
 

 

 

DESIGN OF SURFACE TEXTURES IN JOURNAL BEARINGS 

FOR OPTIMIZING OPERATIONAL PERFORMANCE 

 

GESTALTUNG VON OBERFLÄCHENTEXTUREN IN 

GLEITLAGERN ZUR OPTIMIERUNG DES 

BETRIEBSVERHALTENS 

 
 

Von der Fakultät für Maschinenwesen der Rheinisch-Westfälischen Technischen 

Hochschule Aachen zur Erlangung des akademischen Grades einer Doktorin der 

Ingenieurwissenschaften genehmigte Dissertation 

 

 

vorgelegt von 

YUJUN WANG 

 

 

 

 

 

Berichter/in:   Univ.-Prof. Dr.-Ing. Georg Jacobs 

   Univ.-Prof. Dr.-Ing. Katharina Schmitz 

 

Tag der mündlichen Prüfung: 06.01.2026 

 

Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online verfügbar. 

  



 

 

  



 

 

 

Preface 

This dissertation was written during my doctoral study at the Institute for Machine 

Elements and Systems Engineering (MSE) at RWTH Aachen University. I would like 

to thank the China Scholarship Council for supporting my doctoral study. 

I would like to express my sincere gratitude to Univ.-Prof. Dr.-Ing. Georg Jacobs 

for his dedicated supervision and support throughout my doctoral study. His 

constructive and insightful guidance was indispensable to the successful completion 

of this work. I would like to thank Univ.-Prof. Dr.-Ing. Katharina Schmitz for serving 

as the second reviewer of my dissertation and as an examiner in my doctoral 

examination. I would also like to thank Univ.-Prof. Dr.-Ing. Christian Hopmann for 

chairing my doctoral examination. 

I would like to thank all my colleagues at MSE for the enjoyable and productive 

time we spent together. In particular, I would like to thank Prof. Dr.-Ing. Florian 

König for the critical and inspiring discussions, and for his support throughout this 

work. I would also like to thank Dr.-Ing. Shuo Zhang for his fruitful discussions 

during the development of numerical models. I also thank Benjamin Klinghart for his 

support and stimulating discussions on this work. I would also like to thank my 

colleagues, especially Stephan von Goeldel, Mebus Lukas, Seyedmohammad Vafaei, 

Marius Bürger, Florian Wirsing, Ankit Singh, Merle Reimers, Ankit Saxena, Nico 

Gregarek, Yelvin Ragimov, Dr.-Ing. Dennis Bosse, Dirk Hamacher, Benjamin 

Lehmann, Markus Gilges, Julian Thao Baszenski, Pierre Kosoris, Thomas Petrzik, 

Mattheus Lucassen and Youchun Wang, for the open exchange and the supportive 

working environment. I would like to thank Jenny Teßmann for her organizational 

support in completing this work. I would also like to thank my students, whose 

curiosity and innovative discussions contributed to this work. 

My heartfelt thanks go to my parents, Shiping Wang and Anhua Chen, and to my 

sister, Yuxia Wang, for their unconditional encouragement and support throughout 

my doctoral journey. Their love has always been my greatest motivation to keep 

going. 

Aachen, in January 2026 

Yujun Wang 

  



 

 

  



 

Summary 

 

 

I 

Summary 

The growing demand for energy efficiency and power density in machinery requires 

journal bearings to have lower friction losses (FL) and higher load-carrying capacities 

(LCC). Surface textures on the sliding surface in a journal bearing have shown their 

promising results in both the reduction of FL and the improvement of LCC. However, 

the improper design of texture parameters is reported to be detrimental to both 

parameters.  

Although numerous studies have been conducted to apply surface textures into 

journal bearings, the method to properly design surface textures in journal bearings is 

primarily constrained by inadequate prediction models and trial-and-error design 

methods. Therefore, a validated design method of surface textures in journal bearings 

is becoming essential.  

This dissertation proposes a strategy to design surface textures in journal bearings 

with the aim of a higher LCC and a lower FL. The design strategy integrates three 

sub-models for textured journal bearings: the Navier-Stokes based mixed-

elastohydrodynamic lubrication (mixed-EHL) model for the accurate prediction of 

LCC and FL, the machine learning-based surrogate model for the efficient prediction 

of LCC and FL, and the multi-objective optimization model to determine the design 

parameters of textures to achieve a higher LCC and a lower FL. 

The results show that the proposed design strategy works successfully for different 

lubrication conditions of journal bearings. With the optimized texture design 

parameters, the FL is reduced by approximately 11.97% under the hydrodynamic 

lubrication condition and 10.39% under the mixed lubrication condition in this work. 

Meanwhile, the minimum film thickness is slightly increased by 1.46% under the 

hydrodynamic lubrication condition and 1.38% under the mixed lubrication condition, 

which indicates the slightly increased LCC.  

The design strategy in this work offers a comprehensive approach in analyzing and 

designing surface textures in the application of journal bearings. It provides in-depth 

insights into the lubrication mechanisms of textured journal bearings and aids in the 

proper design of textured journal bearings for given operating conditions.  
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II 

Zusammenfassung 

Die zunehmende Nachfrage nach Energieeffizienz und Leistungsdichte in 

Maschinen und Anlagen erfordert Gleitlager, die durch niedrigere Reibungsverluste 

(engl. friction losses, FL) und höhere Tragfähigkeiten (engl. load-carrying 

capacities, LCC) charakterisiert sind. Forschungsarbeiten haben ergeben, dass 

Oberflächentexturen auf der Gleitfläche eines Gleitlagers eine vielversprechende 

Methode darstellen, um sowohl die Reduktion von FL als auch eine Verbesserung der 

LCC zu erreichen. Allerdings bedingt eine fehlerhafte Auslegung der 

Oberflächentexturparameter negative Auswirkungen auf FL und LCC. 

Obwohl zahlreiche Studien zur Anwendung von Oberflächentexturen in Gleitlagern 

durchgeführt wurden, wird die Methode zur richtigen Auslegung von 

Oberflächentexturen in Gleitlagern in erster Linie durch unzureichende 

Vorhersagemodelle und Trial-and-Error-Designmethoden beschränkt. Daher gewinnt 

eine validierte Designmethode für Oberflächentexturen in Gleitlagern zunehmend an 

Bedeutung. 

Die vorliegende Dissertation schlägt eine Strategie zur Auslegung von 

Oberflächentexturen in Gleitlagern vor, mit dem Ziel, die FL zu minimieren und die 

LCC zu maximieren. Dabei integriert die Auslegungsstrategie drei Teilmodelle für 

texturierte Gleitlager. Das erste Teilmodell ist das auf Navier-Stokes basierende 

gemischte elastohydrodynamische Schmiermodell (engl. mixed-EHL), das eine 

genaue Vorhersage von LCC und FL ermöglicht. Das zweite Teilmodell ist ein auf 

maschinellem Lernen basierendes Ersatzmodell, das eine effiziente Vorhersage von 

FL und LCC ermöglicht. Das dritte Teilmodell ist ein multiobjektives 

Optimierungsmodell, das zur Bestimmung der Auslegungsparameter von Texturen 

dient, um niedrigere FL und höhere LCC zu erreichen. 

Die Ergebnisse zeigen, dass die vorgeschlagene Designstrategie unter 

verschiedenen Schmierbedingungen von Gleitlagern erfolgreich funktioniert. Mithilfe 

der optimierten Oberflächentextur erfolgt eine Reduktion der FL um etwa 11,97 % 

unter hydrodynamischen Schmierbedingungen und um 10,39 % unter 

Mischreibungsbedingungen. Gleichzeitig wurde eine Erhöhung der minimalen 

Schmierfilmdicke unter hydrodynamischen Schmierbedingungen um 1,46 % und 

unter Mischreibungsbedingungen um 1,38 % beobachtet, wodurch auf eine leicht 

erhöhte LCC geschlossen werden kann. 

Die in dieser Arbeit dargelegte Designstrategie präsentiert einen umfassenden 

Ansatz zur Analyse und Gestaltung von Oberflächentexturen bei der Anwendung von 

Gleitlagern. Die vorliegende Arbeit liefert fundierte Einblicke in die 

Schmiermechanismen texturierter Gleitlager und unterstützt bei der richtigen 

Auslegung von Gleitlagern mit Oberflächentexturen für bestimmte 

Betriebsbedingungen. 
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Nomenclature 

Latin characters 

Character Description Unit 

𝑎𝑥
𝑡 , 𝑎𝑦

𝑡  
Accelerations of the shaft in x and y 

directions at time step t 
m∙s−2 

𝑐𝑜𝑣 Texture coverage angle º 

𝐶 Bearing clearance mm 

𝑑𝑐  
Distance to the centre of film in the 

roughness-viscosity model 
m 

𝑑𝑡 Texture depth mm 

𝑑𝑘,𝑙 (𝑑) 
Radial nodal deformation vector in the 

EHS method 
m 

D Inner diameter of journal bearing mm 

𝐷𝑖,𝑗
𝑘,𝑙

 
Influence coefficient matrix in the EHS 

method 
- 

e Eccentricity of shaft - 

E1, E2 Elastic moduli of the shaft and bearing Pa 

𝐸∗ Reduced elastic modulus Pa 

𝑓𝑎 Friction due to the asperity contact N∙m 

𝑓ℎ Friction due to the fluid N∙m 

𝑓𝑡𝑜𝑡𝑎𝑙 Total friction  N∙m 

𝐹 Load-carrying capacity N 

𝐹𝑥, 𝐹𝑦 
Load-carrying capacities in x and y 

directions 
N 

𝐹𝑎,𝑥, 𝐹𝑎,𝑦 
Load-carrying generated by asperity 

contact capacities in x and y directions 
N 

𝐹ℎ𝑥, 𝐹ℎ𝑦 
Load-carrying capacities generated by 

hydrodynamic effect in x and y directions 
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ℎ Film thickness  m 

ℎ𝑚𝑖𝑛 Minimum film thickness m 

𝐻𝑠 Dimensionless film thickness - 

𝐼 ̿ Unit tensor - 

𝐾 Elastic factor in the contact model - 

𝐿 Width of journal bearing mm 

𝐿𝑒𝑥𝑡 External load on the bearing system N 

m Mass of shaft Kg 

𝑀𝑆𝐸 Mean square error - 

𝑛𝑗  Radial reticulate layer for each mesh node  - 

𝑛𝑡𝑜𝑡𝑎𝑙 
Total number of radial reticulate layers in 

the oil film gap domain 
- 

𝑛⃗  Normal distance to the wall - 

𝑂𝑏, 𝑂𝑠 Center of bearing and shaft - 

p 
Superposition of hydrodynamic pressure 

and asperity contact pressure 
Pa 

𝑝̅ Specific pressure Pa 

𝑝𝑎 Asperity contact pressure Pa 

𝑝𝑖,𝑗  Nodal pressure in the EHS model Pa 

𝑝𝑖𝑛 Inlet pressure MPa 

𝑝ℎ  Hydrodynamic pressure MPa 

𝑝𝑠𝑎𝑡 Saturation pressure Pa 

𝑝𝑜𝑢𝑡 Outlet pressure MPa 

𝑟𝑏 Radius of the journal bearing mm 

𝑟𝑠 Radius of the shaft mm 

𝑅 Correlation coefficient of the ANN model - 
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IX 

𝑅𝑒 Reynolds number - 

𝑅𝑒𝑘 Roughness Reynolds number - 

𝑅𝑎 Arithmetic mean roughness μm 

𝑅𝑞 Root-mean-square roughness μm 

𝑆𝒗  Gravity term Pa/m 

𝑢𝑠 Sliding speed of the textured contact m∙s-1 

𝑼𝑚 Velocity vector of the mixture m∙s-1 

𝑈𝑟𝑜𝑡 Rotational speed rpm 

𝑉𝑥, 𝑉𝑦 
Motion speeds of the shaft in x and y 

directions, respectively 
m∙s-1 

𝑤𝑡 Texture width mm 

𝑊 Distance between textures mm 

∆𝑥𝑡, ∆𝑦𝑡 
displacements of the shaft in x and y 

directions, respectively 
m 

x,y,z Coordinates m 

Greek characters 

Character Description Unit 

𝛼  Starting angle of texture zone ° 

𝛽̅𝑠 Mean summit radius of asperity m 

𝛾 Mass fraction of vapor - 

𝛿𝑠̅ Combined mean asperity summit height  m 

𝛿𝑠̅,1, 𝛿𝑠̅,2 
Mean summit height of surface 1 and 

surface 2, respectively 
m 

𝜁𝑠  Summit density of asperity - 

𝜂 Dynamics viscosity Pa∙s 

𝜂𝑙 Dynamic viscosity of lubricant Pa∙s 
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X 

𝜂𝑚 Mixture viscosity Pa∙s 

𝜂𝑠 Roughness-viscosity Pa∙s 

(𝜃, 𝑧) 
Circumferential and axial coordinates of 

the fluid domain in the EHS method 
- 

(𝜃′, 𝑧′) 
Circumferential and axial coordinates of 

the solid domain in the EHS method 
- 

𝜅𝑙  Kinematic viscosity of lubricant mm2 s−1 

𝜅𝑣  Kinematic viscosity of vapor mm2 s−1 

𝜇𝑏𝑜𝑢𝑛𝑑 Boundary friction coefficient - 

𝜐1 , 𝜐2 
Poisson’s ratios of the shaft and bearing, 

respectively 
- 

𝜌𝑙 Density of lubricant kg·m-3 

𝜌𝑙,𝑠𝑎𝑡 Density of lubricant at saturation pressure kg·m-3 

𝜌𝑚 Mixture density kg·m-3 

𝜌𝑣 Density of vapor kg·m-3 

𝜌𝑣,𝑠𝑎𝑡 Density of the vapor at saturation pressure kg·m-3 

𝜎𝑠 
Combined asperity summit roughness of 

journal and bearing 
m 

𝜎𝑠,1, 𝜎𝑠,2 
Asperity summit roughness of surface 1 

and surface 2, respectively 
m 

𝜏̿ Shear stress tensor induced by fluid Pa 

𝜏𝑎 Asperity shear stress Pa 

Ψ𝑙 Compressibility of lubricant s2·m−2 

Ψm Mixture compressibility s2·m−2 

Ψ𝑣 Compressibility of vapor s2·m−2 

𝜔 Angular velocity of rotation rad/s 

Ω 
Interface between the solid domain and 

fluid domain 
- 
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Subscript 

Character Description 

a Asperity contact under mixed lubrication 

b Bearing 

h Hydrodynamic condition 

in Inlet 

j Mesh index for the radial reticulate layer 

l Properties of lubricant 

out Outlet 

m Mixture of lubricant and vapor 

max Maximum 

min Minimum  

t Texture 

s Shaft 

sat Saturation condition 

(i,j) Mesh indexes of fluid domain  

(k,l) Mesh indexes of solid domain 

v Properties of vapor 

x x direction 

y y direction 

z z direction 

Superscript 

Character Description 

(k,l) Mesh indexes of solid domain 

t Time index 

0 Initial time step 
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Abbreviations 

Abbreviation Description 

ANN Artificial Neural Network 

CFD Computational Fluid Dynamics 

EHS Elastic Half Space 

EHL Elasto-hydrodynamic lubrication 

FL Friction loss 

GA Genetic algorithm  

HL Hydrodynamic lubrication 

ISO International Organization for Standardization 

LCC Load-carrying capacity 

Mixed-EHL Mixed-ElastoHydrodynamic Lubrication 

MSE Mean Square Error 

N-S Navier-Stokes equations 

NSGA-II Non-Dominated Sorting Genetic Algorithm-II 

OpenFOAM 

Open-source Field Operation and Manipulation, a free and 

open-source CFD software developed primarily by OpenCFD 

Ltd 

purelin Pure linear function 

Re Reynolds number  

RQ Research question 

ReLU Rectified linear unit function 

Sigmoid Logistic sigmoid function 

tanh Hyperbolic tangent function 
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1. Introduction 

With the global increase in energy prices and energy consumption, the demand for 

energy efficiency of machinery is growing. Approximately 20% of the world total 

energy consumption is used to overcome friction induced by various tribological 

contacts [1,2]. Among these contacts, journal bearings have attracted significant 

attention for their wide range of potential applications, including various subsystems 

in engines and powertrains [3,4]. 

The function of journal bearings is to carry external loads while enabling relative 

motion between the contacting surfaces through the formation of a lubricating film 

[5,6]. The shearing of the lubricant at the interface as well as the mixed friction lead 

to friction losses and thereby affect the energy efficiency of the machine [7]. 

Accordingly, when evaluating the lubrication performance of journal bearings, two 

key-parameters are commonly employed: load-carrying capacity (LCC) and friction 

loss (FL) [8]. In this context, this dissertation primarily focuses on the load-carrying 

capacities provided by journal bearings and their friction losses.  

Nowadays, the growing demand for energy efficiency requires lower FL and higher 

LCC in journal bearings [9]. To achieve aforementioned requirements of journal 

bearings, surface texturing, among various solutions, has drawn significant interest 

[10]. Surface texturing is defined as the intentional introduction of well-defined, 

regularly patterned dimples or grooves on the bearing surface, as illustrated in Figure 

1.1 [11]. These dimples or grooves are collectively named as surface textures. 

Textures can be manufactured using laser techniques, chemical etching, electric 

discharge methods and focused ion beams [12].  

 

Figure 1.1 Schematic picture of a textured journal bearing 

Journal bearingShaft

Surface texture
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Several beneficial effects of surface textures have been identified in previous 

research. Surface textures can act as lubricant reservoirs and reduce the contact area 

[13,14]. Moreover, surface textures can generate an additional micro-hydrodynamic 

pressure, which contributes to an increase in the LCC [15,16]. Given these beneficial 

effects, surface textures are considered as a promising way to reduce the FL and 

increase the LCC of journal bearings. 
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2. Problem statement 

The successful applications of surface textures to reduce the FL and increase the 

LCC in journal bearings have been reported [3,13,17,18]. However, improperly 

designed textures can also be detrimental to both the FL and LCC of journal bearings 

[19–21]. For example, as shown in Figure 2.1, the friction coefficient of the textured 

journal bearing is increased compared to that of the non-textured journal bearing [19]. 

Furthermore, the textures reduce the load-carrying capacity of the hydrodynamic 

lubricant film within the bearing, as can be observed by the increase of transition 

speed from 80 rpm for the non-textured bearing to 100 rpm for the textured bearing.  

 
Figure 2.1 Increased friction by improperly designed textures, reproduced from 

[19] 

Therefore, despite the promising potential of surface textures reported in previous 

studies, there still remains a risk that improperly designed textures could negatively 

influence the friction behavior and the load-carrying capacity of journal bearings. The 

previous study reported that improper texture designs can lead to an increase in FL by 

more than 14% and a reduction in LCC by more than 29% [22]. Therefore, the aim of 

this dissertation is to develop  

A method to design surface textures in journal bearings for low friction loss 

and high load-carrying capacity 

To address this aim, the understanding of the state of research on textured journal 

bearings is imperative, which is discussed in the following chapter. 
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3. State of research 

This chapter begins with a broad overview of journal bearings. Furthermore, it 

provides the current state of research on the lubrication mechanisms of textured 

journal bearings, which explains how surface textures influence the lubrication 

performance of journal bearings. Finally, it presents the state of research on the 

prediction and design methods of textured journal bearings.  

3.1. Tribological system of journal bearings 

As mentioned in Chapter 1, the function of journal bearings is to carry external loads 

and enable relative motion between the contacting surfaces through the formation of 

a lubricating film. A journal bearing system can be regarded as a tribological system, 

which is sketched in Figure 3.1 [23,24]. 

 

Figure 3.1 Tribology system of a journal bearing based on [23,24] 

A journal bearing system consists of a stationary journal bearing as the base body 

and a rotating shaft as the counter body. The lubricant serves as the intermediate 

medium. The air surrounding the journal bearing in this example acts as the ambient 

medium. The input variables of the journal bearing system are the rotational speed of 

the shaft, and the external load acting on the shaft. In this work, the bearing operates 

under a static load, therefore the fatigue problem caused by the dynamic load is not 

discussed. The rotating shaft transports the lubricant into a convergent gap due to the 

eccentricity (e) between the bearing and the shaft. The convergent gap leads to the 

Output variables: 

• Movement

• Force, torque 

• Mechanical energy

Base body: 

Journal bearing

Counter body: 

Shaft

𝑈𝑟𝑜𝑡

𝐿𝑒𝑥𝑡

e

Hydrodynamic pressure 

Intermediate medium: 

Lubricant

Convergent gap

Ambient medium: Air

Input variables: 

• External load

• Speed

• Torque

Loss variables: 

• Friction loss

• Wear

• Acoustic emission
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generation of hydrodynamic pressure. The LCC of the journal bearing is contributed 

by the integration of the hydrodynamic pressure over the contacting surface. 

In addition to the LCC, the external load on the bearing system and the rotating shaft 

induce shear stress within the lubricating film. This further leads to the friction loss 

(FL) [25]. Based on the FL, the state of friction can be classified into three lubrication 

regimes according to the STRIBECK curve [26]. The STRIBECK curve describes the 

friction as a function of the dynamic viscosity (𝜂), the shaft rotational speed (𝑈𝑟𝑜𝑡), 

and the specific pressure 𝑝̅ which is defined as Eq. (3-1). 

𝑝̅ =  
𝐿𝑒𝑥𝑡

𝐷 · 𝐿̅̅ ̅̅ ̅̅ ̅
 (3-1) 

where 𝐿𝑒𝑥𝑡 is the external load on the bearing system; 𝐷 and 𝐿 are the inner diameter 

and width of the journal bearing, respectively.  

The three lubrication regimes according to the STRIBECK curve are defined as 

follows [27,28] (see Figure 3.2): 

• Hydrodynamic lubrication (HL) regime: The lubricant film can completely 

separate the two contacting surfaces. When the journal bearing operates under a high 

external load, the resulting high hydrodynamic pressure leads to a significant elastic 

deformation of the solid body. When the elastic deformation is of the same order of 

magnitude as the lubricant film thickness, the lubrication regime is specifically 

referred to as the elasto-hydrodynamic lubrication (EHL) regime. 

