the cases the lubricant condition is in 

the range where bearings usually are designed for and other three could be used with extreme 

pressure/anti-wear additives. Case 2 is the worst because the temperature is high and kappa 

ratio is low. 

5.2  Objectivity, reliability and validity 

The case study 1 simulation and measured data show correlation withing 6 degrees of Celsius 

for most on the cases. Producing this kind of results would be adequate for determining when 

grease cannot be used as higher precision is not needed. However, as the case 7 suggests, 

the simulation is not robust for all the scenarios, and the simulation should be improved. 

The steady-state temperatures of the results in case study 1 suggests that the ratio between 

the load on the bearing and the angular velocity matters as there some correlation between 

the ratio and results. When the ratio is between 0,5 and 2 the results are withing +-6 ºC from 

the measured data. In the case 7 the load is over five times the angular velocity and for that 

the error is 20 ºC. The second largest error is in the case 4, which has the second largest 

difference between the load and angular velocity (ratio of 0,4). 

The simulation in the case study 1 requires a gain of 200 for the temperature rate of change 

in order to speed up the response. As this gain does not affect the shape of the response nor 

the steady-state temperature in any of the cases in the case study 1, it is not deemed to 

invalidate the results. However, the reason for the slow response is unclear and as the gain 

is not a factor of ten the change of a decimal error being present is reduced. The temperature 

rate of change is calculated from Equations 8-13 which implies that the same gain could be 

added to the other components of the formula to achieve the same effect of speeding up the 

response. The gain of 200 could be applied to the heat power; the specific heat or mass could 
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be divided by 200. To be noted is that this should be applied to all the components of the 

same kind. 

The case study 2 does not show large delay in the temperature response which suggest an 

error in the bearing parameters but investigation into these has not revealed the issue. 

Otherwise, the case study 2 does not produce valid results as the input load could not be 

determined and the effect of the neighbouring bearings could not be included into the 

simulation at its current stage.  

The results are mostly valid regarding steady-state according to case study 1 as the steady-

state of the simulations correlates with the measured data. Reliability-wise the case study 1 

simulation could be improved as the results show more error compared to the calculations 

done by Cabezas (2025, pp. 77–78, 81). The temperature response as a function of simulation 

time is unreliable and invalid because the case study 1 response time did not correlate to the 

measured data. 

The case study 2 results were mostly reported to show that the simulation does not always 

have unreasonably slow response time. However, the case study 2 increases the reliability 

of the temperature difference between parts. Both case studies show that the simulation 

calculates the temperatures of the balls and inner race to be higher compared to outer race 

and housing which can also be observed from the measured data. 

5.3  Error and sensitivity analysis 

Tuneable parameters (Table 6) affect the results of the simulation. The 

convective/conductive coefficients have the biggest effect on the results as they directly 

affect the rate at which the heat flows between the parts. Most notably the convective 

coefficients between housing and air (hha), and the coefficient between shaft and air (hcs). 

These determine the equilibrium (steady-state) of the system, which means the situation 

where the heat added to the system equals the heat removed from the system. This 

equilibrium determines the final total heat energy in the system. 

Areas that are used to calculate the amount of heat removed from the system can also be 

tuned to achieve the same effect as the convection coefficients (hha and hcs). Ideally, these 

areas would be determined from the geometry, but the area closer to the heat source affects 
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the outcome more than the area further away, making the exact area of the geometry 

unreliable. 

Other tuneable parameters, the conductive coefficients and masses, affect the temperature 

difference between the bearing components. Altering these coefficients makes the heat flow 

at a different rate between the outer race and housing, and the inner race and shaft. Altering 

the masses will affect the amount of heat stored in the component. These factors either 

increase or decrease the temperature of the bearing components compared to each other and 

to the housing/shaft. 

As suggested by the response time difference between the case studies the bearing 

parameters likely affect the rate of the change in temperature. This could be due the 

calculation method handling different bearing parameters differently or the issue might be 

and overlooked mistake.  

