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Vorwort des Herausgebers 

Wissen ist einer der entscheidenden Faktoren in den Volkswirtschaften unserer Zeit. 

Der Unternehmenserfolg wird in der Zukunft mehr denn je davon abhängen, wie 

schnell ein Unternehmen neues Wissen aufnehmen, zugänglich machen und 

verwerten kann. Die Aufgabe eines Universitätsinstitutes ist es, hier einen 

wesentlichen Beitrag zu leisten. In den Forschungsarbeiten wird ständig Wissen 

generiert. Dieses kann aber nur wirksam und für die Gemeinschaft nutzbar werden, 

wenn es in geeigneter Form kommuniziert wird. Diese Schriftenreihe dient als eine 

Plattform zum Transfer und macht damit das Wissenspotential aus aktuellen 

Forschungsarbeiten am IPEK – Institut für Produktentwicklung Karlsruhe (ehemals: 

Institut für Maschinenkonstruktionslehre und Kraftfahrzeugbau) verfügbar.  

Die Forschungsfelder des Institutes sind die methodische Entwicklung und das 

Entwicklungsmanagement, die rechnergestützte Optimierung von hochbelasteten 

Strukturen und Systemen, die Antriebstechnik mit einem Schwerpunkt auf den 

Gebieten Antriebsstrang-Engineering und Tribologie von Lager- und 

Funktionsreibsystemen, die Mikrosystemtechnik mit dem Focus auf die zugehörigen 

Entwicklungsprozesse sowie die Mechatronik. Die Forschungsberichte werden aus 

allen diesen Gebieten Beiträge zur wissenschaftlichen Fortentwicklung des Wissens 

und der zugehörigen Anwendung – sowohl den auf diesen Gebieten tätigen 

Forschern als auch ganz besonders der anwendenden Industrie – zur Verfügung 

stellen. Ziel ist es, qualifizierte Beiträge zum Produktentwicklungsprozess zu leisten.  

 

Albert Albers 

 



 

 



Vorwort zu Band 63 
Die Tribologie ist ein zentrales Feld in der Produktentwicklung technischer Systeme. 

Tribologische Fragestellungen treten in mannigfacher Form auf. Insbesondere in den 

zwei großen Gruppen der Gleitsysteme, bei denen die Hauptzielrichtung eine 

Reibungsreduzierung bei relativ bewegten Wirkflächen ist und der zweiten großen 

Klasse der Friktionssysteme, bei denen die im Wirkflächenpaar auftretende Reibung 

systematisch für die Funktionserfüllung genutzt wird, sind von zentraler Bedeutung in 

modernen technischen Systemen. Aspekte, wie die Steigerung der Leistungsdichte, 

aber auch die Verbesserung der Energieeffizienz ergeben sowohl für die 

Gleitsysteme als auch für die Friktionssysteme entsprechend hohe Anforderungen an 

deren Weiterentwicklung. Um hier gezielt neue Innovationspotenziale zu gewinnen, 

sind verstärkte und tiefer ge-hende Analysen des tribologischen Systems 

erforderlich, aus denen dann mit neuen Ansätzen die Modellbildung so verfeinert 

werden kann, dass relevante Aspekte von vorne herein in die Synthese und Analyse 

von Tribosystemen integriert werden können. Hier haben sich, insbesondere durch 

die Weiterentwicklung der Rechnertechniken, in den letzten Jahren ganz neue 

Möglichkeiten ergeben. Während über lange Zeit in der praktischen 

Produktentwicklung die Synthese von tribologischen Systemen im Wesentlichen auf 

empirischen, experimentellen Vorgehensweisen und Ansätzen beruhte, wird es 

durch die höheren Rechenleistungen moderner Computersysteme in den letzten 

Jahren zunehmend möglich, auch strukturiert physikalische Effekte durch 

Modellbildung zu beschreiben und zu erfassen. Ein wichtiger Aspekt in tribologischen 

Syste-men ist dabei der Einfluss der Rauigkeiten der Wirkflächen in ihrem 

Zusammenwirken im Wirkflächenpaar. Die Berücksichtigung der Rauigkeiten in ihrer 

Wechselwirkung mit dem tribologischen System für Friktions-systeme ist bisher 

überhaupt nicht gelöst. Bei Gleitsystemen, insbesondere bei den Gleitlagern, aber 

auch im Gebiet der Wälzlager, erfolgt zunehmend eine Berücksichtigung des 

Rauigkeitseinflusses durch Integration in die beschreibenden 

Differenzialgleichungssysteme, wobei auch hier sehr häufig noch Hilfsgrößen, die im 

Wesentlichen auch über eine Parameteranpassung bestimmt werden, die 

Vorgehensweise dominieren. An dieser Stelle setzt die Arbeit von Herrn Dr.-Ing. 

Benoît Lorentz an. Er hat sich zum Ziel gesetzt, die Potenziale moderner 

Simulationsmethoden zu Nutzen um den Einfluss von Rauigkeiten, sowohl in unge-

schmierten trockenlaufenden Systemen als auch in geschmierten Systemen, besser 

zu erfassen, in Modelle abzubilden und daraus Ansätze für eine Verbesserung der 

Synthese technischer Systeme abzuleiten. Das grundlegende Ziel der 

Forschungsarbeiten von Herrn Dr.-Ing. Benoît Lorentz ist es, die Simulation des Ein-

flusses von Oberflächenrauigkeiten auf das Reibungsverhalten von geschmierten 



 

und ungeschmierten Wirkkontakten mit numerischen Methoden zu untersuchen. Das 

daraus abgeleitete Zielsystem seiner Arbeit be-inhaltet damit die Berücksichtigung 

der Parameter Material, Eigenschaften, elastische und plastische Material-

eigenschaften, Rauheit – beschrieben durch entsprechende Rauheitsparameter, die 

Herstellverfahren sowie die Betriebsbedingungen. Als wesentliche Schritte der 

Forschungsarbeiten definiert Herr Dr.-Ing. Benoît Lorentz die Mikromodellbildung und 

-analyse, die Modellverifikation, dann die Validierung des Verfahrens über eine 

Parameterstudie und eine Ausweitung der Mikrobetrachtung auf der Ebene der 

Skalen der Rauigkeiten hin in die makroskopische Skala der betrachteten 

technischen Systeme. Die Arbeit leistet einen hervorragenden Beitrag zum besseren 

Verständnis tribologischer Systeme und zeigt auch Wege auf, wie in der praktischen 

Produktentwicklung diese neuen Möglichkeiten erfolgreich genutzt werden können. 

Die Arbeit ist sicher Ausgangspunkt weiterer grundlegender Forschungsarbeiten in 

der Zukunft. 

 

Albert Albers 

 





 

Kurzfassung 
Die Tribologie war und ist auch heute noch ein wesentliches Forschungsfeld der 

Energieeffizienz mechatronischer Systeme. Vor diesem Hintergrund werden in der 

vorliegenden Arbeit Einflüsse der Oberflächentopographie auf das Reibverhalten 

tribologischer Systeme untersucht. Hierzu werden überwiegend Modelle auf der 

Mikroebene gebildet – sowohl bei trockenlaufenden als auch geschmierten 

tribologischen Systemen. Zur Kontaktmodellierung wird die Finite-Elemente-Methode 

eingesetzt, wobei für beide Kontaktarten das Adhäsionsmodell von Bowden und 

Tabor genutzt wird. Modelle von nicht-geschmierten Kontakten werden mittels „Ball-

on-Disk“-Versuche validiert, wohingegen Modelle von geschmierten Kontakten rein 

numerisch verifiziert werden. 

Kern dieser Arbeit ist die numerische Modellierung von Mischreibungseffekten, die 

eine Kombination von Festkörper-Festkörper- und Fluid-Festkörper-Kontakten 

aufweisen. Die Modellierung erfolgt durch Anwendung eines neuen Ansatzes zur 

Fluid-Struktur Kopplung, der „Coupled-Eulerian-Lagrangian“-Methode. 

Der in dieser Arbeit entwickelte Ansatz basiert auf einer ausführlichen, methodischen 

Analyse des tribologischen Systems, wobei insbesondere die multiskalige 

Validierungsumgebung „X-in-the-Loop“ und der „Contact-and-Channel“-Ansatz 

genutzt werden. Auf dieser Grundlage wird ein Untersuchungs-Rahmenwerk 

gebildet, das den Schwerpunkt auf die Modellbildung des mikroskopischen 

Mischreibungsmodells inkl. der zu treffenden Annahmen und zu verwendenden 

Randbedingungen legt. Auf dieser Basis erfolgt eine erste Validierung des Ansatzes 

nach Bowden und Tabor, indem das verwendete Adhäsionsmodell anhand des 

trockenlaufenden mikroskopischen Kontaktmodells mit Prüfstandversuche 

abgeglichen wird. Hierdurch kann die Hypothese bestätigt werden, dass in Modellen 

trockenlaufender Kontakte die Normalkomponente der Adhäsionskraft vernachlässigt 

werden kann. Da eine analoge Validierung des nasslaufenden Kontaktmodells im 

vorliegenden Fall physikalisch nicht möglich ist, wird das Mischreibungsmodell 

numerisch verifiziert. 

Anschließend wird eine Parameterstudie durchgeführt, die die Einflüsse 

unterschiedlicher Parametern auf den Reibwert untersucht. Eine anschießende 

Sensitivitätsanalyse zeigt, dass im Wesentlichen die Bearbeitungsrichtung des 

Fertigungsprozesses und der Rp Wert das Reibverhalten beeinflussen. 

Als letzter Schritt wird ein Vorgehen skizziert, das die Übertragung der Ergebnisse 

von der mikroskopischen auf die makroskopische Ebene erlaubt. Hiermit kann die 

Wirkung der Oberflächenrauheit auf das dynamische Verhalten eines tribologischen 

Systems untersucht werden. 



 

 



 

Abstract 
Tribology remains an essential research area according to energy efficiency. On this 

account, present work focuses on the investigation of surface roughness on 

lubricated and non-lubricated contacts in existing systems such as clutches or journal 

bearings. This task is achieved numerically by means of the finite element method. 

For both contact types, the adhesion model of Bowden and Tabor was used. A 

validation took place for the non-lubricated contacts whereas a numerical verification 

has been done for the lubricated contacts. 

Main challenge remaining in present work was the simulation of mixed lubrication in a 

whole model. The combination of both contact types, solid-solid and fluid-solid which 

are changing during the sliding phase can be modeled using a novel approach called 

Coupled Eulerian Lagrangian method. 

Whole work bases on a methodical based approach: typical system design approach 

have been used in order to define which part of a given system has to be 

investigated. A direct consequence was the use of a multiscale approach called “X-

in-the-Loop”.  

Present thesis develops the analysis framework, and sets the focus on the 

microscopic mixed lubrication model development, boundary conditions to be applied 

and which assumptions have been met during the modeling. A validation of the 

Bowden and Tabor theory has also been done in comparing numerical results of the 

non-lubricated version of the model with real ball-on-disk experimental tests. This 

allowed arguing the assumption by not taking into account normal adhesion 

component in the non-lubricated model. As a consequence, same assumption has 

been chosen for the lubricated model which can unfortunately not be validated by 

similar experimental tests. On this account, verification has been done to check the 

convergence of the microscopic mixed lubrication model on both the normal and 

tangential contact force components. 

Parameter study done for the mixed lubrication model displayed the contact stresses 

as well as contact temperatures. It also enabled it to check which of the varied 

parameters had the most influence on the friction behavior itself. It has been shown 

that machining has the most impact: machining direction as well as the Rp value of 

surfaces.  

A last part exposes the transposition of the results calculated at the microscopic 

scale into the macroscopic scale. This has been done with non-lubricated surfaces in 

order to give an overview on the machining impact on the dynamical behavior of 

macroscopic systems. 



 

 



 

Acknowledgment 
I would like to thank all people who contributed to the achievement of this 

dissertation. I wish to sincerely apologize to those I have forgotten to mention. 

Foremost, I would like to thank my doctoral advisor, Professor Albert Albers, for his 

interest and counseling during my graduate work, and more generally for giving me 

the opportunity to work on this challenging project. I am also grateful to Professor 

Gunter Knoll who accepted the second examination of my thesis and for his support 

in our common project. 

My gratitude goes to my actual and formal colleagues from the research group 

CAE/Optimization who always took time for fruitful discussions and offered me the 

best working atmosphere.  

My profound thanks go to my colleagues of the Institute of Product Development 

(IPEK) for their open-mindedness. Among them, I am particularly grateful to Dr. 

Wolfgang Burger and Johannes Bernhardt who always supported my work during the 

five years of common work. I also thank my colleagues responsible for administrative 

issues during my work at the institute as well as Daniele Savio for his inputs for the 

dissertation. I am also grateful to Dr. Hartmut Hetzler and Benedikt Wiegert from the 

Institute of Technical Mechanics for their contribution to my work. 

Apart from my colleagues, a very special thank-you goes to my life partner, Irène 

Sacksteder, for her continuous encouragement in this long-term project. The support 

of my brother Vincent was really appreciated as well as his precious advice. Despite 

the distance, my family and my partner’s family were always present for me, 

therefore I wanted to express my warmest thank to them. 

 

Benoît Lorentz 





 

 

 

 

 

 

“Le plus dangereux conseiller, c'est l'amour-propre.”  

Napoléon Bonaparte 

 

 

 

“Man muß mit den richtigen Leuten zusammenarbeiten, sie achten und motivieren. 

Dauerhafter Erfolg ist nur im Team möglich“ 

Klaus Steilmann 

 

 

 

“Difficulties are the salt of life”  

Robert Baden-Powell 





 

Contents 
Contents .............................................................................................................................. XIX 

Symbol .............................................................................................................................. XXIII 

Abbreviation ..................................................................................................................... XXVI 

1 Introduction 1 

1.1 Context ....................................................................................................................... 1 

1.2 Motivation ................................................................................................................... 2 

1.3 Outline ........................................................................................................................ 4 

2 Fundamentals and State of the Art 5 

2.1 Methods for System Analyses .................................................................................... 5 

2.1.1 Structured Analysis Design Technique (SADT) ............................................ 6 

2.1.2 Principle of the Contact and Channel Approach (C&C²-A) ........................... 7 

2.1.3 Application and Advantages of both Methods .............................................. 8 

2.2 Technical Surfaces ................................................................................................... 10 

2.2.1 Signal Composition of a Technical Surface ................................................ 10 

2.2.2 Statistical Characterization of Technical Surfaces ..................................... 13 

2.2.3 Frequency Analysis of the Surface Characteristic ...................................... 16 

2.2.4 Generation of Rough Surface Profiles ........................................................ 16 

2.2.5 Fractal Description ...................................................................................... 17 

2.2.6 Wavelet Description of Technical Surfaces ................................................ 18 

2.3 Structural Mechanics and Material Science ............................................................. 18 

2.3.1 Basics: Movement Description ................................................................... 19 

2.3.2 Description of the Solid Deformation Parts Submitted to Friction ............... 20 

2.3.3 Thermal Properties of the Solids ................................................................ 21 

2.3.4 Wear Phenomena Occurring in Tribological Systems ................................ 22 

2.3.5 Failure and Damage Models used for Wear Modeling in Contacts ............ 24 

2.4 Solid-Solid Interaction and Adhesion ....................................................................... 26 

2.4.1 Description of the Adhesion Phenomenon ................................................. 26 

2.4.2 Tangential Component ............................................................................... 28 

2.4.3 Normal Component .................................................................................... 28 

2.4.4 Hysteresis Phenomenon ............................................................................ 30 

2.5 Fluid Mechanics Theory ........................................................................................... 30 

2.5.1 Theoretical Background .............................................................................. 31 

2.5.2 Fluid Compressibility, Newtonian fluid and Thermal Effects ....................... 32 

2.5.3 Fluid Flow and Viscosity Relationships ...................................................... 33 

2.5.4 Thin Film Theory: Elastohydrodynamic (EHL) ............................................ 34 



XX  Contents 

2.5.5 Impact of the Surface Roughness on the Fluid Friction .............................. 36 

2.6 Numerical Methods used in Tribology ...................................................................... 37 

2.6.1 Methods used for Spatial and Temporal Discretization .............................. 38 

2.6.2 Multibody Dynamics Simulations ................................................................ 41 

2.6.3 Contact Modeling ........................................................................................ 42 

2.6.4 Methods Application ................................................................................... 44 

2.7 Fluid Structure Coupling in Numerical Methods ....................................................... 44 

2.7.1 Conventional CFD FSI-Coupling ................................................................ 44 

2.7.2 Mesh Distortion Management ..................................................................... 45 

2.7.3 Thermal Exchange Between Fluid and Structure ....................................... 48 

2.8 Design of Experiments (DoE) and Use in Numerical Simulations ............................ 50 

2.8.1 Full Factorial Method .................................................................................. 50 

2.8.2 Fractional Factorials ................................................................................... 51 

2.8.3 Screening Experiments .............................................................................. 51 

2.8.4 Response Surface Method (RSM) .............................................................. 51 

2.8.5 Selecting a DoE Strategy ........................................................................... 53 

2.9 State of the Art: Experimental Investigations in Tribological Systems ...................... 53 

2.9.1 Investigation on Pin-On-Disk Devices Type ............................................... 54 

2.9.2 Investigation of Clutch Systems ................................................................. 54 

2.9.3 Investigation of Journal Bearings ............................................................... 55 

2.10 State of the Art: Numerical Investigation in Tribology .............................................. 56 

2.10.1 Non-lubricated Contacts ............................................................................. 56 

2.10.2 Mixed Lubricated Contacts ......................................................................... 57 

2.10.3 Multi-Level Modeling in Tribology ............................................................... 59 

3 Research Objectives 61 

3.1 Potential Issuing from the State of the Art ................................................................ 61 

3.2 Establishment of the Target System ........................................................................ 62 

4 Analysis Framework 63 

4.1 Demonstrator Definition ............................................................................................ 63 

4.1.1 Classification of Tribological Systems (Tribo-System) ............................... 63 

4.1.2 Identification of the System Functions by Means of System Design Methods 
SADT and C&C²-A ................................................................................................... 64 

4.1.3 Identification of the Function to be investigated ......................................... 68 

4.2 Definition of Investigation Steps to Reach Objectives .............................................. 73 

4.2.1 Demonstrators Functions Leading to Theoretical Models .......................... 73 

4.2.2 Working Conditions and Investigation Steps .............................................. 74 

4.2.3 Experimental Device Required for the Verification ..................................... 75 



Contents  XXI 

4.3 Main Assumptions used for the Microscopic Model Implementation ........................ 76 

5 Numerical Model at the Microscopic Scale 77 

5.1 Discretization of the Rough Surfaces ....................................................................... 77 

5.1.1 Signal Treatment to Characterize the Surfaces .......................................... 77 

5.1.2 Importation of the Surfaces into a Commercial Finite Elements Software . 81 

5.2 Establishment of Operating Conditions for the Lubricated Micro Model ................... 83 

5.2.1 Operating Conditions for Lubricated Demonstrators .................................. 83 

5.2.2 Boundary Conditions Calculated in Linear Bearings .................................. 83 

5.2.3 Boundary Conditions Calculated in Journal Bearings ................................ 86 

5.3 Microscopic Model Taking into Account Lubricant ................................................... 89 

5.3.1 Two-Dimensional Model ............................................................................. 89 

5.3.2 Applied Boundary Conditions ..................................................................... 90 

5.3.3 Material Model ............................................................................................ 91 

5.3.4 Contact Definitions ..................................................................................... 93 

5.3.5 Model Extension into three Dimensions and Model Generation Process ... 94 

5.4 Microscopic Model of Dry Friction ............................................................................ 97 

6 First Steps for the Micro-Models Verification 101 

6.1 Demonstrator for Dry Running Model ..................................................................... 101 

6.2 Convergence Verification and Validation of the Dry Running Model ...................... 104 

6.2.1 Shear stress ............................................................................................. 104 

6.2.2 Friction ...................................................................................................... 105 

6.2.3 Validation of the Dry Running Model with the Ball-On-Disk Experiment .. 106 

6.3 Convergence of the Mixed Lubrication Model ........................................................ 107 

6.3.1 Convergence Study on Fluid Mesh .......................................................... 107 

6.3.2 Impact of Solid Element Size on Normal Load ......................................... 109 

6.4 Comparison of CFD and CEL for Full Hydrodynamic Conditions ........................... 110 

6.5 Impact of the Boundary Conditions ........................................................................ 112 

6.5.1 Pressure ................................................................................................... 112 

6.5.2 Loading Velocity ....................................................................................... 115 

6.5.3 Model Height ............................................................................................ 116 

6.6 Summary ................................................................................................................ 117 

7 Results and Investigations on the Micro Scale for Lubricated Conditions 119 

7.1 Influence of the Fluid Viscosity on the Friction Behavior ........................................ 119 

7.2 Impact of Solid Properties on Friction..................................................................... 120 

7.2.1 Impact of Temperature on Solid Properties and Friction Coefficients ...... 120 

7.2.2 Impact of Elastic Modulus and Yield Strength on Friction ........................ 121 



XXII  Contents 

7.3 Impact of Loads and Sliding Velocity Applied on the Friction Coefficient ............... 124 

7.3.1 Normal Load ............................................................................................. 124 

7.3.2 Sliding Velocity ......................................................................................... 126 

7.4 Influence of the Surface Machining ........................................................................ 128 

7.4.1 Impact of Machining Type ........................................................................ 128 

7.4.2 Machining Directions ................................................................................ 132 

7.4.3 Impact of Roughness on Contact Temperature ........................................ 136 

7.5 Classification of the Most Influencing Parameters.................................................. 139 

7.5.1 Classification of Roughness Parameters on Friction ................................ 139 

7.5.2 Classification of the Operating Conditions ................................................ 143 

7.5.3 Summary of Parameters Impact on Friction Behavior .............................. 146 

8 Extension of the Investigations to the Macroscopic Scale 147 

8.1 Demonstrator of the Tribological System ............................................................... 147 

8.2 Extension to the Macroscopic Scale: Macro-Model................................................ 148 

8.3 Establishment of the Frictional Rule at the Microscopic Scale ............................... 149 

9 Conclusion and Outlook 153 

9.1 Synthesis of the Results ......................................................................................... 153 

9.2 Discussion of the Method ....................................................................................... 154 

9.3 Future Development and Requirements ................................................................ 155 

10 References 157 



 

Symbol  

∇  - Differenced nabla operator 

±, ²  and c - Empiric coefficients used in viscosity calculation 

’  - Empiric parameter 

“  - Grüneisen ratio 

³ i J Surface energy of solid i 

“  Hz Frequency 

•  - Deformation 

µe - Yield strain 

— Pa∙s Dynamic viscosity 

¸  rad Angular position of the journal bearing 

»s mm Wavelength for the roughness filter 

»c mm Wavelength for the waviness filter 

»f mm Wavelength for the primer profile filter 

» W/m/K Thermal conductivity 

» - Elasticity parameter for adhesion theory 

», ¼ - Lamé parameters 

µ - Friction coefficient 

µ - Tabor parameter 

Á kg/m³ Mass density 

Ã² - Variance 

Ã Pa Stress 

Ãcrit Pa Yield strength 

Ä Pa Contact shear stress 

Äcrit Pa Critical shear stress 

Ä Pa Fluid shear 

A - Amplitude 

A mm² Contact surface area 



XXIV  Symbol 

B mm Pad bearing length 

CP J/g∙K Specific heat capacity 

c mm Bearing clearance 

c0 m/s Sound velocity in the lubricant 

D - Fractal dimension 

d mm Hydraulic diameter 

E Pa Elasticity modulus 

E* - Reduces elasticity modulus 

e mm Eccentricity 

e J/kg Energy per unit of mass  

FN N Normal force 

FT N Tangential force 

f


 N/kg Force per mass applied to a fluid volume 

G - Characteristic length 

Hmin, Hmax mm Minimal and maximal pad bearing height 

H - Hamaker constant 

h W/m² Convection coefficient 

h mm Lubricant film thickness 

K - Kurtosis 

KIC Pa m  Toughness 

L mm Bearing length 

Le mm Characteristic length 

l mm Contact sliding way 

ln mm Length of a measured profile 

m µm Mean value of a profile topography 

Pi, Po Pa Inlet, resp. outlet pressure 

p Pa Pressure 

Q J Contact heat generation 

q

  J/m²/s Heat flux lost due to convection 
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R µm Asperity radius 

Ra µm Average roughness 

Re - Reynolds value 

Re Pa Yield strength 

Rk µm Difference between maximum and minimum of the 

supporting surface 

Rp µm Maximal roughness peak 

Rq µm Quadratic mean value 

Rt µm Amplitude between maximal and minimal profile 

height 

r J/m³/s Radiation heat lost per unit of volume 

rtip mm Radius of the sensing device 

r0 µm Distance between two atoms 

S(É) W/Hz Spectral power density 

Sk - Skewness 

s - Slope of the curve us-up 

T °C Temperature 

t s Time 

u0 m/s Sliding wall velocity  

uA, uB mm Sliding positions 

us m/s Shock velocity 

up m/s Particle velocity 

vE(M,t) m/s Eulerian velocity 

vL(M,t) m/s Lagrangian velocity 

w J Surface energy 

X mm²/s Thermal diffusivity 

z(x) µm Profile 
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IPEK Institute of Product Engineering 

KIT Karlsruhe Institute of Technology 

UK United Kingdom 

iPeM integrated Product engineering Model 

FSI Fluid-Structure-Interaction 

CPU Central Processing Unit 

DoE Design of Experiment 

SADT Structured analysis design technique 

C&C²-A Contact and Channel Approach 

WS Working surface 

WSP Working surface Pair 

CSS Contact and Channel Support 

C Connector 

GPS Geometrical Product Specification 

DIN Deutsches Institut für Normung (German institute of 

normalization) 

R Roughness 

W Waviness 

P Primer profile 

CAE Computer Aided Engineering 

HOT Hurst Orientation Transform 

PIFS Partitioned Iterated Function System 

VCCT Virtual crack closure technique 

DMT Derjagin, Muller, Toropov adhesion model 

JKR Johnson, Kendall, Robertson adhesion model 

MD Molecular dynamic 

RICC Roughness-induced crack closure 

PICC Plasticity-induced crack closure 

VOF Volume of Fluid method 

ALE Arbitrary Lagrangian Eulerian method 

CEL Coupled Eulerian Lagrangian method 

CFD Computational Fluid Dynamics 

EHL/EHD Elastohydrodynamic Lubrication / Elastohydrodynamics 

RSM Response Surface Method 



Abbreviation  XXVII 

CCD Central Composite Design 

CVT Continuously variable torque 

CCC Centrale composite Design Circumscribed 

CCI Centrale composite Design Inscribed 

CCF Centrale composite Design Face centered 

AFM Atom Force Microscopy 

FIB Focused Ion Beam 

TEM Transmission Electron Microscopy 

RNT Radio-Nuclide-Technique 

XiL X-in-the-Loop analysis technique 

DoF Degree of Freedom 

IGES Initial Graphics Exchange Specification 

STEP STandard for the Exchange of Product Model Data 

FVA Forschungsvereinigung Antriebstechnik 

FVM Finite volume method 

ILS Intelligent Lifting System 

MBS Multi-Body System 





 

1 Introduction 

1.1 Context 
Mobil systems and mobility engineering represents a central competence area of the 

Karlsruhe Institute of Technology (KIT). Especially in this area, a major research field 

“powertrain systems” has been established at the Institute of Product Engineering of 

Karlsruhe (IPEK). This field includes whole system chain going from engine output 

(dual masse flywheel) until the wheels of any vehicle. Engine system is here not 

taken under focus in-house. In order to be able to support partners in designing and 

improving new powertrain systems, different phenomena occurring in powertrain 

systems have to be mastered. As a consequence, such phenomena have to be 

described by physical models. Moreover, each interacting phenomenon needs to be 

modeled and taken into account during the designing phase. On this account, a 

second major field of the modeling methods of systems and systems’ design is also 

established at the same institute. Practically, this second research activity consists in 

developing different investigation Methods and Processes applied to the engineering 

process of any System in order to increase manufacturing quality and velocity. 