• Mixed lubrication regime: The lubricant film cannot completely separate 

the contacting surfaces. The asperity interactions occur between the two contacting 

surfaces.  

• Boundary lubrication regime: The lubricant film cannot be formed or 

sustained. The two surfaces are in contact and the asperity interactions dominate.  

 
Figure 3.2 STRIBECK curve and classification of lubrication regimes 

Boundary 
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Journal bearings are typically designed to operate under the hydrodynamic 

lubrication regime. However, new applications of journal bearings, such as wind 

turbine drivetrains, often operate under high loads and low rotational speeds. 

According to Figure 3.2, these operating conditions increase the proportion of 

operation subject to the mixed lubrication, thereby leading to the higher FL. In this 

context, this dissertation introduces surface textures into journal bearings to reduce 

the FL and improve the LCC under different lubrication regimes. The current state of 

research on the lubrication mechanisms of textured journal bearings, which explains 

how surface textures influence the FL and LCC of journal bearings, is discussed in 

the following subchapter. 

3.2. Lubrication mechanisms of textured journal bearings 

To elucidate how surface textures influence tribological contacts, numerous studies 

have been conducted to identify the underlying mechanisms. It has been reported that 

the lubrication mechanisms of surface textures are highly application-dependent and 

have not been fully clarified until now [21]. In this subchapter, four widely discussed 

and well-accepted mechanisms in single-texture contacts are introduced first. 

Subsequently, the state of the art regarding the lubrication mechanisms of textured 

journal bearings is summarized. 

3.2.1. Single-texture contact 

Single-texture contact is the cell contact with one individual dimple, which enables 

to capture the detailed flow phenomena inside the texture. Four widely discussed and 

well-accepted mechanisms in single-texture contact are as follows. 

(a) Inlet suction effect 

As one of the earliest lubrication mechanisms, the so-called ‘inlet suction effect’ 

(also known as ‘entrainment suction effect’) was proposed by Fowell et al. [29] and 

Olver et al. [30]. They hypothesized that the lower pressure generated by the entrance 

zone of the texture induced a larger amount of lubricant flowing into the contact, as 

shown in Figure 3.3. This larger flow rate through the textured contact further 

enhanced the pressure (p) build-up at the outlet [29–31]. This enhanced pressure thus 

increased the LCC, which was integrated by the pressure (p).  
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Figure 3.3 Schematic picture for inlet suction effect [29] 

(b) Cavitation effect  

Another mechanism is the so-called ‘cavitation effect’, which was first proposed by 

Hamilton et al. [32] and Estion et al. [33]. As shown in Figure 3.4, the pressure 

decreases at the entrance of the texture due to the sudden increase in flow area, 

followed by a positive pressure rise downstream because of the convergence of flow 

area. In the pressure-drop zone, if the pressure falls below the lubricant’s saturation 

pressure, a so-called ‘cavitation’ occurs. When the cavitation occurs, the pressure-

drop is limited by the saturation pressure, leading to an asymmetric pressure [34]. 

Moreover, after the cavitation region, the dissolution of the gaseous phase slows the 

film reformation. Therefore, compared to the scenario without considering cavitation, 

the pressure increase after the cavitation region is delayed [35]. Simultaneously, the 

maximum pressure generated by the texture decreases [35]. In summary, the influence 

of the cavitation effect depends on the shape of the asymmetric pressure distribution 

[11]. When the pressure is overall positive, the positive pressure can lead to an 

increased separation between the surfaces [36]. 

 

Figure 3.4 Schematic picture for cavitation effect, reproduced from [11] 
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(c) Inertia effect 

Another widely accepted mechanism is the so-called ‘inertia effect’. In most cases, 

the inertia effect is negligible when analyzing the lubrication performance of journal 

bearings. However, under conditions with high sliding speed, high lubricant density, 

high film clearance, and low viscosity, the inertia effect becomes significant [37,38]. 

These parameters can be summarized in the Reynolds number (Re): 

𝑅𝑒 =
𝜌𝑙 ∙ 𝑢𝑠 ∙ 𝐶

𝜂𝑙
 

where us is the sliding speed of the textured contact; C is the clearance of the 

contact; 𝜌𝑙 is the density of the lubricant; 𝜂𝑙 is the dynamic viscosity of the lubricant. 

For the textured contact, the enlarged clearance (C) leads to a higher Re value, which 

indicates a stronger inertia effect [39,40]. The pressure distributions at lower and 

higher Re values are shown in Figure 3.5 [41]. Compared to the antisymmetric 

pressure at the lower Re value, a positive load-carrying capacity is generated at the 

higher Re value. Consequently, this effect becomes considerable when analyzing the 

textured contact. This conclusion is also in agreement with the findings by other 

researchers [42,43]. 

 

Figure 3.5 Schematic picture for inertia effect, reproduced from [41]  

(d) Vortex effect 

In addition to the three aforementioned effects, vortices have also been observed 

within textures both experimentally and numerically, as shown in Figure 3.6 [44,45]. 

Furthermore, studies have shown that vortices can considerably affect the lubrication 

performance of textured contacts. The vortices can affect the cavitation zone and 

further influence the hydrodynamic pressure generated by textures [46,47]. Xie et al. 

p

psupply

Lower Re number

Higher Re number



 

State of research 

10 

[48] also pointed out that the vortices influenced the pressure distribution within 

textures and further affected the local load-carrying capacity by textures. Therefore, 

when elucidating the lubrication mechanism of textures in journal bearings, the 

influence of vortices should be fully taken into consideration.  

 

 

Figure 3.6 Vortices observed experimentally [44] and numerically [45] 

In summary, four texture-induced microflow effects have been identified when 

analyzing the effect of a single texture on sliding contacts. An error of nearly 20% in 

the load-carrying capacity has been reported when texture-induced microflow related 

effects were neglected [49]. Therefore, to accurately predict the lubrication 

performance of textured contacts working across a wide range of operating conditions, 

all four texture-induced microflow effects introduced above should be considered. 

3.2.2. Textured journal bearings 

The aforementioned studies on the texture-induced microflow effects were mainly 

based on single-texture contacts. However, textured journal bearings in practical 

applications always contain multiple textures. In this section, the interactions between 

multiple textures as well as their interactions with journal bearings are summarized. 

(a) Interactions between multiple textures 

Based on the lubrication mechanism of the single-texture contact, a straightforward 

deduction is that the pressure distribution induced by multiple textures is a repetition 

of the pressure distribution induced by the single texture, as illustrated by the black 

line in Figure 3.7. However, from the pressure distribution of multiple textures 

illustrated by the blue line, the pressure induced by the successive texture is based on 

the pressure induced by the previous texture [11].  

This deviation can be attributed to the interactions between textures. Specifically, 

the local differences in pressure and the potential perturbations of lubricant flow 

between textures can significantly affect the pressure build-up [50]. Consequently, the 



 

State of research 

 

11 

aforementioned mechanisms for the single-texture contact cannot be directly 

applicable to textured journal bearings. This highlights the necessity of considering 

the interactions between multiple textures. 

 
Figure 3.7 Schematic pressure distributions for single texture and multiple textures 

reproduced from [11] 

(b) Interactions between multiple textures and journal bearings 

As introduced in Chapter 3.2.1, the microflow effects induced by textures can 

influence the local LCC and thereby affect the formation of the lubricating film in 

journal bearings. In turn, the microflow within textures is also reported to be 

influenced by the lubricating film. The cavitation effect is dependent on the local 

pressure of the lubricating film at textures [51]. Sahlin et al. [42] showed that the 

generation of vortices within textures was influenced by texture depth as well as the 

flow in the local lubricating film at textures. In addition, it has been reported that the 

inertia effect and the inlet suction effect highly depend on the operating conditions of 

the lubricating film [29,52].  

In summary, the interactions between multiple textures considerably affect the 

pressure build-up, and further influence the FL and LCC of journal bearings. 

Moreover, the texture-induced microflow effects can influence the formation of the 

local lubricating film in journal bearings. Conversely, the flow within the lubricating 

film also influences these microflow effects in the textures. This demonstrates the 

interactions between the texture-induced microflow and the lubricating film in journal 

bearings. 

To accurately predict the FL and LCC of textured journal bearings, all texture-

induced microflow effects should be fully considered. Additionally, the interactions 

between multiple textures should be considered when predicting the FL and LCC of 

Single texture

Multiple textures
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journal bearings. Moreover, the interactions between the texture-induced microflow 

and the bearing lubricating film should be considered at the whole-bearing level. 

3.3. Numerical models of textured journal bearings 

When predicting the FL and LCC of textured journal bearings, both texture-induced 

microflow effects and texture-interaction effects should be involved. In this 

subchapter, the numerical models of textured journal bearings are summarized. 

3.3.1. Numerical models of textured contacts  

In terms of the numerical prediction of textured contacts, two numerical models are 

commonly used: the Reynolds equation model and the Navier-Stokes (N-S) equations 

model [14]. The Reynolds equation is a simplified version of the N-S equations, 

derived by neglecting the inertia effect and the flow in the direction of film thickness 

[26]. Both the Reynolds equation and N–S equations are classified as partial 

differential equations. Since the closed-form analytical solutions are only available 

for simple geometries and flow regimes, solving these equations requires a multi-level 

iterative numerical approach [53]. This solution process is referred to as 

Computational Fluid Dynamics (CFD).  

The numerical solution based on CFD begins with discretizing the fluid domain into 

small and interconnected cells or volumes. These small and interconnected cells or 

volumes are collectively referred to as the mesh [54]. Figure 3.8 schematically 

illustrates the differences in mesh discretization required by the N–S equations model 

compared with the Reynolds equation model. In contrast to the N–S equations model, 

the Reynolds equation model does not require the mesh discretization in the direction 

of film thickness, thus significantly reducing the number of mesh elements. Therefore, 

the Reynolds equation requires less computational cost and is more straightforward to 

implement due to the simplification [55]. Consequently, the numerical models based 

on the Reynolds equation constitute 77% of previous research on textured surfaces 

[11].  
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Figure 3.8 Mesh discretization of textured journal bearings: (a) Required by 

Reynolds equation (b) Required by N-S equations 

However, the simplification of the Reynolds equation leads to limitations in the 

prediction of textured contacts [56]. Dobrica and Fillon [40] concluded that the 

Reynolds equation was invalid for textured sliders when the ratio between the length 

and depth of the texture was small (less than 10 in their case) and the Reynolds number 

was large. Li and Chen [49] reported that the Reynolds equation was inapplicable 

when the texture depth was higher than 10% of the film thickness. In their study, the 

load-carrying capacity predicted by the Reynolds equation was 20% lower than that 

obtained by more precise N-S equations. Wen et al. [55] conducted a comparison 

between the N-S equations and Reynolds equation models in the textured contacts and 

found differences in both the minimum film thickness and pressure distribution. The 

necessity of the N-S based prediction on the textured contacts has also been 

demonstrated in the studies by Keller et al. [57], Wang et al. [58] and Cohen et al. 

[59].  

To elucidate the underlying reasons for the aforementioned differences, a detailed 

comparison between the Reynolds equation and the N-S equations in predicting the 

textured surfaces is concluded in Table 3.1. When predicting the LCC and FL of 

textured journal bearings, the Reynolds equation is not able to consider the inertia 

effect [39–43] and the vortex effect [44–48,60]. Consequently, the interaction effect 

between the texture-induced microflow and the bearing film formation also cannot be 

fully considered by the Reynolds equation. In contrast, the N-S equations can 

simultaneously consider all the texture-induced microflow effects and interaction 

effects. Therefore, to accurately predict the LCC and FL of textured journal bearings, 

the N-S based CFD model is more appropriate.  

(a) (b)

𝑂𝑠𝑂𝑠

Surface texture

Bearing surface

Shaft Shaft
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Table 3.1 Comparison of Reynolds equation and N-S equations in predicting the 

performance of textured surfaces 
 

Reynolds N-S 

Texture-induced microflow effects  

(a) Inlet suction effect ✓ ✓ 

(b) Cavitation effect  ✓ ✓ 

(c) Inertia effect  ✓ 

(d) Vortex effect   ✓ 

Interaction effects 

(a) Between multiple textures ✓ ✓ 

(b) Between the microflow and bearing film Inaccurate ✓ 

3.3.2. N-S based CFD models for various lubrication regimes 

Given the high accuracy of the N-S based CFD model, its applications to the 

textured journal bearings are presented in this section. When predicting the LCC and 

FL of textured journal bearings, the accuracy of the numerical model depends on its 

ability to capture the flow behavior of the lubricant. When applying the N-S based 

CFD model to journal bearings operating under various lubrication regimes, the 

following behaviors are essential to be considered. 

(a) Cavitation 

Cavitation is a phenomenon in fluid flow where the static pressure of a liquid falls 

below its saturation pressure (𝑝𝑠𝑎𝑡), causing the formation of vapor bubbles [61]. 

Therefore, when the cavitation occurs, the lubricating oil becomes a mixture of liquid 

and vapor. As introduced in Subchapter 3.2.1, the cavitation effect is a critical flow 

behavior within textures. Besides, the distribution of the cavitation zone can 

significantly influence the pressure build-up and the friction behavior of the whole 

journal bearing [62]. Therefore, the cavitation effect is essential for capturing the flow 

behavior in textured journal bearings and needs to be considered into the N-S based 

CFD model. 

(b) Load-balance 

In addition, as introduced in the previous section, compared to the Reynolds 

equation, the N-S equations can consider the flow across the film thickness and the 
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inertia effect. Therefore, the solution of the N-S equations needs to account for an 

additional flow dimension and incorporate inertia effect [26]. Consequently, solving 

the N-S equations becomes more challenging. As a result, most existing N-S based 

CFD models have been simplified by assuming a fixed eccentricity (𝑒) and attitude 

angle (𝜑) of the journal bearing, as shown in Figure 3.9 (a). In this way, the LCC is 

predicted as an output parameter for a given eccentricity and attitude angle. Therefore, 

this method neglects the equilibrium between LCC of the bearing and the external 

load [63]. However, setting a fixed eccentricity ratio and attitude angle makes it 

difficult to evaluate the journal bearings from a system’s perspective, as the external 

load (𝐿𝑒𝑥𝑡)  and the speed (𝑈𝑟𝑜𝑡)  are system properties to define the operating 

condition [24,63], as shown in Figure 3.9 (b). Different operating conditions lead to 

different eccentricity ratios and attitude angles. Therefore, a so-called ‘load-balance 

model’, which considers the equilibrium between the LCC of the bearing and the 

external load, should be incorporated into the N-S based CFD model.  

 
Figure 3.9 Schematic mesh for a journal bearing: (a) with the fixed eccentricity 

ratio and attitude angle (b) with the external load 

To incorporate the load-balance model, the equilibrium between the LCC of the 

bearing and the external load is evaluated during the solution of the N-S equations. 

When the LCC cannot achieve equilibrium with the external load, the shaft moves. 

As a result, this movement changes the entire fluid domain. Since the N–S equations 

require modeling the flow across the whole lubricating film, the mesh for the entire 

fluid domain must be updated with the changed fluid domain [64]. To achieve this, 

the mesh-updating method (also known as dynamic mesh method) needs to be 

incorporated into the N-S based CFD model. This poses significant challenges to 

incorporate the load-balance model in the N-S based CFD model. 
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(c) Deformation and surface roughness 

Moreover, in many applications, including combustion engines and wind turbines, 

journal bearings may operate with higher loads and lower rotational speeds. These 

operating conditions may lead to an insufficient lubricating film thickness and asperity 

contact between the bearing and the shaft. This induces a considerable deformation of 

the bearing and the occurrence of direct asperity contact of surface roughness [65]. 

This condition is referred to as mixed-elastohydrodynamic lubrication (mixed-EHL). 

Therefore, the wide range of operating conditions causes journal bearings to operate 

from the HL regime to the mixed-EHL regime. This requires the further development 

of the N-S based CFD model which can predict the LCC and FL of the textured journal 

bearings from HL to mixed-EHL conditions. Therefore, in addition to the load-

balance model, the elastic deformation as well as the surface roughness models should 

also be included into the N-S based CFD model.   

Current applications of N-S based CFD models in textured journal bearings are 

preliminarily summarized in Table 3.2. It shows that the cavitation model has been 

widely included in the N-S based CFD models. However, until now, the applications 

of N-S based CFD models to textured journal bearings are primarily limited to the 

hydrodynamic lubrication regime without considering the load-balance model 

[11,63]. Only a few studies have developed elasto-hydrodynamic lubrication (EHL) 

models that include the elastic deformation of textured journal bearings [66]. One 

study was found to include both the elastic defamation and surface roughness, but 

without considering the load-balance model. Therefore, an N-S based CFD model 

which can accurately predict the performance of textured journal bearings from HL to 

mixed-EHL conditions is still missing.   
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Table 3.2 State of research on N-S based CFD models for textured journal bearings 

  
Cavitation 

Load-

balance 
Deformation 

Surface 

roughness 

HL Xie et al. 

[18,48] 

✓    
Vilhena et al. 

[56] 

Han et al. [67]  

Others [68–71] 

EHL Zhang et al.[66]  

✓  ✓  

Meng et al. [72] 

Tauviqirrahman 

et al. [73]  

Hameed et al. 

[74] 

Lin et al. [75] ✓ ✓ ✓  

Mixed-

EHL 

Muchammad et 

al. [76] 
✓  ✓ ✓ 

In summary, the N-S based CFD model is more accurate in predicting the 

performance of textured journal bearings compared with the Reynolds equation. The 

current N-S based CFD models are primarily limited to the hydrodynamic lubrication 

regime. Further development of the N-S based CFD model is essential to promote the 

application of textures in journal bearings under various lubrication conditions, 

particularly the mixed-EHL condition. However, to the best of the authors' knowledge, 

such a model does not exist until now. 

Nevertheless, the N-S based CFD model compromises computational efficiency due 

to the dramatic increase in mesh cell numbers and the above-introduced multi-level 

iterative solution. This issue becomes even more critical under mixed lubrication 

conditions due to the additional consideration of elastic deformation, surface 

roughness and load-balance models. This high computational cost limits the rapid 

evaluation of potential texture configurations. Therefore, to facilitate the practical 

design of textured journal bearings, it is essential to integrate this highly accurate N-

S-based CFD model into an efficient design strategy, which will be discussed in the 

following subchapter. 
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3.4. Design of textured journal bearings 

Although the high accuracy of the N-S based CFD model is widely recognized, its 

computational efficiency has been criticized. To address this issue and integrate the 

N-S based CFD model into the design of textured journal bearings, this subchapter 

discusses current design methods for textured journal bearings. It begins with the 

determination of design parameters of surface textures. Following that, the efficient 

prediction methods of textured journal bearings are discussed. At last, the 

optimization design methods are presented.  

3.4.1.  Design parameters of surface textures 

In order to design surface textures for journal bearings, the critical design 

parameters should first be determined. Extensive studies in recent decades have 

concluded that the design parameters mainly encompass two aspects: geometry 

parameters and distribution parameters [77], as illustrated schematically in Figure 

3.10. The effect of each parameter is discussed in detail below. 

 
Figure 3.10 Schematic of a textured journal bearing: (a): Geometry parameters  

(b): Distribution parameters 

(a) Geometry parameters  

As an important geometry parameter of surface textures, the effect of texture depth 

has been widely studied. Zhang et al. [78] compared the variation in the LCC as a 

function of the texture depth. They found that as the texture depth increased, the LCC 

of the textured journal bearing initially increased and then decreased. This result 

confirmed the existence of an optimal texture depth under the specific operating 
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condition. The significant effect of texture depth on the journal bearings and the 

existence of an optimal texture depth were also reported by Guo et al. [79], Sharma et 

al. [80], and Mehrjardi et al. [81].  

In addition to the texture depth, the texture width has also been reported as a critical 

parameter. Texture width determines the texture density for a given texture 

distribution and influences the pressure formation around a unit dimple. Mao et al. 

[82] compared the maximum oil film pressure and friction loss for different texture 

widths. In their case, an increase in texture width raised the dimensionless maximum 

oil film pressure (defined as the ratio of the maximum hydrodynamic pressure to the 

ambient pressure) by around 20%, while the friction loss was reduced by 35%. This 

indicated the significant effect of texture width on both the LCC and FL of journal 

bearings. This significant effect was also reported by other researchers [83–85]. 

Based on the texture depth and width, the texture geometry can be characterized by 

three dimensionless parameters [40]: texture depth ratio (the ratio of the texture depth 

to the lubricant film clearance), texture width ratio (the ratio of the texture width to 

the unit cell width), and aspect ratio (the ratio of the texture width to the texture depth). 

In this work, the lubricant film clearance and the cell width remain fixed. 

Consequently, when the texture depth ratio and the texture width ratio are specified, 

the aspect ratio is thereby determined. Therefore, the primary geometry parameters 

considered in this work are the texture depth ratio and the texture width ratio. 

In studies of textured journal bearings, various texture shapes have also been 

investigated, including circular, triangular, rectangular, and hexagonal forms [86]. 

However, given current manufacturing techniques, circular textures are most 

commonly fabricated and thus represent the most widely used shape [87,88]. 

Therefore, this dissertation focuses exclusively on circular textures. 

(b) Distribution parameters 

As pointed out by Arif et al. [89], the textured distribution can significantly affect 

the LCC and FL of journal bearings, and under certain cases even more than the 

textured geometry.  

In studies on the effect of the texture distribution, the primary comparison is 

between fully textured and partially textured distributions. A fully textured 

distribution is defined as one in which textures cover the entire circumference of the 

bearing surface. In contrast, a partially textured distribution covers only a portion of 

the bearing surface circumference. Dobrica et al. [50] compared these two 

distributions and concluded that the fully textured bearings exhibited worse 

performance than the non-textured bearings, whereas the partially distributed textures 
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had the potential to improve the LCC and reduce the FL of journal bearings. This 

finding was later confirmed by Khatri et al. [90] and Tala-Ighil et al. [21]. 