Altering the bearing parameters from, SKF 7203 BEP to SKF6205/C3, individually has not 

been able to reveal the issue. Case study 1 inputs (load and angular velocity) with all case 

study 2 parameters reach steady-state in 4000 seconds; if vice versa, steady-state is reached 

in 40000 seconds. According to this experiment the bearing parameters are the reason for 

the slow simulation time. 

5.4  Integration with rotor DLC 

Oil cooling would produce the opportunity to integrate the cooling systems of bearings and 

the rotor. The oil could flow through both in series meaning that the oil first flows through 

the bearing then continues through the rotor and the other bearing or in similar manner this 

would reduce the complexity of the system. However, a likely better way would be to have 

the systems in parallel which means that the flow is separated and it flow through the 

different components simultaneously. This introduces ways to regulate the flow through 

each system with for example nozzles. This would be better is due to the rotor and bearing 

requiring different amounts of oil flow, and the flows would be easier to monitor and adjust. 

Rotor cooling is a complex challenge on its own, and integration of it into the complex oil 

lubrication of the bearing is sure to produce difficult challenges in the design process. The 

scope of this study did not investigate the integration to a level that would provide 
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considerable insights. This being said, the spiral water cooling (Chu et al., 2024) is a solution 

worth considering. 

5.5  Key findings 

The simulation and calculations by Cabezas (2025, pp. 77–78, 81); Takabi & Khonsari 

(2016, p. 666) show that the temperature of the inner parts of the bearing (balls and inner 

race) tend to have higher temperature compared to the outer parts (outer race and housing). 

The temperature of the lubricant therefore lies in between of these temperatures, and the 

temperature is not homogeneous. Accurately addressing the temperature of the lubricant is 

important as the lubricant can be deemed unsuitable because of it. The temperature also 

increases the viscosity of the lubricant, and it may result in the lubricant being thrown out of 

the bearing.  

Combination of the viscosity, bearing properties and angular velocity determine the kappa 

factor (SKF, 2026) of the bearing which is a one tool to determine the usability of the 

lubricant. Switching the lubrication from grease to oil improves the lubrication condition by 

increasing the kappa ratio up to several hundred percents. Also, the hypothetical scenario in 

which the grease is constantly being supplied with lower temperature shows that the effect 

of cooling also improves the lubrication condition but not as significantly as by switching to 

oil. 

The simulation can produce valid results with reasonable reliability. The steady-state 

temperature can be used with the kappa ratio calculations to evaluate the useability of the 

lubricant for the application at hand. However, the robustness of the simulation should be 

improved and further testing is recommended. The simulation shows a potential for a useable 

tool for electric motor design.  
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6  Discussion: Cohesion, findings and improvements 

Initially, the simulation was based on white-box method by Cabezas (2025) but the 

developed model in the simulation was simplified. Although the elliptical contact zone was 

not used to calculate the friction moment, the frictional moment and the generated heat could 

be verified to be similar to the results of Cabezas (2025, pp. 77–78, 81). In the final 

simulation this was changed to have dynamic friction coefficient of the lubricant because the 

model did not produce correlating results. The friction coefficient formulas (Equation 2-3) 

used in the simulation did not directly include the factors that the friction depend on. 

However the friction calculations by (SKF, 2025) use various parameters which are likely 

to include the necessary factors. Another calculation which deviated from method by 

Cabezas (2025) was with the convective coefficients which were calculated with equation 

by Takabi & Khonsari (2013, p. 97). In the end the simulation is a combination of methods, 

and it must be considered a method of its own. 