Present work uses a friction system (clutch) present in the powertrain chain as 

demonstrator and presents an approach on how modeling tribological behavior of 

contacts occurring in this type of system. This topic is fully belonging to tribology 

which takes its origin from both Greek terms “Tribos” and “Logos” meaning literally 

surface interactions science.1 Tribological phenomena are described by means of 

many parts of fundamental sciences such as solid and fluid mechanics, 

thermodynamics, material science, rheology or reliability and impact highly energy 

efficiency of mechanical systems.  

Although this research field has been named quite recently in 1966 by the UK 

Department of Education and Science, scientists were working in such problematics 

for a long time (since the 17th century). First theoretical investigation in tribology 

began with studies on contact mechanics, achieved by Hertz2 at the end of the 19th 

century after numerous observations mainly stated by Coulomb, Boussinesq or da 

Vinci. Since then, several models were developed, based on preceding work in order 

to evaluate their window of validity. In a context of constant environmental and 

                                            
1 Dowson (1979) 
2 Hertz (1881) 
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economic costs increasing, energy saving becomes even more important. Thus, this 

is the reason why present work aims at decreasing engineering costs and designing 

time, by considering only tribological aspects, a choice motivated in the next 

section (1.2). On this account, the content of present study focuses on tribological 

phenomena occurring between two rough or profiled surfaces in dry contact on the 

one hand and mixed lubricated conditions on the other hand. 

1.2 Motivation 

 

Figure 1.1: Integration of the work into the iPeM3 

Main reason why only tribological phenomena is considered remains in its impact on 

energy saving. Friction losses, occurring in any mechanical systems are responsible 

for up to 10 % loss of the overall worldwide produced energy.4 Knowledge of the 

different occurring friction phenomena has to be increased for the dry tribo-systems 

and respectively for lubricated tribo-systems. This is achieved through the 

development of different theoretical models that need to be taken into account in the 

                                            
3 Albers / Braun (2011) 
4 Gras (2009) 
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early phase of the Integrated Product Engineering Model (iPeM) developed at the 

IPEK and composed of many iterative steps displayed on Figure 1.1. 

The iPeM, described by Albers and Braun,4 consists in identifying how the designer 

has to proceed from the system of objective (product ideas) to the system of objects 

(product). The concept of the present work is to be able to deliver tribological models 

to support the designer in the conception of tribological systems. The integration of 

these theoretical models mainly takes place in two activities: modeling of principle 

solution and embodiment and validation 

These models reproduce the behavior of any demonstrator in which the investigated 

phenomenon is occurring. In the frame of this work, these demonstrators are typically 

tribological systems (also called tribo-systems) which can be classified in two 

categories: 

• Friction systems: in which the friction itself is the main function of the system 

• Bearing systems: in which the friction is a ”noise“ function 

The same type of phenomenon can occur in both classes, but in the first one, the 

function has to be optimized to reach the wanted dynamical behavior, whereas 

friction needs to be minimized in the other class.  

Present work focuses on the investigation of tribo-systems taking into account effects 

only observable at the microscopic scale. Generally, two parallel streams are 

followed to achieve such analyses. First approach used considered being the nearest 

to the reality was the experimental one as it enables measurements on real 

prototypes. Nevertheless this approach requires huge resources, a further argument 

for increasing investigation efficiency. 

Parallel stream takes into consideration mathematical models reproducing 

phenomena present in investigated systems. The main advantage of this method 

was the short time spending and costs. The disadvantage of this way of investigation 

resides in the difficulty to solve the mathematical problem and to get reliable, 

accurate and valid results. The first limitation gets even smaller since high computer 

resources are available whereas the second one often needs the building of physical 

prototype.  

The theoretical models developed in this thesis are principally based on numerical 

approaches using different simulation tools, mainly based on the finite elements 

method coupling fluid and solid mechanics. In order to take into account adhesion 

and surface roughness, investigations related to these aspects are necessary to be 

done preliminarily at the micro scale. After verification, output data are directly 

integrated into models that have a higher scale in order to deliver the complete 

system’s behavior.  
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Using numerical way cannot be avoided as experimentations are nowadays 

approaching their scale limits. They need to be completed with so called numerical 

models especially for the characterization and description of phenomena occurring at 

the micro- and resp. nanoscale. These numerical models need to be developed at 

different scales going from nano to macroscale. In order to simulate the behavior of a 

whole product, the required coupling of different scales is a big challenge considering 

the discontinuities existing between different scales. Present study focuses at the 

macroscopic and microscopic scale. First scale is used to model a whole system’s 

behavior whereas the second one is used to calculate a locale friction law used 

afterwards in the macroscopic model. Nanomodels are not used in this work, as the 

thesis-framework would be too large.  

The analysis of tribo-systems is set on the running regimes that are leading to system 

failure: dry-running and mixed lubrication. The last lubrication regime consists in 

having a discontinuity in the lubricant film laying between both sliding solids. The 

need to identify the concerned phenomenon on how to influence it is real and has to 

be done in an early phase of the product development process for a costs reasons. 

Next part exposed a procedure to purchase the fixed goal. 

1.3 Outline 
The first part of this report deals with the basics and extensive state of the art 

combining several research fields used to solve the previous described problem. 

Beginning with the simulation ways used for modeling surface roughness, the report 

develops the principles of structural resp. fluid mechanics. Next part concerns the 

coupling way between both theories. At last, adhesion theory is exposed as well as 

the measuring facilities used for the experimental verification. Chapter 3 defines main 

objectives of the work as well as the procedure used to reach them.  

Chapter 4 sets the global analysis framework, the used demonstrator and numerical 

methods taken for the investigations. Chapter 5 describes the dry friction and mixed 

lubrication model development at the microscopic scale, their corresponding 

boundary conditions and the data treatments necessary to use real rough surfaces in 

the numerical model. Chapter 6 states the verification of the micromodels with 

corresponding experimental setup. 

Chapter 7 exposes the parameter study, related to the impact of different parameters 

on the friction. A macromodel is then built in chapter 8 in which the results issuing 

from the micro scale are imported. Last chapter summarizes results and evaluates 

the potential of the developed method. The report ends with an outlook providing the 

tasks needed to purchase investigations. 



 

2 Fundamentals and State of the 

Art 

Composed of ten parts, this chapter provides an overview of each component to be 

used in investigation of mixed lubrication, starting with system analysis method up to 

different numerical and experimental methods, statistical design of experimental 

investigations. First of all, methodology is required to analyze a system and be able 

to determine which component of a tribological system is responsible for a given 

function (mainly friction force transmission). This part is followed by several 

techniques related to the way of characterizing surfaces’ roughness of tribological 

systems. This is especially required to establish a relationship between roughness 

and friction behavior. 

In a next step, mechanical laws describing phenomena occurring in tribological 

contacts are presented. This is followed by adhesion theory – main phenomena 

happening in such working conditions – which has to be used in this kind of 

investigations. For lubricated contact, fluid mechanics theories are also displayed, to 

describe lubricant flows. Then, as the present work is based on numerical 

investigations, available methods are presented and classified in order to be selected 

regarding their application. Also here, a special case is treating fluid-structure-

interactions (FSI) modeling techniques.  

Due to the requirement of high CPU resources, number of calculation has to be 

limited. This implies using design of experiment (DoE) techniques, based on 

statistical approaches. These techniques are displayed in the eighth subsection and 

are issuing on experimental techniques. This procedure is necessary to validate 

numerical models. Finally, last part treats the research activities done in present field 

of research, identifying which domain has to be deepened. 

2.1 Methods for System Analyses 
An essential aspect within the product engineering process is to improve a product’s 

function. This can be optimally achieved after a system analysis. Two methods are 

used for this purpose and explained in next paragraphs.  
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2.1.1 Structured Analysis Design Technique (SADT) 

The SADT is copyrighted since 1977 by both software companies SofTech (USA) 

and IGL Technologie (France). A technique developed by the software engineers in 

order to keep an overview of the design of their software was generalized to any kind 

of industrial application to increase the maintainability of a developed system or 

product. A major aspect of this method is, that it enables to define communication 

standards between product users and designers. The technique is defined by 7 

fundamentals5: 

• SADT model is context dependent 

• The analysis is hierarchic, downward, modular and structured 

• SADT tells where the method is efficient and not how the method realizes the 

“where” 

• SADT models both the objects and events achieved by the objects 

• SADT is a semi-formal language 

• SADT improves team work 

• SADT obligates the documentation of the system 

The principle of the method is to identify the function of any complex existing system 

as displayed in Figure 2.1. This method can be used in different analysis levels, 

going from the whole product until its smallest components (see Figure 2.2). 

Nevertheless, this method does not enable a concrete visualization of a system. On 

this account, another method can be used to help the designer to understand the 

function that has to be transformed into a product. 

 

Function:
Form / Transform

Input (What)
Output

(interfaces /  chanels
for sharing)

Why (Control)

How (Mechanism)
 

Figure 2.1: SADT principles6 

                                            
5 Sadeg (1996) 
6 Ross (1985) 
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Figure 2.2: Example of multilevel SADT7 

2.1.2 Principle of the Contact and Channel Approach (C&C²-A) 

The generalized Contact and Chanel Approach displayed in Figure 2.3 is based on 

the following hypothesis: each system can be described as a blackbox with following 

inputs: “Information”, “Stuff” and “Energy”.  

By using this approach, any tribological system (blackbox on Figure 2.3) can be 

separated into subsystem themselves decomposed into smaller subsystems, etc. To 

achieve any system description, four main tools are available and visualizable on 

Figure 2.4: 

                                            
7 Federal Information Processing Standards Publications (1993) 
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• Working Surface (WS): boundary of any element of the concerned system 

(solid, liquid, gas or field) 

• Working Surface Pairs (WSP): combining of two working surface between 

whom information, mater and energy can be transmitted 

• Channel and Support Structure (CSS): element of solid, fluid, gas or field which 

is contained between two WSP and which transmits information, mater and 

energy from one side to the other 

• Connector (C): entity representing the environment and symbolizing the 

boundary conditions of a system 

 

BLACKBOX

Info

Material

Energy

Info’

Material’

Energy’
 

Figure 2.3: Generalized description of any technical systems8 

C

C

WSP2
WSP1

CSS1/2

undercut

 

Figure 2.4: C&C²-A model9 

2.1.3 Application and Advantages of both Methods 

The differences between the two design methods – SADT and C&C²-A – are 

displayed in the following table (Table 2.1):  

                                            
8 Ropohl (2009) 
9 Albers / Braun / et al. (2011) 
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Table 2.1: differences between SADT and C&C²-A 

TASK SADT C&C²-A 

System analysis (multiscale analysis) Yes Yes 

Function description Yes Yes 

Overlapping with the design No Yes 

Normalized visualization of the analysis Yes No 

Flexible No Yes 

Possibility to visualize the interfaces  

between functions 
No Yes 

Dissociation between the implementation and 

controlling of the function 
Yes No 

 

To conclude, some advantages of the C&C²-A towards the SADT resides in a better 

possibility to identify potential problems. In the case of the C&C²-A, the 

understanding of a complex system is improved by the visualization: the modeling 

method can be superposed to an existing technical drawing of a specific system in 

order to visualize it. As a consequence, the overall readability of the system is 

improved. Moreover, a better flexibility and interface visualization allows to say that 

the C&C²-A should be combined with the SADT. Main reason for that resides in 

combining both advantages: a good readability for the designer, a good system 

description for the system’s engineer. Additionally, it offers a normalized modeling 

design and a better dissociation of the controlling and implementation of the function. 

Describing a system is from high interest in multiscale modeling of tribological 

phenomena, as they are observed at the macro scale but may issue from localized 

processes established at the micro scale. These same phenomena follow laws that 

are completely different from them observed at the macro scale. After defining 

functions of a given tribo-system, characterization technique of surface roughness 

existing in these systems is required to parameterize rough solids. Next subsection 

displays different methods to assess such a characterization. 
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2.2 Technical Surfaces 
In macroscopic models, each surface is usually assumed to be flat but the reality is 

different and tribological behavior strongly depends on surface manufacturing. Such 

surfaces can be measured by means of optical facilities, delivering a 3-dimensional 

scatterplot of the surface. 

2.2.1 Signal Composition of a Technical Surface 

The three-dimensional profile of the solid is described through different normalized 

measurement.10 Geometrical Product Specification (GPS) applied in 1998 created 

the norm for the classification of surface roughness: each rough surface can be 

separated into different profile classes depending on the wavelength of the measure. 

The first four presented surfaces are measurable with conventional sensing or optical 

devices (see Figure 2.5 and Table 2.2): 

• Form profile 

• Waviness profile 

• Roughness profile 

• Atomistic roughness 

where the second atomistic roughness can only be measured with x-rays or optical 

devices such as scanning electron microscopes to determine 

• Crystal structure of the surface 

• Atomic structure 

Analyses done in this work take place on different scales. As a consequence and for 

reasons explained in chapter 4, different profile resolutions need to be taken into 

account: 

• Macro scale: form profile 

• Meso-scale: waviness profiles 

• Micro scale: roughness profile 

In order to characterize these different “roughness classes”, different filters are 

necessary. Low pass filters are used for the form profile, whereas high-pass filters 

are used for the roughness profile. Waviness profile is calculated using a bandpass 

filter. An example of wavelengths is given on the diagram on Figure 2.5 where X 

                                            
10 DIN EN ISO 4288 (1998) 
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stands for the profile length and Y for the percentage of the signal passing through 

the respective filter. 

Roughness Waviness
 

Figure 2.5: Wavelength of the waviness and roughness profiles11 

Waviness and roughness are dissociated from the primary profile through the primary 

filter with wavelength »f and roughness filter »c which are defined according to 

DIN ISO 1208512 (see Table 2.2).  

Table 2.2: Determination of the wavelength to separate the waviness from the 

profile12 

»c (mm) »f (mm) ln (mm) 

0.02 0.1 0.64 

0.1 0.5 3.2 

0.5 2.5 16 

2.5 12.5 80 

 

Then, length ln is set in DIN ISO 13565-1.13 If both parameters »c and »f are 

unknown, »c can be linked to the length ln according to Table 2.3. 

                                            
11 DIN EN ISO 4287 (2009) 
12 DIN EN ISO 12085 (2002) 
13 DIN EN ISO 13565-1 (1998) 
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Table 2.3: Relation between »c and ln13 in mm 

»c ln 

0.8 4 

2.5 12.5 

 

A further filter »s needs to be used to separate roughness from the waviness14 (see 

Table 2.4). According to DIN 428711 norm, three wavelengths are describing the limit 

of each profile: »s, »c and »f, respectively for lower limit of roughness, limit between 

roughness and waviness and between waviness and primary profile (see Figure 2.5). 

Table 2.4: Relationship between »c and »s 14 

»c 

(mm) 

»s 

(µm) 

»c/ »s rtip maximal value 

(µm) 

Profile maximum 

(µm) 

0.08 2.5 30 2 0.5 

0.25 2.5 100 2 0.5 

0.8 2.5 300 2 0.5 

2.5 8 300 5 1.5 

8 25 300 10 5 

 

Technical surfaces can be classified into different kinds of categories as displayed in 

Figure 2.6.15 Extreme finishing processes (with only one or extreme numerous cutting 

points) are categorized as anisotropic or isotropic- non-Gaussian surfaces. This 

corresponds to turning, shaping and milling. On the contrary, finishing governed by 

random processes is leading to Gaussian distributed surfaces corresponding more to 

milling. The characterization diagram is displayed in the next paragraph. 

                                            
14 DIN EN ISO 3274 (1997) 
15 Bhushan (2002) 
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Solid Surface

Homogeneous Surface

Deterministic

Isotropic

Gaussian

Inhomogeneous Surface

Random

Anisotropic

Non-Gaussian
 

Figure 2.6: Categories of technical surfaces15 

2.2.2 Statistical Characterization of Technical Surfaces 

Each of enounced technical surface’s profile is characterized through a letter (P for 

primary profile, W for the waviness and R for the roughness) following parameters: 

• Vertical parameters: maximal peak height (index p), maximal valley depth (v), 

profile amplitude (t), average of the profile (a) and mean square of roughness 

profile (q), skewness (sk), stepness (ku) or kurtosis (K) 

• Horizontal parameters: mean period width (Sm) and peak number (Pc) 

Vertical parameters are the most conventional ones used to define a technical 

surface and especially these (s. Figure 2.7): 

• m: mean value of the signal 

( ) dxxz
L

m
L

∫ ⋅=
0

1
 (2.1) 

• Rp: maximal peak of the signal 

( )( ) mxzRp −= max  (2.2) 

• Ra: mean value of the profile from the mean line 

( ) dxmxz
L

R
L

a ∫ ⋅−=
0

1
 (2.3) 



2 Fundamentals and State of the Art 14 

• Rq: quadratic mean value  

( )( )
2

1

0

21




 ⋅⋅= ∫ dxxz
L

R
L

q  (2.4) 

• Rt: maximal amplitude of the profile 
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Figure 2.7: Main parameters for the roughness description 

Further characteristics reside in the use of the Abbott-Firestone curve to define the 

material ratio of the technical surface. Figure 2.8 shows a rough surface which can 

be characterized by a primary profile shown in Figure 2.7. 

 

Figure 2.8: Corresponding rough profile 
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Different profiles can have the same roughness, thus Abbott and Firestone16 

establish a rule which determines the effective load surface (see Figure 2.9). The 

concept consists in the calculation of the lowest tangent of the curve in order to 

determine the average roughness range of the supporting surface (Rk).  
D

ep
th

 [µ
m

]

Material [%]
 

Figure 2.9: Corresponding Abbott-Firestone curve of displayed technical surface 

Both last statistical parameters, skewness and kurtosis are defined as follow and 

used to determine the type of surface (Gaussian or not). The skewness 

( )( ) dxmxz
L

Sk
L

∫ ⋅−⋅
⋅

=
0

3

3

1
σ

 (2.5) 

and the kurtosis  

( )( ) dxmxz
L

K
L

∫ ⋅−⋅
⋅

=
0

4

4

1
σ

 (2.6) 

are normalized with the variance  

( )( ) dxmxz
L

L

∫ ⋅−⋅=
0

22 1σ  (2.7) 

                                            
16 Abbott / Firestone (1933) 
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All these parameters are the most often used for industrial applications as they are 

normalized. However, these are not sufficient to characterize completely the surface 

topography and correlate it with the tribological behavior as they do not take into 

account the spatial characteristics. It does not give an overview with enough details 

about the behavior of rough profiles: 

• periodical or aperiodic profile 

• the amplitude corresponding to the profiles 

The use of frequency analyses contribute to a better characterization and thus 

enables a frequency description of profile’s signals through the combination of 

correlation functions as well as Fourier analyses. Autocorrelation delivers dominant 

signal periods of a periodical signal submitted to high noise effects whereas a Fourier 

analysis gives the dominant frequencies of a signal. 

2.2.3 Frequency Analysis of the Surface Characteristic 

This technique consists in decomposing the measured signal into a frequency vector 

by means of a Fast Fourier Transform to get the number of dominant frequencies.17 

However, main limitation resides in the difficulty to deliver scale independent results 

as the measuring facility has its own acquisition resolution. Furthermore, no special 

information – where peaks are occurring – is delivered but the occurrence of the 

rough motif in form of a frequency f, amplitude A and phase Æ. 

2.2.4 Generation of Rough Surface Profiles 

As measuring surfaces profile costs a lot of time, surface profiles can be generated 

using numerical methods which are then imported into used Computational Aided 

Engineering (CAE) software. The so called surface generation process was 

implemented by Nowicki18 in order to reduce time spent in measuring real rough 

surfaces. This process is able to generate a three dimensional spline by means of an 

optimizing process.  

Usually based on deterministic approaches, the characterization of the rough surface 

begins with its discretization. One generation method, developed by Patir19 and 

based on Gaussian surfaces, used correlation functions. Bakolas20 extended this 

approach with more efficient numerical approaches: roughness and waviness were 

taken into account through their decomposition in the frequencies domain. Cai and 

                                            
17 Peng / Kirk (1997), Dong et al. (1994) 
18 Nowicki (2008) 
19 Patir (1978) 
20 Bakolas (2003) 
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Bushan21 used this approach for concrete applications especially for investigations of 

lubricated surfaces at the microscopic scale. 

From the different methods used for characterizing surfaces the frequency approach 

was retained there. Signals frequency spectrums can be described through a vector 

composed of amplitudes and phases of each signal. A database composed of 

amplitudes and phases was used as base for rough surface generation. 

Last step consists in generating rough surfaces by means of a sensitivity based 

optimization getting previous database as input. This delivers new profiles which are 

compared with real measured surfaces giving defining if generated profile was near 

enough to real ones. 

Once the artificial surface is generated, it has to be imported into numerical software. 

Two ways are possible for that, generating a mesh with the spline on the one hand or 

generating a solid body using a neutral file format so that no specific software is 

required for the importation. The first solution was chosen due to its ability to mesh it 

from different ways but is software dependent. No program is available to generate 

such files for the wanted structures, for that reason an appropriate tool needs to be 

developed. 

2.2.5 Fractal Description 

In addition with preceding characterization methods, the fractal method allows 

characterizing technical surfaces without being influenced by the scale. They are also 

mainly used to characterize the order of the profile. Majumdar22 stated that 

Weierstrasse-Mandelbrot function is adapted for this purpose through following form: 

( ) ( ) ( )
( )∑

∞

=
−

−=
1

2
1 2cos

nn
nD

n
D x

Gxz
γ

πγ
 (2.8) 

where the characteristic length G of the surface and the fractal dimension 

D (1 < D < 2) are calculating using the power spectrum  

( )
( )

( ) ( )D

DG
S

25

12 1
ln2 −

−

=
ϖγ

ω  (2.9) 

of the z function23. É corresponds to the frequency. Its range goes from the sampling 

length up to the high limit defined by the frequency of the measuring instrument. To 

                                            
21 Cai / Bhushan (2006) 
22 Majumdar / Bhushan (1990) 
23 Berry / Lewis (1980) 
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deliver both fractal parameters a correlation is done with the usual power spectrum 

density calculated from the Fourier Transform. 

The parameter ³  defines the density of the spectrum and the relative phase of the 

spectral modes22, n1 the lowest frequency of the spectrum (³ n1 = 1/L, L the sampling 

length). ³ n represents the n frequency mode (³ n = 1/»n). 

The presented method is adapted for isotropic-gaussian surfaces, and that is why 

Hurst Orientation Transform (HOT) was created.24 Nevertheless, this last created 

method was insufficient, and finally induced the development of the Partitioned 

Iterated Function System (PIFS) to describe three dimensional topographies into 

simple mathematical rules25 in order to classify the surfaces into different groups. The 

combination of the fractal method with the wavelet method can be useful for multi-

level characterizations.  

2.2.6 Wavelet Description of Technical Surfaces 

As the Fourier Transform, wavelets enable the decomposition of a signal into 

frequency components but also in different scales. First used in biomechanics,26 this 

method separates, even though with some difficulties,24 the signal into form, 

waviness and roughness but always in a given scale.  

In combination with the fractal description, the scale independent method, wavelet 

extends the investigation to a given scale, so that the surface can be characterized at 

different scales. Methods combining both description techniques are developed, a 

surface is broken down into different scales with wavelets technique and then the 

fractals are applied to describe the topography.27 

After using surface characterization, interactions between rough surfaces are treated. 

On this account, next subsection displays background of solid mechanics as well as 

material sciences. 

2.3 Structural Mechanics and Material Science 
First theoretical part of lubricated tribological systems is related to structural 

mechanics. This part is determinant in tribological investigations as interactions 

between solids and the material behavior itself are described by solid mechanics and 

material sciences theories. First basics concerns movement and trajectory 

descriptions and are displayed in next paragraph. 

                                            
24 Podsiadlo / Stachowiak (1998) 
25 Podsiadlo / Stachowiak (2000), Stachowiak / Podsiadlo (1999) 
26 Jiang et al. (1999) 
27 Podsiadlo / Stachowiak (2002) 
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2.3.1 Basics: Movement Description 

Principles of solid mechanics are found in continuous mechanics laws and especially 

the equation of motion of a continuous domain. Two descriptions are possible for 

that, the Lagrangian equation of movement considering a point M of the continuous 

domain (solid for example) moving from a time t0 and place M0 to time t and M: 

),( 0,0
tMfM tt=  (2.10) 

The other motion description is the so called Euler description considers a point M 

belonging to a fixed domain and crossed by a material flow. This point called 

“observation” point gives the velocity vector field from each material particle crossing 

this point. The vector field is displayed: 

( )tMVV E ,


=  (2.11) 

Main difference between both approaches is that the Lagrangian gives the trajectory 

of a particle and the Eulerian one gives the velocity field of a particle. To determine 

the Lagrangian Velocity of the particle VL equation (2.10) is derivated: 

( )
dt

tMdf
V tt

L

,, 00=


 (2.12) 

Moreover, getting particle trajectories through the Eulerian description needs solve 

following differential equation: 

( ) ( )tMV
dt

tMd
E ,




=  (2.13) 

where M(t0) = M0. Solving of this equation gives the Lagrangian description 

(s. equation (2.10)). 

