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Summary

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.




Zusammenfassung

Zusammenfassung

Die zunehmende Nachfrage nach Energieeffizienz und Leistungsdichte in
Maschinen und Anlagen erfordert Gleitlager, die durch niedrigere Reibungsverluste
(engl. friction losses, FL) und hohere Tragféhigkeiten (engl. load-carrying
capacities, LCC) charakterisiert sind. Forschungsarbeiten haben ergeben, dass
Oberfldchentexturen auf der Gleitfliche 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
Oberfldchentexturparameter negative Auswirkungen auf FL und LCC.

Obwohl zahlreiche Studien zur Anwendung von Oberflichentexturen in Gleitlagern
durchgefiihrt wurden, wird die Methode zur richtigen Auslegung von
Oberflichentexturen in Gleitlagern in erster Linie durch unzureichende
Vorhersagemodelle und Trial-and-Error-Designmethoden beschrénkt. Daher gewinnt
eine validierte Designmethode fiir Oberflachentexturen in Gleitlagern zunehmend an
Bedeutung.

Die vorliegende Dissertation schldgt eine Strategie zur Auslegung von
Oberflachentexturen in Gleitlagern vor, mit dem Ziel, die FL zu minimieren und die
LCC zu maximieren. Dabei integriert die Auslegungsstrategie drei Teilmodelle flir
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 ermdglicht. Das zweite Teilmodell ist ein auf
maschinellem Lernen basierendes Ersatzmodell, das eine effiziente Vorhersage von
FL und LCC ermoglicht. Das dritte Teilmodell ist ein multiobjektives
Optimierungsmodell, das zur Bestimmung der Auslegungsparameter von Texturen
dient, um niedrigere FL und hohere LCC zu erreichen.

Die Ergebnisse zeigen, dass die vorgeschlagene Designstrategie unter
verschiedenen Schmierbedingungen von Gleitlagern erfolgreich funktioniert. Mithilfe
der optimierten Oberflichentextur erfolgt eine Reduktion der FL um etwa 11,97 %
unter hydrodynamischen Schmierbedingungen und um 10,39 % unter
Mischreibungsbedingungen. Gleichzeitig wurde eine Erhohung der minimalen
Schmierfilmdicke unter hydrodynamischen Schmierbedingungen um 1,46 % und
unter Mischreibungsbedingungen um 1,38 % beobachtet, wodurch auf eine leicht
erhohte LCC geschlossen werden kann.

Die in dieser Arbeit dargelegte Designstrategie prisentiert einen umfassenden
Ansatz zur Analyse und Gestaltung von Oberflachentexturen bei der Anwendung von
Gleitlagern. Die vorliegende Arbeit liefert fundierte Einblicke in die
Schmiermechanismen texturierter Gleitlager und unterstiitzt bei der richtigen
Auslegung von  Gleitlagern mit  Oberflichentexturen  fiir  bestimmte
Betriebsbedingungen.
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Introduction

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].

Shaft Journal bearing

(N

Surface texture

Figure 1.1 Schematic picture of a textured journal bearing




Introduction

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.




Problem statement

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.

0.250
[ Non-textured bearing

O Textured bearing

3 -
= 0.200 8 o o
"o
E 0150 - go
S
it oo
£ 0.100 [ o
% Transiti?n Point DDO Transition Point
S 0.050 - o
s\\~\n o /,
TS R, I- 1:1-\-1-1-1- N
1 10 100 1000
Velocity(rpm)

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].
Input variables:
* External load
* Speed
¢ Torque

Loss variables:

* Friction loss

* Wear

* Acoustic emission

Intermediate medium:
Lubricant

Base body?
Journal bearing

Counter body:
Shaft

Ambient medium: Air ~o

Convergent gap

Hydrodynamic pressure

Output variables:

* Movement
 Force, torque

* Mechanical energy

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
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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 (1), the shaft rotational speed (U,o¢),
and the specific pressure p which is defined as Eq. (3-1).

— LBXt

= = 3 - 1
P= 5= (-1
where L, 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.

4 Boundary Mixed Hydrodynamic
lubrication lubrication lubrication

55554

Friction loss

N Urot

P
Figure 3.2 STRIBECK curve and classification of lubrication regimes
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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).




State of research

Pressure
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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].

pr ___ Neglecting cavitation
— Considering cavitation

Psuppiy
p sat

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):

zpl'us'c
m

Re

where us is the sliding speed of the textured contact, C is the clearance of the
contact; p; is the density of the lubricant; 7; 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].

P — = = Lower Re number
— Higher Re number
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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.
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[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.

[
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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 Iubrication
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
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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.

p

Single texture
Multiple textures

A A -

Figure 3.7 Schematic pressure distributions for single texture and multiple textures
reproduced from [11]

Psupply

(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

11
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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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(b) i

Surface texture

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.
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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 v v
(b) Cavitation effect v v
(c) Inertia effect x v
(d) Vortex effect x v
Interaction effects
(a) Between multiple textures v v
(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 (psq¢), 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

14



State of research

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 (@) 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 (L) and the speed (U,,:) 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.

(@) : (b) :
Bearing surface

Surface texture

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
ofthe 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

. Load- . Surface
Cavitation Deformation
balance 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
etal. [73]
Hameed et al.
[74]

Lin et al. [75] v v N x

Mixed- Muchammad et

EHL  al [76] v * v v

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.