The convective equations presented by Cabezas (2025, pp. 35–36) proved not to be 

repeatable. This led to difficulty with reproducing the results presented by Cabezas (2025, 

p. 37). The issue is likely in the Nusselt number equations as they are calculated differently 

in different sources (Cabezas, 2025, p. 36; Takabi & Khonsari, 2013, p. 97). The convective 

coefficient graph has a load (Pm) value, which suggests that the load value is used in the 

calculations, but the load is not used in the formulas by Cabezas (2025, pp. 35–36). Even 

when the Nusselt number equations were altered to produce the convection coefficients 

similar to Cabezas (2025, p. 37), the simulation could not produce comparable results. All 

this suggests that some of the calculation steps are not reported by the author Cabezas (2025). 

In the simulation the heat convection/conduction between parts might be too fast as the 

temperature of the balls is too low compared to the rest of the components. Other calculations 

showed slightly higher difference between the inner parts of the bearing compared to the 

outer therefore in this simulation the heat seems to flow away from the balls too fast, or the 

proportion of heat added to the balls is too low. The temperature of the balls is close to the 

temperature of the lubricant. When lubricant temperature increases the viscosity decreases 

and therefore the kappa ratio decreases. Based on this, the simulation slightly overestimates 

the kappa ratio. 
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Accurate description of the angular velocity as a function of time was not found from either 

of the papers (Cabezas, 2025; Takabi & Khonsari, 2016) regarding measured data. This 

reduces the accuracy of the shape of the simulation response. However, this does not affect 

the steady-state temperature, because the angular velocity stays at the target once it reaches 

it.  

The bearing dimension illustration feature (Figure 7 and Figure 15) was the last thing 

implemented to the simulation and it revealed some errors in the geometries. For example, 

inner race shoulder height was lower than the lowest point of the ball which would mean 

that the ball is hovering (1 mm) above the inner race. Inner race shoulder height is provided 

by manufacturer therefore the approximation formulas for raceway diameters Do and Di by 

(Nguyen-Schäfer, 2019, p. 5) seemed inaccurate. The calculation process was altered so that 

the bearing ball size was approximated, and the inner and outer raceway diameters were 

calculated based on that. However, the results hardly changed after this refinement. 

6.1  How literature review and simulation go together? 

An overall picture of the topic at hand is sought through the literature review. Starting from 

the direction that research questions provide, information about different methods of bearing 

lubrication is gathered. As there is a desire to integrate the bearing lubrication to the direct 

liquid cooling of the rest of the motor, information about the rotor cooling methods is 

gathered as it is in the scope of the study. Eventually through the factors affecting the bearing 

lubrication the research is directed towards building a simulation model for bearing thermal 

behaviour. 

Literature review is the basis for the simulation. Based on the literature review the 

formulation of the simulation was possible as the important aspects for the calculations were 

discovered. The simulation contains the formulas found in literature and as they are put 

together the validity of the information found in literature review is enforced. However, the 

simulation does not consider all affecting factors discussed in the literature review as the 

factors were deemed in significant, hard to implement or out of the scope. The literature 

review presents information around the topic which cannot be used to calculate the bearing 

thermal behaviour, but this information enforces the need to understand the thermal 

behaviour of the bearing. 
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Literature and simulation both show that bearing balls and the components close to them 

operate at highest temperatures. The temperature of the balls may raise over the final 

temperature in the beginning of simulation (Takabi & Khonsari, 2016, p. 665). 

Along with viscosity, the friction coefficients of the lubricant changes with the temperature 

and if this is not taken into account the likelihood of error is increased. As temperature 

increases, viscosity increases and friction coefficient decreases, resulting in decrease in 

friction moment. According to Takabi & Khonsari (2016, p. 665) accurate evaluation of the 

friction coefficient of the lubricant is important. The simulation started producing more valid 

results as dynamic calculation of the friction coefficient was applied. 

6.2  How to determine oil or grease as bearing lubrication in a PMSM? 

Temperature of the bearing is a key factor determining when oil should be used instead of 

grease. Grease has a determined temperature range and as the temperature of the bearing 

rises over this range the grease should not be used. Variety of greases exists therefore an 

alternative should be considered. Costs direct the choosing of lubrication towards grease, 

but the costs do not matter if the grease is unsuitable for the application.  