Both the Euler and Lagrange approaches are adapted for different investigation 

cases. On the other hand, the Lagrangian description is well adapted for describing 

solid motions because of the small relative displacement of each solid’s point. On the 

other hand, a fluid flow can be described easier through the Eulerian approach as it 

directly gives a velocity field vector from the particle crossing a defined domain. 

Following subchapters are based on the Lagrangian description as they focus on 

solid deformations. 
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2.3.2 Description of the Solid Deformation Parts Submitted to 

Friction 

Whole purchased investigations are based on structural mechanics laws starting 

from the simple case of elastic behavior up to cases where solids get plastic 

deformations. These deformations µ have a relationship with the constraint Ã issuing 

from applied load on the structure. The relation is depending on the wanted 

characteristics of the system and for strict elastic deformations generalized Hooke’s 

law can be applied: 

εσ ⋅= E  (2.14) 

where E represents the Young’s modulus. Usually taking into account only elasticity 

is sufficient to determine if a structure will resist to the applied load or not. In 

tribology, for a question of accuracy, this assumption cannot be assumed anymore.  

Elastic and plastic deformations lead to hysteresis effects, which imply energy loss. 

To be able to calculate these different contributions, following methods can be taken 

into account, as presented in the work of Nowicki.18  

Plasticity needs to be modeled, to deliver information of deformation and new profile 

topographies. Several plasticity models where developed for isotropic materials: the 

ideal, fragile and ductile damage models for that purpose. The simplest plastic 

model, ideal plasticity assumes a constant stress until the yield strength of the 

material is reached. Conventional structural steels can have a behavior are near the 

ideal plasticity.28 More realistic models used for metals and also implemented in 

numerical solution can be listed as follows: 

• Ideal plastic: can be used in cases of ductile materials where the stress does 

not increase significantly after yield limit 

• Rate-dependent yield: “is needed to define a material's yield behavior 

accurately when the yield strength depends on the rate of straining and the 

anticipated strain rates are significant”29 

• Anisotropic yield/creep: is mainly used for anisotropic materials 

• Johnson-Cook plasticity: is the most accurate plasticity model for isotropic 

ductile materials combining hardening law to plastic deformations 

The damage models are handled in the next subsection. From the presented plastic 

models, the ideal one is not adapted to simulate tribological deformations, as for the 

                                            
28 Vanlaere et al. (2004) 
29 Simulia (2011) 
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used materials, plastic properties are directly influencing the friction coefficient 

calculation. This coefficient is defined here as a division of tangential load by normal 

load. 

Thus an experimental tensile test delivering strain-stress curve needs to be used in 

order to keep an acceptable quality of the results. Other parameters such as 

elasticity modulus and shear stress are also dependent on the temperature present 

in contact interfaces. Investigations established by Merchant30 showed that the 

hardness of the steel has an exponential relationship towards temperature  

TBeAH ⋅−⋅= 2
2  (2.15) 

with H the hardness A2 and B2 two constants. The Hardness characterizing the 

plasticity of the material for indentation processes is also temperature dependent as 

displayed on Figure 2.10 in which  

 

Figure 2.10: Relationship between softening parameters (B2)  

of elastic modulus and hardness30 

Hardness and Young’s modulus are both decreasing with rising temperatures. This 

fact has an impact on the friction force for solid-solid contact. Temperature cannot be 

neglected, as elastic modulus can be divided through a factor two for temperatures 

rising of 150°C. 

2.3.3 Thermal Properties of the Solids 

Explained in last paragraph, heat occurring in tribological contacts has impact on the 

solid’s mechanical properties: 

                                            
30 Merchant et al. (1973) 
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• Elasticity modulus 

• Yield stress 

• Heat conductivity 

• Heat capacity 

• Density 

• Thermal dilatation 

The heat Q occurring in contacts can be described with following formula 

lAQ ⋅⋅= τ  (2.16) 

where Q represents the dissipated energy, Ä the critical shear stress in the contact 

interface. A represents the contact area whereas l is the sliding distance. The 

temperature T at time t and place r can be calculated as follows  

( )
( )

t
r

p

e
tC

Q
trT ⋅⋅

−

⋅⋅⋅⋅⋅
= κ

κπρ
4

2
3

2

8
,  (2.17) 

with  

pC⋅
=
ρ
λκ  (2.18) 

where the thermal conductivity symbol is represented by », Á is the material density 

and Cp the heat capacity. These heat effects do also influence fluid properties as 

presented in the next section and so impact the friction (see chapter 2.5). 

2.3.4 Wear Phenomena Occurring in Tribological Systems 

In tribological contacts, different types of wear phenomena are occurring, they are 

classified in the Table 2.5. 
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Table 2.5: Wear phenomena classification for conventional structural steels31 

Wear process Damage process 

Relative importance 

(Economical 

importance) 

Wear quantity 

Adhesion 
Material transfer – 

microscopic links 
15 % 10-2 mm per year 

Abrasion 
Wear particles, wear 

lines 
50 % 10 mm per year 

Erosion Impacts, Cavities 8 % 1 mm per year 

Deformation Cracks, Impacts  

No material dis-

placed to the 

systems’ outside 

Contact fatigue 

(Sliding, Rolling 

or Fretting) 

Cracks, 

delamination, 

oxidation 

8 % – 

Corrosion 
Corrosion films, 

particles, oxydes 
5 % – 

 

 

These wear phenomena can be observed in different charging types as displayed in 

Table 2.6. From all the wear processes, abrasion, adhesion and deformation have 

the highest occurrence and economic impact. On this account main damage 

processes present in these wear phenomena are described in the next subsection in 

more details. Adhesion is treated in a separate section, as the mechanisms are more 

complex and impacting directly the friction coefficient. 

                                            
31 Eyre (1979) 
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Table 2.6: Wear process in function of the load type4 

Interaction type Load type Wear process 

Solid-Solid 

Sliding Adhesion, Abrasion 

Rolling Contact fatigue 

Impact Deformation, Crack 

Oscillation 
Fretting, Adhesion, 

Abrasion, Corrosion 

Fluid-Solid Flowing Cavitation, Erosion 

Fluid + Particles-Solid Flowing Erosion 

 

2.3.5 Failure and Damage Models used for Wear Modeling in 

Contacts 

Abrasion can be defined as material deformation occurring between two solids in 

relative sliding32. Contrary to adhesion, no chemical link between both solids is taken 

into account. Typically, two types of abrasive wear can occur: 

• abrasion when the hardest body is initiating cracks on asperity contacts due to 

high asperity-asperity contact pressures33 

• abrasion when the abrasive body issues from mixing between external bodies 

(wear particles, lubricants, dirt…), also called third body34 

Different investigations were performed to simulate this phenomenon with a view to 

predict the wear during a turning process.35 Furthermore, statistical simulation tools 

were developed for two bodies36 and three body abrasive phenomena.37 Abrasion 

                                            
32 Khruschov (1974) 
33 Wang / Hsu (1998) 
34 Nikas (2012) 
35 Attanasio et al. (2008), Attanasio et al. (2011) 
36 De Pellegrin / Stachowiak (2004) 
37 Jhurani / Higgs (2010) 
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during grinding machining was also simulated by Zhang et al.38 In this case, 

phenomenon was simulated using the smoothed particle hydrodynamic (SPH) 

method. Other macroscopical methods were used to model wear phenomena, like 

the Archard model used to calculate the wear in composite multi-disk clutches39 or 

the Finnie40 methods. 

Abrasion, which usually takes place between hard and soft materials in frictional 

contact or when hard grains from a given metal are in contact with softer grains,41 

issues from the shearing of two asperities as displayed in Figure 2.11.  

 

Figure 2.11: Abrasive wear:42 shear stress (left), plastic deformation (right) 

Abrasion and further wear processes can be decomposed into several damage 

processes themselves listed as follows:  

• Strain hardening phenomenon 

• Viscous damage (flowing) 

• Viscous crack 

• Brittle crack 

Depending on the material type, abrasion and other types of wear processes can be 

subject to effects such as hardening, corrosion and heat generation. The worse type 

of damage is the crack initiation, as it directly leads to the creation of small wear 

particles that may themselves also initiate wear. Such cracks can be modeled using 

the finite element method, based on different criterions such as: 

• Critical stress intensity factor (KIC) 

• Contour integral (VCCT) 

• Max Displacement 

• Critical stress 

                                            
38 Zhang et al. (2011) 
39 Zhao et al. (2009) 
40 Finnie (1965) 
41 Khruschov (1974) 
42 Ayel (1974) 
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An application of this modeling realized by Kamp et al.43 Crack growth simulated by 

means of the finite element method and taking into account surface roughness were 

both considered there. The same type of investigations was made before with 

artificial rough profiles.44 Further numerical and analytical models were made to 

analyze the influence of RICC and PICC effects during overloads by considering 

crack modes I and II.45 Usual damage models used for ductile material are based on 

the Johnson-Cook model46 but this is not a part from present work. 

2.4 Solid-Solid Interaction and Adhesion 
In mixed lubricated systems, taking into account adhesion effects is inevitable. This 

phenomenon induces adhesive wear and initiates friction forces. In the macro scale, 

such phenomenon does not need to be investigated locally because the Coulomb 

principle is valid. Following paragraphs go on the different components of adhesion 

forces and describe the theory used to define them. In the present work the friction 

coefficient is defined as follows: 

∫∫
∫∫

⋅

⋅
=

dAp

dAτ
µ  (2.19) 

The integral of contact shear Ä over the whole contact area A is divided by the contact 

pressure p integral.  

2.4.1 Description of the Adhesion Phenomenon 

Adhesion forces can be defined using the principle of the Van der Waals forces, 

issuing of intermolecular attraction forces. These can be separated into three main 

components: tangential, normal and hysteresis components, as explained in next 

three subsections.47 

                                            
43 Kamp et al. (2004) 
44 Parry et al. (2000) 
45 Singh et al. (2006a), (2006b) 
46 Johnson / Cook (1985) 
47 Broster et al. (1974) 
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Figure 2.12: Van der Waals forces between two solid bodies (a) depending on the 

radius of the asperity peak (b)48 

Adhesion effects are based on electromagnetic attraction effect present between two 

molecules. Based on the Lennard-Jones potential theory, the attraction is present for 

a maximal intermolecular distance of r0 (s. Figure 2.13). 

 

Figure 2.13: Lennard-Jones potential49 

                                            
48 Savio (2010) 
49 DoITPoMS - TLP Library The Stiffness of Rubber - Lennard-Jones potential (n.d.) 
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Beyond this distance, no attraction is present between two atoms and adhesion 

effects can be neglected. An important aspect concerns the quality of considered 

surfaces. For corroded or lubricated surfaces, adhesive attraction has less influence 

than for optimal surface (ideal cleaned non-lubricated surfaces). 

2.4.2 Tangential Component 

The tangential component has the most important influence on friction resistance 

forces. Basically, when a tangential force is applied on the upper body (s. Figure 

4.10), a shear stress is resulting at the interface of both solids. The whole force is 

transmitted to the lower body until a limit is reached. This limit was identified and 

described by Bowden and Tabor50 to be a critical shear stress value Äcrit 

corresponding to following criterion 

( )21 critcritcrit τττ ,max=  (2.20) 

where Äcrit1 corresponds to the maximal shear stress of the first material and Äcrit2 to 

the second material. These parameters are calculated from the next Bowden’s study 

where Äcrit can be related to yield stress Ãcrit by means of following relation: 

3
crit

crit

σ
τ =  (2.21) 

The assumption made by Bowden and Tabor was that maximal yield stress is 

reached at the contact place between both bodies. Actually, this boundary zone is 

more complex and can be composed of oxide, dirt or lubricant layers. 

This boundary zone is important as lubricated systems boundary layers are covered 

with dirt, corrosion and lubricant layers. This makes the evaluation of friction critical 

shear ratio complex. Major part of this work does not consider the tribochemical 

effects present in these zones and considers that the sliding of both solids happens 

at their ideal contact interface. 

2.4.3 Normal Component 

The normal component is also influencing the behavior of tribosystems. It rises the 

forces needed for initiating the sliding of both solids and can lead to wear particle 

arrachement. Different models are used to describe this component and compare it 

to the hertzian theory. Basically, adhesion theory reposes on the Dupré equation51 

                                            
50 Bowden / Tabor (1950) 
51 Straffelini (2001) 
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1221 γγγ −+=w  (2.22) 

with ³ 1 and ³ 2 representing the surface energy of respective solids in contact and ³ 12 

the interface energy between both solids. If two solids are the same, this value 

remains zero. The determination of the surface energy is done with the Hamaker 

constant H in Joules52 

2
024 r

H
π

γ =  (2.23) 

where r0 represents the distance between two atoms (see Lennard-Jones potential 

on Figure 2.13). H depends on the surface cleanness and corroded surfaces can 

have a constant 10 times smaller than in cleaned conditions. For lubricated surfaces, 

the Hamaker constant need to be adapted 

( ) ( )LubricantSolidLubricantSolid HHHHH −⋅−= 21  (2.24) 

whereas this constant varies from 300 until 500 zJ for metals. For lubricated 

surfaces, it decreases nearly to 50 zJ. Based on this energy theory, different models 

were established, depending from different parameters, such as surface energy, the 

asperity radius and normal load53 as presented on Figure 2.14. 

 

Figure 2.14: Adhesion model in function elasticity and load parameters 

                                            
52 Butt et al. (2003) 
53 Johnson (1998) 
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The parameter » is calculated with the reduced elasticity modulus E*, asperity radius 

R, r0 and surface energy w: 

3
0

2

2

*
16.116.1

rE
wR
⋅

⋅
⋅=⋅= µλ  (2.25) 

The parameter µ is called Tabor parameter. As the asperity radia from turned, 

grinded, milled and lapped surfaces are considered to be established between 10 

and 200 µm,54 µ belongs to the interval [0.21, 0.57]. These parameters have a high 

impact in determining which adhesion model can be used for the normal load. Among 

three adhesion components, normal and tangential loads are the most important. The 

third aspect, hysteresis is treated in the next subsection. 

2.4.4 Hysteresis Phenomenon 

Until now, the adhesion effects were treated as fully reversible phenomenon. 

Nevertheless, adhesive forces generate damages, changes in the boundary layer 

through tribochemical processes and leading to energy loss.55 Last mostly used 

adhesion models – DMT and JKR – models are quite different for determining the 

dissipated energy. Wang et al. measured this dissipated energy56 by means of 

molecular dynamics (MD) models and stated that adhesion hysteresis becomes 

higher for decreasing Tabor parameter. Adhesion takes an essential part of the 

tribological behavior. Another essential phenomenon is the abrasion, which is most 

present at the contact beginning or run-in phase is not calculated yet in discrete 

models. 

Previous theoretical parts treated solid mechanics, a part of each non- and lubricated 

tribological system. Following structural mechanics part, next subsection presents 

fluid mechanics necessary to describe lubricant flow.  

2.5 Fluid Mechanics Theory 
The second essential part in tribology concerns fluid mechanics, describing the 

behavior of the lubricant present between two solids. This part takes into account the 

description of laminar and turbulent flows, but no shear damages when the film 

thickness becomes too thin or cavitation effects. 

                                            
54 Robbe-Valloire (2001) 
55 Rimai et al. (1995) 
56 Wang et al. (2012) 
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2.5.1 Theoretical Background 

For the models taking into account fluid lubrication, basics on fluid mechanics are 

necessary to explain occurring phenomena. Fluid mechanics is also modeled with 

the continuous mechanic approach and considered as a viscous structure. Claude 

Navier and George Gabriel Stokes described fluid movement using the three 

following equations: 

( ) 0=⋅∇+
∂
∂

v
t

ρρ
 (2.26) 

corresponding to the mass conservation, 

( ) ( ) fpvv
t
v ρτρρ

+⋅∇+∇−=⊗⋅∇+
∂

∂
 (2.27) 

corresponding to the momentum equation and 
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 (2.28) 

as energetic sight.  

Formal enounced Navier-Stokes equations are leading to Reynolds generalized 

equations, considering flat surfaces, and laminar flow: 
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(2.29) 

This generalized Reynolds equation provides the relationship between lubricant film 

thickness and pressure. Consequently this is used for solving complex problems 

through the use of numerical software. However, simplified boundary conditions are 

required in order to solve it numerically. Typical two-dimensional problem of the 

“wedge effect” leads to following equation simplification: 
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






 −
⋅⋅=

3006
h

hh
u

dx
dp mη  (2.30) 

where p is the pressure, · 0 dynamic viscosity, h the lubricant film thickness, hm 

maximal lubricant film thickness and u0 the sliding velocity. Pressure field is displayed 

on Figure 2.15 

V

Pressure [Pa]

 

Figure 2.15: Hydrodynamic pressure distribution in a pad bearing 

2.5.2 Fluid Compressibility, Newtonian fluid and Thermal Effects 

One property of the fluid concerns its compressibility, and conventional lubricants are 

considered as incompressible. Nevertheless, when high pressure is applied to them, 

a non-neglectable compression phenomenon is observed. This is the case for liquids 

and also concerns the gases which are much more sensitive to such compressibility 

phenomena. This elastic behavior is important if small fluid films are investigated as it 

could lead to film break. The relationship between fluid volume and temperature can 

be described as follows: 

TpCpCTCTCCVm ⋅⋅−⋅−⋅+⋅+= 54
2

321  (2.31) 

using five empirical constants C1 to C5, the fluid temperature T and pressure p. Vm 

represents the molar volume. An additional fluid property concerns its relationship 

between resulting shear stress and velocity observed in the fluid. When this 

relationship is linear, the fluid follows the Newtonian rule and the fluid is called 

Newtonian Fluid and described by the Newton-Navier’s law: 

dz
dv
⋅=ητ  (2.32) 

where Ä represents the shear stress, ·  the dynamic viscosity and 
dz
dv  the velocity 

evolution. Presented models (s. chapter 4) are based on two lubricated sliding 
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surfaces. Solid sliding is initiating a lubricant flow between both surfaces, leading to 

appearing fluid shear and pressure. 

A further important parameter concerns the thermal behavior of fluids. They are 

affected as all other materials by radiation and conduction effects. In addition to this, 

convection phenomena are present and have quite often the most important 

influence on the fluid temperature. For the tribological effects studied in present work, 

thin films imply to investigate the influence of both conduction and convection effects. 

Conduction is described through next equation and consists in energy flow through 

contact: 

( )if TTQ −⋅−= λ  (2.33) 

where Tf and Ti represent final and initial temperatures respectively. Q is the energy 

exchange whereas » is the conduction factor. One the other the convection as a quite 

similar relationship but the energy transfer is realized through the fluid molecule 

movements: 

( )if TThQ −⋅=  (2.34) 

where the only difference from equation (2.33) concerns the convective constant h. 

2.5.3 Fluid Flow and Viscosity Relationships 

Two regimes are present in fluid flows, the laminar and turbulent. These regimes are 

strongly influenced by the characteristic hydraulic length Lh, the dynamic viscosity · , 

the density Á and fluid velocity v as shown through following expression: 

η
ρvd

Re =  (2.35) 

Re is called Reynolds number and determines which regime is observed in the fluid 

domain. For high values (> 3000) the regime is turbulent whereas for low values 

(< 2000) the regime is laminar (also called Stokes flow). Domains present between 

both enounced Reynolds values, the regime is called transient regime but flow is 

considered as laminar. 

Fluid velocity is directly linked to the hydraulic diameter and does not really vary 

during the sliding process. The dynamic viscosity encountered in elastohydrodynamic 

domains can vary through different occurring pressures and temperatures. That is 

one reason why laminar flow predominates in such conditions.  
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The pressure dependence of the dynamic viscosity was observed by Barus57 and can 

be described by using following relation: 

( ) pep αηη ⋅= 0  (2.36) 

where · 0 is the dynamic viscosity when the fluid is at room pressure (105 Pa) and p is 

the pressure of the new condition. The coefficient ± is an empiric constant calculated 

through experimental tests. 

This law highlights the increasing viscosity for rising pressures. This is explained 

through a closer gap between molecules. As a consequence higher forces are 

required to initiate any movement, an effect transduced with a higher viscosity. 

A comparable relationship is observed with the temperature, influencing on the other 

way on the viscosity. Not less than twelve relationships were established, based on 

the investigation of Seeton.58 For low temperature ranges, the most accurate 

according to Crouch and Cameron59 is the Vogel equation  

( ) ( )cTeaT −⋅= βη  (2.37) 

where ·  is the viscosity at the temperature T. The coefficient a, ²  and c are formal 

constants established experimentally. 

2.5.4 Thin Film Theory: Elastohydrodynamic (EHL) 

Concerning thin fluid films, a difficulty occurs when the Reynolds equation (2.29) 

trends to lead to infinite pressures. That means that for mixed lubrication and EHL 

methods need correction factor also called flow factor15 to deliver acceptable outputs. 

Elastohydrodynamic concerns hydrodynamic lubrication regimes where the lubricant 

film is contained between 0.025 and 5 µm. Basically, EHL represent cases where 

structure deformation is no negligible compared to film thickness. This lubrication 

domain corresponds to the transition from a conventional hydrodynamic regime to 

the mixed lubrication as shown on Figure 2.16. 

                                            
57 Dowson / Higginson (1977) 
58 Seeton (2006) 
59 Crouch / Cameron (1961) 
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Figure 2.16: Stribeck diagram illustrating lubrication regimes of bush bearings60 

 

Figure 2.17: EHL pressure profile and dimensionless lubricant film thickness with 

smooth surfaces (left) and rough surfaces (right)61 

                                            
60 Mansot et al. (2009) 
61 Ren et al. (2010) 
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Greenwood62 was a pioneer in the EHL domain and was the first scientist who 

coupled Reynolds and elastic deformation equations. Theoretical models were 

developed later on by Hamrock and Dowson63 for applications such as rolling 

elements (bush or rolling bearings) with point or line contacts.  

Typical EHL pressure and film thickness are plotted in Figure 2.17 for point contacts 

and steel-steel material pairings. In last work, investigations were made with smooth 

and rough surfaces. The pressure height can reach 4 GPa with a peak at the outlet of 

the fluid because the film thickness is at its minimum at this place. These analyses do 

not take into account surface roughness when fluid film breaks are occurring. 

2.5.5 Impact of the Surface Roughness on the Fluid Friction 

Generalized Reynolds equation is valid for flat and parallel surfaces, implying that 

roughness has a non-negligible impact on the fluid flow conditions. The equation 

becomes false whether the roughness slope is too large in comparison with the film 

thickness. The ratio h/Ã determines if the equation is valid or not. h represents the 

film thickness whereas Ã is the composite standard derivation of surface height. In 

the case of a ratio larger than six, the equation is considered as false.64  

In such conditions, Cheng and Patir65 have developed a flow model, an approach 

that takes into account surfaces’ roughness with additional factors used in the 

Reynolds equation for analytical models. Nevertheless these so called flow factors 

were calculated by means of static numerical simulation based on random generated 

rough surfaces66 (s. Figure 2.18) 

 

Figure 2.18: Model including roughness in hydrodynamic systems66 

This highlights the potential residing in the development of a three dimensional model 

in which the real roughness is taken into account for quantifying the phenomenon 

occurring in the contact. 
                                            
62 Greenwood (1972) 
63 Hamrock / Dowson (1975) 
64 Bhushan (2002) pp. 499 
65 Patir / Cheng (1978) 
66 Patir / Cheng (1979) 
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One further problem consists in having cavitation effects. This typical effect is caused 

by rough profiles initiating low pressure fields or pressure loss as displayed on Figure 

2.19. 

Sliding directionCavitation effect

 

Figure 2.19: Pressure field (in MPa) of the fluid separating two rough surfaces 

Cavitation consists in having gas bubbles into the lubricant leading to hardly 

unknown effects: they may induce higher pressure forces or lower ones. These gas 

bubbles can appear on the one hand in case of brutal pressure loss, or in case of 

multiple fluid phases present in the investigated system. Taking in account such 

effects increases highly the complexity of the model as it finally leads to a multi-

phase modeling. On this account, current assumption is to neglect cavitation effect 

as they are less important in comparison with previous effects.67 The next subsection 

displays which numerical methods can be used to solve complex problems of fluid 

structure interactions, taking into account the most relevant parameters. 

Theories treated until now have to be implemented in order to solve complex 

problems. On this account, following section describes ways how to solve theoretical 

problems by means of numerical schemes. 

2.6 Numerical Methods used in Tribology 
In order to predict and describe tribological behavior of any system, models need to 

be implemented. Once these are implemented into physical and mathematical 

models, numerical methods can be needed to solve them. In the present work, 

models are mainly described by means of complex and numerous non-linear partial 

differential equations. The solutions are mostly unknown, which is to discretize the 

problem. As a consequence, two possibilities exist to verify if the mathematical model 

deliver a realistic solution: 

                                            
67 Tzeng / Saibel (1967) 
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• Validation with a real valid experimental model 

• Check the convergence of the model 

2.6.1 Methods used for Spatial and Temporal Discretization 

In order to solve cited equations of structural and fluid mechanics, three main 

methods are available.68 Table 2.7 summarizes the advantage and inconvenient for 

each method: 

• The finite Difference Method 

The finite difference method consists in approaching differential equations displayed 

in sections 2.3 and 2.3.5 with Taylor developments using directly the definition of the 

limit calculation. Main issue related to this method is the difficulty to manage complex 

boundary condition and especially Newmann type. Furthermore, the method is 

limited to simple geometries. The only advantage of this method is its calculation 

efficiency. 

• The finite Volume Method (FVM) 

For the finite volume approach, boundary mesh motion is described by means of the 

lagrangian equation of motion. This formulation consists in discretizing a fluid domain 

into mesh composed of elements. Then with equations of continuity at their bordure, 

equations enounced below are solved used the finite volume method for at each 

point called node of the concerned element. The fluid flow description is achieved by 

means of the eulerian equation of motion. 

As enounced in chapter 2.3.5, this method is used in most of the Computational Fluid 

Dynamics – CFD – programs due to the solving efficiency. One disadvantage is the 

difficulty of managing fluid mesh topology changes occurring in the model and 

leading to the use of the finite element method.  

The finite volume method consists in solving the conservative equations in using 

elementary volume of the investigated volume. Well adapted for linear fluid 

simulations, the limit resides in the stability and convergence in case of high non-

linearities. For this reason the finite element method is used for structural mechanics 

where geometries are more complex and deformable. 