For a partially textured bearing, the texture coverage angle serves as a distribution 

parameter, defined as the circumferential angle of the textured area on the bearing 

surface. By comparing 24 partially textured bearings with a non-textured bearing, 

Tala-Ighil et al. [21] found that when textures were distributed downstream of the 

hydrodynamic pressure field, partially distributed textures could generate a beneficial 

effect on the LCC. Kango et al. [91] observed that the texture coverage angle had a 

significant impact on the FL of journal bearings. At a low bearing eccentricity, as the 

texture coverage angle increased, the FL first decreased and then increased.  

Subsequently, Gui and Meng [92] compared the effect of the texture coverage angle 

on the LCC and FL in both pressure-rising and pressure-falling fields. They found that 

the effect of the texture coverage angle was dependent on the starting angle of the 

textured area. This suggests that texture distribution parameters should account for 

both the starting angle and the coverage angle of the textured area. 

(c) Interaction effect between various design parameters 

In addition to separate studies on the individual influence of the texture geometry 

and the texture distribution on the LCC and FL of journal bearings, the interaction 

between these two aspects has also been reported. Tala-Ighil et al. [22] investigated 

the influence of the texture width and distribution on the bearing performance. The 

results indicated that the effect of the texture width on the LCC and FL was dependent 

on the texture distribution. Subsequently, the synergic effect of the texture depth and 

texture distribution were investigated by Liang et al. [68]. They found that shallow 

textures were better for the convergent area, while deep textures were better for the 

divergent area. Additionally, the interaction between the texture geometry and the 

texture distribution has also been reported by other researchers [48,93].  

The aforementioned findings reveal that both the geometry and distribution 

parameters of textures can generate a considerable effect on the LCC and FL of journal 

bearings. Therefore, the design of surface textures in journal bearings should consider 

both aspects. In addition, the interaction between various design parameters has been 

observed. These complexities present the high degree of freedom in design parameters 

of surface textures.  

As concluded from subchapter 3.3, the N-S based CFD model is more accurate in 

predicting the LCC and FL of textured journal bearings. However, the N-S based CFD 

model compromises the computational efficiency. Consequently, given the high 

degree of freedom in texture design parameters, the prediction of textured journal 
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bearings requires a huge amount of computational cost from the N-S based CFD 

model. Therefore, to facilitate the practical design of textured journal bearings, an 

efficient prediction method for textured journal bearings is required, which will be 

discussed in the next subchapter. 

3.4.2.  Machine learning models for textured journal bearings  

As an alternative to numerical models, recent advances in machine learning (ML)-

based surrogate models have shown significant potential in terms of computational 

efficiency. ML-based surrogate models are the statistical models developed using 

machine learning methods. Once successfully trained, the surrogate models can 

predict the desired outputs with high accuracy and with a much lower computational 

cost than that required by numerical models [94–96]. Therefore, these models have 

attracted growing attention in the fields of journal bearings and surface textures [97]. 

ML-based surrogate models have been successfully utilized in the performance 

prediction of journal bearings. Moschopoulos et al. [98] developed a ML procedure 

to predict the loading condition based on the sound and vibration data. Hess and Shang 

[99] presented an artificial neural network (ANN) model to approximate the pressure 

distribution of a journal bearing. Baş and Karabacak [100] compared three different 

ML methods for predicting the friction of radial journal bearings, including ANN, 

support vector machine, and regression trees. Their results showed that the ANN 

model achieved the highest prediction accuracy. 

In addition to its applications in journal bearings, ML has also shown the potentials 

in textured contacts. Otero et al. [101] developed an ANN model to predict the friction 

coefficient of the textured surface in a ball-on-disc contact. Marian et al. [102] applied 

ML to qualitatively feature the influence of micro-textures in a single EHL contact, 

which was a tribological approximation model of rolling bearings. Li et al. [103] 

compared five ML algorithms for predicting the friction coefficient of sliding friction 

pairs with textures. According to their results, the ANN also achieved the highest 

prediction accuracy. However, from the literatures, the studies in which ML 

techniques are applied to the performance prediction of textured journal bearings are 

still new.  

When applying ML-based surrogate models to textured journal bearings, the 

accuracy of the surrogate models is highly dependent on the accuracy and amount of 

training datasets [104,105]. As previously mentioned, the N-S based CFD model can 

provide training data more accurately, but it imposes a high computational burden. In 

addition, the high degree of freedom in design parameters of textures means that a 

large amount of training data is required, which further increases the time 
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requirements. Therefore, to predict the LCC and FL of textured journal bearings 

accurately and efficiently, it is crucial to explore a method that can improve the 

prediction accuracy of ML models without requiring additional training datasets. 

In summary, ML-based surrogate models offer the potential capability to efficiently 

predict the LCC and FL of journal bearings. However, due to the limitation of the 

generation of training datasets, this efficient ML-based surrogate model has not been 

accurately and efficiently obtained.  

3.4.3.  Optimization design method of textured journal bearings 

Based on the aforementioned ML-based surrogate models, the relationship between 

texture design parameters and both the LCC and FL can be accurately and efficiently 

predicted. Given this relationship, the design of textured journal bearings requires the 

appropriate determination of optimal texture design parameters for journal bearings. 

The determination of optimal design parameters should be driven by the optimization 

objectives. According to the literature, surface textures can efficiently reduce the 

friction loss in journal bearings [3]. However, surface textures may also decrease the 

load-carrying capacity of journal bearings [11,60]. Consequently, when optimizing 

textured journal bearings, the objectives should include reducing the friction loss, 

while increasing or maintaining the load-carrying capacity. Driven by these 

optimization objectives, the commonly utilized optimization methods of textured 

journal bearings are summarized in this subchapter. 

(a) Single-variable parameter study  

Current optimization studies on textured journal bearings primarily employ the 

single-variable parameter study, in which the individual effect of each texture design 

parameter on the bearing performance is evaluated independently. Tala-Ighil et al. 

[21] examined 25 different texture distributions while keeping the texture geometry 

parameters constant. Singh et al. [106] compared 5 texture depths while keeping the 

texture distribution and width constant. Guo [107] optimized the LCC of bearings by 

varying the texture depth, width, and coverage. He conducted three sets of 

comparisons: 7 different texture widths while keeping the depth and coverage 

constant; 5 different texture depths while maintaining constant width and coverage; 

and 15 texture distributions with constant width and depth. The similar optimization 

design of textures based on the single-variable parameter study was also conducted 

by Refs. [80,108,109]. 

From the single-variable parameter study, optimal values for each texture parameter 

are obtained separately, forming an optimal texture configuration. However, this 

approach is often insufficiently accurate since each parameter's optimal value is 
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determined while the other parameters remain constant. From the aforementioned 

studies in Subchapter 3.4.1, there are interactions between texture design parameters 

[22,48,68,93]. This means the optimal value of each parameter may change as other 

parameters vary. A possible approach to achieving globally optimal results through 

the single-variable parameter study is the full-factorial design method [110]. For 

example, four texture design parameters, each having 10 levels, yield 104 possible 

combinations. By comparing the LCC and FL of all 104 combinations, the optimal 

combination might be identified. However, this full-factorial design method is 

inefficient due to extensive prediction time required and the numerous design 

parameters involved. Consequently, the design of surface textures in journal bearings 

still remains at the trial-and-error stage [13]. 

(b) Optimization algorithm 

Optimization algorithms offer an efficient way to address the above issue [111]. 

Among various optimization algorithms, the genetic algorithm (GA) has been widely 

used in the optimization design of textured parameters in journal bearings, as shown 

in Table 3.3. GA is an optimization method inspired by Darwinian’s principles of 

natural selection and survival of the fittest individuals [112]. It employs mathematical 

tools to evolve a population of candidate solutions over successive generations. It 

excels in exploring complex search spaces and adapting to diverse problem domains 

[113]. 

Table 3.3 Studies employing GA in optimization design of textured journal bearings 

Studies Design parameters Objectives 

Zhang et al. 

[114,115] 

Texture distribution Minimizing friction coefficient 

Shen et al.[116] Texture depth Minimizing friction coefficient 

Xu et al. [117] Texture depth 

Texture width 

Maximizing the sum of inverse of 

friction and maximizing pressure 

Khatri et al. [118] Texture depth 

Texture distribution 

Minimizing the sum of stability 

speed, the critical mass and the 

frictional torque 

However, when it comes to handling the multi-objective optimization, the 

traditional GA is limited by its difficulty in effectively evaluating and balancing 

multiple objectives simultaneously [119]. The general approach to multiple-objective 

optimization by GA is to combine the individual objective functions into a single 

composite function [119]. As shown in Table 3.3, Khatri et al. [118] optimized the 
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textured depth and distribution with three objective parameters. During their 

optimization procedure, the objective function was defined as the sum of these three 

objective parameters. As a result, the optimization process may be biased toward 

solutions that favor certain objectives over others, rather than providing a balanced 

compromise among all objectives. Therefore, this aggregation is limited to handle the 

trade-offs among multiple, especially potentially competing objectives [120]. To 

address this issue, an efficient multi-objective optimization approach should be 

considered when designing textured journal bearings.  

Due to this reason, the non-dominated sorting genetic algorithm-II (NSGA-II) was 

developed from the traditional GA approach. This method can generate solutions that 

are not inferior to any other candidates across all objectives. This means that the 

NSGA-II directly manages the trade-offs among multiple objectives instead of 

combining them into a single criterion [121]. Because of its advantages for the multi-

objective optimization, this algorithm has shown promising results in the optimization 

design of textures in thrust bearings [122–124] and seals [125–128]. However, the 

multi-objective optimization of textured journal bearings based on this algorithm still 

remains to be explored.  

In summary, the design of textured journal bearings is driven by multiple objectives, 

including the lower FL and the higher LCC. However, the commonly used single-

variable parameter study is inefficient due to the extensive time required and the 

numerous design parameters involved. In addition, the traditional GA optimization 

method is limited to the single-objective optimization. Therefore, an efficient multi-

objective optimization model is needed for the design of textured journal bearings. 

3.5. Identification of research needs 

Although numerous studies have been conducted to apply surface textures into 

journal bearings, the methods for properly designing surface textures in journal 

bearings are primarily constrained by inadequate prediction models and trial-and-error 

design methods. To address this problem, the state of research is summarized and the 

research needs are then derived. 

(a) Research needs to accurately predict the LCC and FL of textured journal 

bearings under various lubrication conditions 

An error of nearly 20% in the LCC has been reported when texture-induced 

microflow-related effects were neglected. Therefore, to accurately predict the LCC 

and FL of textured journal bearings, the texture-induced microflow effects as well as 

the interaction effects between the microflow and bearing lubricating film should be 
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considered by employing a N-S based CFD model. However, the current N-S based 

CFD model is primarily limited to the HL regime. To promote the application of 

textures in journal bearings under various conditions, particularly under mixed 

lubrication conditions, a further development of the N-S based mixed-EHL model is 

essential to integrate the solid deformation, surface roughness and load-balance 

models with the N-S equations. 

(b) Research needs to efficiently predict the LCC and FL of textured journal 

bearings considering interactions between texture design parameters 

The texture design parameters include geometry and distribution parameters. The 

interactions among these parameters results in a high degree of freedom in texture 

design parameters. This high degree of freedom requires a huge amount of 

computational cost from the N-S based CFD model. Therefore, to design textured 

journal bearings, the LCC and FL of journal bearings under different texture 

parameters should be predicted not only accurately but also efficiently. 

(c) Research needs to optimize textured journal bearings with the aim of 

reducing the friction loss and increasing the load-carrying capacity 

Although surface textures have demonstrated promising results in reducing FL of 

journal bearings, their detrimental effect on the LCC has also been reported. 

Therefore, a multi-objective optimization should be considered in the design of 

textured journal bearings. However, the single-variable parameter study is inefficient 

due to the extensive time required and the numerous design parameters involved. 

Therefore, an efficient multi-objective optimization model is needed for the design of 

textured journal bearings.   
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4. Research concept 

4.1. Research questions 

Although surface textures are considered a promising way to enhance the LCC and 

reduce the FL of journal bearings, improperly designed textures have a negative effect 

on journal bearings. Therefore, the objective of this work is defined as: 

Development of a design method for surface textures in journal bearings 

To approach this objective, the main research question (RQ) is derived from the 

identified research needs: 

Main RQ: How can we optimize both the friction and load-carrying capacity of 

journal bearings by designing and locating surface textures? 

To answer this main RQ, two sub-RQs should be answered:  

Sub-RQ1: How can we accurately predict the load-carrying capacity and friction 

loss of textured journal bearings with the consideration of texture-induced microflow 

effects and interactions between multiple textures? 

Sub-RQ2: How can we efficiently predict the load-carrying capacity and friction 

loss of textured journal bearings with the consideration of interactions between design 

parameters of textures? 

4.2. Solutions 

To answer these three research questions, the following solutions can be identified 

from the current state of research in this work:  

1. The N-S based CFD method is more accurate in predicting the LCC and FL of 

textured journal bearings under different lubrication conditions compared with 

the Reynolds equation. (identified from Chapter 3.3) 

2. ML-based surrogate models can efficiently predict the LCC and FL of textured 

journal bearings. (identified from Chapter 3.4.2) 

3. Multi-Objective Genetic Algorithm can be used to optimize texture parameters 

with the goal of reducing the FL and improving the LCC. (identified from 

Chapter 3.4.3) 

Consequently, a model strategy is proposed in this work based on the above 

solutions, which includes three sub-models: 
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a) N-S based mixed-EHL model (N-S based CFD model for various lubrication 

conditions) 

b) ML-based surrogate model  

c) Multi-objective optimization model 

Each sub-model addresses a specific research question. All these three sub-models 

are organized into five chapters, as shown in Figure 4.1. 

 

Figure 4.1 Structure of this work 

To answer the sub-RQ 1, the N-S based mixed-EHL model for textured journal 

bearings is developed in Chapter 5. The current N-S based models are primarily 

limited to the hydrodynamic lubrication regime. Therefore, the N-S based mixed-EHL 

model is developed by integrating elastic deformation, surface roughness and load-

balance models with the N-S equations. Eventually, the developed model is capable 

Chapter 6: Influence of texture geometries and distributions on LCC and FL

Chapter 5: Accurate prediction of  LCC and FL of textured journal bearings

Accurate and efficient surrogate model

Training data

Chapter 9 → Summary and outlook

•ML-based surrogate model•Texture parameters •LCC and FL

Chapter 7 → Sub-RQ 2

Efficient prediction of LCC and FL of textured journal bearings

•Multi-objective optimization model •Optimized textured journal bearing

Chapter 8 → Main RQ

Optimization of LCC and FL by designing texture parameters

•N-S based mixed-EHL model

a)N-S equations with cavitation

b)Elastic deformation

c)Load-balance

d)Surface roughness

•Under hydrodynamic lubrication (Chapter 6.1) •Under mixed lubrication (Chapter 6.2) 

Chapters 5 & 6  → Sub-RQ 1

•Experimental validation
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of predicting the LCC and FL of textured journal bearings from 

(elasto-)hydrodynamic lubrication to mixed lubrication. Therefore, it is named as 

‘mixed-EHL’ model. In Chapters 5.1 and 5.2, the theoretical background and setup of 

the developed mixed-EHL model are introduced, respectively. With this model, the 

LCC and FL of textured journal bearings can be accurately predicted considering the 

texture-induced microflow effects and interactions between multiple textures under 

different lubrication conditions. Subsequently, the experimental validation is 

conducted to verify the accuracy of the N-S based mixed-EHL model in Chapter 5.3. 

After the validation, in Chapter 6, this model is used to analyze the influence of texture 

geometries and distributions on the LCC and FL of journal bearings under two 

lubrication regimes: hydrodynamic lubrication and mixed lubrication.  

The successful answer to sub-RQ 1 provides the basis for answering sub-RQ 2. 

Using the experimentally validated mixed-EHL model, the input and output 

parameters are defined and the training datasets are generated for the ML-based 

surrogate model, which is introduced in Chapter 7.1. Then, the theoretical background 

of ML-based surrogate model is introduced in Chapter 7.2. Subsequently, the 

architecture parameters as well as the initial weights and biases of the surrogate model 

are determined for the model setup in Chapter 7.3. The ML-based surrogate model is 

utilized to efficiently predict both the LCC and FL while considering the interaction 

between texture design parameters in Chapter 7.4. Therefore, this surrogate model 

answers the sub-RQ 2.  

Eventually, based on the ML-based surrogate model, the multi-objective 

optimization model is developed in Chapters 8.1 and 8.2. Subsequently, in Chapter 

8.3, the multi-objective optimization model based on the NSGA-II is utilized to 

optimize both the LCC and FL of journal bearings by designing texture parameters. 

Therefore, the main RQ can be answered and a design method for surface textures in 

journal bearings will be available.  
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5. Numerical model of textured journal bearings 

The textured journal bearing is schematically depicted in Figure 5.1. It is composed 

of a smooth shaft and a journal bearing with surface textures. The smooth shaft rotates 

in an anti-clockwise direction with a rotational speed (𝑈𝑟𝑜𝑡 ), while the textured 

bearing stays stationary. The external load (𝐿𝑒𝑥𝑡) is applied vertically on the shaft. 

The oil is pumped into the thin clearance between the shaft and bearing from the upper 

inlet hole with the inlet pressure (𝑝𝑖𝑛) and flows out from both sides with the ambient 

pressure (𝑝𝑜𝑢𝑡). Within the thin lubricant film, hydrodynamic pressure is generated to 

separate the rotating shaft and the stationary bearing. 

 

Figure 5.1 Schematic representation of a textured journal bearing 

As aforementioned in the Chapter 3.3, when predicting the LCC and FL of textured 

journal bearings, the N-S based CFD model is more accurate compared with the 

Reynolds equation. However, the current N-S based CFD model is primarily limited 

to the hydrodynamic lubrication regime. Further development of the N-S based CFD 

model is essential to promote the application of textures in journal bearings under 

various lubrication conditions, including the mixed-EHL condition. However, such a 

model does not yet exist. To address this limitation, the N-S based mixed-EHL model 

is developed to predict the LCC and FL of textured journal bearings from the 

hydrodynamic lubrication regime to the mixed-EHL regime. The theoretical 

background is presented in the following subchapter. 
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5.1. Theoretical background of the mixed-EHL model 

In this subchapter, the theoretical background of the N-S based mixed-EHL model 

for textured journal bearings is introduced. It starts with the governing equations of 

fluid flow and solid deformation, followed by modelling the effects of surface 

roughness and the load balance. The contribution and novelty of this model lie in 

integrating and connecting the models of deformation, load balance, and surface 

roughness with the N-S equations. To the best of the author’s knowledge, this is the 

first N-S based CFD model capable of predicting the LCC and FL of textured journal 

bearings from the hydrodynamic lubrication regime to the mixed-EHL regime. 

5.1.1. Governing equation of fluid flow 

The governing equations of fluid flow are introduced in this subchapter. All the 

equations of fluid flow are solved in OpenFOAM, which is an open-source CFD 

package [129]. As introduced in Subchapter 3.3.2, one important flow behavior in 

textured journal bearings is the cavitation effect, which occurs when the pressure falls 

below the saturation pressure ( 𝑝𝑠𝑎𝑡 ) [61]. The occurrence of cavitation can 

significantly influence the pressure build-up and friction behavior of textured journal 

bearings [62].  

In this work, the homogeneous equilibrium cavitation model in OpenFOAM is used, 

which assumes the mixture of liquid and vapor to be in a mechanical and 

thermodynamic equilibrium [57]. Details about the cavitation model can be found in 

the Appendix 10.1. The outcome of this cavitation model is the mass fraction of vapor 

𝛾. With the value of 𝛾, the mixture density 𝜌𝑚 and the mixture viscosity 𝜂𝑚 can be 

determined. 

Combined with the cavitation model, the N-S equations are used to compute the 

fluid flow. The N-S equations consist of the mass and momentum conservation 

equations [130]:  

𝜕

𝜕 
(𝜌𝑚) + ∇ ⋅ (𝜌𝑚𝑼𝑚) = 0 (5-1) 

𝜕

𝜕 
(𝜌𝑚𝑼𝑚) + ∇ ⋅ (𝜌𝑚𝑼𝑚𝑼𝑚) − ∇ ⋅ (         𝜏̿         ⏟      

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠

) = −∇𝑝ℎ + 𝑆𝒗 (5-2) 

where 𝑼𝑚 is the velocity vector of the mixture; 𝑝ℎ is the hydrodynamic pressure;  𝑆𝒗 

is the gravity term.  
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In this dissertation, the lubricant is assumed to be a general Newtonian fluid, whose 

viscosity is independent of shear stress [130]. Under this assumption, the shear stress 

term 𝜏̿ can be expressed as Eq. (5-3): 

𝜏̿ =  𝜂𝑚[∇𝑼𝑚 + (∇𝑼𝑚)
𝑇] +

2

3
∇ ∙ 𝑼𝑚 ∙ 𝐼  ̿ (5-3) 

where 𝐼 ̿is the unit tensor, and the second term on the right-hand side is the effect of 

volume dilation. 

By solving the N-S equations (Eqs. (5-1)~(5-3)), the hydrodynamic pressure field (𝑝ℎ) 

and the velocity filed (𝑼𝑚) can be determined. 

 

5.1.2. Governing equation of solid deformation 

Solid deformation is usually neglected in existing N-S-based CFD models of journal 

bearings, as these models focus only on HL conditions [20,58,87–90,92–94]. 

However, the new application with the high load necessitates the consideration of 

surface deformation in journal bearings. In this section, by considering the 

deformation, the existing N-S based CFD models are extended to predict the LCC and 

FL of textured journal bearings under EHL conditions. 