The bearing’s lifetime decreases as the operating temperature of the bearing increases. As 

the forces and angular velocity of the bearing increases enough, a point is reached where 

none of the greases can be used as the grease lubrication cannot provide cooling to the 

bearing. Along with increase in temperature, as the angular velocity gets too high the 

lubricant is fling off the surfaces which need to be lubricated. Precise calculation of flinging 

of the grease is a complex task which can be done with CFD.  

Kappa ratio, which describes the quality of the lubrication, compares the operating viscosity 

to the bearing’s required (minimum) viscosity. The kappa ratio describes the lubricant’s 

ability to bear the load, low ratio means insufficient lubricant film thickness leading to 

increased metal-to-metal contact, higher friction and elevated temperature. The kappa ratio 

is not trivially calculatable because it requires the viscosity of the lubricant which is strongly 

temperature-dependent. The simulation calculates the viscosity of the lubricant through the 

temperature therefore the kappa ratio can be determined. Suitable lubricant selection or 
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applying cooling increases the kappa ratio improving the separation between contact 

surfaces.  

6.2.1   Engineering criteria for lubrication selection 

Bearing-wise the aim is to start from the design requirements of the electric motor and arrive 

at a suitable operating temperature and adequate lubrication condition. Figure 19 summarises 

the process for selecting the bearing lubricant with using the simulation. In more generalised 

terms the simulation process block in Figure 19 could be replaced with alternative method 

to determine the operating temperature and kappa ratio. 

 

 

Figure 19. Electric motor bearing lubrication design process with the simulation 

 

Design requirements determine a starting point for the bearing/lubricant selection. To use 

the simulation several aspects need to be determined. Operating factors describe the inputs 

of the simulation: angular velocity and forces action on the bearing. Bearing surroundings 

include the parameters of the housing and shaft along with the cooling for them. Bearing 

parameters includes the bearing dimensions and the type of bearing. Lubrication selection 

evaluates the type of lubricant, grease or oil, therefore determines the lubricant’s parameters.  
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The simulation determines the operating temperature and kappa ratio which are used to 

validate the selection of bearing/lubricant. Temperature-wise both the bearing and lubricant 

limits need to be met. Deeming lubricant conditions adequacy is crucial for the proper 

lubricant selection but at this stage of the simulation’s capability the evaluation of it is left 

to the designer’s knowledge. However, generally increasing kappa ratio increases 

performance, bearing lubrication is usually designed to have kappa ration of 1 to 4 (Figure 

3); under 1 the lubricant needs additives and over 4 the performance is not increased (SKF, 

2026). This makes the kappa ratio a decisive factor on which oil type to choose to ensure 

that the additives will create the needed tribo film. 

Designing of an electric motor is an iterative optimisation process where solving one thing 

affects another and re-evaluation of the choices need to be made. The bearing/lubricant 

selection is part of the motor’s iterative design process, and the selection is an iterative 

process as well. Figure 19 illustrates the iterative nature of the process with arrows that loop 

back to earlier steps. Although the illustration contains OR-gates the choice is likely to be a 

combination of options, but some options contradict each other. For example, kappa ratio 

can be improved by increasing or decreasing the angular velocity, it depends on the 

parameters and overall design. 

6.3  How cooling and lubrication circuits should be integrated in PMSM? 

The lubrication circuits should be integrated when oil is chosen as the lubrication method 

for the bearing. Integration implies that the same oil is used for cooling and for lubricating 

therefore careful consideration for the properties of the coolant should be done. Bearing oil 

cooling and rotor oil cooling circuits could be integrated to be in series or in parallel. The 

circuits being parallel seems a better choice compared to them being in series as the flow of 

the coolant can be adjusted separately.  

According to the simulation switching from grease to oil improved the lubrication condition 

of the bearing. Also, by applying cooling to the lubricant improved the lubrication condition. 