• The finite Element Method (FEM) 

A more CPU intensive method also used in structural mechanics can be used for 

solving the same systems of equations. With this approach two formulations are 

possible, the Lagrangian and the Eulerian. The first one consists in discretizing 

directly an existing fluid part whereas the second one consists in discretizing a 
                                            
68 Goncalvès (2005) 
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domain and afterwards define which element is initially defined as material and which 

not. This approach is mostly used for applications with high deformations such as 

high plastic deformations. The advantages of both methods will be discussed in the 

next section (see 2.7) where contact algorithms are discussed.  

Table 2.7: Advantage and inconvenient of each resolution method 

Method Advantage Inconvenient 

Finite difference 

method 
• Efficient calculation time 

• Only possible for 

simple geometries 

• Inadequate for 

Newmann boundary 

conditions 

Finite volume 

method 

• Complex geometries can 

be handled 

• Possibility to handle 

Neumann boundary con-

ditions 

• Efficient computational time 

compared to FEM 

• Less theoretical 

results on con-

vergence behavior 

Finite element 

method 

• Complex geometries 

• Numerous results on con-

vergence 

• Huge computer re-

sources required 

 

Each listed method can solve given equations by means of two main numerical 

schemes called explicit and implicit. When taking an example of thermal calculation, 

first method solves spatial and temporal sight 
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and 
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resulting to  
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defining » as . The Implicit scheme, bases on the Newmark theory69, extended 

by Hilber, Hughes and Taylor (HHT),70 explained using following differential equation 

results to: 
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This underlines the problem of the matrix inversion in order to get TN+1. As a 

consequence, if studied geometries imply a high number of degrees of freedom 

(DoF), the investigations will be highly inefficient, especially for a high number of 

iterations (high non-linearities) implying to inverse the stiffness matrix for each 

iteration. In such cases, the use of the explicit scheme will be more appropriate, as it 

offers also better abilities to parallelize the calculation.  

Nevertheless, the explicit scheme becomes obsolete if the investigation time of the 

analysis becomes too high or if the element characteristic length Le becomes too 

small. To avoid last case, elements should have a large characteristic length as the 

convergence criterion depends highly on this parameter as displayed in next 

equation  
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ρ
2eLMINt  (2.43) 

where » and μ represents the Lamé coefficients and Á the material density. Explicit 

solving is also not well adapted for quasi-static analyses (necessity to compute the 

transient and static domain). Next table (see Table 2.8) summarizes the optimal use 

of both integration schemes. 

                                            
69 Newmark (1959) 
70 Hilber et al. (1977) 
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Table 2.8: Application of the implicit and explicit schemes for the FEM 

Integration 

scheme 
Advantages Inconvenient 

Implicit 

• Possibility to achieve 

quasi-static analyses 

 

• Possibility to solve non-

linear problems 

• Computational time de-

pending on the stiffness 

matrix 

• High time increments lead 

to high number of iteration 

to reach equilibrium 

• Convergence not always 

reached 

Explicit 

• Method always stable: 

convergence is always 

reached 

• Possibility to model huge 

non-linearities 

• Better ability to model 

huge system (no matrix 

inversion required) 

• Not adapted for quasi-

static analyses 

 

• Time increment dependent 

from mesh elements and 

material density 

2.6.2 Multibody Dynamics Simulations 

Multibody systems (MBS) are mostly simulated by using rigid bodies. This implies 

that the degrees of freedom or applied forces can be restrained to the points where 

there are connections between solids. Used to describe whole systems, this step is 

one of the last of the simulation process used in the product engineering process. 

Such simulations are, if they do not get appropriate boundary conditions, not precise 

enough to quantify the behavior of a product. This is firstly due to the flexibility 

present in real systems and to the impossibility of taking into account material 

damping. 

Taking into account flexibility is since 5 years possible through the use of modal 

description of a meshed body. To achieve this, a previous modal analysis of the 

flexible body has to be realized in order to calculate their eigenfrequencies and eigen 

modes. A deformed profile can then be displayed with a superposition of eigen-

modes71. The limitation of this method is that it can only be applied with linear 
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deformation (only elastic deformation). For the last reasons and for accurate 

descriptions of complex or detailed tribological problems, this approach may not be 

the appropriate one. 

2.6.3 Contact Modeling 

Contact definition, one of the most important techniques used in the present work 

can be achieved through different algorithms for the normal contact behavior.72 They 

are all displayed in Table 2.9. Two classes are defined, the softened and hard 

contact. Only available for implicit solving, the softened contact way allows the 

contact to increase the convergence whereas the hard contact is increasing the 

CPU-efficiency. Different softened formulations are available but not treated here: 

• linear formulation 

• tabular formulation 

• geometric scaling (active for after overclosure) 

• exponential law 

These algorithms influence the precision of the contact parameters, the convergence 

and consequently the computing time. This finally implies the contact definition to be 

set up to optimize the simulation time in function of the needed quality of the results. 

Contact definitions are from high interest in tribological investigations as they are 

responsible of the whole system’s behavior. The goal is not to have a too high 

penetration depth when contact occurs in order to keep an acceptable precision. For 

this reason a hard contact is adapted.  

Tangential behavior is also important as it manages the friction behavior of the 

studied system. Two possibilities are used to initiate sliding between two bodies in 

contact: 

• Define a sliding coefficient µ giving a relationship between normal and 

tangential load 

• Define a critical shear stress factor Äcrit giving the limit for the sliding initiation 

Both criterions lead to a constant limit for the sliding initiation. The advantage of the 

second criterion compared to the constant sliding coefficient is that the normal load 

has also an influence on the critical shear stress initiation meaning that the resulting 

calculated friction coefficient is not constant. 

                                            
72 Dassault-Simulia (2011a) 
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Table 2.9: Normal contact models used in conventional hard contact 

Contact algorithm Advantage Inconvenient 

Penalty method CPU-Time Accuracy 

Lagrange method 
Contact error 

Convergence 
CPU-Time 

Augmented-

Lagrange method 
Contact accuracy 

Convergence 

CPU-Time 

Rough contact 
Convergence 

CPU-Time 

Not tangential displacement 

possible 

No separation 
Convergence 

CPU-Time 

No separation or relative 

movement possible 

 

A next essential parameter for contact precision is the contact surface definition. 

Three variants are available ranked from the less up to the most precise type: 

• Node to surface 

• Points to surface 

• Surface to surface 

The surface to surface contact is the most accurate variant which leads to the lowest 

overlapping and penetration. There are further contacting possibilities between rigid 

and flexible bodies but are not treated here. 

For tribological contacts, multi-physical problem are also encountered in contacts, 

such as thermal exchange (conduction and convection) or heat generation. For these 

types of interactions, no complex algorithms are used, a definition on the part of 

frictional energy converted into heat has to be defined. There is also the parameter 

heat proportion between the contacting parameters  

For the thermal exchanges, convection in form of film conditions and convection 

coefficient are to be defined. The contact conduction has also to be defined in 

accordance with the literature and contacting solids. 



2 Fundamentals and State of the Art 44 

2.6.4 Methods Application 

The available CPU technology enables nowadays solving tasks having a high level of 

complexity and keeps an acceptable precision. Preceding equations are 

implemented in existing commercial software (ANSYS CFX, Abaqus CFD, 

COMSOL, …) and solved using two previously presented approaches. Most of the 

time, the finite volume method is used for a reason of lower level of calculation time. 

But for more complex problems, especially non-linear ones, the finite element 

method is used. These are mainly present in contact simulations. A mixed lubricated 

system beholds the particularity of having contact status that are continuously 

changing between both solids and also between fluid and solid. As a consequence, 

conventional EHD modeling which is normally not a problem for the finite volume 

method as long as the fluid domain remains continuous is submitted to discontinuities 

of the fluid mesh, a problem which cannot be managed by the usual meshing 

method. The reason resides in the high non-linearities requiring the use of explicit 

resolution schemes and different strategies to keep good results unless high potential 

of mesh distortion. Next part gives an overview on the different fluid structure 

coupling methods as well as the management of the mesh deformations.  

Solving a problem numerically has been explained here, schemes working for fluid 

mechanics on the one hand and for solid mechanics on the other hand. 

Nevertheless, numerical difficulties remain if fluid-structure couplings are required; 

next part treats and explains potential couplings being used for this. 

2.7 Fluid Structure Coupling in Numerical 
Methods 

Coupling fluid and structure domains are always a big challenge if the deformations 

need to be taken into account. Occurring difficulties are introduced by the different 

observation ways of the investigated entities: the fluid is described using the Eulerian 

method whereas the solid is described by Lagrange parameters. As a consequence, 

for mixed lubricated systems, three meshes are interacting: one fluid mesh and two 

solid meshes. 

2.7.1 Conventional CFD FSI-Coupling  

Conventional CFD methods couple fluid and solid meshes together at their boundary 

nodes leading to the continuity of the transmitted force. This coupling began with a 

one way method consisting in transmitting the fluid pressure to the structure but no 

answer from the structure was taken into account. Benra compared both coupling 
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way to quantify the differences in results and computing time.73 When the 

deformations do not impact too highly the fluid flow, a one-way coupling can be used 

as the computing time gain is of more than 50% comparison of the two-way 

computing time. 

For complex tribological problems taking into account lubricant flows, a two-way 

coupling is required as the structure deformation can change significantly the fluid 

flow. 

This allows a better precision due to the concordance of both fluid and solid 

boundary conditions. At each node the force can be transmitted from the fluid to the 

solid and inversement. Three coupling algorithms can be used for that, the iterative 

quasi-direct and the direct resolution.74 Due to high computational costs, equations 

are mostly solved iteratively. Furthermore, this “strong coupling way” leads more 

easily to convergence as it is more stable.75 

In mixed lubricated systems, both bodies surrounding the lubricant are in relative 

motions. Since the meshes are connected this movement will lead to fluid mesh 

distortions and consequently to numerical error. To limit this effect, different 

approaches were developed two of them are explained in next subsection. 

2.7.2 Mesh Distortion Management 

Two streams can be used from the available approaches to override the difficulty of 

large deformations. The first one consists in having a direct coupling of fluid and 

structure mesh. As a consequence the fluid mesh is moving and following the 

structure. In this case, adapting the mesh quality is required to keep acceptable 

results during the calculation. This is done when adaptive meshing tools are used. 

The most well none method bases on the studies of Hirt76 and called Arbitrary-

Lagrangian-Eulerian Method (ALE). It consists in having a mesh distortion control 

which takes the decision when a remeshing phase is required. 

After first applications to high structural deformations, ALE formulation was used to 

manage fluid mesh distortion for typical FSI.77 Also used for compressible fluid 

dynamics.78 This formulation delivers realistic results, especially for biphasic FSI like 

sloshing analyses.79 This remeshing uses the boundary nodes that are kept and 

                                            
73 Benra et al. (2011) 
74 Tezduyar et al. (2006) 
75 Hübner et al. (2010), Schäfer et al. (2008) 
76 Hirt (1971) 
77 Donea et al. (1982) 
78 Kcharik et al. (2007) 
79 Ozdemir et al. (2009) 
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generates a fully new mesh in the volume as displayed in Figure 2.20. This method 

can also be combined to refinement rules being defined by the user, in order to 

reduce the element size at critical places where accuracy is required.80 

 

Figure 2.20: Without remeshing (right)  

and with the remeshing algorithm (left) 81 

Using only the ALE formulation, Nowicki82 modeled mixed lubricated systems but 

was confronted to the problem of fluid domain separation. Especially this case cannot 

be modeled directly with ALE method, as the fluid domain cannot get new 

discontinuities: for instance, a full hydrodynamic condition cannot be replaced with a 

solid-solid interaction.  

On this account, new approaches where implemented, from them the fully Eulerian 

approach, the coupled Eulerian-Lagrangian Method. Vanloon83 compared different 

methods for such problems and concluded that this method was not adapted for high 

deformations like those observed in mixed lubrication. 

In order to overcome these limitations, previous approach was used and firstly 

applied on airbags opining simulation.84 This method was also adapted to parachute 

simulation by Wang,85 showing that such high non-linear problems can be modeled 

using this approach as well as huge fluid domain deformations. 

Principle of this method bases on the volume of fluid (VOF) theory86 and on the 

Eulerian description. A static mesh (Eulerian body) is used to model the fluid 

whereas a conventional Lagrangian mesh discretizes both bodies. The particularity of 

this mesh is that, only one Eulerian mesh allows defining different material 

properties. No node displacement is calculated even though material flow through the 
                                            
80 Garcia et al. (1999) 
81 Dassault-Simulia (2011a) 
82 Nowicki (2008) 
83 Vanloon et al. (2007) 
84 Moatamedi et al. (2006) 
85 Wang et al. (2008) 
86 Hirt / Nichols (1981) 
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element. Difference between a conventional fluid mesh (also Eulerian mesh) is that 

the Eulerian mesh is not connected to the Lagrangian one. The contact takes place 

between the “material” of the Eulerian mesh and the solid mesh as exposed on 

Figure 2.21. Blue elements represent fluid elements whereas red ones are void. 

 

Figure 2.21: Initial state of the contact (on the top)87 

Method’s principle is that the material is defined in the Eulerian mesh also modeled 

by a Lagrangian mesh (in the background) which is remapped at every increment on 

the Eulerian explaining why this method is also called Coupled-Eulerian-Lagrangian 

method. The contact definition is based on a material criterion at each of the solid 

node as shown on Figure 2.22. 
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Figure 2.22: Contact definition of the CEL method88 
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The criterion defining when a contact occurs depends on the surrounding elements of 

each solid node. If more than 50% of material is around this node, a contact occurs 

between the fluid and the solid. Last illustration highlights the problem of fluid 

penetration which takes place when only one full element surrounds a node, in case 

of angled edges.  

2.7.3 Thermal Exchange Between Fluid and Structure 

Thermal coupling between fluid (see 2.5.2) and solids (2.3.3) is displayed here. 

Thermal exchange is essential for the determination of friction behavior. This is not a 

problem in conventional CFD analyses,89 as the fluid mesh is directly linked with the 

solid mesh. That means that the thermal coupling can be achieved like mechanical 

coupling. Some applications were done in the research field of bearings, where the 

temperature field was calculated.90 Nevertheless, thermal flow such as conduction or 

convection need to be analyzed to decide which or if both have to be modeled. This 

is dependent of the average film thickness, the ratio between conducted heat and 

convected heat can be calculated. For line contacts, the conduction heat is 

expressed 

dx
h
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l
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∆
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0

λ  (2.44) 

» representing the conductivity of the lubricant, ” T the temperature rise, l the width of 

the contact, h the hydrodynamic film thickness and x the length position. At the same 

time, convection heat is described 
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where U is the surface velocity, Á the lubricant density and Cp the specific heat of the 

lubricant. Consequently, the ration conduction/convection can be expressed as 

follows 
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with the lubricant diffusivity Ç 
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pC⋅
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ρ
λ

 (2.47) 

This underlines the impact of the lubricant film thickness has the most impact on the 

ratio, followed by the contact length and all other parameters having the same 

weight. This is highly dependent of the lubricant film thickness. The so called heat 

generation (highest contact temperatures) occurring in EHL are calculated by means 

of the friction energy dissipated in the contact 

BAN UUFQ −⋅⋅= µ  (2.48) 

with Q the generated heat, FN the normal load and µ the EHD friction coefficient. This 

hydrodynamic friction can be calculated with following formula 
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 (2.49) 

p representing the fluid pressure and Ä the lubricant shear at the contact surface. A 

part of the friction generated heat is transferred through conduction and another part 

through convection. The temperature rise can then be calculated based on the 

energy equation (see both equations 2.36 and 2.37). These simulations are possible 

using CFD programs as the temperature rise occurs in the simulation time window.  

On the contrary, the CEL method, which does not couple both meshes, has also very 

short investigation time due to the explicit solving91 and does not have the thermal 

coupling implemented. The reason is that low investigation time decreases the 

interest of taking into account transient thermal exchange between fluid and structure 

as well as in the fluid itself. The reason for that is that these exchanges are 

principally longer than the time window used for explicit investigations. On this 

account, this limitation has to be investigated. 

Nevertheless, for mixed lubrication phenomena additional thermal energy coming 

from the solid-solid friction needs to be taken into account. This shows the necessity 

to implement this coupling to estimate the real lubricant temperature as well as the 

flash temperatures. In order to analyze impacts coming from different parameters, 

and for a question of high computational time, model calculation need to be reduced. 

                                            
91 Albers / Lorentz (2010c) 
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This can be done by means of statistical approaches, as displayed in next 

subsection. 

2.8 Design of Experiments (DoE) and Use in 
Numerical Simulations 

Statistical approaches are used to support numerical and experimental investigations 

of system’s models. This is due to the huge investigation time sometimes required for 

both techniques. As a result, only a small number of measuring/calculation points are 

needed to describe a complete testing window in which the models are valid. To 

achieve an efficient parametric study, a design of experiment (DoE) is needed.  

The design of experiment method consists in establishing test plans (numerical or 

experimental or both) in order to minimize the quantity of tests to be done and so the 

costs by identifying which is the relevance of varied parameters. The principle of this 

structured and organized method bases on several algorithms listed in the next 

subsections. 

2.8.1 Full Factorial Method 

The method consists in taking the considerate most important parameters of the 

system and analyzes their impact on the variable which is analyzed. For instance, 

three factors (average roughness Ra, sliding velocity Vs, and film thickness h) and 

their impact on the maximal contact pressure p can be considerated. For a two level 

scheme, two experimental measure points per factor, 23 combinations are possible 

and the pressure can be expressed as follows92  
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Principle of the full factorial method is to define the eight coefficients ²  which 

establish the relationship between the pressure and all three factors. For this, each 

factor is normalized, taking -1 for its minimum and +1 for the maximum. Finally, a 

system of eight equations is solved. The following step is to classify the factors 

through their importance. A two-level design expresses only linear relationships 

between the response and factors. On this account, to have a quadratic relationship, 

a three-level design is required. The general rule is that the polynomial degree of the 

relation is one layer inferior as the design level. 

                                            
92 Institute SAS (2005) 
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Getting the same conclusion without this method would need much more 

experimentation as more than two measurements would be required per factor.93 

2.8.2 Fractional Factorials 

This method is a reduction of the full factorial. The motivation to uses this type of 

scheme resides in the limitation of run achievement. The concept is here to use only 

a fraction of the runs established in a full factorial scheme.  

The determination of the fraction to use is highly dependent on the interactions 

between factors as well as reliability of the runs themselves.94 The extent of 

fractionation has to be decided in function of interactions between factors and 

reliability. For instance, if the fractionation is of 1, for three factors and a two-levels 

factorial design, the number of runs will be of 23-1 and so four trials are required 

instead of eight. 

2.8.3 Screening Experiments 

A further step in the runs reduction is the so called screening concept. In this model, 

it is assumed that all interactions between the factors are irrelevant. Developed by 

Plackett and Burman,95 this method was extended by Taguchi in order to take into 

account two way interactions at the same time. For instance, instead of doing 211 

runs with a conventional two-level full factorial scheme with 11 factors, this method 

will take only 12 runs. Nevertheless, this method is only adapted for case in which 

the main effects are not numerous. 

2.8.4 Response Surface Method (RSM) 

Well adapted, because it leads to a good visualization, to study the impact of two 

factors on the response, this method is also adapted for a higher number of factors. 

A response surface is concretely a polynomial function determined after one or more 

full-factorial runs. This polynomial function establishes a relationship between the 

response and the varied factors as shown on Figure 2.23.96  
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Figure 2.23: example of response surface 

Last figure showed the variation of contact temperature displaying the response, in 

function of the sliding velocity and applied load. This method allows a linear, 

quadratic or cubic description. 

Nevertheless, when the factor number and the complexity (when the model is not 

linear, in most cases) are too high, conventional RSM induces a too high number of 

runs to be done. On this account, different variants were introduced: central 

composite design (CCD):94 

• Circumscribed (CCC): requires 5 levels for each factor 

• inscribed (CCI): requires 5 levels for each factor 

• face centered (CCF): requires 3 levels for each factor 

• Box-Behnken designs: requires 3 levels for each factors 

Advantageous to decrease the experimental and numerical costs, the RSM also has 

limitations such as its sequential costs. Another point concerns its robustness and 

resistance to noise for the sensitive models, a problem solved by Taguchi.97 
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2.8.5 Selecting a DoE Strategy 

The DoE method has to be selected in function of the objectives and input 

parameters. A summary of the application of previous enounced methods is done in 

Table 2.10. 

Table 2.10: Design selection strategy94 

Number of 

factors 

Comparative 

objective 
Screening objective 

Response surface 

objective 

1 
1-factor completely 

randomized design 
 –   –  

2-4 
Randomized block 

design 

Full or fractional 

factorial 

Central composite 

or Box-Behnken 

5 or more 
Randomized block 

design 

Fractional factorial or 

Plackett-Burman 

Screen first to 

reduce number of 

factors 

Generally, in case of high number of factors, it is better to begin with a screening 

operation of the experimental/numerical setup, to reduce the number of irrelevant 

number of factors.98 

After the description of methods and tools to be used in theoretical mixed lubrication 

analyses, a validation part is exposed in next subsection, explaining how 

experimental devices can contribute to these investigations. 

2.9 State of the Art: Experimental 
Investigations in Tribological Systems 

Investigations achieved to correlate surface topography with the friction behavior are 

presented in this subsection. Different scales were used, going from the macroscopic 

scale until the nano scale, using atomic force microscopy (AFM), focused ion 

beam (FIB) and transmission electron microscopy (TEM) in order to define the crystal 

and chemical composition of the contact layers.99 
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2.9.1 Investigation on Pin-On-Disk Devices Type 

Usual device in tribology is the tribometer pin on disc, with which a contact states 

between a pin (different profiles type) with a planar surface (rotating disk). Used for 

non-lubricated and lubricated contacts, it allows mainly simulating sliding contacts. 

Kubiak and Mathia100 investigated the impact of roughness on the contact interfaces 

in different fretting contacts. Tests were carried out in dry and boundary lubrication 

regimes. Quadratic response surface were expressed for both regimes. Comparable 

tests were made with one ceramic (Al2O3) and a structural steel, in order to analyze 

the impact of adhesion on friction force.101 Comparable tests, made by Le et al.,102 

stated experimentally that, when using a typical pin-on-disk facility, that the frictional 

coefficient between aluminium and steel increases in lubricated conditions with an 

increasing roughness. The reason was an increasing amount of asperity-asperity 

contact. Further works tried to correlate the three parameters average roughness Ra, 

kurtosis Rk and skewness Rsk with the friction coefficient of dry and lubricated 

contacts. This was done by Sedlacek et at.103 In his paper they conclud that the 

friction coefficient of lubricated contacts get higher with increasing kurtosis and 

skewness, where the skewness has a much higher impact than the kurtosis. 

Enounced experimentations are required in order to understand the phenomena 

happening in different tribological systems, here especially clutch and journal 

bearings. 

2.9.2 Investigation of Clutch Systems 

Gao investigated lubricated clutches and the impact of the surface roughness on the 

friction behavior.104 She completed the experiment with a numerical model by means 

of the contact model of Greenwood and Williamson. Wet clutch are also set under 

investigation by Mäki in his phD thesis were he concluded on following trends105: 

• Normal load has only a minor effect by conventional working temperatures 

• Sliding velocity interferes highly on the transmitted torque 

• Torque transmission happens mainly under mixed and boundary lubrication, 

so that the conventional lubricant properties have no real impact 
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• Temperatures have high impact on the viscosity and so on the friction 

coefficient 

Further statements were made on the useful experimental device to investigate 

clutch systems: special test rigs are required, as small scale tests are insufficient. 

Moreover, the three parameters torque capacity T, dynamic friction µd and ratio T/µd 

are the most relevant parameters for characterizing the friction properties of the fluid. 

Many results such as the impact of the additives on the friction behavior were also 

found out as well as an evaluation of prediction capacity of a simulation model of 

clutches. 

These kinds of tests are insufficient to fully understand the phenomena happening in 

the contact, on this account Märklund and Larsson developed an experimental model 

based on typical pin-on-disk device.106 This offers the advantage to analyze more 

locally the friction and contact temperatures. This analysis confirms the trend that the 

normal load is not affecting highly the friction coefficient. The same scientist team 

investigated with comparable testing device the impact of the thermal effects on the 

friction coefficient.107 They stated that the load is transmitted in a main part through 

boundary lubricated contacts. 

Thermal behavior and cooling abilities of lubricated clutches can be highly improved 

if the cooling lubricant flow is mastered and measured. This case was investigated in 

the work of Albers and Bernhardt,108 where measures were taken with particle image 

velocimetry devices.109 They were able to evaluate the lubricant quantity in the 

cooling cavities of the clutch disks. 

2.9.3 Investigation of Journal Bearings 

A very typical mechanical element, the journal bearing, is one of the oldest 

demonstrators taken for investigating lubrication effects. This field recovers the EHL, 

HD lubrication as well as the boundary lubrication. Conventional facilities used in this 

field, are the test rigs composed of a shaft and two bearings (ball bearings mostly to 

limit the friction). To override the problem of friction occurring from the testing rig 

bearings, Albers et al. developed a testing rig with pneumatic bearings.110 This 

device enables a more precise way to measure the friction moment of the bearing. 

The question of energy efficiency was investigated by means of the test rig to 

optimize the oil flow in function of the loading in order to decrease the friction loss 
                                            
106 Marklund / Larsson (2008) 
107 Marklund et al. (2007) 
108 Albers / Bernhardt / et al. (2010) 
109 Hishda / Fujiwara (2003), Zhu et al. (2006), Lee et al. (2008) 
110 Albers / Nguyen / et al. (2011) 
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coming from the lubricant side. Other testing rigs were used to detect mixed 

lubrication through the analysis of the frequency spectra.111 Since the bearing goes 

from the hydrodynamic regime into the mixed lubrication regime, the frequency 

spectrum changes: frequencies become higher. A correlation has been done with 

Radio-Nuclide-Technique (RNT) to state this effect.  

After this part on experimental validation, a last part (see next subsection) issues on 

an overview of whole investigations achieved in the field of numerical investigations 

of mixed lubrication phenomena. This is completed with the state in simulation of dry 

contacts, ending with state of multilevel approaches, used in different research fields. 

2.10 State of the Art: Numerical Investigation in 
Tribology 

This section gives an overview of the activities in numerical modeling of the surface 

roughness’s impact on the tribological behavior, going from dry and lubricated 

contacts at the micro scale onto multi-level modeling. 

2.10.1 Non-lubricated Contacts 

A major part of numerical investigation in tribology concerns the macroscopic scale. 

In his paper, Wriggers summarize some of the existing frictionless contact 

formulations used in dry contacts with an example on large deformations.112 

Nevertheless contact properties used in these simulations are established at the 

microscopic scale. For this reason, numerous investigations of rough surfaces 

working in dry conditions were achieved in different research areas, respectively the 

brakes113 rail-wheel contacts,114 metal-forming115 and machining techniques116 as 

well as sealing technique.117 In this areas, many models where developed but no 

direct correlation between roughness parameters and friction behavior were stated. 