In this work, this deformation is calculated using the Elastic Half Space (EHS) 

method, which has been widely adopted to calculate the deformation of journal 

bearings based on the Reynolds equation [131,132]. According to the EHS method, 

the deformation of two elastic contacting surfaces (bearing and shaft in this study) can 

be simplified to a total elastic normal deformation 𝑑(𝜃′ , 𝑧′). The total elastic normal 

deformation 𝑑(𝜃′ , 𝑧′) induced by a given pressure field 𝑝(𝜃, 𝑧) can be expressed as: 

𝑑(𝜃′, 𝑧′) =
1

𝜋𝐸∗
∬

𝑝(𝜃, 𝑧)

√((𝜃′ − 𝜃 )𝑟𝑏)
2
+ (𝑧′ − 𝑧)2

𝑑𝜃𝑑𝑧
 

Ω

. 
(5-4) 

where Ω denotes the interface between the solid and fluid domains, 𝜃 and z are the 

circumferential and axial coordinates of the fluid domain, 𝜃′  and 𝑧′  are the 

circumferential and axial coordinates of the solid domain. Additionally, 𝐸∗  is the 

reduced Young’s modulus; p is a superposition of the hydrodynamic pressure (𝑝ℎ, 

introduced in Chapter 5.1.1) and the asperity contact pressure (𝑝𝑎, will be introduced 

in Chapter 5.1.3). The calculations of p and 𝐸∗ are given by Eq. (5-5) and Eq. (5-6), 

respectively:  



 

Numerical model of textured journal bearings 

34 

𝑝 = 𝑝ℎ⏟
ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

+ 𝑝𝑎⏟
𝑎𝑠𝑝𝑒𝑟𝑡𝑖𝑦 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

 
(5-5) 

𝐸∗ = (
1 − 𝑣1

2

𝐸1
+
1 − 𝑣2

2

𝐸2
) −1 (5-6) 

where 𝐸1 and 𝐸2 are the elastic moduli of the shaft and bearing, respectively. 𝜐1 and 

𝜐2 are the Poisson’s ratios of the shaft and bearing, respectively. More details about 

the EHS method are provided in Appendix 10.2. 

As a conventional way, the computational complexity of Eq. (5-4) can be reduced 

by constructing an influence coefficient matrix 𝐷𝑖,𝑗
𝑘,𝑙

. To compute the influence 

coefficient matrix 𝐷𝑖,𝑗
𝑘,𝑙

, the randomly distributed pressure within each mesh element 

is estimated using a zero-order shape function, as detailed in [133]. Thus, the normal 

nodal deformation vector 𝑑𝑘,𝑙  can be calculated by multiplying 𝐷𝑖,𝑗
𝑘,𝑙

 and the nodal 

pressure vector 𝑝𝑖,𝑗 , as expressed in Eq. (5-7) [26,133]: 

𝑑𝑘,𝑙 =
1

𝜋𝐸∗
∑∑𝐷𝑖,𝑗

𝑘,𝑙𝑝𝑖,𝑗      (𝑖, 𝑘 = 1,2,3,… , 𝑁𝑐; 𝑗, 𝑙

𝑁𝑧

𝑗=1

𝑁𝑐

𝑖=1

= 1, 2…𝑁𝑧)  

(5-7) 

where (𝑖, 𝑗) and (𝑘, 𝑙) are the mesh indexes of the fluid domain and solid domain, 𝑁𝑐 

and 𝑁𝑧 are the mesh numbers in the circumstantial and axial directions, 𝑑𝑘,𝑙  is the 

calculated deformation at the solid domain with the mesh index (𝑘, 𝑙) and 𝑝𝑖,𝑗  is the 

pressure at the fluid point with the mesh index (𝑖, 𝑗). 

5.1.3. Governing equation of surface roughness 

In addition to the solid deformation, another essential aspect to consider under high-

load conditions is the effect of surface roughness. This effect includes two aspects: 

the effect on the contact pressure and the effect on the lubricant flow [134]. 

(a) Contact model 

For the calculation of the asperity contact pressure, Greenwood and Tripp [135] 

proposed an asperity contact model, which was based on the contact of two nominally 

flat, random rough surfaces. The asperity contact pressure 𝑝𝑎 can be calculated as:  

𝑝𝑎 = 𝐾𝐸
∗𝐹(𝐻𝑠) (5-8) 
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where 𝐸∗ is the reduced elastic modulus, calculated using Eq. (5-6). The elastic factor 

𝐾 is a function that combines the roughness parameters of the contacting bodies, as 

detailed in Appendix 10.3.  

The function 𝐹(𝐻𝑠) relates the probability distribution of asperity height [136]:  

𝐹(𝐻𝑠) = {
4.4086 ∙ 10−5(4 − 𝐻𝑠)

6.804

0

if 𝐻𝑠 < 4
if 𝐻𝑠 ≥ 4

   (5-9) 

where 𝐻𝑠 is a dimensionless quantity that describes the ratio of the film thickness to 

the surface roughness height, which can be written as: 

𝐻𝑠 = (ℎ − 𝛿𝑠̅)/𝜎𝑠 (5-10) 

where 𝜎𝑠 is the combined asperity summit roughness of the shaft and bearing, which 

is defined as 𝜎𝑠 = √𝜎𝑠,1
2 + 𝜎𝑠,2

2 . The combined mean summit height 𝛿𝑠̅ can be defined 

as 𝛿𝑠̅ = 𝛿𝑠̅,1 + 𝛿𝑠̅,2. h is the film thickness, which takes the elastic defamation of solid 

domain into consideration. The calculation of the elastic deformation has been 

detailed in Subchapter 5.1.2. As indicated by Eq. (5-9), if the 𝐻𝑠 value is lower than 

4, the asperity contact between the contact surfaces occurs, and the journal bearing is 

operating under the mixed lubrication condition.  

(b) Flow model 

Except for the effect on the asperity contact pressure, the surface roughness can also 

generate a considerable effect on the lubricant flow under the mixed lubrication. A 

direct discretization of fluid equations (either the N-S equations or the Reynolds 

equation) on the scale of roughness requires extremely high mesh number. Given the 

computational resource nowadays, the simulation time would become unacceptable 

for journal bearings. Therefore, indirect methods were developed to consider the 

effect of surface roughness on lubricant flow [137,138]. 

Among these methods, the commonly used method in journal bearings is the so-

called ‘average flow models’ introduced by Patir and Cheng [139,140]. In this model, 

the effect of surface roughness is considered by the pressure flow factors (𝜙𝑝,𝑥 and 

𝜙𝑝,𝑦 ) and the shear flow factor (𝜙𝑠 ). The pressure flow factors (𝜙𝑝,𝑥  and 𝜙𝑝,𝑦 ) 

describe the flow due to pressure differences in the x (direction of motion) and y 

(axial) directions. The shear flow factor (𝜙𝑠) describes the flow caused by relative 

motion between two surfaces. The flow factors are influenced by the root-mean-

square roughness (𝑅𝑞) and orientation of the surface. However, this model is derived 

from the Reynolds equation and is not applicable to the N-S equations [141]. 
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To address this issue, the effect of surface roughness on the lubricant flow in this 

work is considered based on the roughness-viscosity model [142]. In this model, its 

effect on the lubricant flow is considered by a roughness-viscosity (𝜂𝑠). The ratio of 

the roughness-viscosity to the lubricant viscosity is given in Eq. (5-11). The 

roughness-viscosity (𝜂𝑠) is influenced by the lubricant viscosity (𝜂𝑙), the distance to 

the center of film (𝑑𝑐), the standard deviation of the surface roughness (𝑅𝑞) and 𝑅𝑒 

number of the lubricant film. As 𝑑𝑐  increases, the roughness-viscosity (𝜂𝑠) would 

have a higher value. This indicates the impact of surface roughness becomes stronger 

near the wall and gradually diminishes towards the center of the lubricant film. 

Therefore, this model considers the variation of roughness effects along the film 

thickness direction. As discussed in Subchapter 3.3, compared with the Reynolds 

equation, the N-S equations account for the flow in the thickness direction. Meanwhile, 

the presence of textures further enhances flow effects across the film thickness. Hence, 

this model is appropriate to incorporate the impact of roughness on fluid flow in this 

work. This model has been widely used in different applications [142–145]. 

𝜂𝑠
𝜂𝑙
= 𝐴𝑅𝑒𝑘

𝑑𝑐
𝑅𝑞
[1 − exp (−

𝑅𝑒𝑘
𝑅𝑒

𝑑𝑐
𝑅𝑞
)]2 (5-11) 

where 𝜂𝑠 is the roughness viscosity, 𝜂𝑙 is the viscosity of lubricant, 𝑑𝑐  is the distance 

to the centre of film, 𝑅𝑒 is the Reynolds number, A is a coefficient factor, and 𝑅𝑒𝑘 is 

the roughness Reynolds number. The calculation of A and 𝑅𝑒𝑘  follows a similar 

approach done by [142, 144] and is introduced in the Appendix 10.3. 

The roughness-viscosity is superimposed with the lubricant viscosity. Therefore, 

when journal bearings operate under mixed lubrication conditions, the shear stress 

term in Eq. (5-3) is treated as: 

𝜏̿ = (          𝜂𝑚        ⏟        
𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑛𝑡 𝑡𝑒𝑟𝑚

+         𝜂𝑠         ⏟        
𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑡𝑒𝑟𝑚

) [∇𝑼𝑚 + (∇𝑼𝑚)
𝑇] 

+
2

3
∇ ∙ 𝑼𝑚 ∙ 𝐼 ̿

(5-3*) 

5.1.4. Governing equation of shaft movement 

The elastic deformation of the shaft and bearing has been introduced in Section 5.1.2. 

In addition to the deformation, the shaft movement occurs under unbalanced load 

conditions. Under mixed lubrication conditions, the external force is carried by the 

hydrodynamic and asperity contact pressure of journal bearings [65]. The 

hydrodynamic pressure distribution of textured journal bearings is predicted by 
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solving the N-S equations in Eqs. (5-1) ~ (5-3). The asperity contact pressure is 

calculated by Eq. (5-8). Then, the load-carrying capacity of journal bearings can be 

calculated as:  

𝐹 = √(𝐹𝑥)
2 + (𝐹𝑦)

2 

(5-12) 

{
 
 

 
 𝐹𝑥 = 𝐹ℎ,𝑥+𝐹𝑎,𝑥 = 𝑟𝑠∫ ∫ ( 𝑝ℎ + 𝑝𝑎) 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝑧

2𝜋

0

𝐿

0

𝐹𝑦 = 𝐹ℎ,𝑦+𝐹𝑎,𝑦 = 𝑟𝑠∫ ∫ ( 𝑝ℎ + 𝑝𝑎) 𝑐𝑜𝑠 𝜃 𝑑𝜃𝑑𝑧
2𝜋

0

𝐿

0

 

where 𝐹ℎ,𝑥 and 𝐹ℎ,𝑦 are the load-carrying capacities generated by the hydrodynamic 

effect in x and y directions, which are integrated from the hydrodynamic pressure (𝑝ℎ). 

𝐹𝑎,𝑥 and 𝐹𝑎,𝑦 are the load-carrying capacities generated by the asperity contact in x 

and y directions, which are integrated from the asperity contact pressure (𝑝𝑎). 

For one specific time step (t), if the load-carrying capacity (𝐹𝑡) cannot achieve 

balance with the given external load (𝐿𝑒𝑥𝑡), the shaft should move in the next time 

step ( + ∆ ) until the load balance is achieved. Therefore, the movement of the shaft 

method is calculated as follows: 

First, the acceleration of the shaft is calculated based on the imbalance between the 

load-carrying capacity and the external load: 

{
 

 𝑎𝑥
𝑡 =

𝐹𝑥
𝑡 − 𝐿𝑒𝑥𝑡,𝑥
𝑚

𝑎𝑦
𝑡 =

𝐹𝑦
𝑡 − 𝐿𝑒𝑥𝑡,𝑦 

𝑚

 (5-13) 

where 𝑎𝑥
𝑡  and 𝑎𝑦

𝑡  are the accelerations of the shaft in x and y directions at time step t, 

respectively; m is the mass of shaft; 𝐿𝑒𝑥𝑡,𝑥 and 𝐿𝑒𝑥𝑡,𝑦 are the external loads in x and y 

directions, respectively. Specifically, since the external load is applied vertically on 

the shaft in this work, 𝐿𝑒𝑥𝑡,𝑥 is set to 0, as shown in Figure 5.1. 

After that, the motion speed and the displacement of the shaft are calculated: 

{
𝑉𝑥
𝑡 = 𝑉𝑥

𝑡−∆𝑡 + 𝑎𝑥
𝑡 ∙  ∆ 

𝑉𝑦
𝑡 = 𝑉𝑦

𝑡−∆𝑡 + 𝑎𝑦
𝑡 ∙  ∆ 

 (5-14) 

{
∆𝑥𝑡 = 𝑉𝑥

𝑡 ∙  ∆ 

∆𝑦𝑡 = 𝑉𝑦
𝑡 ∙  ∆ 

 (5-15) 

where 𝑉𝑥 and 𝑉𝑦 are the motion speeds of the shaft in x and y directions, respectively; 

∆𝑥𝑡 and ∆𝑦𝑡 are the displacements of the shaft in these two directions, respectively. 

In this work, 𝑉𝑥
0and 𝑉𝑦

0 are set to be zero to start the simulation. 
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5.1.5. Simulation procedure 

In the previous subchapter, the governing equations of the N-S based mixed-EHL 

model have been introduced. In this section, the solution procedure is summarized. 

For this model, various input parameters should be specified before simulations. In 

this work, these input parameters are categorized into three groups: geometry 

parameters, operating parameters, as well as lubricant and material parameters.  

The schematic geometry of a textured journal bearing is depicted in Figure 5.2. The 

geometry parameters of the textured journal bearing are listed in Table 5.1. The 

determination of texture geometry and distribution parameters is based on previous 

works in Refs. [21,48,50,60]. 

 

Figure 5.2 Schematic geometry of a textured journal bearing 

Table 5.1 Geometry parameters of the textured journal bearing 

Parameters Value Parameters Value 

Bearing radius 𝑟𝑏 [mm] 15 
Starting angle of texture zone 𝛼 

[º] 
5-180 

Bearing width 𝐿 [mm] 20 Texture coverage angle 𝑐𝑜𝑣 [º] 0-170 

Shaft radius 𝑟𝑠 [mm] 14.97 Texture width ratio 𝑤𝑡/𝑊 [-] 
0.2-

0.96 

Clearance 𝐶 = 𝑟𝑏 − 𝑟𝑠 

[mm] 
0.03 Texture depth ratio 𝑑𝑡/𝐶 [-] 0-3 

dt

Ob

Os

L

y

x
z

y

rb

rs
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The operating parameters studied in this work are listed in Table 5.2. To study the 

effects of textures under different lubrication conditions, two different rotational 

speeds are selected. The journal bearing works under the hydrodynamics lubrication 

at a rotational speed of 1,000 rpm, whereas it works under the mixed lubrication when 

the speed is reduced to 80 rpm. 

Table 5.2 Operating parameters 

parameters Value parameters Value 

External load 𝐿𝑒𝑥𝑡 [N] 500 Rotational speed 𝑈𝑟𝑜𝑡 [rpm] 
80; 

1,000 

Inlet pressure 𝑝𝑖𝑛[MPa] 0.3 Outlet pressure 𝑝𝑜𝑢𝑡 [MPa] 0.1 

The lubricant and material parameters used in this work are listed in Table 5.3. 

These parameters are determined primarily based on the GLP30 test rig, which is 

introduced in Ref. [24]. The journal bearing is made of CuSn12Ni2-C-GBC with an 

average hardness of 115.0 ± 15.0 HBW 5/250. The shaft sleeve is made of 100Cr6 

(AISI 52100) with a hardness of 62 HRC. The bearing system is lubricated with the 

additive-free mineral oil “FVA 2” with a viscosity grade of ISO VG 32. 

Table 5.3 Lubricant and material parameters 

Lubricant properties 

Density of oil 𝜌𝑙 [kg∙m-3] 850 Density of vapor 𝜌𝑣 [kg∙m-3] 1.29 

Kinematic viscosity of oil 

𝜅𝑙  [mm2 s−1] 
32 

Kinematic viscosity of vapor 

𝜅𝑣  [mm2 s−1] 
42.4 

Material properties 

Young’s modulus of shaft 

𝐸1 [GPa] 
210 

Young’s modulus of bearing 

𝐸2 [GPa] 
128 

Poisson’s ratio of shaft 𝜈1 0.3 Poisson’s ratio of bearing 𝜈2 0.3 

Arithmetical mean 

roughness on shaft surface 

𝑅𝑎
𝑠ℎ𝑎𝑓𝑡

 [μm] 

0.25 

Arithmetical mean 

roughness on bearing surface 

𝑅𝑎
𝑏𝑒𝑎𝑟𝑖𝑛𝑔

 [μm] 

0.30 

Root-mean-square 

roughness on shaft surface 

𝑅𝑞
𝑠ℎ𝑎𝑓𝑡

 [μm] 

0.45 

Root-mean-square roughness 

on bearing surface 𝑅𝑞
𝑏𝑒𝑎𝑟𝑖𝑛𝑔

 

[μm] 

0.38 

Boundary friction 

coefficient 𝜇𝑏𝑜𝑢𝑛𝑑  

0.2 

[24, 

146] 

Elastic factor 𝐾  
0.001 

[28,147] 

With these input parameters of the mixed-EHL model, the simulation procedure is 

shown in Figure 5.3. The governing equations of deformation, surface roughness as 
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well as the load balance-based shaft movement and mesh update are integrated with 

the N-S equations. Meanwhile, as a general approximation in N-S based CFD models 

of textured journal bearings, the shaft misalignment and bending are neglected in this 

work. Similar simplification can also be found in recent work in Refs. [68,74–76]. 

The whole procedure is introduced in the following. 

 

Figure 5.3 Simulation flowchart of the N-S based mixed-EHL model 
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Step 1: Initialization for the N-S based mixed-EHL model 

At the beginning of the simulation ( = 0), the fraction of the lubricating oil is 

initialized to be 1 (𝛾0 = 0), which indicates the bearing clearance is fully flooded with 

the lubricating oil. Therefore, the viscosity of the lubricant mixture (𝜂𝑚
0 ) is initialized 

to be the viscosity of the lubricating oil (𝜂𝑙).  

Additionally, the initial film thickness is initialized to be the bearing clearance (C). 

The hydrodynamic pressure is initialized to be the ambient pressure (0.1MPa), and 

the velocity filed is initialized to be 0. 

Step 2: Calculation of fluid flow 

The N-S equations together with the cavitation model are solved. The hydrodynamic 

pressure filed generated by the lubricating film (𝑝ℎ
𝑡 ), the velocity file of the lubricant 

(𝑈𝑚
𝑡 ) and the vapor fraction (𝛾𝑡) can be predicted.  

Step 3: Calculation of solid deformation 

The generated hydrodynamic pressure (𝑝ℎ
𝑡 ) is used by the equations of solid 

deformation, providing the deformation of the bearing and shaft surfaces (𝑑𝑡). 

Step 4: Determination of the lubrication regime  

The dimensionless film thickness (𝐻𝑠) is calculated on each node using Eq. (5-10). 

When the minimum value of the dimensionless film thickness (𝐻𝑠) is less than 4, the 

journal bearing operates under mixed lubrication conditions. 

Step 5: Calculation of the effect of surface roughness 

In the case of operation under mixed lubrication conditions, the effect of surface 

roughness should be considered. The effects of surface roughness on the contact 

pressure and fluid viscosity are calculated, namely the asperity contact pressure (𝑝𝑎
𝑡 ) 

and the roughness-viscosity (𝜂𝑠
𝑡). In the subsequent time step, both parameters are 

utilized. The roughness-viscosity (𝜂𝑠
𝑡) is applied in Step 2 to calculate fluid flow. The 

asperity contact pressure (𝑝𝑎
𝑡 ) is used in Step 3 to calculate solid deformation. 

Step 6: Calculation of shaft movement 

With the calculated hydrodynamic pressure (𝑝ℎ
𝑡 ) and the calculated asperity contact 

pressure (𝑝𝑎
𝑡 ), the shaft movement within a specified time step can be determined. 

Step 7: Determination of load balance 
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After the shaft movement, the load balance condition will be checked. When 

𝐹𝑒𝑟𝑟𝑜𝑟 = |𝐹
𝑡 − 𝐿𝑒𝑥𝑡| 𝐿𝑒𝑥𝑡⁄ < 10−3, the simulation will be stopped. 

Step 8: Mesh update 

With the shaft movement and the elastic deformation of the solid materials, the fluid 

domain will change. Consequently, the mesh in the fluid domain needs to be updated 

during the simulation. To update the mesh accordingly, a dynamic mesh algorithm is 

proposed in this work. 

● First of all, to increase the simulation efficiency, the mesh updating domain is 

determined. In this work, the entire mesh domain is divided into two sub-domains: the 

oil film gap domain and the texture domain, see Eq. (5-16): 

{
𝑛𝑗 ≤ 𝑛𝑡𝑜𝑡𝑎𝑙 oil film gap domain

𝑛𝑗 > 𝑛𝑡𝑜𝑡𝑎𝑙 texture domain
 (5-16) 

where 𝑛𝑗  is the radial reticulate layer for each mesh node j; 𝑛𝑡𝑜𝑡𝑎𝑙 is the total number 

of radial reticulate layers in the oil film gap domain (𝑛𝑡𝑜𝑡𝑎𝑙=6 in Figure 5.4). 

The oil film gap domain refers to the area between the two blue lines in Figure 5.4(a). 

The shaft is moving and deforming during simulation. Therefore, the mesh nodes 

within the oil film gap domain should be updated. In contrast, the nodes within the 

texture domain are not updated, because the textured bearing is considered to be 

stationary in the present work. 