With either change the bearing is lubrication-wise able to withstand higher angular velocity 

and higher surrounding temperature therefore more power can be extracted from the PMSM.  
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6.4  Value of the results 

The simulation demonstrates clear potential as a tool for lubrication selection, producing 

reasonably accurate and reliable results under tested conditions. Even when the full 

calculation scheme is not applied, individual components of this work can be utilised on 

their own. The equations and calculation processes have been presented in an accessible 

manner, and the formulated engineering criteria can be applied independently as a starting 

point for lubrication selection.  

At present, the model is better suited to generating relative results rather than determining 

exact values with certainty, therefore the usability is limited. It cannot be confirmed from 

the results that the model produces valid results across a wide variety of cases. The tuneable 

parameters are difficult to determine, and model validity must still be established through 

additional case studies. 

Regarding validation, confidence in the simulation's ability to produce absolute results is not 

yet established. Fow now the simulation would be most appropriate in situations where prior 

case studies are available and the new motor design closely resembles previously studied 

configurations. A key uncertainty is whether the tool would be reliable for novel cases, given 

the difficulty in accurately quantifying heat removal from the bearing. Establishing 

robustness in this regard would require a sufficient number of correlated case studies before 

the model could be applied with greater confidence. 

Further development could position the simulation as a valuable additional tool for 

lubrication selection and bearing design, reducing the degree of guesswork currently 

involved in the process. Given that the choice between lubrication methods, particularly oil 

cooling, carries significant cost implications, the development of a more robust simulation 

tool is a worthwhile objective. 

6.5  Suggested improvements 

The simulation model is simplified compared to calculation methods in literature. The 

lumped model could include more nodes as literature shows more complex design of the 

housing has been able to produce more accurate results (Cabezas, 2025; Takabi & Khonsari, 
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2016). The simulation model does not consider the heat flow from race to race and to balls 

through air and the heat is not removed from the bearing components. However, as air does 

not conduct heat that well compared to metals and liquids the effect of this may be 

insignificant. 

The cooling of the bearing is an optional feature in the simulation which works by providing 

and preset temperature of the coolant to the bearing. The simulation could have an alternative 

way of using oil flow to calculate heat removed. Instead of the cooling being temperature-

based the cooling would be flow-based. This would remove the need for calculating the 

convection coefficients for the lubricant, but the method could mainly be used to develop 

the simulation because it requires data that is acquired from a testing setup. 

The point of the simulation is to get insights to the bearing temperature behaviour before 

anything physical exists. Therefore, the usage of this flow-based method would not be used 

with the final version of the simulation. This flow-based cooling would be used with 

measured data to tune the cooling of the simulation with the temperature-based cooling. This 

would require additional data which is not necessarily measured from an already existing 

motor. The required data includes the flow rate of the coolant through the bearing, inlet 

temperature and outlet temperature.  

The guess work with the heat removal should be reduced. Measured data or integration to 

another tool could provide help for the situation. The finite element method (FEM) could 

produce the parameters needed for the calculation of the heat convection/conduction. FEM 

would increase the complexity and additional case studies might bring enough insights into 

the heat removal which would make FEM unnecessary. 

Another tool that could be integrated to the simulation would LUT University’s RoBeDyn 

which is Matlab-based. The tool is used to simulate the rotational behaviour of shafts and 

loads could be send to the simulation presented in this study. The accuracy could be 

improved with RoBeDyn but the improvement might not be significant for the bearing 

thermal model. 

Accuracy of the Cabezas White-Box method calculations is better compared to this 

simulation (Case study 1). Cabezas method has a different structure for the calculation, for 

example the lumped model has more nodes, notably in the housing. Heat removal from the 

housing was deemed as an important factor determining the steady-state temperature, 
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therefore adding more nodes to the housing would be beneficial as heat removal depends on 

the properties of the housing. 