Many papers focus on the contact stress and plasticization occurring in the 

contacts118. Some models were developed to reduce the computing time of the finite 

element model for investigations determining real contact areas between bodies.119 
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All these works did not develop a theory between friction behavior itself and the 

roughness. They mainly compare the parameter Rp or Ra as these parameters are 

the most used for the roughness description. First models done by Albers et al.120 

taking into account adhesion effects (Bowden and Tabor model) showed the impact 

of the machining direction on the friction coefficient. It cannot be stated that the flatter 

the surfaces are, the lower the friction coefficient is. It is also dependent on the 

contact configuration itself, which determines the contact area. The same trend can 

be stated in lubricated contacts. 

Such investigations were extended to take into account wear effects such as 

abrasion.121 Wear occurring in brake systems was also set under focus by Dimitrev et 

al.122 as well as Söderberg and Andersson.123 Machining processes are usually 

simulated by means of the finite element method such as grinding processes.124 

Cheng used the molecular dynamics method to simulate the cutting process at the 

nanometric scale.125  

2.10.2 Mixed Lubricated Contacts 

Lubricated line contacts with rough surfaces were investigated numerically by 

Chang,126 with sinusoidal generated profiles. These investigations concerned 

elastohydrodynamic contacts models. These theories were then developed by 

Mihailidis127 who calculated the friction coefficient of mixed lubricated line contacts. 

These numerical models were working in a stationary regime, as well as the model of 

point contact from Redlich.128 The reason for that is a huge calculation time 

necessary to couple fluid and structure equations if time integration is chosen.  

As a consequence, similar approaches were impossible to be used at the 

macroscopic scale. On this account, different solutions were used in parallel to these 

discretization methods: robust and very useful analytical approaches were developed 

for journal bearings129 based on the Stribeck curve. Other approaches, such as multi-

level systems of equations were used by Hu,130 but did not allow the same level of 
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details as conventional CFD or FEM. Whole preceding investigations were not taking 

into account thermal exchange neither between fluids and solids nor directly inside of 

the fluids and solids.  

Larsson,131 who used the FEM to model surface roughness at the microscopic scale 

was able to describe real rough surface but did also not take into account thermal 

exchanges. At the macroscopic scale only Jackson132 took into account thermal 

effects but this time without modeling any adhesion or roughness characteristics.  

On the other hand, parallel to last described investigations, an analysis combining 

asperity contacts and taking into account thermal effects was achieved by Zhai133 but 

without impacting the fluid (no thermal coupling with the fluid). This was done by 

Wiersch134 who integrated thermal conditions in elastohydrodynamics, meaning 

coupling fluid structure and thermal behavior. Knoll135 and Bartel136 also developed 

similar methods to investigate journal bearings, and based on the flow factor 

theory137 (correction of the Reynolds equation).  

Mixed lubrication contacts phenomenon is to be regarded in transient conditions with 

a relative moving of two rough surfaces. Taking into account this movement is limited 

in elastohydrodynamic simulations as only one asperity is modeled. If not, a relative 

movement may lead to fluidmesh distortions caused by the movement. For this 

reason, adaptive and remeshing methods were developed.138 Based on such 

approaches, Albers et al.,139 analyzed rough surfaces under mixed lubrication 

conditions, allowing calculating the part of solid and hydrodynamic friction firstly with 

ALE approaches. This is only possible when, the fluid flow is not broken, that means, 

in hydrodynamic conditions. 

Then, the use of CEL methods enabled it to overpass fluid mesh distortion 

limitations,140 by evaluating in a first step the potential of the method in a two 

dimensional analysis. Further analyses performed in a three dimensional 
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configuration, this time in real mixed lubrication conditions, displayed encouraging 

results.141 Also in this context wear are from a high interest.  

Research field of sealing142 or the medicine technique143 are using similar simulation 

models. Taking into account transient conditions, heat generation and real measured 

rough surfaces, the models need then to be calculated with different machining 

conditions and directions. 

An essential point of roughness investigations is the usability of the results at the 

system scale. Often the analyses are done at a microscopic scale and cannot be 

transmitted to the macroscopic scale used to describe globally its tribological 

behavior. This shows the necessity to use multilevel modeling techniques, introduced 

in the next part.  

2.10.3 Multi-Level Modeling in Tribology 

An “in house” method called x-in-the-loop (XiL) was developed to guaranty a 

validation framework for powertrain investigation process. Based on this approach, 

Düser investigated and validated powertrain functions and driver assistance 

systems.144 Other works achieved to transmit the experience coming from the 

microscopic scale onto the macroscopic scale are listed here, showing different 

approaches used for this matter. The rail/wheel contact is here also set under 

focus145 as the movable cellula automata method,146 used at the nanoscopic scale to 

determine a friction coefficient between the rail and the wheel. By means of an 

analytical approach, this friction was established in relation with the normal load, so 

that a law could be stated and used at the macroscopic scale.  

Another approach used by Jackson147 takes surface roughness at the microscale in 

order to predict the contact area in function of the load. Based on Fast-Fourier-

Tranformée of real measured rough surfaces, he was able to reach the same results 

than Greenwood and Williamson148 statistical models in order to determine the 

plasticization of the machined surfaces. This is achieved in using an iterative process 

taking into account different type of asperities, identified with their occurring 

frequency and applying to them corresponding load. As a result different scales are 
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covered, from the micro (roughness asperities) to the macroscopic scale (form 

asperities). This method was also applied to determine adhesion forces in MEMS at 

different scales.149  

Other approaches consist in mixing continuous and discrete models as the state of 

the art of third body wear simulation presented by Renouf.150 Both ways needs to be 

used, investigations done at the microscopic scale require boundary conditions 

adapted to the real working conditions. To get realistic boundary conditions, 

convergence studies have to be conducted. This consists in following an iterative 

process in giving the output of one model as input for a second model – modeled 

with the same approach – to check if the whole process is converging.  

Further investigations used the response surface method to investigate sealing 

techniques.151 Using this type of design of experiment (DoE) enables the 

determination of the relationship between relevant identified parameters.  
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3 Research Objectives 

The state of the art presented in chapter 2 gives an overview of different 

investigations required to simulate the impact of roughness on friction. This research 

area combines different parts of physics and mathematics going from the 

characterization of technical surfaces up to adhesion effects present in the 

investigated phenomenon. 

3.1 Potential Issuing from the State of the Art 
The second chapter exposed the state of the art of tribological investigations 

conducted with rough surfaces running in dry as well as lubricated conditions. From 

this state of the art, several points can be extended. 

First point concerns the simulation of critical lubrication regime of tribological 

systems: mixed lubrication. The actual state of the art underlines the difficulty to 

simulate it in a whole finite element model for a question of numerical limitations. 

Nevertheless this becomes possible with different innovative approaches (CEL 

approach, CFD and FEM) also used in other research fields, and offers the possibility 

to increase the degrees of freedom of the actual mixed lubrications models. This 

methods were never used before for this kind of problematic for the reasons 

displayed in chapter 2.7. 

Another point relates to the characterization of the surface roughness which is 

necessary to investigate the influence of rough profiles on the friction behavior. The 

correlation between this profile’s property and the friction behavior cannot clearly be 

distinguished at the microscopic scale. On this account, a study is required to know 

which ones of the different roughness parameters can be used to deliver a useful 

relationship between roughness and friction coefficient. This has to be done for dry 

and lubricated tribological conditions.Additionally, microscopic effects such as 

adhesion, wear phenomena like abrasion and other plastic deformations, are not 

taken into account in past mixed lubrication models. The impact of the roughness on 

the wear and plastic deformation also need to be stated. 

Huge challenge of this type of investigations remains the modeling of multiphysics 

and multiscale problems. Next subsection exposes the procedure to reach the 

enounced goal as well as the current limitations.  
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3.2 Establishment of the Target System 
Main objective of this work is to develop a numerical approach that can take into 

account real rough profiles, and simulate the impact of roughness on the tribological 

behavior of a system. This has to be done for non-lubricated and lubricated surfaces. 

On this account, tribological behavior is described here according to following 

criterions: friction coefficient, contact temperatures and contact pressures. 

Different parameters having an impact on friction behavior taken into account in 

present these are listed as follows: 

• Material properties (elasticity and plasticity) 

• Roughness’ parameters (see chapter 2.2) 

• Machining type and direction 

• Working conditions: sliding velocity, normal load (or oil film thickness) 

A further objective is to develop a method that can be adapted for any tribological 

systems. It also has to transfer information from the microscopic scale into the 

macroscopic scale, in order to be used for the description of macroscopic tribological 

systems. To do this, several steps are required, listed below: 

• Micro model building and analysis of the function and  

• Model verification 

• Results and parameter study 

• Extension of the investigation to the macroscopic scale 

Main reason of this whole investigation process is to enhance the accuracy of the 

method by increasing the number of parameters being taken into account. It also 

have to quantify the impacts of different listed interfering parameters. Such 

investigations are necessary to be carried out at the microscopic scale as the 

occurring phenomena are not the same as at the macroscopic scale. In this way, the 

phenomena are described with more details. 

Systems set under focus in this work are sliding systems in running-in phases, like 

journal bearings, or friction systems like continuously variable torque (CVT), clutches 

and brakes. In this context, use of numerical tools gives here the advantage of 

investigating phenomena which are not measurable with experimental facilities. 

Nevertheless, the difficulty is to validate the numerical method, to clearly identify the 

application window. This whole problematic is developed in the next sections. 



 

4 Analysis Framework 

Initial step necessary in any investigation process is to set analysis framework. Which 

parameters are necessary for the analysis and which are the important boundary 

conditions to be defined. Demonstrators are defined, setting the bases for developed 

numerical models.  

4.1 Demonstrator Definition 
4.1.1 Classification of Tribological Systems (Tribo-System) 

Occurring tribo-contacts and tribo-systems can be described using the Contact and 

Chanel Approach (C&C²-A). Tribo-system can be separated into two categories: 

• Friction systems: system in which the function “friction” of the contact WSP 

accomplishes a main function of the system: transmitting energy, information 

and material from one working surface onto the other 

• Bearing systems: systems were the function “friction” occurring in contact 

WSP is considered as “noise” for the system’s global function and could so be 

avoided 

Each of these categories can also be separated into two types of friction regime: 

• Non-lubricated tribo-systems: composed of two channel and support 

structures (CSS), and one working surface pair (WSP) 

• Ideal lubricated tribo-systems: composed of three channel support structures 

(CSS) and two working surface pair (WSP), between the lubricant and both 

solids 

An analysis is necessary at different scales to quantify the phenomena occurring in 

the system. Reason for that is the required level of detail the macroscopic scale is 

insufficient and does not allow to take each detail into account. On this account, a 

microscopic scale is necessary to establish friction laws to be used at the 

macroscopic scale.  

Enounced problematic is typical of clutch systems, or journal bearings, and as these 

“machine components” are investigated at the institute, they are used in this analysis 

as demonstrators and define consequently the working and boundary conditions of 

the models. 

Moreover, each product aims at realizing at least one function which links input to 

output parameters. As present work focuses on tribological systems, next subsection 
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takes the powertrain as demonstrator to establish the function of a clutch and 

parameters which are characterizing it.  

4.1.2 Identification of the System Functions by Means of System 

Design Methods SADT and C&C²-A 

Any system can be defined as enounced in section 2.1.1. To improve their design, 

functions have to be identified and described. For this reason, SADT and C&C²-A are 

applied to the system analysis in order to deliver a concrete description of a system 

and its functions. Both methods are complementary and deliver a full description of 

the systems functions. As central activity of the IPEK takes part in the development 

of powertrain technology, the system “car” is the frame of present investigations, as 

displayed in Figure 4.1.  
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WSP: Interface 
driver/ car

CSS: car

 

Figure 4.1: Defined car model SADT (on the top) and C&C²-A on the bottom 

Applied to this system, main difference between the SADT and the C&C²-A is that the 

last approach synthezes every parameter in only three entities, 2 connectors 

• C1: driver 

• C2: car 

and one working surface pair (WSP) which transmits information from the driver to 

the car. On the other hand the SADT uses 5 different parameters: input, output, 
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function, control and system. For a low level of description, the SADT offers a better 

readability than the C&C²-A. Furthermore, on the contrary to SADT, the second 

method does not take the function as center of the investigation but the system. 

If the investigation level increases, in order to isolate the function “car-driving”, 

previous enounced differences are different. Characterization of the dynamical 

behavior of a car in a driving phase gives the engineer the source of noise or 

vibrations occurring in the car as well as the interactions taking place between the 

car and the driver. Next figure (Figure 4.2) focuses on the function “car-driving”. It 

gives an overview of the description and potential of each method to underline the 

function and system subject to interact in the acceleration phase. 
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Figure 4.2: Isolation of the function “acceleration” 

This diagram shows which element controls the function “acceleration” and which 

subsystems interacts during the acceleration. Same analysis done with the other 

method is displayed in Figure 4.3. 
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Figure 4.3: Identification of the acceleration phase by means of the C&C²-A 

In Figure 4.3, the connectors are the same than those displayed on Figure 4.1, the 

working surface pairs which transmit “Energy, Information and Material” can be 

characterized as follows: 

• Closed WSP1: energy transmission through a plan to plan interface (rotational 

displacement of the throttle pedal) 

• Closed WSP2: energy transmission through a connection line to plan interface 

(rotational displacement of the steering wheel) 

• Closed WSP3: energy transmission through a plan to plan interface (rotational 

displacement of the braking pedal) 

• WSP4: information transmission from the throttle pedal to the powertrain 

• WSP5: information transfer from the steering wheel to the wheels 

• WSP6: information transmission from the brake pedal to the brakes 

A significant difference between both methods concerns the temporal space: with the 

C&C²-A, the function can only be achieved if the corresponding WSP is closed 

whereas SADT describes only a given function and does not take into account other 

components that do not always participate to the function’s achievement.  

Additionally, the analysis is more structured in case of the application of the SADT. 

However, the interfaces between the different entities are more easily recognizable 
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with the C&C²-A. Thus, a coupling between both methods can be significantly helpful 

for complex systems, where interfaces have to be modeled.  

After having identified boundaries and sub-systems interacting in the acceleration 

phase, one can focus on these same parts with a view to analyze the vibration during 

acceleration. Principal systems are the “powertrain” and the actuator “throttle pedal”. 

The vibration related phenomena can be induced by three factors or a combination of 

these factors and external boundaries: 

• Driver 

• Powertrain 

• Throttle pedal 

Such interactions can be modeled and are detailed in Figure 4.4, where the complete 

powertrain chain is displayed. By decomposition into isolated systems, the source of 

vibration can be identified in an easier way.  
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Figure 4.4: Powertrain 

C&C²-A displays the component chain of the powertrain. By means of the SADT, 

each of the components can be described as illustrated in Figure 4.5. A combination 

of both description approaches offers a better understanding and visualization of the 

system’s components and functions. The first approach lists the functions, inputs, 

controlling outputs and controls achieved by each of the subsystem whereas the 

second approach lists the interface between the subsystems. 

From these analyses, the shiftable clutch is the subsystem connects two rotating 

shafts. Through its function to break up the torque flow, the clutch is also in charge of 

synchronizing both sides: 

• first side: torque origin (Engine) 

• second side: torque used for vehicle acceleration (wheels) 

Reasons why a clutch is required can be resumed in three points: 

• the combustion engine has a small range chart: the maximal torque is 

available in almost 50% from the rotation window 

• a gearbox is required to override the previous problematic 
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• required torque is too high to shift gears without breaking the torque flow and 

so guaranties the lifetime of the gearbox 
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Figure 4.5: SADT of the powertrain in the acceleration phase 

Nowadays trend is to have even faster gearboxes and so indirectly and implicitly 

faster clutches. At the same time, customers are asking for even more shifting 

comfort. This possibility resides in a special type of clutches: lubricated multi-disk 

clutches and is detailed in the next subsection.  

4.1.3 Identification of the Function to be investigated 

Previous enounced clutch system is mostly used in complex and high level products 

like double clutch or automatic gearboxes. Unlike the second transmission type, first 

concept enables no torque discontinuity during the shifting phase. Nevertheless 

some violent impacts are present during the shifting as well as hydrodynamic friction 

losses. Such phenomena need to be investigated.  

Main reason why multi-disk clutches are used is due to their higher power density in 

comparison with simple disk clutches. This result from the lubrication of the multi-disk 

clutches: lubricant induces a better cooling and consequently, higher torque can be 

transmitted for a same disk diameter. On the other hand, dry clutches have better 

global energy efficiency: less friction losses.  
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Moreover, such systems are subject to wear phenomena which need also to be 

analyzed. Using the contact and channel approach, a lubricated multi-disk clutch can 

be separated into the subsystems and scales by means of the XiL method as listed in 

Figure 4.6. Next scheme (see Figure 4.6, level 3) sets the different scales required to 

have a model for a lubricated clutch. 
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Figure 4.6: Multi-level description of a multi-disk clutch described with the C&C²-A 

According to Figure 4.6, a multi-disk clutch can be decomposed into a simple disk-

disk contact pairing. In this way, the simulation of phenomena occurring in this 

contact type can be achieved, Figure 4.7 gives an illustration of contact pairs. 
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Figure 4.7: Comparison between ideal and real plan-to-plan contact at different 

scales for lubricated cases 

Figure 4.10 underlines the fact that ideal surfaces are not sufficient if a detailed 

analysis of the contact pairing is required. Mixed lubrication is observed for the real 
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closed clutch whereas hydrodynamic phenomena are observed for real opened 

clutches. Both phenomena have an impact on the friction behavior of the concerned 

systems.  

A C&C²-Model built for the interactions taking place at the micro scale allows to get 

more details. This means that each of the existing WSP can be separated into further 

WSP and CSS. The analysis displayed in Figure 4.8 goes down to the microscopic 

scale and is a schematization from Figure 4.7; any tribological system can be 

schematized as displayed in Figure 4.5. 
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Figure 4.8: Analysis of the tribological lubricated plan to plan contact with the C&C²-A 

Case displayed in the last figure puts into relief phenomena occurring in reality and 

related to lubrication regime in tribological systems. Nevertheless, this implies taking 

into account, the dirt and oxide layer which are most of the time unknown and playing 

an essential role at the beginning of the contacting phase. Dry-running tribological 

systems can be modeled in the same way by only suppressing the lubricant.  
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Schematization of Figure 4.8 is simplified for technical reasons enounced in 

section 2.6 and is visible in Figure 4.9. However, as mentioned in subsection 2.5.4, 

the lubricant does not have the same behavior for different film thickness and 

pressure. On this account, the channel support structure CSS41 needs to be 

separated in function of the lubricant film thickness as presented on Figure 4.10. 

C1

C2

WSP11

CSS21

WSP21

CSS31

WSP31

CSS4

WSP41

WSP32

CSS32

WSP33

CSS4

WSP43

WSP32

CSS4

WSP42

C1

C2

CSS5

WSP1

WSP2

 

Figure 4.9: Simplification of the tribological problem 

These analyses also underline the importance of the surface topography considered 

for the contact. Contact kinematics occurring in lubricated clutches, is going ideally 

from the full hydrodynamics into solid-solid contact. The real case displayed in Figure 

4.8 shows that the solid-solid contact does not exist in reality: this leads to boundary 

lubrication. Nevertheless real cases need to be simplified in order to set first bases 

for a numerical mixed lubrication model. Main assumptions are displayed in next 

figures, considering, that neither dirt nor oxidation are present on solids. Considering 

the surface roughness, some contact regions are laying under boundary lubrication 

and others under hydrodynamic conditions as shown on Figure 4.10.  
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Figure 4.10: C&C-Modell of mixed lubrication  

According to Figure 4.10, lubricant channel support structure can be sorted out into 

two entities:  

• lubricant which symbolizes the hydrodynamic regime (CSS41) when the film 

thickness h > 0.025 µm 

• the third body which represents the mixture between corrosion, dirt and 

lubricant (CSS42) when the film thickness h < 0.025 µm 

The separation of the structure is essential for determination of the third body. 

Indeed, neither chemical composition nor physical properties are published in the 

literature. This type of interaction is present in almost every lubricated contact, such 

as journal bearings (during run-in phase) or lubricated clutches, two active research 

fields of the institute. Working conditions of both systems are synthetized in the next 

subsection. The relevant function set under focus in the present work are: “transmit 

force” and “protect from wear” in contacts between two clutch disks, running under 

dry conditions as well as lubricated conditions (see Figure 4.11).  
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Figure 4.11: Combination of the SADT and C&C²-A for the function description 

4.2 Definition of Investigation Steps to Reach 
Objectives 

This part exposes the phases required to build up the model to investigate mixed 

lubrication phenomena. Related demonstrators analyzed and enounced in the 

previous subsection and summarized in the next subsection are taken here to isolate 

functions leading to the definition of the device and methods to be used. 

4.2.1 Demonstrators Functions Leading to Theoretical Models 

Both functions defined previously are here taken to set the bases of the 

investigations: transmit forces by means of frictional contacts through lubricant and 

third body (or only contact bodies for dry conditions) in increasing comfort and wear 

prevention.  

From these functions, the wear prevention and also force transmission are part of 

journal bearing investigations. In this case, “force transmission” is considered as 

“perturbation” as it leads to conventional friction loss and so energy waste. The 

similitude between run-in phases of journal bearing and clutch contacts enables the 

development of universal investigation method for both types of contacts. To achieve 

the analysis, different models and scales are required, resulting from the concept 

presented in Figure 4.6 and displayed on Figure 4.12. 

The borders in pointed lines represent the steps required in the global process but 

are not treated in the present work. The main challenge represents the transfer going 

from the macroscopic into the microscopic scale. Next subsection enounces the 

workflow of the different steps needed to build and validate the method. 
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Figure 4.12: Principe of the whole investigation process 

4.2.2 Working Conditions and Investigation Steps 

For the investigations, two models are developed: the macroscopic model of the 

given system and a microscopic model whose aim is to deliver mixed lubrication 

loads for the macroscopic one. As the present work focuses hardly on the 

microscopic scale, the description begins with it. 

Based on numerical methods, principally the finite element method, the microscopic 

model simulates the contact interactions presented in cited systems (journal bearing 

and lubricated clutch). This simulation approach consists in taking the CEL method 

(see section 2.7) allowing high displacement of the solid mesh in contact with the 

fluid mesh. In this method the contact algorithm is investigated in order to check if its 

accuracy is sufficient for required investigation.  

Using this method a micro-model is developed composed of three dimensional rough 

technical surfaces measured with laser interferometry technique as in the work 

achieved by Albers et al. for microstructured electrical connectors.152 Different 

profiles are used in order to analyze which influence a specific profile has on the 

friction behavior. Passed investigations showed that a statistical scheme is specially 

useful to define a frictional trend.  

The parameters taken into account in the microscopic mixed lubrication model are 

the following: 

• Temperature dependence of the plasticity 

• Temperature dependence of the elastic modulus 

• Temperature and pressure dependence of the lubricant’s viscosity 

                                            
152 Albers / Martin / et al. (2011) 
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• Each roughness parameter 

• Machining direction 

• Fluid pressure 

• Surrounding temperature 

• Heat generation in the contact interface 

• Thermal conductivity 

• Sliding velocity 

• Average lubricant’s film thickness 

Working conditions chosen for dry conditions remain the same as those taken for the 

model taking into account the lubricant. The impact of each of this parameter will be 

analyzed by means of the micro-model in order to evaluate and reduce the number 

parameters to be taken into account. For the parameters that have a high impact on 

the friction behavior, a friction law is established by means of the microscopic model. 

This friction law establishes the friction coefficient in function of following input 

parameter: machining parameters and working conditions (load and sliding velocity). 

To deliver useful results, the microscopic model requires adapted boundary 

conditions described in next chapter. A second numerical model uses input of the 

first model and is developed at the macro scale. Its dimensions are in the order of 

100 mm. As the roughness cannot be modeled when structures reach such 

dimensions, only the waviness is taken into account in the second model. In order to 

investigate the influence of roughness on real structures, a coupling with the micro-

scale is required.  

4.2.3 Experimental Device Required for the Verification 

For both developed models, experimental tests on real system are required. For the 

microscopic scale, pin-on-disk tests are achieved whereas on the macroscopic scale 

real journal bearing are tested in run-in phase in order to compare outgoing results 

with those resulting from the numerical simulation. This part is of high importance as 

it is used for the verification of the developed numerical method and models. 

Analyzing roughness impacts on dry and mixed lubricated tribological systems at the 

microscopic scale implies having demonstrators as simple as possible. On this 

account, the dry model is based on conventional pin on disc tests. This has the 

advantage to decrease the number of parameters which are interacting on the 

system and leads consequently to less complex verification. The pin is made of 

saphir disk (Al2O3) whereas the disk is in Titan. Titan is used for its ability to resist 

against corrosion and for its relative similar behavior compared to steel. The saphir is 

taken for the same reasons as well as for the low adhesive resistance and also for its 

hardness and high elastic abilities. 
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Concerning the lubricated demonstrators, the difficulty to reproduce exactly the pin 

on disk conditions is caused by the lubricant. Neither the film thickness can be 

measured nor solid-solid interfaces can be identified. The demonstrator used for the 

lubricated model is a part of a journal bearing: steel shaft against journal bearing 

(SiAlSn). This whole presented investigation chain has also some limitations. As 

different scales are interacting, different assumption required to limit computational 

costs need to be defined. These are expressed in next section. 

4.3 Main Assumptions used for the 
Microscopic Model Implementation 

Developed method is using two numerical models (presented in chapter 5) and two 

physical models. As a model is a representation of the reality of the pointed 

phenomena occurring in the system under investigation, each detail is not able to be 

reproduced by these different models. At the microscopic scale and for the numerical 

model, following assumptions are met for reasons related to the physics: 

• wear phenomena: adhesive, corrosive and erosive wear are not taken into 

account (occurs mainly for very clean surfaces) 

• boundary layers’ physical and chemical properties are considered as ideal (no 

existing possibility to know the composition of boundary layers) 

• no direct thermal interactions are taking place between fluid and solid 

(investigation time too short to take into account thermal exchange between 

solid and fluid) 

• no cavitation effect is taken into account (two phasic model is too complex in 

this preliminary study) 

At the macroscopic scale, the numerical model has following assumptions: 

• Constant oil temperature for the lubricated model, constant air temperature for 

the dry model 

• Solid-Solid contact modeled by means of an interpolation function calculated 

with microscopic models (no exact values) 

• No thermal impact on the fluid viscosity: viscosity adapted to a temperature of 

90°C 

• Use of statistical methods (response surface) to determine shear stress 

present in the solid-solid interface (exact rule cannot be used) 



 

5 Numerical Model at the 

Microscopic Scale 

Present chapter exposes the method employed to develop the numerical model 

which takes into account surface roughness of a tribological system. For technical 

reasons explained in section 2.10.3 the modeling has to take place at the 

microscopic scale. This enables the calculation of the friction occurring between two 

rough bodies. Among the existing types of numerical models, discrete numerical 

models are most adapted as they offer the possibility to take a huge number of 

degrees of freedom (DoF) into account. On the other hand, computational costs are 

higher than in other kinds of models. A finite element model is then used in which 

real rough surfaces are imported and next step consists in applying the real working 

conditions. 