● Secondly, the displacement of each mesh node on the shaft surface (∆𝑥 , ∆𝑦 ) can 

be calculated as: 

{
∆𝑥 𝑡(𝜃′ , 𝑧′) =   𝑑𝑥

𝑡 (𝜃′, 𝑧′) + ∆𝑥𝑡(𝜃′, 𝑧′) 

∆𝑦 𝑡(𝜃′, 𝑧′) =  𝑑𝑦
𝑡 (𝜃′, 𝑧′)  + ∆𝑦𝑡(𝜃′, 𝑧′)

 (5-17) 

● Eventually, the coordinates (𝑥 𝑗
𝑡, 𝑦 𝑗

𝑡) of each node j within the oil film gap domain 

at the time step t are calculated based on their radial reticulate layer nj using Eq. (5-

18):  

{
 
 

 
 𝑥 𝑗

𝑡 = 𝑥 𝑗
𝑡−∆𝑡 + (1 −

𝑛𝑗

𝑛𝑡𝑜𝑡𝑎𝑙 
) ∆𝑥 𝑡

 
 

𝑦 𝑗
𝑡 = 𝑦 𝑗

𝑡−∆𝑡 + (1 −
𝑛𝑗

𝑛𝑡𝑜𝑡𝑎𝑙
)∆𝑦 𝑡

 (5-18) 
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(a) Initial mesh 
(b) Updated mesh based on the dynamic 

mesh algorithm 

Figure 5.4 Mesh distribution of a textured journal bearing with an exaggerated 

clearance (𝑛𝑡𝑜𝑡𝑎𝑙= 6). 

To clearly show the capability of this dynamic mesh algorithm, Figure 5.4 illustrates 

the mesh distribution of a textured journal bearing with an exaggerated clearance. As 

shown in Figure 5.4 (a), the above-mentioned dynamic mesh algorithm is based on 

the structured mesh distribution. It can be observed from Figure 5.4 (b) that, the 

updated mesh can keep a structured distribution even at a large eccentricity ratio. The 

comparison of mesh parameters is exemplarily listed in Table 5.4. After the mesh 

update, the number of mesh cells and points remain the same as in the initial mesh. 

Additionally, skewness and aspect ratio, which are commonly employed to quantify 

the mesh quality [148], are compared in Table 5.4. High values of skewness or aspect 

ratio may impair the accuracy of results and reduce the convergence speed. The 

thresholds for skewness and aspect ratio in OpenFOAM are 4 and 1000, respectively 

[148]. Consequently, as indicated in Table 5.4, the dynamic mesh algorithm in the 

present work can maintain a satisfactory mesh quality during the simulation. 

Table 5.4 Comparison of mesh parameters for the initial and updated meshes 

Item Cells Points Average skewness Average aspect ratio 

Initial mesh 649,984 787,119 0.015 22.80 

Updated mesh 649,984 787,119 0.021 32.00 

  

nj = 0 nj = 6
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After all the above steps, the simulation at time step t is finished. With the updated 

mesh and fluid properties, the equations of fluid flow, solid deformation, surface 

roughness and shaft movement are going to be solved again for the next time step 

until the load balance converges. 

At the end of the simulation, the load-carrying capacity of the textured journal 

bearing represented by the film thickness (h) can be calculated as: 

ℎ = 

√{𝑥 (𝜃′, 𝑧′) − 𝑥𝑏𝑒𝑎𝑟𝑖𝑛𝑔(𝜃
′, 𝑧′)}

2
+ {𝑦 (𝜃′, 𝑧′) − 𝑦𝑏𝑒𝑎𝑟𝑖𝑛𝑔(𝜃

′, 𝑧′)}
2
 

 (5-20) 

where 𝑥 (𝜃′ , 𝑧′) and 𝑦 (𝜃′, 𝑧′) are the coordinates of each mesh node on the shaft 

surface at (𝜃′, 𝑧′); 𝑥𝑏𝑒𝑎𝑟𝑖𝑛𝑔(𝜃
′, 𝑧′) and 𝑦𝑏𝑒𝑎𝑟𝑖𝑛𝑔(𝜃

′ , 𝑧′) are the coordinates of each 

mesh node on the bearing surface at (𝜃′ , 𝑧′). 

In addition to the film thickness, the friction loss of the bearing is contributed by the 

fluid shear stress and the asperity shear stress. Therefore, the friction loss of the 

journal bearing is calculated by: 

𝑓 = 𝑓ℎ +  𝑓𝑎 = ∫∫ 𝜏̿ 𝑑𝐴

 

𝐴

+∫∫𝜏𝑎𝑑𝐴

 

𝐴

 (5-21) 

where 𝑓ℎ and 𝑓𝑎 are the fluid friction and the asperity friction, which are integrated 

from the fluid and the asperity shear stress. The asperity shear stress 𝜏𝑎 is calculated 

by: 

𝜏𝑎 = 𝜇𝑏𝑜𝑢𝑛𝑑𝑝𝑎 (5-22) 

where 𝜇𝑏𝑜𝑢𝑛𝑑 is the boundary friction coefficient. 

5.2. Mesh independence study  

The mesh quality and mesh density of the model are keys to ensuring the accuracy 

of numerical results. To determine the appropriate mesh quantity, a mesh 

independence study is carried out, and the results are shown in Figure 5.5. According 

to the results, when the mesh number increases to 8.65× 105, the maximum pressure 

remains nearly constant. To better capture the microflow within the textures, a mesh 

number of 1.28×106 is chosen.  
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Figure 5.5 Mesh independence with the increasing mesh numbers 

With this mesh number, the divisions across the film thickness and texture depth are 

both 6. The interval size used in the other directions is 1.25× 10−4 m. The mesh model 

of the textured journal bearing is exemplarity shown in Figure 5.6. 

 

Figure 5.6 Mesh model for the textured journal bearing  
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5.3. Experimental validation 

Prior to applying the N-S based mixed-EHL model to predict the LCC and FL of 

journal bearings, its validity should be verified by comparison with experimental 

results. In this work, the LCC and FL are two primary parameters. The LCC is 

validated using the minimum film thickness and pressure distribution. Subsequently, 

the FL is validated using the friction coefficient. 

Additionally, the developed model is applicable to both non-textured and textured 

journal bearings as well as to both hydrodynamic and mixed lubrication conditions. 

Therefore, the experimental validation is conducted for both types of journal bearings 

and both lubrication conditions. 

5.3.1. Validation of minimum film thickness and pressure 

distribution 

The first validation is conducted with the experimental results from Gdansk 

University of Technology (GTU). The test rig for the journal bearing is shown in 

Figure 5.7. The tested journal bearing is installed on the main shaft (1), guided by two 

self-aligning rolling bearings (9), and is mounted inside a rigid housing (2). The tested 

bearing is closed on both sides with covers with seals (3). The radial load is applied 

by the hydraulic cylinder (4) via a hydrostatic bearing.  

  
Figure 5.7 Test rig for the journal bearing from GTU [149]  

On this test rig, the minimum film thickness is measured based on the shaft orbits 

under different rotational speeds. The shaft orbits on two sides of the tested bearing 

are captured by two pairs of proximity sensors (6). The detailed measurement method 

can be found in our paper [149]. 

In addition, the pressure distribution around the high-pressure region in the journal 

bearing is measured by 16 pressure gauges on both sides (Part 5 in Figure 5.7). There 
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are 8 pressure-gauge holes placed in two planes perpendicular to the shaft axis, 50mm 

from the bearing mid-plane. 

To validate the minimum film thickness and pressure distribution, the simulations 

are conducted using the same lubrication and operating parameters applied in the 

experiments, as listed in Table 5.5. All the measurements are repeated for three times 

for each operating condition. 

Table 5.5 Lubricant properties and operating parameters for this validation 

Lubricant properties 

Kinematic viscosity [mm2 s−1] 95.73 

Density [kg/m³] 917.4 

Operating parameters 

Bearing diameter [mm] 100.3 

Bearing width [mm] 200 

Relative clearance [‰] 3.2 

Oil inlet pressure [MPa] 0.2 

Radial load [MPa] 0.6 

Rotational speed [rpm] 10~660 

First, a comparison of experimental and simulation results for the minimum film 

thickness is conducted. Figure 5.8 presents the comparison for the minimum film 

thickness at seven rotational speeds. The experimental and simulation results both 

show an increase in the minimum film thickness with increasing rotational speed, and 

therefore exhibit a similar trend. The maximum deviation between the experiment and 

the simulation is 11%, occurring at the rotational speed of 660rpm. This indicates 

good agreement between the experimental and simulation results in terms of the 

minimum film thickness. 
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Figure 5.8 Experimental and simulation results for minimum film thickness 

Additionally, a comparison for the hydrodynamic pressure at six rotational speeds 

is shown in Figure 5.9. The black error bars represent the standard deviation within 

three measurements. At various rotational speeds, the simulation results consistently 

exhibit a good agreement with the experimental results. Notably, at rotational speeds 

of 60 rpm, 120 rpm, and 180 rpm, the simulation results are in high agreement with 

the experimental results, with deviations below 0.05 MPa. At the higher rotational 

speed, the difference between the experimental and simulation results slightly 

increases. A possible reason for this can be that thermal effect induced by higher 

speeds. Nevertheless, the maximum error remains around 0.15 MPa, which still lays 

in an acceptable range. Therefore, the predicted pressure distributions exhibit 

reasonable agreement with the experimental results.  
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(c) 180rpm (d) 300rpm 

  

(e) 420rpm (f) 660rpm 

Figure 5.9 Comparison of experimental and simulation results for hydrodynamic 

pressure distribution 

5.3.2. Validation of friction loss 

In this section, the validation for the friction loss is carried out. The friction 

coefficient predicted by the N-S based mixed-EHL model are compared with 

experimental results from the available literature [19]. The used lubricant parameters 

and operating parameters has been detailed by Lu et al. [27]. Additionally, the 

boundary friction coefficient (𝜇𝑏𝑜𝑢𝑛𝑑) is set as 0.17 [19] and the elastic factor 𝐾 is 

also set to 0.001 [28,147] for the Greenwood and Tripp contact model. 

The first validation is performed for the non-textured journal bearing. The 

comparison results are presented in Figure 5.10. As indicated by both simulation and 

experimental results, the friction coefficient first decreases rapidly and then slightly 

rises as the rotational speed increases. This indicates that within the compared speed 

range, the lubrication condition gradually transitions from the mixed lubrication to the 
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hydrodynamic lubrication. The simulation and experimental results show good 

agreement under both the hydrodynamic and mixed lubrication conditions. 

Under the hydrodynamic lubrication, a constant difference in the friction coefficient 

of around 0.003 can be observed. However, considering the potential tolerances in the 

manufacturing, assembly, and measurement, it can be concluded that the simulation 

results remain within an acceptable range. Therefore, it is sufficient to demonstrate 

the feasibility and accuracy of the developed N-S based mixed-EHL model. 

  

(a) With the load of 667 N (b) With the load of 890N 

Figure 5.10 Validation of friction loss for the non-textured journal bearing 

Under the same operating conditions, the friction coefficients of textured journal 

bearings are also validated. As shown in Figure 5.11, the simulation results also agree 

well with the experiments under both the hydrodynamic and mixed lubrication 

conditions.  

  

(a) With the load of 667 N (b) With the load of 890N 

Figure 5.11 Validation of friction loss for the textured journal bearing 
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In summary, in order to validate the accuracy of the N-S based mixed-EHL model, 

the simulation results are compared with experimental results. The validation of the 

model is demonstrated from the good agreement between the simulation and 

experimental results in terms of minimum film thickness, hydrodynamic pressure and 

friction coefficient. Therefore, this numerical model can be used for the further study 

of textured journal bearings, which will be presented in the next chapter. 
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6. Influence of textures on the film thickness and friction loss of 

journal bearings 

Based on the validated N-S based mixed-EHL model, the influence of textures on 

the LCC and FL of journal bearings can be studied. Notably, as introduced in 

Subchapter 5.1.5, the LCC can be quantitatively represented by the minimum film 

thickness when the external load is given. Therefore, in this chapter, the influence of 

textures on both the minimum film thickness and friction loss are compared and 

analyzed under both hydrodynamic and mixed lubrication conditions.  

The studied texture parameters involve texture distribution and geometry 

parameters, including texture position, texture width ratio and texture depth ratio. Five 

texture positions are visualized in Figure 6.1, and their distribution parameters are 

detailed in Table 6.1. In addition, two levels are selected for both the texture width 

and depth ratios. A full-factorial simulation, as listed in Table 6.2, is conducted to 

decouple the influence of each texture parameter.  

 

Figure 6.1 Positions of texture area 

Table 6.1 Distribution parameters for five positions 

Position 1 2 3 4 5 

Starting angle α [º] 260 200 140 80 20 

Coverage angle cov [º] 72 

Position 3

Ob

Os
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Table 6.2 Parameters of full-factorial simulation cases 

Simulation case 

number 

Texture 

position [-] 

Texture width 

ratio 𝑤𝑡/𝑊 [-] 

Texture depth 

ratio  𝑑𝑡/𝐶 [-] 
Designation 

1 

Positions 1 

0.4 
0.5 W04D05 

2 2.0 W04D20 

3 
0.8 

0.5 W08D05 

4 2.0 W08D20 

5 

Positions 2 

0.4 
0.5 

Same as 

above 

6 2.0 

7 
0.8 

0.5 

8 2.0 

9 

Positions 3 

0.4 
0.5 

Same as 

above 

10 2.0 

11 
0.8 

0.5 

12 2.0 

13 

Positions 4 

0.4 
0.5 

Same as 

above 

14 2.0 

15 
0.8 

0.5 

16 2.0 

17 

Positions 5 

0.4 
0.5 

Same as 

above 

18 2.0 

19 
0.8 

0.5 

20 2.0 

6.1. Influence of textures under hydrodynamic lubrication 

This subchapter studies the effect of textures on the minimum film thickness and 

friction loss of journal bearings under the hydrodynamic lubrication. The operating 

condition for the hydrodynamic lubrication in this work is set to a load of 500 N and 

a rotational speed of 1,000 rpm. This subchapter begins with a comparison of the 

minimum film thickness and friction loss of textured journal bearings with those of 

non-textured journal bearings. Subsequently, to investigate the underlying 

mechanisms for these effects, the pressure and shear stress distributions of textured 

journal bearings are analyzed.  
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6.1.1. Influence on the minimum film thickness and friction loss 

(a) Influence on the minimum film thickness 

The effect of textures on the minimum film thickness is shown in Figure 6.2. 

Compared with the non-textured bearing, the minimum film thickness of textured 

bearings can be reduced, especially when textures are distributed at Positions 3 and 4 

in the present case. The reduced minimum film thickness indicates the decreased load-

carrying capacity. For the smaller texture width ratio (W04D05 and W04D20), the 

differences between textured and non-textured bearings are all within 0.5 µm. When 

the texture width ratio increases to 0.8 (W08D05 and W08D20), the effect of textures 

becomes more pronounced.  

 

Figure 6.2 Minimum film thickness under different texture geometries and positions 

(b) Influence on the friction loss 

Figure 6.3 illustrates the friction loss under different texture geometries and 

positions. It can be observed that textured bearings show lower friction loss at all 

positions compared with the non-texture bearing in the present case. Especially when 

textures are distributed at Position 4, the reduction in the friction loss is more 

significant.  
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Figure 6.3 Friction loss under different texture geometries and positions 

Based on the combined results from Figure 6.2 and Figure 6.3, when textures are 

distributed downstream of the high-pressure region of the journal bearing (Position 

5), the friction loss can be reduced. Meanwhile, the minimum film thickness is slightly 

increased, indicating a higher load-carrying capacity. This observation is more 

pronounced for the texture configuration of W08D20, where friction loss is reduced 

by over 7.0% and the minimum film thickness increases by 0.3%. 

In summary, the potential of applying textures to journal bearings is indicated by 

the above results. A proper design of texture geometry and distribution parameters 

can significantly reduce the friction loss and simultaneously increase the load-

carrying capacity. To study the underlying reasons for these effects, the lubrication 

mechanism analysis is conducted in the following section. 

6.1.2. Lubrication mechanism analysis 

As introduced in Subchapter 5.1, when journal bearings operate under the 

hydrodynamic lubrication, the load-carrying capacity is obtained by integrating the 

hydrodynamic pressure over the shaft–bearing contact surface and the friction loss is 

contributed by the integration of the fluid shear stress. To analyze the lubrication 

mechanism of textured journal bearings, the hydrodynamic pressure and fluid shear 

stress distributions at various texture positions are discussed using the texture 

configuration of W08D05 as an example. 
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(a) Position 1 and Position 2 

The textures at Positions 1 and 2 have a similar effect on both the minimum film 

thickness and the friction loss. Therefore, the lubrication mechanism for these two 

positions is discussed together. 

The hydrodynamic pressure distributions at both positions are shown in Figure 6.4 

and Figure 6.5. The pressure contours for both positions are shown in Figure 6.4 (a) 

and Figure 6.5 (a), respectively. To provide a more quantitative comparison of the 

hydrodynamic pressure between the textured and non-textured bearings, the pressure 

profiles along the bearing centerlines are additionally shown in Figure 6.4 (b) and 

Figure 6.5 (b) for both positions. 

From the pressure contours, a high-pressure region can be observed, which is the 

main area to contribute the load-carrying capacity of the journal bearing [25]. 

Meanwhile, as observed in Figure 6.4 (b) and Figure 6.5 (b), the hydrodynamic 

pressure of the textured bearing is nearly identical to that of the non-textured bearing. 

This can be explained by the fact that the textures are positioned away from the high-

pressure region for these two texture positions (see Figure 6.4 (a) and Figure 6.5 (a)). 

Consequently, the minimum film thickness for these two positions is relatively similar 

to that of the non-textured bearing (see Figure 6.2).  

 
Figure 6.4 Hydrodynamic pressure distributions at Position 1 (a) Pressure contour 

(b) Pressure profiles 
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Figure 6.5 Hydrodynamic pressure distributions at Position 2 (a) Pressure contour 

(b) Pressure profiles 

The presentation of fluid shear stress follows a similar pattern to the pressure 

distribution. The fluid shear stress contours and the shear stress profiles along the 

bearing centerlines are illustrated in Figure 6.6 and Figure 6.7. It can be observed from 

Figure 6.6(a) and Figure 6.7(a) that, the high shear stress region occurs at the 

minimum oil film area. This is the main region which contributes to the friction loss 

from the journal bearing [25]. In addition, the fluid shear stress at textures is 

significantly reduced. As shown in Figure 6.6(b) and Figure 6.7(b), the fluid shear 

stress can be reduced to nearly zero at textures. This significant reduction can be 

explained by the local increase in the oil film thickness at textures. Consequently, 

although the textures at these two positions are far from the high shear stress region, 

the friction loss can still be slightly reduced (see Figure 6.3). 

 
Figure 6.6 Fluid shear stress distributions at Position 1 (a) Shear stress contour (b) 

Shear stress profiles 
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Figure 6.7 Fluid shear stress distributions at Position 2 (a) Shear stress contour (b) 

Shear stress profiles 

(b) Position 3 and Position 4 

This section analyzes the lubrication mechanism for Positions 3 and 4. The 

hydrodynamic pressure distributions at both positions are presented in Figure 6.8 and 

Figure 6.9, respectively. As shown in Figure 6.8(a) and Figure 6.9(a), the textures are 

distributed in the high-pressure region at these two positions. Consequently, the 

continuity of the high-pressure region is disrupted and thus the corresponding load-

carrying capacity is decreased. This disruption can be explained by the interference 

of the sudden increase in the film thickness at textures to the original convergence 

effect of the journal bearing. This conclusion is in agreement with previously 

published work by Lin et al. [75]. 

Meanwhile, from the comparison of pressure profiles in Figure 6.8(b) and Figure 

6.9(b), it can be observed that when the lubricant flows through a texture, a local 

pressure fluctuation occurs. The local pressure at the texture inlet decreases due to the 

increased flow area. Subsequently, the reduced flow area at the texture outlet leads to 

an increase in the hydrodynamic pressure. This local pressure fluctuation at the texture 

is referred to as micro-hydrodynamic pressure [11]. From the closer inspection of the 

local pressure distribution in Figure 6.8(b) and Figure 6.9(b), the local pressure 

reduction effect is less pronounced than the local pressure increase effect. This can be 

deduced from the larger yellow area compared to the green area. Hence, a positive 

hydrodynamic pressure can be generated at the texture, which further contributes to 

improve the load-carrying capacity of journal bearings. The beneficial effect of the 

micro-hydrodynamic pressure is also reported in Refs. [11,16,57,150].  
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Therefore, the effect of textures on the minimum film thickness includes a beneficial 

effect from the micro-hydrodynamic pressure and a negative effect from the 

interference with the high-pressure region. At these two positions, the beneficial effect 

of the micro-hydrodynamic pressure is outweighed by the negative impact of the 

disruption on the high-pressure region, since the minimum oil film thicknesses are 

significantly reduced at Positions 3 and 4 (see Figure 6.2).  

 
Figure 6.8 Hydrodynamic pressure distributions at Position 3 (a) Pressure contour 

(b) Pressure profiles 

 
Figure 6.9 Hydrodynamic pressure distributions at Position 4 (a) Pressure contour 

(b) Pressure profiles 

The effects of textures on the fluid shear stress at Positions 3 and 4 are shown in 

Figure 6.10 and Figure 6.11. The variation in the fluid shear stress is highly dependent 

on the film thickness. On the one hand, the reduction in the minimum film thickness 

of the textured bearing results in an increase in the maximum fluid shear stress. The 

increased fluid shear stress in the textured bearing can be observed from Figure 6.10 
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(b) and Figure 6.11 (b). As the friction is the integral of the fluid shear stress, this 

increase can lead to an increase in friction loss. On the other hand, the local increase 

in the film thickness at textures leads to a significant reduction in the fluid shear stress. 

With these two texture distributions, the textured areas are covering the high fluid 

shear stress region. Therefore, the reduction in the fluid shear stress significantly  

reduces the friction loss [3,16]. In conclusion, the impact of textures on the friction 

loss of the journal bearing depends on the trade-off between these two aspects. At 

these two positions, although the fluid shear stresses increase locally, the overall 

friction losses are significantly reduced by textures (see Figure 6.3). 