The temperature of the bearing might not be the limiting factor in lubricant selection. 

Foaming occurs when the bearing is spun with high angular velocity. For low radial/axial 

load cases foaming can be the limiting factor as well. The angular velocity increases the 

likelihood of foaming and the angular velocity increases the temperature of the bearing 

therefore it would be beneficial to keep the angular velocity low. For more comprehensive 

understanding, the investigation of other phenomena would be beneficial. 

The simulation cannot be used with confidence as it is. More validation through case studies 

needs to be done and likely because of that the simulation needs to be further developed and 

made more complex to combat variety of cases. The uncertainty in removal of the heat from 

the system should be reduced. The convective/conductive coefficients also have uncertainty 

in them and the calculation of them were left partly for guess work. For the cases in this 

study it worked out but the confidence for different cases is not high enough. 

The simulation calculates the temperatures of the components of the bearing and the 

lubricant condition kappa ratio. It is left for user’s knowledge an interpretation to validate 

the lubricant. If the results are not adequate, a rigorous method to choose lubrication based 

on the results could be formulated and the method could be part of the simulation. The 

simulation could have a library of lubricants, such as ISO VG grade, and run multiple 

simulations to determine which would be the optimal lubricant. Beneficial would be to have 

an option to do this the other way around; based on lubricant and bearing the simulation 

would calculate the maximum angular velocity/load. The simulation also has a basis for the 

bearing lifetime calculations which would be a beneficial feature. 
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7  Conclusions: A potential tool 

Electrification has led to a desire for novel power dense as a DLC for Traction Motors -

project. As a part of this project integration of cooling systems is investigated and in terms 

of this thesis the bearing lubrication/cooling was investigated. Determination of when to use 

oil as bearing lubrication was sought as it enables the integration of the bearing lubrication 

to the rotor. Integration would require bearing lubrication to be oil which is usually avoided 

because of its complex design. 

Thermal modelling of the bearing was seen as a way to determine whether oil should be used 

instead of grease as a bearing lubrication. As a result of this a tool that uses Matlab Simulink 

was produced which could simulate the bearing thermal behaviour from bearing and 

lubricant characteristic parameters. The simulation has the load and angular velocity as 

inputs and it considers the heat generation, heat convection between solids and liquids, 

viscosity, friction coefficient of the lubricant and temperature of the components. The 

resulting simulation is a combination of methods, and the methods were tested with the data 

available in the source material when possible (Cabezas et al., 2023; Cabezas, 2025; 

Nguyen-Schäfer, 2019; Park, Jungsoo et al., 2025; SKF; Takabi & Khonsari, 2013, 2016). 

The simulation produced mostly valid and reliable results when considering the final steady-

state temperatures (error mostly under ±7 °C) and the shapes of the temperature responses, 

but the simulation was lacking in validity of the simulation response time, likely due to 

handling of (or error in) bearing/lubricant parameters. 

The simulation showed that switching from grease to oil or applying cooling to the lubricant 

both improve the lubrication condition of the bearing. With either change the bearing is 

lubrication-wise able to withstand higher angular velocity and higher surrounding 

temperature therefore more power can be extracted from the PMSM. Engineering criteria 

for lubrication selection was developed. 

To use the simulation as a tool for electric motor design requires further testing and 

refinement of the simulation. The simulation shows potential, but it needs to be made more 

robust so that it can be used with more confidence in the electric motor design. Resulting 

tool would be an aid to electric motor design, and it would provide insight into bearing 

thermal behaviour and lubrication condition without the need to first build a prototype.   
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Appendix 1. Simulation parameters for case studies 

 