5.1 Discretization of the Rough Surfaces 
Surface topography is measured using laser interferometry according to parameters 

displayed in chapter 2.2.1. 

5.1.1 Signal Treatment to Characterize the Surfaces 

 

Figure 5.1: Rough profile of a turned surface 
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In order to measure the roughness of a technical surface, measuring points need to 

be set according Table 2.2 and Table 2.4: an acquisition takes place each 2 µm for 

an overall length of 600 µm. The measurements are taken by means of an optical 

device which delivers 3D discrete scatter plot (see Figure 5.1). 
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Figure 5.2: Waviness profile of a turned surface 
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Figure 5.3: Form profile of a turned surface 

According the same cited tables issuing from DIN-4287-4288, the topography signals 

are filtered to separate the roughness from the waviness as well as from the form 

profile as displayed in the last three figures. Plots underline that details are present 

online in the roughness profile. Nevertheless, a whole measured profile cannot be 

taken into account in order to simulate the friction behavior as there are too many 

degrees of freedom to be modeled. This motivates the necessity of a multiscale 

investigation. In addition to the spatial characterization, a frequency decomposition of 
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the profiles is performed by using the Fast Fourier Transform. This decomposition 

characterizes the profiles with their frequency spectrum as displayed in Figure 5.4. 
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Figure 5.4: Example of a frequency spectrum of a grinded surface (on the left)  

and a turned surface (on the right) 

Last figure shows that the homogeneity of the spectrums highly depends on the 

machining method used to manufacture the different friction surfaces: the finer the 

machining is the larger the frequency spectrum is. Table 5.1 represents a 

classification of the number of relevant frequencies in function of the machining 

process and also the dispersion of the profile. Four categories of importance related 
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to the frequencies are considered relatively to the maximal amplitude (the maximum 

amplitude represents 75-100%). 

Table 5.1: Most relevant frequencies for the four machining 

Machining 10-25% 25-50% 50-75% 75-100% Total 

Turning 88 16 2 2 108 

Grinding 432 114 12 6 564 

Milling 350 64 30 10 454 

Lapping 3630 390 44 8 4072 

Last table displays that the number of different signals is low for single point 

machining (turning and milling). For multiple points machining (grinding and lapping) 

a higher number of frequencies is observed. This trend is confirmed by next diagram 

displaying the dispersion of measured points for different machinings (see Figure 

5.5). Topography measurement resolution was the same for each profile. 
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Figure 5.5: z-Coordinate repartition for all four machining types 

Although the theme of this thesis belongs to multiscale topics, present approach 

focuses mainly on the microscopic scale. Next part of the modeling only takes into 

account two profiles: one single point machining (turned surfaces) and one multiple 



5.1 Discretization of the Rough Surfaces 81 

point machining (grinding). These so called profiles need then to be imported and 

integrated into a finite element framework, the step is described in next paragraph. 

5.1.2 Importation of the Surfaces into a Commercial Finite 

Elements Software 

Measured topographies can be integrated into any preprocessing tool of finite 

element software by using on following available methods: 

• build directly a mesh of the measured topography 

• build a solid of the topography 

First solution would be more effective, as a finite element model can be directly 

generated with an “in-house” written code. Nevertheless, this method is highly 

dependent from used FE-solver as meshing and input syntax need to be adapted. It 

would also require the implementation of a meshing algorithm, which is realistic for 

tetrahedron but not for hexahedron meshing. 

Second solution is more flexible, as the output generates a solid which can be 

imported in any software as the used format is an open one. Next advantage is the 

flexibility of meshed refinement that can be adapted more efficiently without requiring 

rebuilding the model. Nevertheless, the available formats have some restrictions: 

• only cubic volumes can be represented with rectangular surfaces 

• if the number of points is too high, the size of generated files can be too large 

Chosen for its flexibility and robustness, second solution is implemented using the 

software Matlab. Available neutral file formats for the importation of geometries are 

following ones: 

• IGES, Initial Graphics Exchange Specification153  

• STEP, STandard for the Exchange of Product Model Data154 

• parasolid (binary or ASCII form) 

• SAT 

Using the IGES format has the advantage that it is fully structured and documented 

on the contrary to all other formats. 

In order to generate such a file, measured or stochastically generated splines are 

taken as input data. On this account, 3D B-Spline theory is used following the 

                                            
153 IGES/PDES Organization (1996) 
154 Schulze (2006) 
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process illustrated in Figure 5.6 to generate a continuous surface from the 

experimental measurements, to finally deliver the IGES files. 
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Figure 5.6: Generation process of the IGES Format155 

First step consists in having measure points read into a matrix. IGES format need to 

have a “cubic” structure, so that a closed volume can be generated through a 

juxtaposition of 6 surfaces as displayed in Figure 5.7. 

 

Figure 5.7: Closed IGES volume of a grinded surface 

A limitation of this format is the amount of points describing the spline. Usual models 

are built with 4900 points for surfaces of 140 x 140 µm while measurement resolution 

is set to 2 µm (in both directions). Generated files get much bigger when measured 

surfaces increase, so that generating a surface 5 x 5 mm remains impossible. 

                                            
155 Savio (2010) 
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5.2 Establishment of Operating Conditions for 
the Lubricated Micro Model 

Both previously enounced machining processes set the basic characteristics of the 

model. The machining can be present in both following systems: 

• Journal bearing 

• Clutch counter plate, clutch lining are assumed to have the same machining 

For both systems, boundary conditions need to be calculated roughly at the 

mesoscopic scale (system level). These are then applied to the microscopic model 

for their calculation. 

5.2.1 Operating Conditions for Lubricated Demonstrators 

Both demonstrator characteristics are displayed in Table 5.2. Although the motion of 

both systems is completely different, occurring phenomena are quite similar at the 

microscopic scale.  

Table 5.2: Working conditions of the journal bearing and wet clutches 

Parameter Journal bearing Lubricated clutch 

Rotation velocity range (rad.s-1) 0-628 1-838 

Inner diameter (mm) 1-62 120 

Outer diameter (mm) – 150 

Maximal Sliding velocity (m.s-1) 39 100 

Load (kN) 0,5 5 

For both systems, boundary conditions (mainly pressure field) need to be calculated 

by means of existing analytical models that can be considered as mesoscopic 

models. In this case, lubrication regime is considered as a full hydrodynamic regime. 

This step is used to define which assumptions can be met at the microscopic scale 

for the lubricant on the one hand and for the “assumed” solid-solid interface on the 

other hand. 

5.2.2 Boundary Conditions Calculated in Linear Bearings 

Linear bearing and clutch systems can be modeled by means of a same analytical 

model: typical pad bearing (see Figure 5.8). 
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Figure 5.8: Model of the pad bearing 

Pressure calculation is done by means of the Reynolds equation linking pressure to 

lubricant film thickness to sliding velocity: 
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Table 5.3: Lubricant properties156 

Oil type FVA 1 FVA 2 FVA 3 FVA 3 

Density (15°C) (kg/m³) 861 870 879 902 

Kinematic viscosity (20°C) (mm²/s) 34 82 - - 

Kinematic viscosity (40°C) (mm²/s) 15 32 95 480 

Kinematic viscosity (100°C) (mm²/s) 3,36 5,35 10,7 31,5 

Density-viscosity constant 0,818 0,815 0,807 0,826 

Four different reference oils without additives defined by the German research 

association of powertrain technology – FVA (Forschungsvereinigung Antriebstechnik) 
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are used in present investigations156 and displayed in Table 5.3. Bearing length B is 

of 10 mm whereas the minimal fluid film thickness Hmin is of 0,8 µm and Hmax 1,5 µm. 

Sliding speed is of 3,5 m/s. Pressure occurring over the whole contact is calculated 

with previous cited equations and leads to results displayed in Figure 5.9. 
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Figure 5.9: Pressure field along the pad bearing for four different lubricants 

This pressure profiles corresponds to average pressures and not local pressures. 

Further investigations are needed when the pressure reaches its maximum. For the 

FVA1 lubricant, a value of circa 110 MPa is observed. This observation can be easily 

visualized when extracting a length of 140 µm from last profile. This extraction takes 

place at the maximal average pressure and is displayed in Figure 5.10. The reason 

why the lubricant with the lowest viscosity is taken here is to limit frictional energy 

loss due to lubricant viscosity.  

                                            
156 FVA (2003) 
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Figure 5.10: Focus on maximum pressure 

 

 

5.2.3 Boundary Conditions Calculated in Journal Bearings 

A modeling approach similar to the one observed for linear bearing can be used for a 

journal bearing model. An analytical hydrodynamic model can be built based on the 

same Reynolds equations. Pressure field is also calculated to identify which 

boundary conditions have to be applied for regimes in which mixed lubrication can 

occur. As mixed lubrication appears mainly for low sliding velocities, the sliding 

velocity previously chosen for pad bearings is kept here as working conditions. Two 

types of journal bearings exist: infinite and short bearing. First type has opened sides 

whereas long one is considered as closed on boundaries. From the both existing 

types, a model is here realized for the short one because L/D<1/3. D represents the 

diameter and L is its width (see Figure 5.11).  
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Figure 5.11: Schematization of short journal bearing 

 

 

Reynolds equation is used to calculate pressure present where the film thickness is 

the lowest 
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with v representing the sliding velocity, ·  the dynamic viscosity adapted with barus 

law (see chap. 2.5.3), y the width coordinate, R the bearing radius and L the bearing 

width, and h the film thickness is defined as follows 

( )θε cos1+= ch  (5.5) 

where c represents the bearing clearance and e the eccentricity. Simulation model 

calculated with data displayed in Table 5.4, results from pressure boundary 

conditions displayed in Figure 5.12. Domain between 2.8 and 2.94 mm represents 

section used for microscopic models. This domain corresponds to the location where 

average pressure reaches its maximum.  
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Table 5.4: Journal bearing parameters 

Parameter Journal bearing 

Rotation velocity range (RPM) 4800 

Diameter (mm) 20 

Eccentricity (µm) 1,525 

Bearing clearance (µm) 1,55 

Length (mm) 20 

Oil FVA 1 
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Figure 5.12: Boundary conditions calculated with journal bearings 

From a micromechanical point of view, these boundary conditions are similar to those 

calculated with a pad bearing model. They allow using a unique microscopic model to 

simulate both system types. Modeling approach is exposed in next subsection.  
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5.3 Microscopic Model Taking into Account 
Lubricant 

The first modeling step consists in taking simple geometries, as well as minimal 

boundary conditions to optimize modeling efficiency. On this account, next paragraph 

treats at first the quasi-2D model used for basic investigations. Then, a 3D extension 

of the model has been elaborated, taking into account real or generated profiles 

whose importation process is explained in last subsection. 

5.3.1 Two-Dimensional Model 

This model is composed of two rough bodies which have both two asperities. This 

model aims at studying the feasibility of the CEL method in modeling mixed 

lubrication.  

The studied model is composed of three parts: two lagrangian bodies and one 

eulerian part. Lagrangian bodies are used to model the solid structure whereas the 

eulerian part is used for the fluid as presented in Figure 5.13. 
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Figure 5.13: Scheme of the two-dimensional model 

This model is called two dimensional because no flow is possible in the normal 

direction (z direction on Figure 5.13). Further reason is that the model has only one 

layer of elements in the z direction. In order to reproduce real working conditions, 

different boundary conditions need to be applied onto the model. 
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5.3.2 Applied Boundary Conditions 

As the investigations take place at the micro-scale, the previous announced 

boundary conditions are applied in order to simulate the conditions present in 

previous treated tribological systems. For this reason an inlet and respectively one 

outlet pressure (Pi = 110 MPa and Po = 109.99 MPa) are applied on both fluid 

boundaries as displayed on Figure 5.14. In addition, so called wall conditions need to 

be applied in the normal direction (z) so that the fluid cannot leave the domain from 

the side. A next case also needs to be taken into account, it refers to the leakage 

phenomenon (explained in 2.7.2) occurring when fluid-solid contact has not enough 

precision. In the present case the upper and lower fluid domain boundaries do not 

allow any leakage phenomenon. 

Vz = 0

Vx = 0

Pi

Po

Vy = 0

 

Figure 5.14: Boundary conditions applied to the fluid domain (Eulerian domain) 

In order to model an incompressible fluid flow, the coupled-eulerian-lagrangian (CEL) 

method needs at least having one void subdomain and one filled subdomain. 

According to this, Figure 5.14 shows how subdomains are defined in the present 

case: two void domains are present respectively on the top and on the bottom of the 

fluid subdomain.  

A major challenge consists in limiting the meshing refinement as low as possible and 

limiting at the same time leakage phenomena as solid and fluid meshes are not 

directly coupled. In addition, fluid pressure boundary conditions have not to be 

applied too close to the structures in order to avoid leakages and unrealistic solid 

deformations. 
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In this preliminary model, no thermal loads are taken into account, as well as no 

special contact formulation. A friction coefficient of 0.2 has been defined for the solid-

solid interaction but was then changed as explained in section 5.3.4. Material 

properties used in this academic model are the same than those used in the 3D 

model. 

5.3.3 Material Model 

Each part needs a material definition. Solid material properties that are listed in Table 

5.5 corresponding to an ideal elastic-plastic behavior. 

Table 5.5: Relevant solid properties 

Symbol Quantity Value 

Á Density 7800 kg/m3 

E Elastic modulus 210.109 Pa 

½ Poisson ratio 0.33 

Re Yield stress 700.106 Pa 

µe Yield strain 0.15 

Although journal bearing are made of mild materials, developed model assumes 

using a conventional A514 steel157 for both contacting solids. Its behavior is an 

elastic-plastic behavior and has been chosen because it has no special treatment, 

and has a well-known behavior. Typical strain-stress diagram is displayed on Figure 

5.15. Mixed lubrication model uses the same material properties for both contact 

solids, whereas dry running model uses different materials.  

                                            
157 ASTM (2012) 
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Figure 5.15: Strain-stress curve of the used steel (A514) 

After solid properties, fluid properties need to be defined according to the standards 

displayed in Table 5.3. Mineral oil “FVA1” is used during the development phase but 

further study will underline the influence of the oil parameters on the tribological 

behavior. This fluid is assumed to be incompressible and strictly Newtonian. 

Parameters required for the modeling are listed in the next table (see Table 5.6). 

Fluid viscosity is adapted by means of the Barus law and sound velocity is calculated 

by means of the work of Netherwood and Tauber.158 

Table 5.6: Adapted fluid properties 

Symbol Quantity Value 

Á Density 880 kg/m3 

∙  Dynamic viscosity 0.088 Pa.s 

c0 Sound velocity 2135 m/s 

“  Grüneisen ratio 0 

s Slope of the Us – Up curve 0 

hoil Convection coefficient  

in the oil 

5678 W/m²K 

hair Convection coefficient  

in the air 

28 W/m²K 

                                            
158 Netherwood / Tauber (1972) 
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Lubricant flow is supposed to stay laminar and no turbulences are taken into account. 

Additionally, no cavitation is modeled to simplify the modeling. Moreover, oil is 

assumed to be incompressible, this explains why Grüneisen ration and slope of the 

Us-Up curve is set to zero. Verification is done in chapter 6.4 by means of a CFD 

model in order to check the ability to reproduce the pressure field of this kind of 

contact by means of the CEL approach. In the following of material model definition, 

contacts are formulated between solid and fluid but also between both solids. 

5.3.4 Contact Definitions 

Contacts are modeled by means of the general contact algorithm present in FEA 

software Abaqus (Dassault Systems). This software allows several interaction types 

to be combined. Fluid-solid contacts are taken into account using the CEL method 

(see chap. 2.7.2). Fluid-solid interface is assumed to be a pure “no slip” contact, so 

that no relative displacement occurs between fluid and solid at their boundaries. This 

type of flow is also called Couette flow.  

Second interface – solid-solid contact – is modeled with two components: normal and 

tangential forces. Normal components are managed through hard contact conditions 

whereas tangential component is modeled by the Bowden-Tabor model (see. 2.4.2). 

The reasons for this are detailed in the diploma thesis from Savio,48 explaining that 

normal pressure is high enough so that normal adhesion component can be 

neglected. The implementation of the model bases on the principle displayed on 

Figure 5.16.  

Critical shear stress in model
with limit

equivalent
shear stress

µ (constant friction coefficient)

stick region

contact pressure
 

Figure 5.16: Calculation of the friction coefficient159 

                                            
159 Dassault-Simulia (2011b) 
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Main advantage in using this friction theory towards the use of conventional friction 

coefficients is that normal load is also taken into account in the calculation of friction 

coefficient. Nevertheless, instead of defining a friction coefficient, the user has to set 

a critical shear stress which is responsible for the sliding initiation.  

5.3.5 Model Extension into three Dimensions and Model 

Generation Process 

One limitation of the two dimensional model is the fact that for mixed lubrication, no 

flow is really taking place because the locations were solid-solid contact occurs break 

the fluid flow which implies a higher pressure between the asperities, as the fluid is 

blocked between them. As a consequence, investigations are extended into three 

dimensions in order to take into account real three dimensional topographies. For 

that, the same boundary conditions as for the two dimensional model are applied.  

Once used rough solids are generated, 3D-model is developed using an automatized 

python program. It aims at controlling whole process, from rough surfaces importation 

up to application of boundary conditions and input file generation (see Figure 5.17). 

Main reason to automatize this process is to avoid errors and reduce modeling time 

as modeling process requires lot of time. 
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Figure 5.17: Model generation process 
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Modeling process is separated into three main phases: geometry processing, 

physical boundary conditions and numerical setup. This step consists in importing 

IGES geometry files generated with Matlab scripts into finite element software. To 

build a complete model, imported body is duplicated to build a complete model 

composed of two contacting bodies. Then the duplicated body needs to be positioned 

in order to setup different roughness orientations. Additionally, fluid part is generated, 

following procedure of Figure 5.18. This task consists in defining a volume where 

fluid is defined at initial state.  
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domain Fluid part 
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Figure 5.18: Building up of fluid domain 

This consists in intersecting the Eulerian domain and both rough bodies in order to 

generate the so called initial fluid topology. Once this part is created, a mapping of 

the fluid part is executed on Eulerian domain. This step corresponds to the material 

initialization necessary when using the CEL method. Last step consists in applying of 

the working boundary conditions. Total number of built models is 45, taking into 
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account two different machining types, three machining orientations and five different 

profiles from each machining type. 

• Physical boundary conditions 

In this part, material properties displayed in Table 5.5 and Table 5.6 are selected for 

both the solids and the lubricant. Further essential boundaries concern setup of fluid-

solid and solid-solid interactions managed through a fortran routine. Heat generation 

occurring in the contact is taken into account, in accordance with equation 2.48. 

Generated heat is considered to propagate equally into both solids. Load conditions 

are then applied for parameter variation: three different film thicknesses and three 

sliding velocities. Thermal loads are also implemented but not varied in the different 

studied models. Only convection phenomena are taken into account in modeling 

thermal exchange between lubricant and solid. Heat flux coming from air convection 

is also taken into account to simulate cooling of both bodies. Whole applied boundary 

conditions are summarized on Figure 5.19. Last step of the application of physical 

boundary conditions remains in configuring mesh and solving parameters.  

• Numerical setup 

This part consists in establishing mesh setup such as element type and length as 

well as the solver to be used. CEL imposes the use of explicit solving scheme as it 

was foreseen for modeling of high non-linear problems, which is also the case here 

(high contact non-linearity due to the opening and closing). Consequently, only 

quadratic tetrahedrons or linear tetrahedrons are available for solving. An essential 

limitation of explicit solving concerns its dependence on element characteristic 

length. When element lengths are too small, critical increment size is too small, this 

finally leads to huge CPU time. In present case, characteristic length is of 4 µm for 

solids and 2.5 µm for fluid mesh meshed with specific hexahedrons (only eulerian 

element available). Figure 5.19 shows how the three dimensional model is built up 

using three of the presented 5.1.1: grinded and turned surfaces. 

Whole investigation is achieved by using a four step process in order to optimize the 

overall CPU efficiency: 

• Load application 

• Load stabilization 

• Application of the relative motion 

• Quasi-static regime for the parameter variation 

Next subsection concerns the development of the dry friction model, which is less 

complex than the lubricated one and which uses the same modeling approach. This 

dry model was mainly developed to validate the solid-solid contact model for the 
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lubricated model but also to establish boundary condition for a further macroscopic 

model. This dry model offers the possibility to be compared with information resulting 

from real experimentations of ball-on-disc tribometer developed in next chapter. 
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Figure 5.19: Three dimensional model 

5.4 Microscopic Model of Dry Friction 
A part of present work consists in analyzing impact of roughness on friction behavior 

of dry running systems. This case considers four machining types: grinding, milling, 

lapping and turning. Model was essentially built by Savio based on the lubricated 

model as showed on Figure 5.20. 

Motivation for this model is to check if Bowden and Tabor theory used to model solid-

solid contact is precise enough or if more details need to be taken into account. It is 

also used to set boundary condition in form of friction coefficients for a further 

macroscopic model exposed in chapter 8. The motivation of that is to show the 
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importance of establishing preliminarily a frictional law at lower scales that can be 

used in real systems. This avoids a lot of approximations when using arbitrary 

random friction coefficients. 
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Figure 5.20: Dry running model with boundary conditions 

 

To build this model up, materials and geometries need to be as simple as possible in 

order to master attempted tribological phenomena. As for lubricated model, three 

different orientations are used for the dry running model, as displayed on Figure 5.21. 

Translation Translation Translation

0˚ Orientation 90˚ Orientation 180˚ Orientation
 

Figure 5.21: Three model configurations 
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Boundary conditions applied to the model are following: 

• Sliding velocity applied on the bottom with v = 1m/s 

• bottom fixed on the ground 

• tangential contact interfaces managed by means of critical shear stress 

algorithm (critical shear stress calculated with yield strength technique) 

• normal contact managed by means of hard contact technique 

This model is used to verify the Bowden and Tabor criterion, a step done in next 

chapter where experimental results are compared to numerical simulation results.  

 





 

6 First Steps for the Micro-

Models Verification 

This chapter proposes a validation of the dry contact model and a numerical 

verification of the mixed lubrication model. The difference between verification and 

validation is following: verification consists in checking if the assumptions listed in 

chapter 4.3 are adapted or not. This task belongs to a usual model validation step. 

First part treats the convergence of dry running model (see chapter 5.4). This model 

is used both to evaluate accuracy of the Bowden and tabor model and to deliver 

results relevant for studies at the macroscopic scale. Additionally, this enables it also 

to determine mesh setup as well as geometry to be used to model solid-solid 

contacts on the microscopic scale. A second step gives a comparison between 

numerical calculations with experimental measurements, with a view to determine the 

deviation to be expected between model and experiment. 

Last step treats convergence of mixed lubrication model. Especially the applicability 

of mesh properties originally defined in the dry model and applied to the lubrication 

model is verified. Here only a numerical verification is possible. 

6.1 Demonstrator for Dry Running Model 
Dry running model combining two rough profiles was described in subsection 5.4. In 

order to minimize physical error, chemical inert materials are considered for the 

model validation: pairing is composed of an aluminum oxide sphere and a structured 

titan profile. Configuration is shown on Figure 6.1, on which a sphere of 30 mm is 

taken as indenter on the structured surface.  

To avoid stochastic roughness effects, structured profiles are used, leading to a ideal 

regular profile, as displayed on Figure 6.3. This enables it to have reproducible 

contact parings, as roughness has less impact when investigating such profiles. 

Surface machining is achieved as follows: a lapped surface is used on which laser 

generates a “structured” profile by means of interferometry technique. This leads for 

example to topographies in which maximal distance between a peak and a valley is 

of 1.31 µm. In the simulation used to establish a relationship between material 

properties and friction coefficient, computational time is the main limitation for 

following reasons: 
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• Low load induce low friction areas and so implies using small elements (a 

direct consequence is a huge number of DoF) 

• Low sliding velocities induce long investigation steps leading to huge transient 

simulations 

Titan profile

F = 1 mN

v = 1 mm/s

Saphir sphere

 

Figure 6.1: Experimental setup of dry friction model 

l = 40 µm l = 40 µm

R = 30mm h = 25 µm

v = 1 mm/s

 

Figure 6.2: Numerical dry friction model 
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To limit calculation time, the simulation model is reduced as displayed on Figure 6.2. 

An extract of the indenter is taken, whose radius is of 30 mm: 10° x 10° are used with 

a thickness of 25 µm. An extract of titan part is also kept small (40 µm x 40 µm x 

25 µm). Material parameters considered here are displayed in Table 6.1. 
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Figure 6.3: Titan profile 

 

Table 6.1: Material properties of the dry model 

Symbol Quantity 
Aluminum oxide 

(AL2O3) 

Titan (Ti-6Al-4V) 

Á Density 4000 kg/m3 4900 kg/m³ 

E Young coefficient 329.109 Pa 121,58.109 Pa 

½ Poisson coefficient 0.33 0,338 

Re yield stress 700.106 Pa 334.106 Pa 
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6.2 Convergence Verification and Validation of 
the Dry Running Model 

Convergence studies are first done to verify if equations are solved correctly and 

then to check if correct equations are solved. A validation is achieved by comparing 

numerical results to experimental results. Convergence study consists in varying 

mesh parameters to see if results are converging to a fixed value. First study 

investigates impact of the mesh on contact pressure whereas second investigation 

checks its influence on whole friction coefficient. The reason for that is that friction 

coefficient is the parameter used for the parameter study. 

6.2.1 Shear stress 

Mesh is varied here only in the contact zone, going from an element characteristic 

length of 0,75 µm up to 1,75 µm. Convergence study is displayed on Figure 6.4. 
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Figure 6.4: Impact of contact element size on maximal shear stress 

Analysis shows that maximal shear in the contact, which is according to Bowden and 

Tabor theory by circa 200 MPa, is not reached with a mesh refinement of 0,75 µm. 