 
Figure 6.10 Fluid shear stress distributions at Position 3 (a) Shear stress contour (b) 

Shear stress profiles 

 

Figure 6.11 Fluid shear stress distributions at Position 4 (a) Shear stress contour (b) 

Shear stress profiles 
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(c) Position 5 

The hydrodynamic pressure distribution at Position 5 is shown in Figure 6.12. As 

discussed above, the effect of textures on the minimum film thickness of journal 

bearings includes a beneficial effect generated from the micro-hydrodynamic pressure 

and a negative effect caused by interference with the high-pressure region.  

As shown in Figure 6.12(a), the textured area is positioned downstream of the high-

pressure region and thus is not interfering with the main bearing land. Figure 6.12(b) 

shows that the textured area is located within the cavitation region. The cavitation 

region is identified by the constant pressure region following the high-pressure region, 

as the pressure-drop is limited by the saturation pressure [61]. Within the cavitation 

region, the pressure in the non-textured bearing remains at the saturation pressure. In 

contrast, the textured bearing generates an additional micro-hydrodynamic pressure, 

as can be observed from the local enlarged view in Figure 6.12 (b). This demonstrates 

the cavitation effect of textures introduced in Subchapter 3.2.2. Consequently, the 

beneficial effect on the hydrodynamic pressure is dominating at this position, leading 

to a slightly higher minimum film thickness than that of the non-textured bearing (see 

Figure 6.2). 

 
Figure 6.12 Hydrodynamic pressure distribution at Position 5 (a) Pressure contour 

(b) Pressure profiles 

As concluded above, the impact of textures on the friction loss of the journal bearing 

depends on the trade-off between the increased maximum fluid shear stress caused by 

the decreased film thickness and the reduced fluid shear stress due to the local increase 

in film thickness at textures. The fluid shear stress distribution at Position 5 is 

illustrated in Figure 6.13. Notably, the fluid shear stress in the textured area is 

significantly reduced to nearly zero, without increasing the maximum shear stress. 

Consequently, the friction loss at this position is considerably reduced (see Figure 6.3). 
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Combined with the hydrodynamic pressure distribution for this position, it can be 

found that placing textures downstream of the high-pressure region effectively 

reduces friction loss, while the minimum film thickness does not decrease but instead 

slightly increases. 

 

Figure 6.13 Fluid shear stress distributions at Position 5 (a) Shear stress contour (b) 

Shear stress profiles 

In summary, textures can generate both negative and positive effects on the load-

carrying capacity and the minimum film thickness, as Figure 6.14 shows. On the one 

hand, textures can induce a micro-hydrodynamic pressure, which contributes to the 

enhancement of the load-carrying capacity. On the other hand, textures can generate 

an interference effect on the high-pressure region. This leads to a lower load-carrying 

capacity and thus a lower minimum film thickness. Depending on the balance between 

these positive and negative effects, the load-carrying capacity of the journal bearing 

can be either enhanced or reduced. In the current work, the negative effect dominates, 

as the significant reduction in minimum film thickness is observed while its increase 

is slight.  

 

Figure 6.14 Effects of textures on the load-carrying capacity under HL condition 
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The effects of textures on the friction loss also depend on the balance between these 

positive and negative effects, as shown in Figure 6.15. Textures can reduce the local 

fluid shear stress due to the locally increased film thickness. In contrast, the maximum 

shear stress may increase due to the reduction in the minimum film thickness. In this 

work, the positive effect is dominant, particularly when textures are located in the 

region of minimum film thickness. Overall, placing textures downstream of the high-

pressure region reduces the friction loss, while the minimum film thickness rises 

slightly. 

 

Figure 6.15 Effects of textures on the friction loss under HL condition 

6.2. Influence of textures under mixed lubrication 

This subchapter studies the influence of textures on the minimum film thickness and 

friction loss of journal bearings under the mixed lubrication condition. The operating 

condition for the mixed lubrication is set to a load of 500N and a rotational speed of 

80rpm. First, the minimum film thickness and friction loss of textured journal bearings 

are compared with those of the non-textured journal bearing. Subsequently, the 

lubrication mechanisms of textured journal bearings are clarified by analyzing the 

pressure and shear stress distributions at five texture positions.  

6.2.1. Influence on the minimum film thickness and friction loss 

(a) Influence on the minimum film thickness 

The effect of textures on the minimum film thickness under the mixed lubrication 

is examined in this section. Figure 6.16 illustrates the minimum film thickness for 

various combinations of texture geometry and position. From Position 1 to Position 5, 

the minimum film thickness initially decreases and then gradually increases. Similar 

to the findings under the hydrodynamic condition (see Figure 6.2), the differences 

between textured and non-textured bearings remain slight for the smaller texture width 

ratio (W04D05 and W04D20). When the width ratio increases to 0.8 (W08D05 and 

W08D20), the effect of textures becomes more pronounced. 
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It is worth highlighting the effect of textures at Position 4 on the minimum film 

thickness under both hydrodynamic and mixed lubrication conditions. The textures at 

Position 4 slightly increase the minimum film thickness under this mixed lubrication, 

whereas they have a detrimental effect under the hydrodynamic lubrication (see 

Figure 6.2). This means that the same texture configuration can yield different or even 

opposite effects under different operating conditions. This finding demonstrates that 

the texture design is highly dependent on operating conditions, which is also reported 

in Refs.[11,21,63]. 

 

Figure 6.16 Minimum film thickness under different texture geometries and 

positions under mixed lubrication 

(b) Influence on the friction loss 

The effect of textures on the friction loss under the mixed lubrication condition is 

presented in Figure 6.17. It can be observed that textures may significantly increase 

the friction loss under this operating condition. Especially when textures are 

distributed at Position 3, the friction loss of the textured bearing can be over five times 

higher compared to that of the non-textured bearing.  

The effect of textures on the friction loss under the mixed lubrication condition is 

highly different from their effect under the hydrodynamic lubrication condition. As 

shown in Figure 6.3 in Subchapter 6.1.1, under the hydrodynamic lubrication 

condition, textures can significantly reduce the friction loss at all positions. This 

contrast indicates that under the mixed lubrication condition, the friction loss of 

textured journal bearings is more sensitive to texture design parameters. Furthermore, 

this further highlights the necessity of optimizing texture parameters for journal 

bearings operating under the mixed lubrication condition. 
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Figure 6.17 Total friction loss under different texture geometries and positions 

As previously mentioned in Subchapter 5.1, the friction loss under the mixed 

lubrication condition arises from two sources: the fluid friction due to the fluid shear 

stress, and the asperity contact friction due to asperity contact. To study the underlying 

reasons for the significant effect on the total friction, the influences of textures on the 

fluid friction and asperity contact friction are presented below, respectively. 

The effect of textures on the fluid friction is first shown in  Figure 6.18. It 

can be observed that textures can still lead to a considerable reduction in the fluid 

friction at positions 3 and 4. Under the mixed lubrication condition in this work, the 

rotational speed of the shaft is only 80 rpm, which is quite low. This leads to a 

relatively small proportion of fluid friction in the total friction loss of textured journal 

bearings. Consequently, the reduction in the fluid friction is not comparable to the 

total friction loss. 

 

 Figure 6.18 Fluid friction loss under different texture geometries and positions  

non-textured W04D05 W04D20 W08D05 W08D20

Position1 Position2 Position3 Position4 Position5
75

225

375

525

675

825
F

ri
ct

io
n

 l
o

ss
 [

N
×m

m
]

non-textured W04D05 W04D20 W08D05 W08D20

Position1 Position2 Position3 Position4 Position5
8

9

10

11

F
lu

id
 f

ri
ct

io
n

 [
N
×m

m
]



 

Influence of textures on the film thickness and friction loss of journal bearings 

 

67 

The effect of textures on the friction loss induced by the asperity contact is 

illustrated in Figure 6.19. The asperity contact friction is significantly higher than the 

fluid friction. Therefore, under the mixed lubrication condition in this work, the total 

friction loss is primarily induced by the asperity contact friction. In addition, a 

significant increase in the asperity contact friction is observed at Position 3, resulting 

in a pronounced increase in total friction loss (see Figure 6.17).  

 

Figure 6.19 Asperity friction loss under different texture geometries and positions 

6.2.2. Lubrication mechanism analysis 

As introduced in Subchapter 5.1, when journal bearings operate under the mixed 

lubrication condition, the hydrodynamic pressure and asperity contact pressure are 

superimposed to carry the external load acting on the shaft. In addition, the friction 

loss arises from the integration of the fluid and asperity shear stresses. To analyze the 

effect of textures on the minimum film thickness and friction loss of journal bearings 

under the mixed lubrication condition, all the above pressure and shear stress 

distributions are discussed using the texture configuration of W08D05 as an example. 

(a) Position 1 

The hydrodynamic and asperity contact pressure distributions for Position 1 are 

illustrated in Figure 6.20. Similar to the presentation under the hydrodynamic 

lubrication, both pressure contours and pressure profiles are shown together to provide 

a more quantitative comparison. 

From the hydrodynamic pressure contour in Figure 6.20 (a), a notable high-pressure 

region can also be identified. Compared to the pressure distribution under the 

hydrodynamic lubrication in Figure 6.4, an increase in the maximum pressure is 
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observed. Additionally, the high-pressure region under the mixed lubrication 

condition is more concentrated.  

The asperity contact pressure contour is shown in Figure 6.20 (c). Since the asperity 

contact pressure is directly influenced by the film thickness, the high contact pressure 

region is located around the minimum film thickness area. Due to the deformation 

caused by the high pressure at the axial center of the bearing, the maximum contact 

pressure occurs at both axial ends of the bearing.  

In addition, as observed from pressure profiles in Figure 6.20 (b) and (d), both 

hydrodynamic and asperity pressures of the textured bearing are nearly identical to 

those of the non-textured bearing. This can be explained that the textured area is 

positioned away from both the high-pressure and the asperity contact regions (see 

Figure 6.20 (a) and (c)). Consequently, the minimum film thickness at this position is 

relatively similar to that of the non-textured bearing (see Figure 6.16). This conclusion 

is consistent with the findings under the hydrodynamic lubrication. 

 
Figure 6.20 Pressure distributions at Position 1 (a) Hydrodynamic pressure contour 

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity 

pressure profiles 
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Turning the attention to the friction loss, the presentation of the shear stress follows 

a similar pattern of pressure distributions. The contours of the fluid and asperity shear 

stresses are shown in Figure 6.21 (a) and (c), while the corresponding shear stress 

profiles along the bearing centerlines are shown in Figure 6.21 (b) and (d). From the 

fluid shear stress distributions, the reduction in the fluid shear stress at textures can 

still be observed (see Figure 6.21 (a) and (b)). In addition, as shown in Figure 6.21 (c) 

and (d), the textured area at this position is away from the asperity contact region. 

Therefore, the asperity shear stress of the textured bearing is nearly identical with that 

of the non-textured bearing.  

In addition, from the comparison of fluid and asperity shear stress distributions, it 

is evident that the asperity shear stress highly exceeds the fluid shear stress. The 

reason can be attributed to the low rotational speed, which results in relatively small 

fluid shear stress between the two surfaces. Consequently, the total friction loss under 

this operating condition is dominated by the asperity shear stress. The nearly identical 

asperity shear stress with the non-textured bearings leads to a similar total friction loss, 

as shown in Figure 6.17. 

 
Figure 6.21 Shear stress distributions at Position 1 (a) Fluid shear stress contour (b): 

Fluid shear stress profiles (c) Asperity shear stress contour (d): Asperity shear stress 

profiles 
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(b) Position 2 

The hydrodynamic and asperity contact pressure distributions for Position 2 are 

illustrated in Figure 6.22. As observed from the hydrodynamic pressure distribution 

in Figure 6.22 (a) and (b), the textured area at Position 2 starts to cover the high-

pressure region. Due to the interference effect, the load-carrying capacity begins to 

decrease. Consequently, the minimum film thickness is slightly reduced (See Figure 

6.16). The reduced minimum film thickness further increases the asperity contact 

pressure, as shown in Figure 6.22 (c) and (d).  

 
Figure 6.22 Pressure distributions at Position 2 (a) Hydrodynamic pressure contour 

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity 

pressure profiles 
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textures. Consequently, the total friction increases at this position, as illustrated in 

Figure 6.17. 

 
Figure 6.23 Shear stress distributions at Position 2 (a) Fluid shear stress contour (b) 

Fluid shear stress profiles (c) Asperity shear stress contour (d) Asperity shear stress 

profiles 

(c) Position 3 
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In addition, Figure 6.24 (c) indicates that the asperity contact at textures can be 

avoided due to the local increase in the film thickness. However, the significant 

reduction in minimum film thickness intensifies the overall asperity contact. This is 

reflected by the expansion of the contact area in the circumferential direction and the 

increase in the maximum asperity contact pressure. As can be seen from Figure 6.24 

(d), although the asperity contact pressure at textures is reduced to 0, the textured 

bearing’s maximum asperity contact pressure is nearly five times higher than that of 

the non-textured bearing.  

 
Figure 6.24 Pressure distributions at Position 3 (a) Hydrodynamic pressure contour 

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity 

pressure profiles 
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The asperity shear stress distributions are shown in Figure 6.25 (c) and (d). On the 

one hand, the asperity shear stress at textures is reduced to 0, indicating a decreased 

contact area at textures. On the other hand, the reduction in the film thickness leads to 

a significant increase in asperity shear stress within the contact region. The enlarged 

view in Figure 6.25 (d) reveals that, the increase in asperity shear stress exceeds the 

benefit from the reduced contact area at textures. This leads to a substantial increase 

in the asperity friction loss. Consequently, the total friction also significantly increases 

(see Figure 6.17). 

 
Figure 6.25 Shear stress distributions at Position 3 (a) Fluid shear stress contour (b) 

Fluid shear stress profiles (c) Asperity shear stress contour (d) Asperity shear stress 

profiles 

(d) Position 4 
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Therefore, the primary load-carrying region at this position is not interfered. This can 

also be observed from the nearly identical high-pressure region compared with the 

non-textured bearing in Figure 6.26 (b). Besides, a positive micro-hydrodynamic 

pressure at the cavitation region is generated. Consequently, a slight increase in the 

minimum film thickness is observed in Figure 6.17.  

As shown in Figure 6.26 (c) and (d), the increase in the minimum film thickness 

leads to a slight decrease in the maximum contact pressure. In addition, the asperity 

contact region terminates earlier due to the increased film thickness at the textured 

area.  

 
Figure 6.26 Pressure distributions at Position 4 (a) Hydrodynamic pressure contour 

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity 

pressure profiles 
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 Figure 6.18). In addition, as shown in Figure 6.27 (c) and (d), the increase 

in the minimum film thickness leads to a slight reduction in the maximum asperity 

shear stress. Simultaneously, these textures reduce the contact area. Therefore, a 

reduction in the asperity friction loss is observed in Figure 6.19. Consequently, the 

reduction in both the fluid and asperity friction leads to a lower total friction loss (see 

Figure 6.17).  

 
Figure 6.27 Shear stress distributions at Position 4 (a) Fluid shear stress contour (b) 

Fluid shear stress profiles (c) Asperity shear stress contour (d) Asperity shear stress 

profiles 
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(e) Position 5 

The pressure and shear stress distributions are shown in Figure 6.28 and Figure 6.29. 

When the textures are located at Position 5, the textured area is downstream of and 

away from both the high-pressure and the asperity contact regions. Therefore, both 

the pressure and shear stress distributions are similar to those of the non-textured 

bearing. Consequently, both the minimum film thickness and friction loss are quite 

close to those of the non-textured bearing, as illustrated in Figure 6.16 and Figure 6.17. 

 
Figure 6.28 Pressure distributions at Position 5 (a) Hydrodynamic pressure contour 

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity 

pressure profiles 
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Figure 6.29 Shear stress distributions at Position 5 (a) Fluid shear stress contour (b) 

Fluid shear stress profiles (c) Asperity shear stress contour (d) Asperity shear stress 

profiles 
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work, the interference effect is overall dominant. 
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Figure 6.30 Effects of textures on the load-carrying capacity under mixed-EHL 

condition 

The effect of textures on the friction loss under the mixed lubrication condition is 

governed by both fluid shear stress and asperity contact. The underlying mechanisms 

are summarized in Figure 6.31. Under the mixed lubrication in this work, both the 

positive and negative effects of textures on fluid shear stress are less pronounced than 

those observed under the hydrodynamic lubrication. Consequently, the effect of 

textures on the friction loss depends more on the asperity shear stress.  

From the mechanism analysis of the asperity shear stress, textures can reduce the 

asperity contact area due to the locally increased film thickness. In addition, when the 

minimum film thickness is increased by textures, the asperity shear stress can be 

slightly reduced. In contrast, textures can also increase asperity shear stress when the 

minimum film thickness is decreased. A balance between the positive and negative 

effects shows that when textures are located downstream of the load-carrying region, 

they can slightly increase the minimum film thickness while simultaneously reducing 

the asperity contact area. 

 

Figure 6.31 Effects of textures on the friction loss under the mixed lubrication  
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7. ML-based surrogate model of textured journal bearings 

In Chapter 5, an N-S based mixed-EHL model is developed for textured journal 

bearings. Subsequently, in Chapter 6, this model is used to analyze the effect of texture 

parameters on the minimum film thickness and friction loss. The results show that 

both bearing performance parameters are significantly influenced by the texture 

geometry and distribution parameters. However, as introduced in Chapter 3.4, the N-

S based CFD simulation compromises the computational efficiency. Consequently, 

the high degree of freedom in texture design parameters requires a huge amount of 

computational cost from the N-S based mixed-EHL model. To address this issue, an 

efficient ML-based surrogate model is developed in this chapter.  

7.1. Input and output parameters 

To develop the ML-based surrogate model, the input and output parameters should 

be first determined. In this work, four input parameters are selected based on the 

findings in Chapter 6, including texture geometry parameters (texture width 

ratio 𝑤𝑡/𝑊, texture depth ratio 𝑑𝑡/𝐶) and texture distribution parameters (starting 

angle of texture area  𝛼, texture coverage angle 𝑐𝑜𝑣). The design range of each input 

parameter is shown in Table 7.1. The determination of the design range is based on 

previous studies in Refs. [21,48,50,60]. The output parameters include the minimum 

film thickness and the friction loss of textured journal bearings. 

Table 7.1 Design range with minimum and maximum values of input parameters 

Parameters Minimum value Maximum value 

Textured width ratio  𝑤𝑡/𝑊 [-] 0.2 0.96 

Texture depth ratio  𝑑𝑡/𝐶 [-] 0.1 3 

Starting angle of textured area 𝛼 [º] 5 180 

Texture coverage angle 𝑐𝑜𝑣 [º] 5 170 

Based on the design range of each input parameter, the design points are generated 

using the Latin hypercube sample function in MATLAB [151]. With this function, all 

design points are randomly distributed within the design range for each input 

parameter. In total, 220 design points with different input parameter combinations are 

generated. Then, simulations for each design point are conducted using the N-S based 

mixed-EHL model to calculate the output parameters under both hydrodynamic and 

mixed lubrication conditions. For each lubrication condition, the input design points 
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and their corresponding minimum film thickness and friction loss are stored as 

datasets (6×220 MATLAB structure array). Among these 220 datasets, 200 sets are 

used to train ML-based surrogate models. The remaining 20 datasets are used to 

evaluate the prediction accuracy of the trained surrogate models.  

To ensure the stable and efficient training, the normalization is applied to both input 

and output parameters using the standardized min-max normalization function, that 

reads:  

 𝑧̂  =  
𝑧 − 𝑧𝑚𝑖𝑛

𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛
(𝑞𝑢𝑝𝑝𝑒𝑟 − 𝑞𝑙𝑜𝑤𝑒𝑟) + 𝑞𝑙𝑜𝑤𝑒𝑟  (7-1) 

where 𝑧̂ is the final normalized value; 𝑧 represents the original value of the data point; 

𝑧𝑚𝑖𝑛 and 𝑧𝑚𝑎𝑥 denote the minimum and maximum values in the original datasets; 

 𝑞𝑙𝑜𝑤𝑒𝑟 and 𝑞𝑢𝑝𝑝𝑒𝑟 are the lower and upper normalized unit values, which are 0 and 1 

in this work.  

7.2. Theoretical background of ML-based surrogate model 

7.2.1. Model structure 

To develop the ML-based surrogate model, the suitable algorithm needs to be 

selected. As a commonly used ML algorithm, Artificial Neural Network (ANN) 

model has demonstrated superior prediction performance compared to other ML 

regression models in various tribological applications [100,103,152,153]. Therefore, 

this work employs the ANN to predict the minimum film thickness and friction loss 

of textured journal bearings.  

ANN is composed of interconnected nodes, designed to mimic the functioning of 

biological neurons [154]. The core of ANN consists of layers of artificial neurons, 

including an input layer, one or more hidden layers, and an output layer. The training 

data flows through the network in a feedforward way, from the input layer through 

the hidden layers to produce the outputs. Each connection between nodes is 

determined by the weights and biases. The structure of the whole feedforward neural 

network with two hidden layers as well as one neuron is exemplarily shown in Figure 

7.1 [155].  
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(a) Structure of the neural network with two hidden layers 

 
(b) One neuron with four inputs and one output 

Figure 7.1 Architecture of the feed-forward neural network model 

The training data flows from the input layer through the hidden layers to predict the 

outputs. By applying activation functions, the network can capture complex 

relationships between the inputs and outputs [152,154]. There are three popular 

activation functions for the hidden layer, including the hyperbolic tangent function 

(tanh) shown in Eq. (7-2), the logistic sigmoid function (Sigmoid) shown in Eq. (7-3), 

and the rectified linear unit function (ReLU) shown in Eq. (7-4). Regarding the 

activation function for the output layer, the pure linear function (purelin) shown in 

Eq. (7-5) is commonly used [152,154].  