Symbol Description Case study 1 Case study 2 Unit 

Acs Area of heat removal, shaft 3000 (e) 5000 (e) mm2 

Aha Area of heat removal, housing 32000 (e) 20000 (e) mm2 

B Bearing thickness 12 15 mm 

C0 Basic static load rating 5500 7800 N 

cb Specific heat, balls 420 420 J/kgK 

ch Specific heat, housing 900 420 J/kgK 

ci Specific heat, inner race 420 420 J/kgK 

cl Specific heat, lubricant 2093,4 2093,4 J/kgK 

co Specific heat, outer race 420 420 J/kgK 

cs Specific heat, shaft 420 420 J/kgK 

D Bearing outside diameter 40 52 mm 

d Bearing bore diameter 17 25 mm 

D2 
Shoulder diameter of outer ring 

(small side face) 
36,5 44 (e) mm 

d2 
Shoulder diameter of inner ring 

(small side face) 
21,66 33 (e) mm 

Di Bearing inner race diameter 21,21 (e) 30,54 (e) mm 

Do Bearing outer race diameter 37,22 (e) 46,47 (e) mm 

Dpw Bearing pitch diameter 28,21 (e) 38,5 mm 

Dw Bearing ball diameter 8 (e) 7,94 mm 

dTGain Gain, Temperature rate of change 200 (e) 2 (e)  - 

E Elastic modulus (all parts) 208 (e) 208 (e) GPa 

ec Diametral bearing clearance 0,006 (e) 0,005 mm 

H Oil level 35,75 45,75 mm 

hcs 
Convection coefficient, shaft 

coolant 
16 (e) 20 (e) W/m²K 

hha 
Convection coefficient, housing 

coolant (air) 
9 (e) 20 (e) W/m²K 

his 
Conduction coefficient, inner 

race/shaft 
9000 (e) 5000 (e) W/m²K 

hoh 
Conduction coefficient, outer 

race/housing 
4000 (e) 5000 (e) W/m²K 

irw Number of ball rows 1 1 - 

kl Thermal conductivity, lubricant 0,13 0,13 W/mK 

Krs Starvation constant 6·10-8 3·10-8 - 
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ks Thermal conductivity, metal 46,6 46,6 W/mK 

Kz Bearing type geometric constant 4,4 3,1 - 

mb,tot Bearing total mass 0,064 0,125 kg 

mbb Mass, balls 0,0147 (e) 0,0185 (e) kg 

mbi Mass, inner race 0,0179 (e) 0,0422 (e) kg 

mbo Mass, outer race 0,0314 (e) 0,0643 (e) kg 

mh Mass, housing 3 (e) 1 (e) kg 

ml Mass, lubricant 0,33 (e) 0,01 (e) kg 

ms Mass, shaft 2 (e) 1 (e) kg 

R1 Geometric constant 4,33·10-7 3,90·10-7 - 

R2 Geometric constant 2,02 1,7 - 

R3 Geometric constant 2,44·10-12 - - 

S1 Geometric constant 0,0182 0,0032 - 

S2 Geometric constant 0,71 36,5 - 

S3 Geometric constant 2,44·10-12 - - 

T0 Initial temperature 20 1 ºC 

T1 Temperature 1 (viscosity point) 40 40 ºC 

T2 Temperature 2 (viscosity point) 100 100 ºC 

Tc Coolant temperature 26 0 ºC 

VM Drag loss factor 0,00125 0,00125 - 

Z 
Number of balls in a row of the 

bearing 
7 (e) 9 - 

α Contact angle 40 - º 

α0 Nominal contact angle - 30,88 º 

κi Bearing osculation, inner race 0,506 (e) 0,524 (e) - 

κo Bearing osculation, outer race 0,527 (e) 0,524 (e) - 

ν1 Kinematic viscosity at T1 31,5 250 mm2/s 

ν2 Kinematic viscosity at T2 5,3 17 mm2/s 

νp Poisson’s constant (all parts) 0,3 (e) 0,3 (e) - 

ρl Density, lubricant 862 (e) 862 (e) kg/m3 

σmax Maximum stress 4000 (e) 4000 (e) MPa 

Estimated values are indicated with “(e)” 
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