Reached value are of 180 MPa and relatively near to the model with 1,00 µm as 

element refinement. When considering the finest mesh as reference, worse result 

reaches an error of 25,5 % for the roughest mesh which element size of 1,75 µm.  
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This error becomes important when analyzing precise contact behaviors and has a 

high impact especially for calculation of friction coefficient. Nevertheless, 

conventional convergence investigations are more complex for contact models, as 

pinball regions has also a huge importance on contact reaction force. The parameter 

of contact reaction force has not been modified in order not to interfere on results: 

normal contact was kept as “hard contact” all during investigations. 

6.2.2 Friction 
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Figure 6.5: Impact of mesh refinement on friction coefficient 

Defined friction behavior also takes into account also tangential component of the 

friction force. Mesh refinement shows that contact area can change. This has a direct 

impact on frictional shear that occur in the contact. Analyzing the evolution of the 

friction coefficient in function of mesh refinement, reveals that conventional 

convergence behavior in contact modeling is not observed. For friction coefficient 

studies, convergence is tested for the maximum contact pressure or friction 

coefficient directly and not the Von Mises stresses. As a consequence, the friction 

coefficient is displayed on Figure 6.5 where mesh refinement remains the same than 

on previous figure (see Figure 6.4). 

Usually, the trend related to the convergence behavior shows data which are 

converging to the final value calculated by the finest mesh as previously stated with 
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the shear stress. Such a clear trend can hardly be observed in contact modeling as it 

depends not only on the mesh but also on the contact tolerance (penetration depth 

occurring at the contact). The finest mesh shows here a stabilized behavior of friction 

coefficient over the sliding time. Nevertheless a dispersion of 50 % is observed 

between the finest and the three upcoming meshes. Once this numerical 

convergence is verified, validation is done with experimentations as displayed in next 

subsection. In this analysis no simple convergence can be observed, it can only be 

stated that lowest friction coefficient is reached with the finest mesh whereas the 

highest friction coefficient is observed for the coarsest mesh. This correlates with 

shear stress analysis which showed the highest stress value for the finest mesh and 

the lowest value for the coarsest. An explanation for present results resides in the 

Bowden and Tabor theory. Applied normal load initiates shear stress in the contact, 

which is facilitating sliding. This is explained as less tangential load is required to 

reach critical contact shear stress defined by the Bowden and Tabor theory until 

which sliding is initiated. On this account, friction coefficient is lower for the finest 

meshed model as maximal shear stress is also the highest observed from all mesh 

configurations. Considering mesh refinement, the one which offers the best 

compromise between CPU time and error corresponds to a contact element length of 

1 µm, as summarized in Table 6.2. In this table the finest model is taken as reference 

to calculate the error.  

Table 6.2: Comparison mesh refinement and CPU time 

Contact element size (µm) CPU Time (s) 

0,75 84811 

1,00 39229 

1,50 20453 

After an analysis of the non-lubricated model, the mixed lubrication model needs now 

to be verified. 

6.2.3 Validation of the Dry Running Model with the Ball-On-Disk 

Experiment 

In the framework of cooperation, the University of Saarland with the Institute of 

Material Sciences of Prof. Mücklich delivered experimental results of contacts 

between titan and Al2O3 materials with a view to validate the use for the Bowden and 

Tabor theory of both contact models (dry and lubricated models). 

The experimental test consists in taking the profile displayed in Figure 6.3 for the 

rotating titan (Ti-6Al-4V) disk. The setup displayed in Figure 6.1 consists in applying 



6.3 Convergence of the Mixed Lubrication Model 107 

a load of 1 mN on the Al2O3 ball and in measuring the friction occurring between the 

ball and the disk. Material parameters are those displayed in Table 6.1. When 

comparing both the simulations (see Figure 6.5) and the experimentations (see 

Figure 6.6), it was found that dispersion is much higher for experimental tests. 

Consequently, having a friction coefficient of circa 0.2 with the numerical models 

belongs to the interval of experimental measures. As a consequence, numerical 

model can be considered as valid. 
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Figure 6.6: Experimental results (ball-on-disk experiment)160  

6.3 Convergence of the Mixed Lubrication 
Model 

As this model is made of two meshes, present subsection has two parts dealing with 

impact of both meshes on the model convergence. 

6.3.1 Convergence Study on Fluid Mesh 

Fluid mesh modeled as eulerian part was displayed on Figure 5.18 and meshed with 

hexahedron elements. Three variants of mesh are considered here to investigate 

which impact element length have on normal load (see Figure 6.8): coarsest 

elements with a size of 4.5 µm, then 4.0 µm and then the finest one with 3.5 µm. In 

this analysis, reference solid elements have a length of 4 µm. 

                                            
160 Lorentz / Rosenkranz (2013) 
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Figure 6.7: Normal load in function of fluid mesh element size 

Analysis shows a significant impact of fluid element size on the dynamic load during 

first compression phase (between 0 and 0.5 µs). The smaller the element size is, the 

smaller the normal load is. This is due to a better accuracy in the contact between 

fluid and solid. When a fluid element is smaller, a higher number of elements are 

active in the contact. As a consequence, pressure repartition is better and fluid 

leakage occurs less frequently. This has a direct impact on the resultant forces which 

are comparable to “impulsions” or “shocks” when mesh is too coarse. 

An additional effect is the fluid pressure oscillations occurring during load phase: 

during the compression phase, when elements are too coarse, higher fluid volume 

leaves the domain. In combination with applied boundary conditions, the fluid is 

“refilled”. As a result, coarse elements induce more oscillations or higher oscillation 

amplitudes as shown on the diagram on Figure 6.7 in the second compression phase 

(0.5 until 1 µs). Main problems resulting from artifact are simulation interruptions 

calculation errors. 

Another major observation is that final load is not really impacted by the fluid mesh 

itself. An explanation to this is that final load concerns the step when both solids are 

in contact and so when fluid support has less impact than solid-solid contacts. As the 

fluid-solid contact is not the main focus of present investigation, an element size of 

3.5 µm was finally defined to be sufficient for the accuracy (fluid friction represents 
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less than 10% of the overall friction coefficient). After fluid mesh convergence 

studies, solid mesh is set under investigation. 

6.3.2 Impact of Solid Element Size on Normal Load 

In this investigation, four element lengths are used for tetrahedrons present at the 

contact interface: 3.5, 4.0, 4.5 and 5.0 µm. Figure 6.8 displays the impact of solid 

elements on the normal load.  
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Figure 6.8: Normal load in function of solid element size 

Convergence study shows that solid elements have a low impact on the normal load. 

All results are within a window of 5 % around final average load. Figure 6.9 zooms on 

the final load phase and shows the impact of element size on the normal load.  

As already observed for the dry model, the finest meshes lead to highest loads 

whereas both coarsest lead to the lowest normal forces. Moreover, deviations are 

here low, enabling it to take as refinement the coarsest one (50 µm). Unfortunately, 

this case leads to fluid leakages into the solids and so to unrealistic solid 

deformations. This is also the case for the 45 and 40 µm ones. As a consequence, a 

refinement of 3.5 µm needs to be used. For the normal load, mainly due to solid-solid 

contact, this has no impact as the oscillations observed for the coarsest model are 

reaching 2.5 % of the final value.  
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Figure 6.9: Focus on final contact load 

After convergence analyses, a numerical validation of the fluid flow is made between 

CEL and CFD in order to check if used investigation time does not lead to unrealistic 

results. 

6.4 Comparison of CFD and CEL for Full 
Hydrodynamic Conditions 

For comparison, a hydrodynamic model has been built and is based on CFD code 

ANSYS Multiphysics itself using FVM. This model considers rigid interfaces, also 

boundary conditions remain the same as those presented in Figure 5.19. Basically, 

the fluid part exposed in section 5.3.4 is used here for the fluid part displayed on 

Figure 6.10. 
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v = 1m/s

Pi = 110MPa

Po = 109,99 MPa

 

Figure 6.10: Fluid part with boundary conditions used for the CFD model 

 

(TPa)

 

 

 

Figure 6.11: Comparison of both contact pressures:  

FEM (top) in TPa and CFD (bottom) in Pa 



6 First Steps for the Micro-Models Verification 112 

Lubricated FE-model is a dynamic model, however working condition are chosen to 

reproduce a quasi-static regime with a constant sliding velocity. As a consequence, 

CFD investigation is a static simulation used to generate a similar quasi-static flow.  

Comparative results displayed on Figure 6.11 show a relative small deviation of the 

pressure field between both solving methods. Negative pressure occurs in the 

dynamic FE-model on the whole contour where fluid-solid contacts take place. This 

effect is due to the local contact where small low negligible leakage phenomena are 

occurring. In both cases pressure field varies from 100 to 120 MPa in the whole 

domain. 

This comparison attests that the FEM can be used to model fluid flow in mixed 

lubrication models instead of using a conventional CFD method. Advantage of first 

method towards the second one in modeling mixed lubrication has been argued in 

section 2.7. 

Next comparison concerns hydrodynamic friction: both models have an average 

lubricant film thickness of 5.8 µm, a sliding velocity of 1 m/s and same inlet resp. 

outlet pressures. When comparing both methods, CEL and CFD, normal load is the 

same (less than 1% difference) whereas tangential force issuing from the wall shear 

has 50 % deviation when taking the CFD model as reference. A plausible cause of 

this problem resides probably in the no slip condition which is not accurate with the 

CEL method as solid and fluid meshes are not directly coupled. This lack of accuracy 

impacts the resulting hydrodynamic friction coefficient. In present work, this will not 

affect highly the resulting calculated friction coefficient as hydrodynamic part takes 

only a low part (see section 7.3). 

6.5 Impact of the Boundary Conditions 
In order to get acceptable CPU time, different boundary conditions are applied. 

These are mainly boundary pressures resulting from analytical models of 

macroscopic systems. Then comes the time during which normal load is initiated and 

finally the solid height contributing to both computing time and model accuracy. 

6.5.1 Pressure 

As the mixed lubrication model is a dynamic model, pressure need to be built up in a 

first phase. To achieve this, different solutions are available: 
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• Pressure build up through sliding velocity and conventional no-slip condition (so 

called wedge effect) 

• Building up the pressure by means of an initial fluid flow induced by fluid 

velocity field  

• Defining initially the lubricant film between both solids and applying a pressure 

gradient on both sides in combination with the normal load 

Among all three solutions, first one is the most used and accurate one, CPU time 

would be too high to use this method. On this account, the second one could be used 

but is also not adapted as the fluid velocity is highly tangential to solids at some 

places and leads then to too important leakage effects. As a result, only the last 

solution remains realistic as the pressure build up is realized in combining normal 

load to application of the boundary pressure (see 5.3.5). 

Two tasks have to be executed when verifying the impact of applied pressure 

boundary conditions on friction. The approach consists in keeping the pressure 

gradient constant and varying maximal pressure. On the other hand, the impact of 

pressure gradient needs to be investigated in keeping maximal pressure constant. 

These verifications were realized with the model composed of turned surfaces, with 

parallel machining direction and sliding velocity of 1 m/s. Configuration noted as 

“reference” in next diagrams has following properties: 

• Average film thickness is here of 2,8 µm. 

• Viscosity: 0,588 Pa/s 

• Ra: 0,901 µm 

• Sliding Velocity: 1 m/s 

• PInlet: 110 MPa 

• POutlet: 109,9 MPa 

First results showing the impact of the inlet pressure on the friction are displayed on 

Figure 6.12. Each model has the same pressure gradient and the trend shows 

increasing friction coefficient when overall fluid pressure decreases. This 

phenomenon is due to the overall load which is mainly supported by the lubricant 

when boundary pressures are higher. 
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Figure 6.12: Impact of the inlet pressure on the friction coefficient 

Boundary pressure has a high impact on friction. This is explained by its impact on 

local asperity pressure. For high pressures such as those applied in the reference 

model, fluid pressure induces higher asperity deformations as for both other models. 

As a consequence, contact shear induced by to contact pressure is more important 

for high fluid pressures. Additionally, less shear forces are necessary to initiate a 

sliding. This explains why a lower friction force and so a lower friction coefficient is 

observed for higher fluid pressures in Figure 6.12. Such observations underline the 

fact that the detection of mixed lubrication cannot be limited to the measurement of 

friction coefficients between two surfaces. 

Next figure shows which impact pressure gradient has on friction. In this case, inlet 

pressure was kept to 110 MPa. As in preceding test pressure gradient has been kept 

on 0.1 MPa for the reference model. Pressure gradient is varied from 0.1 until 

100 MPa (see Figure 6.13).  
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Figure 6.13: Impact of applied boundary pressure gradient on friction 

Trend observed for pressure gradient investigation shows a similar trend as for the 

conventional pressure investigation. This phenomenon is governed partially by the 

minimal pressure: if this minimal pressure is low, friction force necessary to initiate a 

sliding is high. Nevertheless, this trend is not as important as in previous analysis as 

minimal pressure is kept constant. Observed phenomenon is mainly governed by 

average pressure: when the pressure gradient ” P is equal to 100 MPa, the friction 

coefficient is only half as high as when PInlet is of 11 MPa in Figure 6.11. 

A further parameter that cannot be visualized on last both diagrams is that low 

pressure gradients combine to high pressures decrease pressure build up phase. 

This phase is described and analyzed in next subsection. 

6.5.2 Loading Velocity 

Described in chapter 5.3.5, whole process requires phase in which fluid pressure is 

built up. Three loading velocities were chosen for the analysis, displayed on Figure 

6.14. Loading time has a range going from 1 µs for the reference model (having the 

same properties than previous reference model) up to 2 µs. 
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Figure 6.14: Impact of the load velocity on friction 

Present analysis underlines that impact of pressure built up velocity is not high 

enough to influence the calculated friction coefficients once the model is in a quasi-

static condition. That means that the time used to stabilize the contacts pressure is 

high enough. A further parameter likely to influence the results is the height of the 

model. This parameter is further explained in next part. 

6.5.3 Model Height 

This parameter remains important as it impacts directly the boundary conditions. If 

applied loads are too close to the contact zone, contact stresses can be higher than 

the real ones. On this account, height variation has been done to check the condition 

of maximal height for which the von Mises stresses are not present on the location 

where load application takes place (see Figure 6.15). 

Diagram shows that a convergence is present for 85-100 µm, a region where stress 

is half as high as when height is set to 30 µm (60 MPa instead of 110 MPa). 
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Figure 6.15: Von Mises stress in function of the body height 

6.6 Summary 
The dry friction numerical model has been verified. For that purpose, the 

convergence behavior of the model has been studied by means of several analyses. 

After this successful investigation, a validation of the dry running model has been 

achieved. Comparison of the numerical dry friction model with real ball-on-disk 

experiments has been done to validate the results. This step showed that 

experimental results can deliver results where interpretation remains complex 

because of their dispersion. Nevertheless, it led on the validation of the Bowden and 

Tabor contact model which is accurate enough for the present studies.  

Next point concerned the convergence abilities of lubricated model showing that 

loads were lightly impacted by the selected mesh refinement (see 0). This analysis 

was completed with a successful numerical validation of the lubricated model. This 

consisted in comparing it with a similar hydrodynamic model built in CFD (see 

section 6.3).  

Then, the impact of boundary conditions on the calculated results was verified. 

Different investigations showed, that these boundaries had no or only a small 

influence on relevant results.  
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An experimental validation of the lubricated model is impossible yet with pin-on-disk 

facilities. The difficulty resides in the application of boundary conditions present in 

studied tribological systems that cannot be applied on such facilities for microscopic 

contacts. After validation and verification activities, both models are utilized to 

perform parametrical study: 

• Fluid properties 

• Thermal properties 

• Operating conditions (load and velocity) 

• Roughness 

 



 

7 Results and Investigations on 

the Micro Scale for Lubricated 

Conditions 

Different parameter variations are carried out at the microscopic scale to analyze 

which impact these parameters have on friction. First parameters are physical 

parameters characterizing fluid and solid whereas last parameters concerns 

topography properties. Present chapter considers only the lubricated microscopic 

model. Results of the dry running model are published in the master thesis from 

Savio48 who showed the impact of machining direction and roughness on the friction 

coefficient. 

7.1 Influence of the Fluid Viscosity on the 
Friction Behavior 
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Figure 7.1: Impact of the viscosity on friction coefficient in present model 
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Fluid properties can highly interfere with friction behavior. Depending on how the 

lubrication regime is behaving. Fluid viscosity plays an essential role in case of full 

hydrodynamic conditions. On the other hand, when solid-solid interface is occurring, 

solid friction takes the main part of friction forces. This section aims at investigating 

influence of lubricant viscosity ·  on friction behavior displayed in Figure 7.1. 

Reference model is the same reference model as in section 6.3. 

Average pressure occurring in simulated contacts can vary between 80 MPa and 

1 GPa. Following the theory of piezo-viscosity, viscosity used in present models, was 

from 0.088 Pa.s is then in reality of 0.588 Pa.s and so nearly of a factor 10 higher 

when pressure goes up to 300 MPa. On this account different pressures were 

calculated with factors 10 and 100 smaller in order to check the impact of such 

viscosity differences and to remain in the real range of pressure to be expected. 

Results displayed on Figure 7.1 show a significant difference between the reference 

model and the non-actualized viscosity. Friction coefficient is half as low for the 

model with actualized viscosity (reference) than the model having a viscosity of 

0.0588 Pa.s. Temperature impact on viscosity is also taken under investigation. Due 

to the short investigation time, oil temperature does not increase highly. Average 

temperature increases observed in subsection 7.4.3 are between 20 and 100°C with 

initial temperature is of 25°C. This corresponds to a viscosity increase of a factor 

three, in this case, less than for the pressure impact. Viscosity is then adapted for an 

average temperature of 65°C and average pressure of 300 MPa. 

7.2 Impact of Solid Properties on Friction 
Two main parameters are observed here with regard to their influence on friction: 

plasticity and elasticity. Plasticity is taken into account in the solid models as well as 

friction parameters. Additionally, these material properties are considered here 

temperature dependent in order to verify the temperature impact on friction. First part 

of this section treats impact of temperature on both the elasticity and yield strength 

on friction behavior. Second part evaluates the importance of taking a real elastic-

plastic model instead of an ideal elastic-plastic model. 

7.2.1 Impact of Temperature on Solid Properties and Friction 

Coefficients 

Conventional construction steel A537 is studied here, characterized by Rothman and 

Maykluth.161 A set of four models has been calculated in which reference case uses 

neither thermal dependent plasticity nor thermal dependent elasticity: 

                                            
161 Maykuth (1981) / Rothman (1988) 
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• Reference: temperature has no impact on material properties 

• Only elastic modulus is temperature dependent 

• Only plasticity is temperature dependent (not the critical shear stress) 

• Each parameter is temperature dependent (even critical shear stress) 

The whole analysis of these models is displayed on Figure 7.2. 
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Figure 7.2: Impact of temperature on the friction coefficient  

in non-lubricated conditions 

Results displayed in Figure 7.2 shows a huge difference between models that have 

no temperature dependent critical shear stress and the others. Taking a temperature 

dependent elastic modulus has also a higher impact than taking only the plastic 

stresses temperature dependent. A discussion of these results is proposed at the 

end of this subsection. 

7.2.2 Impact of Elastic Modulus and Yield Strength on Friction 

In the study shown on Figure 7.3 only elastic deformations are defined for solid 

properties. Friction criterion (critical shear stress) is kept constant like in previous 

models based on critical shear stress theory. The diagram represents a comparison 

between two models (Young modulus temperature dependent) and the reference 

which is temperature independent. Both material models investigated here are on 
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mechanical properties of steel A537 and Ti-6Al-4V having an elastic modulus of 198 

and 115 GPa respectively. Both models have a strict elastic behavior (temperature 

independent). 
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Figure 7.3: Impact of elastic modulus on friction coefficient 

Results demonstrate as expected that a strict elastic model is insufficient to model 

friction behavior on the microscopic scale as resulting normal loads are much higher 

than for the reference model considering plastic deformations. These high loads are 

then impacting much more contact shear stress and finally lead to lower friction 

coefficients. 

The friction force, can be broken down into three main components: interaction 

forces (Bowden and Tabor shear), elastic and plastic forces. First component can be 

calculated by an integration of shear stress over the solid-solid contact area. 

Numerically, this consists in averaging shear stresses occurring at nodes which are 

in solid-solid contact and multiply it with solid-solid contact area.  

Friction forces are composed of different forces: elastic forces, plastic forces and 

adhesion forces and lubricant shear forces. Plastic deformations induce a change in 

contact area. On this account their calculation cannot be simplified as the resulting 

contact shear is directly dependent from the contact area. Higher friction observed 

when taking into account plasticity is coming from the resulting deformations. When 

only elasticity is taken into account, local pressure increases much more as no 
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maximal stress has been defined. This results locally to high stress concentrations 

and so to a higher local shear stress. As a consequence, critical shear stress used as 

sliding criterion in the Bowden and Tabor theory is met much earlier in strict elastic 

model than when also plasticity is taken into account. As a consequence, the friction 

coefficient is smaller for strict elastic models than for models possessing an elastic-

plastic material model. This effect can also be correlated with the changes occurring 

in real solid-solid contact area which is quite smaller in case of use of pure elastic 

material models, as displayed on Figure 7.4. For a given normal force, friction 

increases proportionally to contact area. Contact area is calculated considering the 

following criterion: the nodes of both surfaces are separated by less than 1 nm then 

the contact is considered to be closed. 

Contact area is calculated as follows: overall surface is of 19133.6 µm² and 

corresponding to a total number of 19881 nodes set as 141x141. As a consequence, 

each node represents a surface of 0,96 µm². 
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Figure 7.4: Solid-solid contact area ratios of thermal tests 

There is no need to do an analysis with different yield strengths as the strict elastic 

models can be considered as having infinite yield strength. Nevertheless, critical 

shear stress is kept constant (tangential contact property) for the elastic trials and 

each of investigated 4 material models also are kept different as proposed in 

section 7.2.1.  

This part underlines the fact that the plasticity must be taken into account in 

microscopic tribological analyses. Additionally, in combination with the results 

displayed in Figure 7.2 temperature impact on material properties has to be taken 

into account in future analyses. The reason for that is related to contact pressures 

are so high that heat generation impact material properties. After thermal 

investigations, focus is set on impact of normal load and velocity on friction behavior. 
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7.3 Impact of Loads and Sliding Velocity 
Applied on the Friction Coefficient 

Loads and sliding velocity are both boundary conditions which are expected to have 

a direct impact on the friction coefficient. The load impacts the solid-solid contact 

shear whereas the velocity impacts fluid shear. Both conditions are taken under 

investigation in present section. 

7.3.1 Normal Load 

Present load conditions are applied for turned rough surfaces, and machining 

directions which are parallel to the sliding velocity (0° configuration, see Figure 5.21). 

Parameter variations are summarized in the next table. 

Table 7.1: Model setup 

Machining Turning 

Film thickness 5.8, 4.3, 2.8 and 1.3 µm 

Sliding velocity 1, 2 and 3 m/s 

Average roughness 0.800, 0.816, 0.820, 0.833, 0.900 µm 

Machining configuration 0° 

Trials are done with one defined velocity, roughness, machining type and direction. 

The result is displayed in Figure 7.5 illustrating friction coefficient in function of 

average pressure.  

Evolution of friction coefficient is visible on Figure 7.5 and studied in function of 

contact pressures calculated during the constant sliding phase for a set of different 

film thicknesses. 

Configurations in which 4.3 resp. 5.8 µm average film thickness are defined, 

represents a fully hydrodynamic regime. In this case, a very low dispersion is 

observed. Transition between mixed and hydrodynamic regime is present between 

4.3 and 2.8 µm as average lubricant film thickness. Once solid-solid contact occurs, 

dispersion of friction coefficient and contact pressure during the sliding becomes 

higher. 
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Figure 7.5: Example of impact of film thickness on friction coefficient and  

load (sliding velocity of 2 m/s and Ra of 0.800 µm) 
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Figure 7.6: Impact of the average normal pressure on friction  

for five different rough surfaces 
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After averaging friction coefficients of five rough profiles for each for each of the four 

film thicknesses chosen, a diagram can be displayed in Figure 7.6 gives an overview 

of the friction coefficient in function of roughness and pressure. For this 

measurement, sliding velocity is set to 2 m/s. 

Each of the five calculated profiles displays a similar behavior with a transition 

between hydrodynamic and mixed lubrication appearing nearly to an average 

pressure of 200 MPa. Highest friction coefficient is reached for the lowest average 

roughness profile whereas the lowest friction coefficient is reached with the profile 

having the highest roughness. This firstly confirms that the average roughness 

cannot be used to deliver a fixed tribological behavior. A hypothesis can be made 

that high roughness leads to smaller contact areas leading directly to high local 

contact pressures on the contrary to profiles with a low Ra. This thesis has to be 

verified in subsection 7.4. 

7.3.2 Sliding Velocity 

After different load simulations, three sliding velocities are selected to check their 

impact on friction under mixed lubrication conditions: 1, 2 and 3 m/s. Material 

properties are defined here as isothermal, so solid-solid friction is not impacted by 

the sliding velocity. Nevertheless, when both solids are running in a strictly 

hydrodynamic condition, a higher sliding velocity should lead to higher friction 

coefficients (in general but especially for Newtonian fluids that have a linear 

relationship between shear rate and velocity). Next diagram (see Figure 7.7) displays 

an example of a hydrodynamic regime of turned solids with an average lubricant film 

thickness of 5.8 µm. 

Among the 200 calculated data points of the simulated models exhibit one point from 

200 completely out of range from all other calculated points. Results displayed in last 

diagram are in accordance with the hydrodynamic theory. The behavior 

corresponding to the outer points is due to local leakage phenomena but does not 

have any consequences on whole analysis. In case of solid contact, this effect is not 

expected to have as much impact as for hydrodynamic conditions (see Figure 7.8) 

where average lubricant film thickness is of 2.8 µm. 
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Figure 7.7: Turned surfaces running in hydrodynamic conditions (Ra = 0,800 µm) 
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Figure 7.8: Impact of the velocity on mixed lubrication regime (Ra = 0,800 µm) 
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According to the prediction form simulation, sliding velocity has neither impact on 

friction nor on average contact pressure. Corresponding solid-solid contact areas are 

calculated they represent the area for which film thickness is less than 6 nm (Table 

7.2). 