  𝑎𝑛ℎ: 𝑓(𝑥) =
1

1 + 𝑒−2𝑥
− 1 (7-2) 

 𝑆𝑖𝑔𝑚𝑜𝑖𝑑: 𝑓(𝑥) =
1

1 + 𝑒−𝑥
 (7-3) 

 𝑅𝑒𝐿𝑈: 𝑓(𝑥) = {
𝑥, 𝑥 > 0
0,        𝑥 < 0

 (7-4) 
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 𝑝𝑢𝑟𝑒𝑙𝑖𝑛: 𝑓(𝑥) = 𝑥 (7-5) 

The parameters used to define an ANN model include the initial weights and biases, 

the number of layers, the number of neurons in each layer and the activation functions. 

The ANN parameters used in this work are shown in Table 7.2. 

To avoid the unnecessary computational overhead or overfitting, the training stops 

when any of the following conditions is met: reaching the maximum number of epochs 

(1,000), achieving the target minimum error (10-4), reaching the target gradient 

descent value (10-6), or encountering the maximum number of consecutive failures 

(6). The values for each parameter are the default values provided by MATLAB [156].  

Table 7.2 Design parameters for the ANN model 

Parameter  Specification 

Training algorithm Levenberg-Marquardt algorithm  

Number of hidden layers Tuned based on the datasets 

Number of neurons in hidden layer Tuned based on the datasets 

Activation function for hidden layer Tuned based on the datasets 

Activation function for output layer Purelin [152,154] 

Learning rate Tuned based on the datasets 

Initial weights and biases Tuned based on the datasets 

Division of data Random 

Data division 

70% - Training 

15% - Validation 

15% - Test 

7.2.2. Performance evaluation 

To evaluate the prediction performance of the ANN model, the mean square error 

(MSE) and the correlation coefficient (R) are calculated. MSE, defined in Eq. (7-6), is 

a measure of the average squared difference between the predicted and target values.  
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 𝑀𝑆𝐸 =
1

𝑁
∑ (𝑦𝑖 − 𝑦

^

𝑖)
2

𝑁

𝑖=1
 (7-6) 

where 𝑦𝑖 represents the target value, and 𝑦
^

𝑖 represents the predicted value from the 

ML models. A lower MSE value indicates better estimation performance, while a 

higher MSE value indicates poorer estimation performance. 

The correlation coefficient (R), defined in Eq. (7-7), provides information about the 

correlation between the predicted and target values.  

 𝑅 =
∑ (𝑦𝑖 − 𝑦̅𝑖)
𝑁
𝑖=1 (𝑦

^

𝑖 − 𝑦
^̅

𝑖)

√∑ (𝑦𝑖 − 𝑦̅𝑖)
2∑ (𝑦

^

𝑖 −  𝑦
^̅

𝑖)
2𝑁

𝑖=1
𝑁
𝑖=1

 (7-7) 

where 𝑦̅𝑖 and 𝑦
^̅

𝑖 are the mean target and predicted values, respectively. A high R value 

close to 1 indicates a strong relationship between the predicted and target values. 

Conversely, an R value of 0 suggests no correlation or a random connection between 

the predicted and target values [157]. 

7.3. Model setup 

With the identical datasets, the prediction accuracy of the ANN model depends on 

the network architecture [158], as well as the appropriate initial weights and biases 

for each neuron [159]. To improve the prediction accuracy of the ANN model based 

on the current datasets, the ANN model is optimized through the cross-validation-

based hyperparameter optimization and the genetic algorithm. The cross-validation 

(CV) method is used to evaluate various architecture parameter combinations, which 

helps to identify an optimal neural network architecture. Subsequently, the genetic 

algorithm (GA) is utilized for searching the appropriate initial weights and biases for 

each neuron.  

7.3.1. Determination of the network architecture  

In this work, the architecture hyperparameters of the ANN model is determined 

through the widely-used 5-fold cross-validation, as shown in Figure 7.2 [160]. The 

datasets are split into 5 subsets of approximately equal size. The model is trained 5 

rounds. For each round i (1 to 5), 4 folds are used for training and the remaining fold 

is used for testing. This process ensures that all the datasets are used for training and 

testing simultaneously and every data point is used for testing exactly once. Therefore, 

it ensures the high reliability and generalizability. To evaluate the overall performance 
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of the ANN model with different architectures, the MSE value on the test fold is 

calculated across all iterations. The average performance is obtained by Eq. (7-8).  

 𝑀𝑆𝐸𝑎𝑣𝑔 =
1

5
∑𝑀𝑆𝐸𝑖

5

𝑖=1

 (7-8) 

where, 𝑀𝑆𝐸𝑎𝑣𝑔 is the average MSE value for all iterations and 𝑀𝑆𝐸𝑖 is the MSE value 

for each iteration. 

 

Figure 7.2 Process of the 5-fold cross-validation 

In this work, four key architecture parameters of the ANN model are selected: the 

number of hidden layers, the number of neurons in each hidden layer, the learning rate 

of the ANN model and the type of activation function in hidden layers [161]. The 

optimization range of each parameter is shown in Table 7.3.  

Table 7.3 Optimization range of architecture parameters for the ANN model 

Parameter  Range 

Number of hidden layers 1-3 

Number of neurons in hidden layer 2-20 

Learning rate 10-1-10-5 

Activation function in hidden layers tanh, sigmoid, ReLU 

  

Data sets 

Training folds Test fold

MSE1

𝑀𝑆𝐸𝑎𝑣𝑔 =
1

5
∑𝑀𝑆𝐸𝑖

5

𝑖=1

Average performance 

MSE2

MSE3

MSE5

MSE4
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As the next step, the optimization process for the architecture parameters is 

conducted through the following steps: 

Step 1: The optimization range for four architecture parameters is defined as Table 

7.3 shows. 

Step 2: Based on the optimization range, four architecture parameters are fully 

combined using nested loops. In this work, 4275 groups of combinations are generated 

for each ANN model. 

Step 3: Each combination undergoes 5-fold cross-validation. The MSE value of each 

combination is evaluated on the 5 different test folds, respectively. 

Step 4: The average MSE value (𝑀𝑆𝐸𝑎𝑣𝑔) for each combination is recorded and 

compared. The best parameter combination with the minimum  𝑀𝑆𝐸𝑎𝑣𝑔 is identified 

at the end. 

Step 5: The optimal parameter combination is outputted and therefore the optimal 

ANN architecture is determined. 

7.3.2. Determination of initial weights and biases 

In addition to the architecture parameters, the initial weights and biases also have a 

considerable impact on the prediction accuracy of the ANN model [159,162]. To 

further improve the prediction accuracy, the genetic algorithm (GA) is used to 

determine the optimal initial weights and biases based on the optimal architecture 

parameters. The GA is derived from the principle of natural selection and population 

genetic. During the process of the GA, optimization parameters are incorporated into 

a population of encoded individuals, which are selected, crossed over, and mutated 

based on an objective function [163]. The optimization process of the GA in this work 

is shown in Figure 7.3 [164].  
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Figure 7.3 Optimization process of the GA model 

The process starts from initializing the GA parameters, including the population size 

(S), the crossover probability (𝑃𝑐), the mutation probability (𝑃𝑚), the generation size 

(𝐺𝑠), and the maximum stalled generations (𝑆𝑚𝑎𝑥). The values of these parameters are 

listed in Table 7.4.  

Table 7.4 Parameters of the GA model 

Parameters Value Parameters Value 

Population size 𝑆 150 Selection function 
Tournament 

selection 

Crossover probability 𝑃𝑐 0.8 Crossover function  
Two-point 

crossover 

Mutation probability 𝑃𝑚 0.15 Mutation function 
Gaussian 

mutation 

Generation size 𝐺𝑠 150 - - 

Maximum stalled 

generations 𝑆𝑚𝑎𝑥 
50 - - 

In the next step, the objective function value of each individual in the population is 

evaluated with the objective function presented in Eq. (7-9). Minimization of the 

objective function value is the goal of the optimization. In the current work, the 

objective function value refers to the difference between 1 and the R values for 

training, validation, test and overall datasets. 
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 𝑓𝑖 (𝑥) =  ∑ |𝑅𝑖(𝑥) − 1|
4

𝑖=1
 (7-9) 

where 𝑅𝑖 (𝑥) represents the R value under the individual x, and the indices i = 1,2,3,4 

refer to training, validation, test and overall datasets, respectively; x is the initial 

weights and biases of the neural network: 

𝑥 =  [𝒘𝑖𝑛,1, 𝑩1, 𝒘1,2, 𝑩2, …𝒘𝑙,𝑜𝑢𝑡 , 𝑩𝑜𝑢𝑡  ] (7-10) 

where 𝑙  is the number of hidden layers; 𝒘𝑖𝑛,1, 𝒘1,2, 𝒘𝑙,𝑜𝑢𝑡  represent the weight 

matrices from the input layer to the first hidden layer, from the first hidden layer to 

the second hidden layer, and from the 𝑙𝑡ℎ  hidden layer to the output layer, 

respectively; 𝑩1, 𝑩2, 𝑩𝑜𝑢𝑡  represent the bias vectors of the first hidden layer, the 

second hidden layer, and the output layer, respectively.  

The termination criteria for the optimization are either reaching the maximum 

generation size or no improvement in the best objective function value over the 

maximum number of stalled generations. If the criteria cannot be met in the current 

population, the mating will be initiated to recombine parent population and create 

offspring through selection, crossover and mutation. Subsequently, a new population 

is generated and will be evaluated repeatedly until the termination criteria are 

achieved. Eventually, after the optimization through the GA, the optimal initial 

weights and biases for each neuron are determined and utilized in the training process 

of the ANN model. 

7.4. Results and discussion 

7.4.1. ANN model under the hydrodynamic lubrication  

In this section, the ANN model is trained to predict the minimum film thickness and 

friction loss of journal bearings under the hydrodynamic lubrication condition with a 

load of 500N and a rotational speed of 1,000rpm. First, the optimized values of each 

architecture parameters are determined through the CV-based hyperparameter 

optimization and are shown in Table 7.5. Based on the optimized architecture, the 

GA-based optimization is conducted to determine the optimal initial weights and 

biases. Then, with these optimized settings, the ANN model is trained and the R values 

are computed. 
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Table 7.5 Optimized values of architecture parameters for the ANN model 

Parameter  Optimized range 

Number of hidden layers 2 

Number of neurons in hidden layer [16,14] 

Learning rate 10-2 

Activation function on hidden layers ReLU 

The R values describe the relationship between the predicted and the target values. 

Their values of the trained ANN model are depicted in Figure 7.4. It can be observed 

that the R values for the training, validation, test, and overall datasets are 0.993, 0.982, 

0.984 and 0.988, respectively. Therefore, it can be deduced that the predicted values 

estimated by the ANN model are overall consistent with the actual values. 

 
Figure 7.4 R values for the training, validation, test, and overall datasets 
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Furthermore, to evaluate the prediction accuracy of the trained ANN model more 

straightforwardly, the minimum film thickness and the friction loss of 20 evaluation 

datasets are predicted. The predicted results are then compared with the actual results 

from the N-S based mixed-EHL model. The comparison results, along with the errors 

between the predicted and actual values, are depicted in Figure 7.5 and Figure 7.6. It 

can be found from Figure 7.5 (a) and Figure 7.6 (a) that the overall trend of the 

predicted values by the ANN model is consistent with the actual values for both 

parameters. Regarding the prediction accuracy for the minimum film thickness, the 

average accuracy stands at 99.1%, and the maximum prediction error is below 3% for 

all datasets. In terms of the prediction accuracy for the friction loss, the average 

prediction accuracy is 99.2% with the maximum error around 2%. 

 

(a) Comparison of the actual and the predicted values of minimum film thickness 

 

(b) Prediction errors of ANN for minimum film thickness 

Figure 7.5 Prediction performance of ANN for minimum film thickness 
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(a) Comparison of the actual and the predicted values of friction loss. 

 

(b) Prediction errors of ANN for friction loss. 

Figure 7.6 Prediction performance of ANN for friction loss 

In addition to the accuracy, the efficiency of the developed ML-based surrogate 

model is quantified by the prediction time for one texture design combination. For the 

N-S based mixed-EHL model, the simulation time under the hydrodynamic condition 

(excluding the time for mesh generation and boundary setup) requires approximately 

300~625 core hours. All simulations of this work are conducted with the partition 

c23ms in RWTH High Performance Computing. More details of this partition can be 

found in Ref. [165]. With the surrogate model, the friction loss and the minimum film 

thickness can be predicted within 1 second for one texture design combination. In 

conclusion, the trained ANN model can accurately and efficiently predict the 

minimum film thickness and friction loss of textured journal bearings. 
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7.4.2. ANN model under the mixed lubrication 

The second ANN model is trained to predict the minimum film thickness and 

friction loss under the mixed lubrication (with the load of 500N and the rotational 

speed of 80rpm). After the CV-based hyperparameter optimization, the optimized 

values of architecture parameters are shown in Table 7.6. Compared with the optimal 

architecture results for the hydrodynamic lubrication case in Table 7.5, it can be seen 

that the suitable network architecture is highly dependent on the specific applications 

and datasets, which was also demonstrated in Refs. [152,166]. The CV-based 

hyperparameter optimization introduced above offers a comprehensive way to 

determine the suitable architecture parameters for different applications and datasets. 

Table 7.6 Optimized values of architecture parameters for the ANN model 

Parameter  Optimized range 

Number of hidden layers 3 

Number of neurons in hidden layer [14,12,12] 

Learning rate 10-3 

Activation function on hidden layers ReLU 

Following the same optimization procedure, the ANN model for the prediction of 

minimum film thickness and friction loss under the mixed lubrication is also 

optimized by identifying the appropriate initial weights and biases for each neuron. 

The R values of the trained ANN model are depicted in Figure 7.7. The R values for 

the training, validation, test, and overall datasets are 0.999, 0.995, 0.992 and 0.998, 

respectively. Therefore, it can be concluded that the predicted values of the two output 

parameters are generally in good agreement with the actual values.  
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Figure 7.7 R values for the training, validation, test, and overall datasets 

Based on the 20 evaluation datasets, a comparison between the actual values and 

the predicted values by the ANN model for the minimum film thickness is presented 

in Figure 7.8. Overall, the predicted minimum film thickness values closely match the 

actual values. Regarding the prediction accuracy, the ANN model achieves an average 

accuracy of 99.3%, with all prediction errors below 3%. 
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(a) Comparison of the actual and the predicted values of minimum film thickness 

 

(b) Prediction errors of ANN for minimum film thickness. 

Figure 7.8 Prediction performance of ANN for minimum film thickness 

In addition, a comparison between the predicted and actual values of friction loss is 

presented in Figure 7.9. As illustrated in Figure 7.9(a), the predicted values of friction 

loss also show close agreement with the actual values. As indicated in Figure 7.9(b), 

the ANN model achieves a prediction accuracy of 97.1% for the friction loss. 

However, the maximum error is around 8.9 %, which is higher than that for the 

minimum film thickness. One possible explanation is that the friction loss exhibits a 

broader range of variation in response to changes in texture design parameters. As 

analyzed in Subchapter 6.2, under mixed lubrication conditions, texture design 

parameters influence the friction loss through several interrelated factors, including 

the hydrodynamic pressure, contact pressure, fluid shear stress, and contact shear 

stress. Hence, the prediction of friction loss is inherently more challenging than that 
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of the minimum oil film thickness. Consequently, the prediction error for the friction 

loss is higher than that for the minimum oil film thickness. 

Regarding the prediction efficiency, the surrogate model can also predict both the 

friction loss and minimum film thickness within 1 second for each texture design 

combination. In contrast, one N-S based mixed-EHL simulation requires 

approximately 300 to 800 core hours under the mixed lubrication condition (excluding 

the time for mesh generation and boundary setup). This indicates the high efficiency 

of the surrogate model.  

 

(a) Comparison of the actual and the predicted values of friction loss. 

 
(b) Prediction errors of ANN for friction loss. 

Figure 7.9 Prediction performance of ANN for friction loss 

In summary, after the combined optimization through the CV-based hyperparameter 

optimization and the GA, the suitable network architecture as well as the optimized 

initial weights and biases can be identified for the datasets under different operating 
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conditions. The ANN-based surrogate models developed in this work can predict the 

friction loss and minimum film thickness of textured journal bearings within 1 second 

for each case, with the average accuracy of over 97% for both conditions. These 

results demonstrate both the efficiency and high accuracy of the developed surrogate 

models. 
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8. Optimization design of textured journal bearings 

In Chapter 7, the ML-based surrogate models are developed, which can efficiently 

and accurately predict the minimum film thickness and friction loss under 

hydrodynamic and mixed lubrication conditions. Based on the surrogate models, the 

optimization design of texture geometry and distribution is conducted in this chapter. 

First, the theoretical background of the Non-Dominated Sorting Genetic Algorithm-

II (NSGA-II) is introduced. Then, the multi-objective optimization model based on 

the NSGA-II is set up, aiming for a lower friction loss and a higher minimum film 

thickness of textured journal bearings. Finally, the optimized texture geometry and 

distribution parameters are determined for two lubrication conditions. 

8.1. Theoretical background of optimization model 

As introduced in Subchapter 3.4, NSGA-II is inspired by biological evolution. It 

extends the standard Genetic Algorithm (GA) by incorporating the non-dominated 

sorting and a crowding distance mechanism [167]. Thereby, this method is more 

capable of handling the optimization problems with multiple and potentially 

conflicting objectives [126]. The flowchart of the NSGA-II algorithm is shown in 

Figure 8.1, and the procedure is introduced below. 

 

Figure 8.1 The flowchart of the NSGA-II 
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Step 1: The optimization starts from initializing a random population.  

Step 2: The objective functions are defined and evaluated for each individual within 

the initialized population. The objective functions are formulated on the basis of the 

design variables, the objective function vector and constraints, as Eq. (8-1) shows. In 

word, it is to minimize the objective function vector 𝑓(𝑋𝑑) by varying the design 

variables 𝑋𝑑   within their design limits [168]. The function vector 𝑓(𝑋𝑑) includes 

multiple functions 𝑓1(𝑋𝑑), 𝑓2(𝑋𝑑), , , 𝑓𝑚(𝑋𝑑), which represent multiple objectives. 

Minimize 𝑓(𝑋𝑑) = [𝑓1(𝑋𝑑), 𝑓2(𝑋𝑑), , , 𝑓𝑚(𝑋𝑑)  ] 

by varying  𝑋𝑑 =  (𝑥1, 𝑥2, …  𝑥𝑛 ) 

subject to 𝑥𝑖  ∈  [𝐿𝑖 , 𝑈 𝑖] (i= 1, …n) 

(8-1) 

where 𝑓(𝑋𝑑) is the objective function vector, 𝑋𝑑 is a vector formed by independent 

design variables; Li and Ui are the minimum and maximum limits of each design 

parameter, respectively; m and n are the number of objective functions and design 

parameters, respectively. 

Step 3: Based on the objective function values of each individual, a rank is 

calculated. This ranking represents an improvement of the NSGA-II algorithm 

compared to the traditional GA. In single-objective optimization with GA, individuals 

are simply ranked according to their single-objective function value. However, in 

multi-objective optimization with two or more objectives, sorting based on a single-

objective function value is insufficient. Therefore, the ranking process in NSGA-II 

involves non-dominated sorting and the calculation of crowding distance. 

Regarding non-dominated sorting, one individual dominates another if all its 

objective function values are lower. For example, an individual dominated by Nd 

individuals is assigned a rank of Nd+1. Individuals with lower ranks have a higher 

probability of being selected. In addition, crowding distance measures the spacing 

between adjacent individuals. A larger crowding distance indicates better diversity. 

Thus, among individuals with the same rank, those with greater crowding distance 

have a higher probability of being selected for the parent population in the next 

generation [169]. 

Step 4: Based on the rank, the parent population for the next generation is selected 

using the tournament selection method [169]. The selected parents are then mutated 

and crossed over to generate the children population.  
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Step 5: The children population is combined with the parent population to form an 

extended population. The objective function values are evaluated again for the 

combined population. 

Step 6: For each individual in the combined population, the ranking including the 

non-dominated sorting and the calculation of crowding distance are conducted again 

as introduced in Step 3. 

Step 7: Based on the ranking, the fittest individuals are selected as the new 

population.  

Step 8: The algorithm terminates when the termination criteria are met. The 

termination criteria for the optimization are either reaching the maximum number of 

generation or no improvement in the objective function values over the maximum 

number of stalled generations. If the criteria cannot be met in the current population, 

the iteration (Steps 4 to 6) is repeated [169]. Eventually, the algorithm stops and the 

output design variables are outputted. 

Step 9: In multi-objective optimization, several objective variables must be 

optimized simultaneously, which sometimes leads to competing objectives. 

Accordingly, the concept of Pareto optimality is employed to identify optimal design 

variants. A variant is considered Pareto-optimal if it is not dominated by any other 

evaluated variant [170]. Specifically, one variant dominates another if it demonstrates 

better values for all objective variables. The set of all Pareto-optimal variants in the 

design space constitutes the Pareto front in the objective space. Once the optimization 

results are presented as a Pareto front, the most suitable design variant is usually 

selected based on the engineering requirements or standard methods [170].  

8.2. Model setup 

In this work, the optimization problem is defined as: minimizing the total friction 

loss (𝑓total(𝑋𝑑)), and the negative minimum film thickness (-ℎmin(𝑋𝑑) by varying the 

design variables 𝑋𝑑 . The minimum film thickness (ℎmin(𝑋𝑑)) is set as a negative 

value because it needs to be maximized. Both 𝑓total(𝑋𝑑) and ℎmin(𝑋𝑑) are the output 

parameters from the ML-based surrogate models in Chapter 7. 

The design variables 𝑋𝑑 include: textured width ratio (𝑤𝑡/𝑊), texture depth ratio 

(𝑑𝑡/𝐶), starting angle of textured area (α) and texture coverage angle ( 𝑐𝑜𝑣). The 

design range of each design parameter is shown in Table 7.1 in Chapter 7. 

Therefore, the objective functions in Eq. (8-1) can be reformulated in this work as: 
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Minimize: 𝑓(𝑋𝑑) = [𝑓total(𝑋𝑑), −ℎmin(𝑋𝑑)] 

by varying 𝑋𝑑 =  (
𝑤𝑡

𝑊
,
𝑑𝑡

𝐶
, α, 𝑐𝑜𝑣 )  

within the design range shown in Table 7.1  

(8-1)* 

As introduced in Step 9 of the optimization procedure in the previous section, once 

the optimization results are presented as a Pareto front, the most suitable design 

variant should be selected. In the context of textured journal bearings, the selection 

criterion is to minimize the friction loss without compromising the load-carrying 

capacity. Therefore, the final design configuration is the combination that achieves 

the lowest friction loss while maintaining a minimum film thickness no less than that 

of the non-textured journal bearing. 

8.3. Results and discussion 

In this section, following the previously introduced optimization procedure, the 

optimal design combinations of texture geometry and distribution parameters are first 

identified for both cases under hydrodynamic and mixed lubrication conditions. 

Subsequently, the minimum film thickness and friction losses of the optimized 

textured journal bearings are compared with those of the non-textured journal bearing. 

8.3.1. Optimization results for hydrodynamic lubrication 

For the case under the hydrodynamic lubrication condition (with the load of 500N 

and the rotational speed of 1000rpm), the optimal texture geometry and distribution 

parameters are summarized in Table 8.1. The pressure and fluid shear stress for the 

optimized textured journal bearing are shown in Figure 8.2. 

Table 8.1 Optimized value of each texture design parameters  

Design Parameters Optimized value 

Textured width ratio 𝑤𝑡/𝑊 [-] 0.89 

Texture depth ratio 𝑑𝑡/𝐶 [-] 0.78 

Starting angle of textured zone α [º] 25.21 

Texture coverage angle 𝑐𝑜𝑣 [º] 94.43 
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Figure 8.2 Hydrodynamic pressure and fluid shear stress distributions for the 

optimized textured journal bearing (a) Hydrodynamic pressure (b) Fluid shear stress 

Under this operating condition, the optimal texture width ratio is determined to be 

0.89. This value aligns well with the findings summarized by Marian et al. [63], which 

concluded that the optimized texture width ratio ranged between 0.1 and 1.0. 

Regarding the optimal texture depth ratio of 0.78, this result also agrees with their 

conclusion that the optimal texture depth ratio typically ranged between 0.4 and 0.8 

[42,63].  

Regarding the optimal distribution of textures in journal bearings, there is still no 

common conclusions [11,13,63]. From Figure 8.2, it can be observed that the optimal 

texture distribution in this case is located downstream of the high-pressure region, and 

close to the minimum film thickness region. This result aligns with the conclusions in 

Chapter 6.1, which indicate that placing textures downstream of the high-pressure 

region reduces friction loss while slightly increasing the minimum film thickness. The 

reduction in friction loss occurs because the fluid shear stress is effectively reduced 

in this configuration, as shown in Figure 8.2 (b). Additionally, with this texture 

distribution, the primary load-carrying region of the bearing remains undisturbed, and 

the micro-hydrodynamic effect within the cavitation region slightly enhances the 

minimum film thickness. Besides, this optimized texture distribution can be supported 

by the results from Tala-Ighil et al. [21], who compared 25 texture distributions and 

found that placing textures in the pressure-decreasing region was beneficial. 

Eventually, a comparison of the minimum film thickness and friction losses between 

the optimized textured and non-textured journal bearings is summarized in Table 8.2. 

The optimized textured journal bearing demonstrates an 11.97% reduction in friction 

loss compared to the non-textured bearing, while the minimum film thickness slightly 

increases by approximately 1.46%.  

2.292.140.002.561.730.870.00
Hydrodynamic pressure [MPa]

(a) (b)

Fluid shear stress [Pa  103]
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Table 8.2 Comparison between the optimized and the non-textured bearing under 

hydrodynamic lubrication condition 

 Minimum film thickness [µm] Friction loss [N·mm] 

Non-textured bearing 8.89 51.45 

Textured bearing 9.02 45.29 

Difference [%] +1.46 -11.97 

 

8.3.2. Optimization results for mixed lubrication 

Following the same optimization procedure, the optimal texture design parameters 

are obtained for the case under the mixed lubrication condition (with the load of 500N 

and the rotational speed of 80rpm). The optimized texture geometry and distribution 

parameters are listed in Table 8.3. Subsequently, both the hydrodynamic pressure and 

asperity pressure for the optimized textured journal bearing are shown in Figure 8.3. 

The fluid shear stress and asperity shear stress are illustrated in Figure 8.4. 

Table 8.3 Optimized value of each texture design parameter 

Design Parameters Optimized value 

Textured width ratio 𝑤𝑡/𝑊 [-] 0.86 

Texture depth ratio 𝑑𝑡/𝐶 [-] 0.51 

Starting angle of textured zone α [º] 79.23 

Texture coverage angle 𝑐𝑜𝑣 [º] 75.06 
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Figure 8.3 Pressure distributions for the optimized textured journal bearing (a) 

Hydrodynamic pressure (b) Contact pressure 

 

Figure 8.4 Shear stress distributions for the optimized textured journal bearing (a) 

Fluid shear stress (b) Asperity shear stress 

Under this operating condition, the optimized value of the texture width ratio is 0.86, 

which still aligns with the previously concluded range of 0.1 to 1.0 by Marian et al. 

[63]. Moreover, the optimal texture depth ratio of 0.51 also remains within the 

recommended range of 0.4 to 0.8 [63]. However, compared to the optimized results 

for the hydrodynamic lubrication, the optimal depth ratio is decreased. This decrease 

may be attributed to the local influence of the film thickness on the optimal texture 

depth [60,68]. Due to this local influence, the shallower textures demonstrate a more 

pronounced contribution under a thinner film thickness. In this work, the minimum 

film thickness under the mixed lubrication is significantly reduced compared to that 
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under the hydrodynamic lubrication, thus leading to a lower optimal texture depth 

ratio.  

For the optimized texture distribution, as shown in Figure 8.3 and Figure 8.4, the 

optimal texture position remains downstream of the primary load-carrying area. The 

optimized texture distribution under the mixed lubrication shifts upstream compared 

to that under the hydrodynamic lubrication. This can be explained by the conclusion 

in Chapter 6.2, which demonstrates a shift of the primary load-carrying region 

upstream under the mixed lubrication. Consequently, both the starting angle and the 

overall coverage of the textured area move upstream, causing the entire texture 

distribution to shift upstream. Meanwhile, the textures with this distribution slightly 

reduce the asperity contact area. Such a difference in the optimal texture distributions 

between the two lubrication conditions clearly indicates that optimal design 

parameters highly depend on the operating conditions of journal bearings. Therefore, 

it is necessary to consider lubrication conditions when designing textured journal 

bearings.  

After optimizing texture design parameters under this mixed lubrication condition, 

a comparison of the minimum film thickness and friction loss between textured and 

non-textured bearings is provided in Table 8.4. Through the optimization, the friction 

loss of the textured bearing decreases by 10.39%, while the minimum film thickness 

increases by 1.38%.  

Table 8.4 Comparison between the optimized and the non-textured bearing under 

mixed lubrication condition 

 Minimum film thickness [µm] Friction loss [N·mm] 

Non-textured bearing 1.45 187.82 

Textured bearing 1.47 168.30 

Difference [%] +1.38 -10.39 

In summary, the optimal texture width ratios remain consistent under both 

lubrication conditions. In contrast, the optimal texture depth ratio and texture 

distribution are highly dependent on operating conditions. Specifically, when the 

lubrication regime shifts from hydrodynamic to mixed lubrication, the optimal texture 

depth ratio decreases, and the optimal texture distribution moves upstream. A general 

recommendation is to locate textures downstream and close to the primary load-

carrying region. This distribution can minimize friction loss without interfering the 

load-carrying capacity of journal bearings. This insight provides a fundamental 

guidance for the design of texture position in journal bearings. 
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9. Summary and outlook 

9.1. Summary 

Journal bearings have been widely used in many industrial applications, including 

various subsystems in engines and powertrains. A growing demand for energy 

efficiency in machinery requires lower friction loss and higher load-carrying capacity 

in journal bearings. Surface textures have shown promising potential in reducing the 

friction and improving the load-carrying capacity of journal bearings. However, their 

detrimental effects have also been reported in cases of improper design of textures. 

Therefore, a validated method for designing textured journal bearings is becoming 

increasingly important. 

To achieve this aim, three research needs are identified in this dissertation. Based 

on these research needs, a design strategy is proposed, which consists of three sub-

models. Each sub-model addresses a specific research need. The key findings for each 

research need (marked in bold) are summarized as follows: 

(a) N-S based mixed-EHL model, which can accurately predict both the load-

carrying capacity and friction loss under different lubrication conditions: 

To address this research need, a N-S based mixed-EHL model for the textured 

journal bearings is developed in this work. The contribution and novelty of this model 

are integrating and connecting the existed models of deformation, load balance, and 

surface roughness into the accurate N-S based framework. The input parameters of 

this model include bearing parameters, textures parameters, operating parameters as 

well as lubricant and material parameters. This model is capable of predicting the 

minimum film thickness and friction loss of textured journal bearings from (elasto-) 

hydrodynamic lubrication to mixed lubrication.  

Experimental validations in terms of the pressure distribution, minimum film 

thickness, and friction loss are conducted under both (elasto-)hydrodynamic 

lubrication and mixed lubrication. The comparison between numerical and 

experimental results demonstrates that the error in the pressure distribution remains 

between 2% and 15%, depending on operating conditions. The maximum error in the 

minimum film thickness is approximately 11%. The error in the friction coefficient is 

lower than 0.003. This satisfactory agreement proves that the developed mixed-EHL 

model can accurately predict both the load-carrying capacity and friction loss of 

textured journal bearings under various lubrication conditions. 
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Based on the mixed-EHL model, the influence of surface textures on the minimum 

film thickness and friction loss is studied under both the hydrodynamic and mixed 

lubrication conditions. Under hydrodynamic lubrication conditions, textures can 

generate the micro-hydrodynamic pressure, which is beneficial for increasing the 

load-carrying capacity and further increasing the minimum film thickness. 

Meanwhile, textures may interfere with the high-pressure region, which can reduce 

the load-carrying capacity and the minimum film thickness. Regarding the friction 

losses, textures can significantly reduce the fluid shear stress, thus lowering friction 

loss of journal bearings. In the current work, placing textures downstream of the high-

pressure region leads to a considerable reduction in friction loss, with a slight increase 

in load-carrying capacity.  

Under the mixed lubrication condition, the effect of textures on the load-carrying 

capacity remains consistent with that under the hydrodynamic lubrication condition. 

This effect is governed by a balance between the micro-hydrodynamic effect and the 

interference effect on the high-pressure region. The friction loss under the mixed 

lubrication is governed by both fluid shear stress and asperity contact. Under the 

mixed lubrication condition in this work, the effect of textures on the friction loss due 

to the asperity contact is dominating. Both positive and negative effects of textures on 

fluid shear stress become less significant compared to those under the hydrodynamic 

lubrication condition. From the mechanism analysis on the friction loss due to the 

asperity contact, textures can reduce the asperity shear stress by increasing film 

thickness or reducing the contact area. In contrast, textures may also increase asperity 

shear stress when the film thickness is reduced. When textures are located downstream 

of the load-carrying region, they can slightly increase load-carrying capacity while 

simultaneously reducing the asperity contact area. In contrast, improper texture design 

parameters can result in the friction loss increasing up to five times higher than that 

of the non-textured bearing. 

(b) ML-based surrogate model, which can efficiently predict the load-carrying 

capacity and friction loss with the consideration of interactions between texture 

design parameters:  

For the second research need, ML-based surrogate models based on the artificial 

neural network (ANN) algorithm are developed to efficiently predict the minimum 

film thickness and the friction loss. To develop the ANN models, the texture design 

parameters, including the texture geometry and distribution parameters, are identified 

as input parameters. The minimum film thickness and friction loss are defined as 

output parameters. A total of 220 training datasets is generated through the mixed-

EHL model. To improve the prediction accuracy of the surrogate models using the 
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given datasets, the cross-validation-based hyperparameter optimization is employed 

to design the neural network architecture, and the genetic algorithm is applied to 

determine the optimal initial weights and biases.  

Both the prediction accuracy and efficiency of the developed ML-based surrogate 

models are evaluated. Regarding the prediction accuracy, the average accuracy stands 

over 97% while the prediction error remains consistently below 9% for both the 

hydrodynamic and mixed lubrication conditions. In terms of the prediction efficiency, 

the trained surrogate models can predict the friction loss and the minimum film 

thickness of textured journal bearings within 1 second for each case. This 

demonstrates both the accuracy and efficiency of the surrogate models. 

(c) Multi-objective optimization model, which can optimize texture parameters 

with the aim of reducing the friction losses and increasing the load-carrying 

capacity. 

Based on the ML-based surrogate models, the optimization design of textured 

journal bearings can be further conducted to address the third research need. The 

multi-objective optimization model is developed based on the Non-Dominated 

Sorting Genetic Algorithm-II (NSGA-II). The design parameters include the texture 

geometry parameters (texture width ratio, texture depth ratio) and texture distribution 

parameters (starting angle of textured area, texture coverage angle). The targets of the 

optimization are a higher minimum film thickness and a lower friction loss. 

The optimization of texture design parameters is conducted for both hydrodynamic 

and mixed lubrication conditions. The optimized texture parameters for both 

conditions show similar results on the texture width ratio but significant difference in 

the texture depth ratio and texture distribution. Compared to the optimized results for 

the hydrodynamic lubrication, the optimal texture depth ratio is lower and the optimal 

texture distribution shifts upstream for the mixed lubrication. This indicates that an 

efficient design optimization obviously depends on the specific operating condition. 

With the optimized texture design parameters, the minimum film thickness is 

increased by 1.46% while the friction loss is reduced by approximately 11.97% under 

the hydrodynamic lubrication condition in this work. For the mixed lubrication case 

in this work, the friction loss of the optimized textured bearing decreases by 10.39%, 

and the minimum film thickness increases by 1.38%. These results demonstrate the 

significant potential of surface textures to increase the energy efficiency of journal 

bearings in practical applications. 

Eventually, the results demonstrate that an integration of the above three sub-models 

can provide a comprehensive strategy for designing surface textures in journal 
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bearings. In addition, the N-S based mixed-EHL model developed within this strategy 

can offer in-depth insights into textured journal bearings, as all the texture-induced 

microflow effects can be accurately captured. 

9.2. Outlook 

Although the proposed design strategy demonstrates a promising ability to improve 

the load-carrying capacity and reduce the friction loss of journal bearings in this work, 

there are still aspects that are worth investigating in future work.  

First of all, this work conducts the first step in developing an N-S based mixed-EHL 

model. Although the current model demonstrates satisfactory results, the numerical 

model can be further extended to incorporate more factors in future work, such as 

temperature and real surface roughness. This extension would make the model 

applicable to a broader range of operating conditions for journal bearings. 

Secondly, the optimization strategy in this work indicates promising results for 

enhancing the performance of textured journal bearings. In the current optimization, 

the texture distribution along the axial direction (i.e. bearing width) is fixed to a linear 

pattern. In addition, all textures have the same size. Considering the nonuniform 

distribution of the bearing’s load-carrying region, a more flexible texture distribution 

and multi-scale textures can be considered in future work.  

Thirdly, the optimization of textured journal bearings is limited to a static operating 

condition, including the constant external load and rotational speed. Considering the 

variation of operating conditions in real applications, such as wind turbines, the 

optimization design should be improved to cooperate with time-dependent operating 

conditions and identify the texture parameters which are beneficial throughout the 

entire operating period. 
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10. Appendix 

10.1. Governing equations of cavitation 

In this work, the cavitation effect is considered using the homogeneous equilibrium 

model, which assumes the mixture of liquid and vapor to be in a mechanical and 

thermodynamic equilibrium [171]. To consider the compressibility of the mixture 

flow, the cavitation model is based on the relations of the pressure and density as a 

closure equation, which is employed by the following equation [171]: 

𝐷𝜌𝑚
𝐷 

 =  Ψ𝑚
𝐷𝑝

𝐷 
  (A1) 

where 𝜌𝑚  is the density of the mixture of liquid and vapour; Ψ𝑚  is the 

compressibility coefficient of the mixture; and p is the pressure. 

Then, the mass fraction of vapor 𝛾 is calculated by the following equation [171]: 

𝛾 = 
𝜌𝑚 − 𝜌𝑙,𝑠𝑎𝑡
𝜌𝑣,𝑠𝑎𝑡 − 𝜌𝑙,𝑠𝑎𝑡

 (A2) 

where ρl,sat and ρv,sat are density of the liquid and vapor at saturation pressure, 

respectively.  

Subsequently, the mixture compressibility Ψm obtained by the Wallis linear model 

[172] and the local mixture viscosity 𝜂𝑚 are computed by: 

Ψ𝑚 =  γΨ𝑣 + (1 − γ)Ψ𝑙 (A3) 

𝜂𝑚 =   γ𝜂𝑣 + (1 −  γ)𝜂𝑙 (A4) 

where Ψ𝑙  and Ψ𝑣  are the compressibility of liquid and vapor; 𝜂𝑙  and 𝜂𝑣  are the 

viscosity of liquid and vapor. 

Next, the mixture density 𝜌𝑚 can be calculated by considering the fraction of vapor. 

The mixture’s equilibrium equation of state is following [171]: 

𝜌𝑚 = (1 − 𝛾)𝜌𝑙
0 + (γΨ𝑣 + (1 − γ)Ψ𝑙)𝑃𝑠𝑎𝑡 + Ψ𝑚(𝑃 − 𝑃𝑠𝑎𝑡) (A5) 

where 𝜌𝑙
0 is the density of liquid at reference pressure; 𝑃𝑠𝑎𝑡 is the saturation pressure 

10.2. Governing equations of deformation 

According to the Boussinesq’s integral EHS method, the total elastic radial 

deformation 𝑑(𝜃, 𝑧) is induced by the pressure field from the fluid domain 𝑝(𝜃, 𝑧) 
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[133]. Therefore, the deformation of any point can be obtained through displacement-

pressure relationship, as shown in the following equation [133]: 

𝑑(𝜃′, 𝑧′) = 𝑑1 + 𝑑2 

(A6) 

=
(1 − 𝑣2

2)

𝜋𝐸2
∬

𝑝(𝜃, 𝑧)

√((𝜃′ − 𝜃)𝑅)2 + (𝑧′ − 𝑧)2
𝑑𝜃𝑑𝑧

 

Ω

 

+
(1 − 𝑣2

2)

𝜋𝐸2
∬

𝑝(𝜃, 𝑧)

√((𝜃′ − 𝜃)𝑅)2 + (𝑧′ − 𝑧)2
𝑑𝜃𝑑𝑧

 

Ω

 

= [
(1 − 𝑣1

2)

𝜋𝐸1
+
(1 − 𝑣2

2)

𝜋𝐸2
]∬

𝑝(𝜃, 𝑧)

√((𝜃′ − 𝜃)𝑅)2 + (𝑧′ − 𝑧)2
𝑑𝜃𝑑𝑧

 

Ω

 

Combining Eq. (A6) and Eq. (5-6), this deformation-pressure relationship is derived 

as: 

10.3. Governing equations of surface roughness 

(a) Determination of K in Eq. (5-8) 

The elastic factor 𝐾  is a function which combined roughness parameters of the 

contacting bodies:  

𝐾 =
16 ∙ √2 ∙ 𝜋

15
(𝜎𝑠 ∙ 𝛽̅𝑠 ∙ 𝜁𝑠)

2 ∙ √
𝜎𝑠
𝛽 

 (A8) 

where, 𝛽̅𝑠  and 𝜁𝑠  represent the mean summit radius and the summit density. In 

engineering practice, the recommended values for 𝜎𝑠𝛽̅𝑠𝜁𝑠  and 𝜎𝑠/𝛽̅𝑠  are typically 

adopted. From Greenwood and Tripp [135], the value of 𝜎𝑠𝛽̅𝑠𝜁𝑠  typically ranges from 

0.03 to 0.08. The value of 𝜎𝑠/𝛽̅𝑠 is recommended to vary between 0.0001 and 0.1 

[136,173]. In general, the elasticity factor K describes the slope of the contact pressure 

curve. A recommended range for journal bearings is 0.0003-0.003. In this dissertation, 

an elastic factor of K=0.001 is selected according to the work from Sander et al. 

[28,147].  

(b) Determination of A and 𝑅𝑒𝑘 in Eq. (5-11) 

𝑑(𝜃′, 𝑧′) =
1

𝜋𝐸∗
∬

𝑝(𝜃, 𝑧)

√((𝜃′ − 𝜃 )𝑅)
2
+ (𝑧′ − 𝑧)2

𝑑𝜃𝑑𝑧
 

Ω

 
(A7) 
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In this roughness-viscosity model, the effect of surface roughness on the fluid flow 

is considered by an additional viscosity 𝜂𝑠 , which is calculated by Eq. (5-11). To 

calculate 𝜂𝑠, A is a coefficient factor that can be determined [142, 144]. In this model: 

𝐴 = 0.1306(
𝐶

2 𝑅𝑞
)0.3693 ∙ exp [𝑅𝑒 (6 ∙ 10−5 ∙

𝐶

2𝑅𝑞
− 0.0029)] 

(A9) 

Besides,  𝑅𝑒𝑘 is the roughness Reynolds number at surfaces of shaft and bearing, 

and it is obtained through the following equation [142, 144]: 

𝑅𝑒𝑘 =
𝜌𝑙𝑅𝑞

2

𝜂𝑙
∙ (
𝑑𝑼𝑚
𝑑𝑛⃗ 

) 
(A10) 

where 𝑛⃗  is the normal distance to the wall. 
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