Table 7.2: Contact areas and corresponding ideal tangential force 

Variable 
Solid-Solid 

area [µm²] 

Corresponding 

tangential force 

[µN] 

Overall 

tangential force 

[µN] 

% of solid-

solid friction 

[%] 

Velocity 

1 m/s 
651.84 0.263 0.3127 84.1 

Velocity 

2 m/s 
605.76 0.245 0.3005 81.5 

Velocity 

3 m/s 
570.24 0.230 0.2978 77.2 

Corresponding tangential force displayed in Table 7.2 is calculated by multiplying 

solid-solid contact area with critical shear stress. For all three velocities, part of solid 

friction represents more around 80 % of the overall friction. With an increasing 

velocity, friction area decreases as the configuration is in a contact opening phase for 

each of the three velocities. As a consequence, contact status is not the same for 

each measurement. Opening phase is reached when the sliding velocity becomes 

faster. Trend observed for this present profile (Ra=0,800 µm) is also taking place for 

the other profiles. After investigating impact of working conditions: investigation of the 

machining impact on friction behavior is exposed in the coming section. 

7.4 Influence of the Surface Machining 
In addition to boundary conditions, influence of geometrical parameters on friction 

behavior has to be analyzed in order to check the impact machining conditions on the 

friction behavior as well as on the finale topography. 

7.4.1 Impact of Machining Type 

Results are displayed here for two rough profile types: turned and grinded surfaces. 

Operating conditions are the same for both surface topographies. Next graph (see 
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Figure 7.9) compares grinded and turned surfaces in full hydrodynamic conditions 

(film thickness of 5.8 µm) and minimal film thickness of 1.3 µm. 
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Figure 7.9: Comparison between turned and grinded surfaces running in 

hydrodynamic and mixed lubrication regimes (0° configuration) 
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Figure 7.10: Comparison of the friction between grinded and turned surfaces in 

hydrodynamic and mixed lubrication regimes for the 90° configuration 
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Each test was achieved with a sliding of 1 m/s. Sliding direction was taken here 

perpendicular to both profiles. Test shows a lower friction coefficient for the grinded 

surfaces in both hydrodynamic and mixed lubrication conditions. In comparison with 

next diagram (Figure 7.10) where profiles have a 90° configuration (see Figure 5.21), 

friction is lower (only for 1.3 µm). This is explained as solid-solid contact pressure is 

lower in the second configuration, which thus induces a lower contact shear. 

For both machining directions when solids are under full hydrodynamic conditions, 

turned surfaces induce higher friction coefficients than grinded surfaces. This is 

explained by the presence of larger valley leading to higher fluid shear forces. On the 

other hand, when mixed lubrication condition is met, differences between turning and 

grinding become more complex: in the case presented on Figure 7.10, turned 

surfaces offer lower friction than grinded surfaces. Solid-solid contact for grinded 

surfaces is of 70,1 µm² whereas solid-solid contact area is of 141,9 µm² for turned 

surfaces. Differences observed between pressure fields of grinded (Figure 7.11) and 

turned surfaces (Figure 7.12) confirms why friction coefficients are comparable for 

both trials: on the one hand, contact pressures are low what is also observed for the 

solid-solid contact area. On the other hand, high pressures are combined with a 

larger contact area. Additionally, for a same average lubricant film thickness, contact 

zone is significanlty different, extreme peaks are higher for turned surfaces than for 

grinded surfaces. This trend is confirmed when analyzing film thickness profile for 

both machining types (Figure 7.13 and Figure 7.14). 

 

Figure 7.11: Pressure field for grinded profile in the 90° configuration (Ra = 0.365 µm) 
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Figure 7.12: Pressure field for turned profile in the 90° configuration (Ra = 0.833 µm) 

 

Figure 7.13: Lubricant film thickness for grinded profile in the 90° configuration 

(Ra = 0.365 µm) 
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Figure 7.14: Lubricant film thickness for turned profile in the 90° configuration 

(Ra = 0.833 µm) 

Such effects show that an easy correlation between roughness and contact pressure 

is non-intuitive. Knowing the solid-solid contact area enables it, in combination with 

contact pressure information, to explain of occurring tribological phenomena. Present 

investigation done for two different machining directions is deepened in next 

subsection. 

7.4.2 Machining Directions 

In this section, diagrams are representing friction coefficient in function of the 

average contact pressure. To achieve what, friction coefficients established for a 

whole sliding phase are averaged to get only one mean value for a given lubricant 

film thickness. First diagram presented on Figure 7.15 displays an averaged friction 

coefficient. This is itself an average value of five experimentally tested identical 

machined profiles. Although these are machined with the same process and 

parameters, they do not have exactly the same topography. Next tests display the 

friction coefficient in function of the average contact pressure for three different 

machining directions all corresponding to turned surfaces. 
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Figure 7.15: Friction coefficient in function of  

average contact pressure for turned surfaces 

 

 

For turned surfaces, the friction coefficient begins with a hydrodynamic regime and 

changes into a mixed lubrication regime. Once a maximal value of friction coefficient 

is reached, friction decreases when the normal load continues to increase, this 

corresponds to a phenomenon described with the Bowden and Tabor theory and 

detailed previously. Comparison between parallel (0° and 180°) and perpendicular 

profiles shows that for same average pressure, friction coefficient is behaving totally 

differently. This is due to totally different contact surfaces inducing totally different 

contact behaviors (compare Figure 7.12 and Figure 7.17).  

The same diagram has been generated for grinded surfaces, where the observed 

trend looks similar: friction coefficient increases when evolving from a full 

hydrodynamic regime to mixed lubrication (see Figure 7.16). 
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Figure 7.16: Friction coefficient in function of average contact pressure  

for grinded surfaces 

First part observed for turned surface (transition between hydrodynamic and mixed 

lubrication) is also observed for grinded surfaces. Nevertheless, a main difference is 

observed for grinding: for tested lubricant film thicknesses, solid-solid contact takes a 

smaller part than for turned surfaces. As a consequence, friction coefficient is also 

smaller for grinded surfaces as in mixed lubrication regime, solid-solid contact is 

smaller same average film thicknesses. 

When comparing both profile types, trend shows that machining combined to the fluid 

film thickness has a high impact on the friction coefficient. Friction coefficient is 

globally minimal for perpendicular machining configuration (90°). This is the case for 

grinded and turned surfaces. This results from lower solid-solid contact areas – for 

perpendicular configurations – although maximal pressures are nearly the same. 

Then, when comparing both parallel machining directions (0 and 180°), friction 

coefficient is higher when the sliding direction is parallel to the machining direction. 

This is due to the ratio solid-solid contact area vs average load. For a given 0° 

configuration, local pressure is higher than for the 180° configuration. In this last 

configuration, the lubricant can leave easily solid cavities whereas for the other 

configuration, it initiate a higher local pressure implying also a lower friction forces. 

These lower friction forces are explained by the fact that the critical shear which is 

reached faster when pressures are higher. This hypothesis is confirmed in next 

figures representing both pressure fields for grinded surfaces (see Figure 7.17 and 

Figure 7.18). 
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Figure 7.17: Pressure profile for grinded pairing (0° configuration and Ra = 0.800 µm) 

 

Figure 7.18: Pressure in the grinded pairing (180° configuration and Ra = 0.800 µm) 
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Another parameter gives an indication on frictional behavior between solids: contact 

temperature. Heat generation is displayed in next subsection in order to see which 

temperature gradient and rising velocity can be reached in such contacts. 

7.4.3 Impact of Roughness on Contact Temperature 

For all tests performed, temperature is displayed in the last sliding frame of the 

calculation. It is expected that, contact temperatures are the highest for the lowest oil 

film thickness configurations and for the configurations where local pressures are the 

highest. Next figures plot temperature profiles observed in average, minimal and 

maximal temperature for turned and grinded surfaces in all three configurations. 

 

Figure 7.19: Contact temperature profile for turned surfaces (configuration 0°, film 

thickness = 1,3 µm and Ra = 0.800 µm) 

Investigations done with different machining directions and minimal oil film thickness 

show some influences but no direct relationship between contact temperature and 

average roughness is existing. A summary of these investigations are displayed in 

next figures (see Figure 7.21, Figure 7.22 and Figure 7.23). 
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Figure 7.20: Contact temperature profile for grinded surfaces  

(configuration 180°, film thickness = 1.3 µm and Ra = 0.800 µm) 
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Figure 7.21: Contact temperature for five calculated turned surfaces  

(0° configuration and 1.3 µm lubricant film thickness) 
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Figure 7.22: Contact temperature for five calculated turned surfaces  

(90° configuration and 1.3 µm lubricant film thickness) 
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Figure 7.23: Contact temperature for five calculated turned surfaces  

(180° configuration and 1.3 µm lubricant film thickness) 
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7.5 Classification of the Most Influencing 
Parameters 

Previous parameters need to be classified in order to know which one has the most 

influence on friction. These investigations provide relationships existing between 

varied parameters and friction coefficients. Present subsection is composed of two 

parts, impact of roughness parameters (topography) on friction and impact of working 

conditions (loads and sliding velocity) on friction. 

7.5.1 Classification of Roughness Parameters on Friction 

This part compares different impacts of interacting parameters on following 

parameters: 

• Min, max and mean Friction coefficient 

• Min, max and mean contact temperature 

• Min, max and mean contact pressure 

• Min, max and mean real lubricant film thickness 

Interacting parameters are listed as follows: 

• Rp, Rv, Ra, Rq, Rt Sk and K are kept constant 

• Sliding velocities 

• Normal load (theoretical lubricant film thickness) 

• Machining direction 

To reach this objective, a full automatized post processing tool was developed with 

the software MATLAB in order to deliver a result file containing a summary of 

relevant parameters (see Figure 7.24). 
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Figure 7.24: Post processing process 

The use of past tool focuses here on the identification of influencing interacting 

parameters for the analysis of the friction behavior. After getting the output data, an 

interaction analysis is performed to firstly see which of cited roughness parameters 

have the most impact on friction under different lubrication conditions (see Figure 

7.25). In this diagram, roughness parameters are normalized with their respective 

maximum value according to next operation: 

( )Xi
Xi

Xinorm max
=  (7.1) 

in order to compare each parameter (noted here Xi) equally for giving an overview of 

the sensitivity of each parameter. Ten samples were chosen, five grinded and five 

turned ones and only the sliding velocity was taken as constant (1 m/s).  
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Figure 7.25: Influence of different roughness parameters on friction coefficient  

(each roughness parameter is normalized) 

Results displayed in Figure 7.25 shows that for rising values of tested parameters is 

increasing, friction coefficient increases too. Statistic regroups both the hydrodynamic 

and mixed lubrication conditions and main trend is in accordance with the theory: 
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• in hydrodynamic conditions, main factor impacting on friction force should be 

the maximal peak height (Rp) as it limits minimal lubricant film thickness. This 

hypothesis is verified in the diagram in which Rp factor shows the most 

significant influence on the friction coefficient (when varying from only 50 % 

friction increases from 200 %) 

• in mixed lubrication conditions, higher roughness leads to higher solid-solid 

contact areas and so higher friction coefficients 

According to diagram of Figure 7.25, Rp value is the most impacting roughness 

factor, followed directly by Rt. Then come Rv which is the valley depth and has no 

real impact on solid-solid contact, Ra and Rq, average and quadratic roughnesses is 

not sufficient and less important than Rp to characterize the tribologic behavior of a 

lubricated contact. This analysis is completed with the coming study examining the 

effect surface kurtosis and skewness on friction (see Figure 7.26). 
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Figure 7.26: Friction coefficient in function of surface Skewness and Kurtosis 

A skewness of 0 means Gaussian dispersion, a negative one means that there are 

more “plateaux” than valleys in the profile, whereas a positive skewness means the 

contrary. No explicit trend can be concluded from of last diagram, except that a 

Gaussian repartition leads to a friction maximisation.  
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Moreover, kurtosis shows a clear impact on friction. Friction is higher for low kurtosis 

values whereas low friction rates are reached when kurtosis is near to 5. High 

kurtosis means also low standard deviation and so relative regular profiles. This last 

point is typically a characteristic of grinded surfaces having in present case a lower 

friction coefficient for given film thicknesses, which explains why low kurtosis leads 

here to lower friction coefficients. High kurtosis leads to lower solid-solid contact area 

and so to lower friction coefficients as displayed in Figure 7.27. This trend has to be 

validated by means of statistical tests. 
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Figure 7.27: Contact area in function of kurtosis (on the top) and friction coefficient in 

function of the solid-solid contact area (on the bottom) 

After classification of roughness parameters on friction, operating conditions are 

investigated with a view to identify the conditions influencing mainly friction.  

7.5.2 Classification of the Operating Conditions 

Each of the operating conditions is integrated here in a whole analysis in order to 

classify the relevance of each condition on the friction. Two cases are considered: full 

and hydrodynamic and mixed lubrication conditions. Sample used for this analysis 

has characteristics displayed in Table 7.3. 
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Table 7.3: Sample characteristics for operating condition analysis 

Sample Rp Rv Ra Rq Rt Sk K 

Grinding 0.99 -0.70 0.26 0.33 1.70 0.35 2.81 

Turning 1.84 -1.45 0.80 0.92 3.29 0.19 1.78 

 

Varied parameters are listed below: 

• Sliding velocity: 1, 2 and 3 m/s (slidVel) 

• Theoretical lubricant film thickness: from 1.3 until 5.8 µm (thFt) 

• Machining direction: 0, 90, 180° configurations (machDir) 

• Machining type: turning (1) and grinding (2) (machType) 

The first diagram illustrates impact of all parameters in hydrodynamic lubrication 

conditions (see Figure 7.28). 
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Figure 7.28: Impact of operating conditions on the friction coefficient  

for full hydrodynamic conditions 
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In full hydrodynamic condition, most important parameter is the machining direction. 

When the orientation is 180°, friction reaches a minimum for all configurations. 

Sliding velocity impacts less friction coefficient: a light increase is observed for 

increasing velocities. In hydrodynamic conditions, difference between grinded and 

turned surfaces is quite low. This is due to the profiles which have more asperities 

leading in sum to higher lubricant shear. This confirms also that in the case of the 

180° configuration, fluid is flowing parallel to the profile asperities, leading to lower 

lubricant shear and so lower friction coefficients. 

Next diagram (Figure 7.29) displays also the sensitivity of each of four parameters on 

friction behavior in mixed lubricated contacts.  
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Figure 7.29: Impact of operating conditions on the friction coefficient  

for mixed lubrication conditions 

Machining direction has the highest impact on friction behavior also for mixed 

lubrication conditions. This is well observed when theoretical lubricant film thickness 

is of 2.8 µm. In this specific lubrication condition, turned surfaces offer a lower friction 

coefficient for the 90° configuration than for parallel machining. This is due to a lower 

solid-solid contact area, phenomenon which is not reproduced when the film 

thickness decreases (thFt = 1.3 µm). This last phenomena is explained by the fact 

that solid-solid contact does not change highly between all three configurations. For 

each three different sliding velocities, the contact location has a high impact on the 
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friction for the lowest film thickness configuration. These analyses show that for a 

higher velocity, the solid-solid contact changes faster than for the lowest sliding 

velocities. This happens for the turned configuration. The average friction is lower as 

the solid-solid interface is in a contact-opening phase. To override this phenomenon, 

present studies need to be extended taking into account a contact surface 

configuration where the contact interface interfere less friction coefficient: large 

contact surfaces need to be taken into account. 

In comparison with turned surfaces and running with the same boundary conditions, 

grinded surfaces are not significantly impacted by solid-solid friction. For a same 

theoretical film thickness, turned surfaces are fully under mixed lubrication whereas 

grinded surfaces are in low mixed lubrication conditions. The explanation for that is 

the average roughness which is lower as well as the RP: there are less peaks in 

contact for grinded surfaces. Additionally, conclusion underlines that, machining and 

especially RP factor has the highest impact on mixed lubrication conditions.  

7.5.3 Summary of Parameters Impact on Friction Behavior 

From all parameters varied in present analysis, two main classes were distinguished: 

• roughness characteristics 

• operating conditions 

Operating conditions underlined that most impact was first coming from machining 

type then machining orientation followed by lubricant film thickness. Sliding velocity 

has only a low impact can be neglected in present investigations. Concerning 

roughness characteristics, main interacting parameters are first maximum roughness 

peak height followed by average roughness, quadratic roughness and kurtosis 

parameters. Same investigation was achieved in dry conditions resulting on similar 

ranking: 

• Machining type  

• Machining direction 

• Film thickness was replaced with normal load 

These relationships will then be used to describe frictional behavior of macroscopic 

systems. On this account, next chapter will test the impact of different machining 

types and directions as well as the normal load on the frictional behavior of a dry 

running technical system. A frictional law established at the microscopic scale is used 

in this macroscopic tribological system. Present results are valid only in chosen 

working window. This means that impact of chosen parameter can be totally different 

once working and machining conditions are out of here chosen working window. 



 

8 Extension of the 

Investigations to the 

Macroscopic Scale 

Present chapter proposes an example of extension of the present investigation to the 

macro scale. This is done in order to give a qualitative overview on the impact of 

machining system’s behavior. To achieve this, a dry running tribological system is 

studied. The reason for this is that the application of boundary conditions established 

at the macroscopic scale can be directly applied to microscopic model. This is not the 

case for lubricated tribological systems as lubrication boundaries are different 

between scales. 

8.1 Demonstrator of the Tribological System 
Demonstrator is an extract of an intelligent lifting system (ILS), airplane recovery 

system. Lifting function is achieved by means of three hydraulic cylinders 

interconnecting upper and lower platforms (see Figure 8.1). To avoid the rotation of 

the upper platform, an additional mechanical telescopic cylinder is used to absorb the 

torque resulting from the lifting. 

 

 

 

Figure 8.1: Overview of the ILS and focus on the telescopic cylinder  
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Figure 8.2: Working window of the ILS 

The working window corresponding to lifting separation is illustrated in Figure 8.2 

Stick-slip effects are initiated in the mechanical cylinder (displayed in Figure 8.1) due 

to the differences between sticking and sliding friction as well as loading conditions. 

To reproduce this phenomenon, a numerical model of the mechanical telescopic 

cylinder is built and helps to investigate the impact of the machining direction on this 

effect. 

8.2 Extension to the Macroscopic Scale: 
Macro-Model 

This part allows a better understanding of the impact of roughness, and machining 

direction on this disturbing effect. To achieve this, a multi-body system – MBS – is 

developed in the software ADAMS (see Figure 8.3), in which macroscopic frictional 

contacts are managed by rules established at the microscopic scale. Extension to 

macroscopic scale consists in establishing both the sticking and sliding friction 

coefficients at the microscopic scales and to uses them in the MBS. 
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Figure 8.3: 2D-macroscopic MBS of the ILS (on the top),  

scheme of the extension process (on the bottom) 

In order to generate the required friction coefficients, same boundary conditions are 

applied to the microscopic model. For each of the three machining configurations, a 

model used previously for micro scale investigations calculates the static and 

dynamic friction coefficient. After simulation of these wanted configurations, out 

coming results are used as input for the response surface method. This method 

generates then a friction coefficient curve in function of the sliding velocity used in the 

MBS model. The advantage of this method is that there is no need to re-compute the 

microscopic model for each of the sliding velocity. 

8.3 Establishment of the Frictional Rule at the 
Microscopic Scale 

Materials used for the extension is a structural steel with the same properties than 

the ones displayed in Table 5.5. Three machining directions are taken into account 

and for each the minimal resp. maximal friction coefficient is displayed in Table 8.1.  

Table 8.1: Relevant calculated influence variable on the micro scale 

Machining direction Slip friction coefficient Stick friction coefficient 

0° 0.1 0.32 

90° 0.1 0.24 

180° 0.14 0.32 
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The three friction rules presented in Table 8.1 are included in the MBS model. 

Results of simulation corresponding to these different rules are displayed in Figure 

8.4. 

 

Figure 8.4: Simulation process at for the macro model 

Last diagram shows the displacement of the point of the structure which is attached 

to the spring (see rotational joint in Figure 8.3). As a consequence, measured 

displacement is characterizing the stick-slip effect: when the displacement is huge 

and fast this corresponds to a shock that is not wanted in the system.  

Results displayed in Figure 8.4 shows that the 0° configuration delivers the lowest 

shocks (lower maximal displacement) in comparison with both others configurations. 

On the other hand, shock occurrence is also lower as displayed in Table 8.2.  

Table 8.2: Comparison of shock occurrence and maximum shock amplitude for all 

three configurations 

Configuration Shock occurrence Maximum amplitude (mm) 

0° 8 0.1262 

90° 12 0.1426 

180° 10 0.2136 

Shock occurrence and their maximum amplitudes are usually linked together. If 

numerous shocks are occurring, their amplitudes are low. On the other hand, if only a 

few shock are taking place, their amplitudes are high. 

This trend is observed between 90 and 180° configurations but is not confirmed with 

the 0° configuration offering the lowest amplitude combined with low occurrences. 

This configuration has the largest difference between stick and slip friction coefficient 
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a setup which is considered as the best of three tests: the one with the less shocks 

and shock amplitude. 

This chapter shows the importance of a multi-scale investigation as different 

machining setups are leading to different system behavior. Taking arbitrary friction 

rule is insufficient to optimize a system if each relevant interacting variable is not 

taken into account for the optimization resp. investigation. 

 





 

9 Conclusion and Outlook 

Present part gives an overview of the whole method developed in this work. 

Advantage and limitations of this method are discussed and further steps required to 

improve and extend it are also proposed.  

9.1 Synthesis of the Results 
Presentation of the state of the art underlined the lack of knowledge with respect to 

the impact of roughness impact on tribological behavior of tribological systems. Such 

investigations are mainly carried out by means of experimental tests which require 

costly resources and are often subjected to physical limitations. This is the case for 

lubricated as for non-lubricated systems. Because of the previous enounced reason, 

present thesis has been defined to set bases by means of numerical investigation 

method on impact of roughness on friction. This has been achieved for non-

lubricated systems and this has been further extended especially for complex cases 

not treated with same detail level until now: mixed lubrication regime. This developed 

method aims at modeling phenomena occurring in such types of contacts by means 

of numerical tools (FEA, CFD).  

Method development consisted in setting firstly an analysis framework in order to 

define which parameters were required to build a reliable numerical model. Once this 

environment was defined, working conditions were set and the machining type was 

characterized with several parameters. Next step of this method was the modeling 

realized at the microscopic scale for dry friction problems as well as for mixed 

lubricated friction problems. Main challenge of this work was to combine solid-solid 

and fluid-solid interaction in a whole transient model able to deliver realistic results. 

After setting framework and building the model, used models were verified 

numerically, and contact theory was validated with experimental ball-on-disk tests. 

This resulted in a full parameter variation in order to define which of the tested 

parameters had the highest influence on the friction coefficient. 

This model confirmed experimentations performed in the past, which demonstrated, 

that the Rp value was the most impacting parameter on the friction coefficient and 

wear rates. Point not treated until now was the influence of machining direction. 

Having a significant impact on real solid-solid contact areas, this parameter reveals 

the importance in having adapted machining in function of the working conditions: 

high loads, low loads, sliding velocities, etc. It also attested the possibility to model 
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this type of complex friction problem by means of numerical models in order to deliver 

realistic results and get more information on the contact itself (temperatures, local 

pressures, and plasticization). 

Although the proposed investigation approach focused mainly on the microscopic 

scale, a multi-scale investigation showed the importance of taking into account more 

realistic parameters. Limiting the analysis to the application of an empiric constant 

friction coefficient is not acceptable to get information on the friction behavior of any 

tribological system. Following part gives an overview on the advantage and 

limitations of the presented method, as well as on the cases of applications.  

9.2 Discussion of the Method 
Present method enables to deliver results on the state of mixed lubrication, friction 

coefficient in function of load cases, sliding velocities, lubricant types and machining 

conditions. Such investigations can be very efficient if material parameters are 

known. It can also be taken as basis for optimization activities such as finding optimal 

topographies for lubricated mixed contacts.  

In addition, when material or topography data are not present, they need to be 

measured, a task which can be more expensive than measuring directly what 

happens in the contact. Furthermore, measuring process can be realized by means 

of automatized processes suitable for a calculation friction coefficient in function of 

many different working conditions. Another advantage of this method resides in its 

high level of details: it offers the possibility to calculate the profile changes (wear, 

plastic deformation). Unfortunately, main problem resides in the necessity to measure 

real surface topography for both contact solids. 

An essential parameter to master is the working window of the model that needs also 

to be known in order to deliver valid results. Further points for discussion concern the 

robustness of the whole method and the representativeness of delivered friction 

information in correspondence with tested surfaces.  

Nevertheless, this method has also limitations concerning the simulation of lubricated 

rough surfaces. These were not present for dry running systems as such systems 

have the same boundary conditions for micro- and macroscopic scales. These 

limitations are issuing from the refinement necessary for fluid solid contact. 

Consequently, lots of DoF are generated in this case which leads to huge memory 

requirements. Additionally, the element size chosen induce also low time increments 

and so high parallelization to keep acceptable CPU time (~ one Day calculation 

duration with 32 CPU for one lubricated microscopic model). Last disadvantage is 

linked with the previous one, high CPU resources imply short investigation times 
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(~ 1 µs). This leads to difficulties to reach a quasi-static regime necessary to 

establish friction rules. 

Finally, results presented in this study showed clearly the potential of presented 

approach. Although its development is in an early phase, it provides a modeling of 

the physical the behavior of mixed lubrication by means of the finite element method. 

Some limitations need to be overridden as it is displayed in next subsection. 

9.3 Future Development and Requirements 
Potential of present approach has been established and its ability in taking into 

account real profiles has been proven. Next step is to validate the model by 

comparing it to experimental tests using regular structured profiles. This validation 

considers following aspects: 

• Comparing pressure field and friction coefficient of experimental and numerical 

setup 

• Checking the impact of model’s dimensions on the results. This gives an 

overview on the size to be defined for the microscopic model to keep 

acceptable result dispersion 

Last point is possible only if a multi-scale dimension is taken into account as 

microscopic structures cannot be tested with experimental facilities. This is more 

complex for lubricated conditions (because of the lubricant boundary conditions) and 

requires a loop function to check the whole investigation convergence before 

realizing any validation. 

Once this validation is realized, second aspect concerns different improvements 

leading to new analysis abilities for the microscopic model such as: 

• Abrasive wear modeling 

• Adhesive wear modeling 

• Using thermal dependent material data 

• Modeling Thermal interactions between fluid and solid 

• Using non-newtonian lubricants 

Such extensions will enable to model wear phenomena happening in such contacts, 

as well as durability simulations in order to predict wear rate in powertrain 

components.  

A further point would consist in extending this approach with non-isotropic structures, 

for instance plastics or other composites. The reason for this is that the actual trend 
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consists in using lightweight materials also for designing tribological systems for 

following reasons: 

• Better thermal abilities 

• Higher pressure resistance 

• Higher resistance against corrosion 
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