(a) (b)

Cell width
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i
i
i
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i
i
i
i
i

| Texture width |

Texture coverage angle

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. Bag 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. [80,108,1091].

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 10* possible
combinations. By comparing the LCC and FL of all 10* 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. Texture distribution = Minimizing friction coefficient
[114,115]

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

Xuetal [117] Texture depth Maximizing the sum of inverse of
Texture width friction and maximizing pressure

Khatri et al. [118] Texture depth Minimizing the sum of stability

Texture distribution  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.

(¢) 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

¢) 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.

Chapters 5 & 6 = Sub-RQ 1

*N-S based mixed-EHL model
a)N-S equations with cavitation
b)Elastic deformation » *Experimental validation
c)Load-balance
d)Surface roughness

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

Chapter 7 = Sub-RQ 2

Efficient prediction of LCC and FL of textured journal bearings
*Texture parameters » *ML-based surrogate model » *LCC and FL

Accurate and efficient surrogate model

Chapter 8 > Main RQ

Optimization of LCC and FL by designing texture parameters

*Multi-objective optimization model » *Optimized textured journal bearing

v

Chapter 9 > Summary and outlook

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
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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 (U,,:), while the textured
bearing stays stationary. The external load (L) 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 (p;;,) and flows out from both sides with the ambient
pressure (Poye)- 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 ( pgqe ) [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
y. With the value of y, the mixture density p,, and the mixture viscosity 7,, 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]:

d
a(pm) + V- (pnUn) =0 (5-D

d _
a(pmum) + V- (omUmUp) =V - ( T )=-Vpp+Sy (5-2)

shear stress

where U,, is the velocity vector of the mixture; py, is the hydrodynamic pressure; S,
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 T can be expressed as Eq. (5-3):

_ 2
= V0 + (VU] + 5V Uy o T (5-3)

where T 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 (Egs. (5-1)~(5-3)), the hydrodynamic pressure field (py,)
and the velocity filed (U,,,) 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(8’, z"). The total elastic normal
deformation d(6’, z") induced by a given pressure field p(8, z) can be expressed as:

p(6,2)

d@',z") = dodz.

(5-4)

=l
nE*

Q\/((Q' -0 )rb)z + (z' — 2)?
where Q denotes the interface between the solid and fluid domains, 8 and z are the
circumferential and axial coordinates of the fluid domain, 6’ 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 (py,
introduced in Chapter 5.1.1) and the asperity contact pressure (p,, 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:
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b= Pn + Da (5_5)
N S
hydrodynamic pressure aspertiy contact pressure
1-v¥ 1-v2
E* = + -1 5-6
( E L, (5-6)

where E; and E, are the elastic moduli of the shaft and bearing, respectively. v; and
U, 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’fj’-l . To compute the influence

. skl
coefficient matrix D; I

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

the randomly distributed pressure within each mesh element

nodal deformation vector dj; can be calculated by multiplying Di’f}-l and the nodal

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

Ne N

1 k.l L .
dk,l = ﬁZZDU pi,j (l,k = 1,2,3, ...,Nc,j,l (5_7)

i=1j=1

=1,2..N,)

where (i, j) and (k, I) are the mesh indexes of the fluid domain and solid domain, N,
and N, are the mesh numbers in the circumstantial and axial directions, dj,; is the
calculated deformation at the solid domain with the mesh index (k, [) and p; ; 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 p, can be calculated as:

Pa = KE"F (H;) (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 (Hy) relates the probability distribution of asperity height [136]:

. -5 _ 6.804 |
F(Hs)={4.4086 1075(4 — Hy) ifHg < 4 (5-9)

0 if Hy > 4

where Hy is a dimensionless quantity that describes the ratio of the film thickness to
the surface roughness height, which can be written as:

Hy=(h— Ss)/as (5-10)
where o is the combined asperity summit roughness of the shaft and bearing, which
is defined as o5 = ,052_1 + 052'2. The combined mean summit height &5 can be defined

as 8s = 851 + 8. 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 Hy 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 (¢, , and
¢p,y) and the shear flow factor (¢s). The pressure flow factors (¢, and ¢y )
describe the flow due to pressure differences in the x (direction of motion) and y
(axial) directions. The shear flow factor (¢b5) describes the flow caused by relative
motion between two surfaces. The flow factors are influenced by the root-mean-
square roughness (R,) 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 (1s). The ratio of
the roughness-viscosity to the lubricant viscosity is given in Eq. (5-11). The
roughness-viscosity (1) is influenced by the lubricant viscosity (17;), the distance to
the center of film (d.), the standard deviation of the surface roughness (Rq) and Re
number of the lubricant film. As d. increases, the roughness-viscosity (75) 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].

%?zAngiﬂ—emK—%%%?F (5-11)
where 7 is the roughness viscosity, 7; is the viscosity of lubricant, d, is the distance
to the centre of film, Re is the Reynolds number, A4 is a coefficient factor, and Rey, is
the roughness Reynolds number. The calculation of 4 and Re;, 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:

Calll

= < Nm + Ns ) [VUm + (VUm)T]

lubricant term  roughness term

(5-3%)

2
+3V Uy T

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 Egs. (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)z + (Fy)z

( L r2m
!Fx =FpxtEx = rsf f (Pn +pa) sin 6 dodz (5-12)
0 Y0

L Q2w
LFy =FpytF,y = rsf (pr +pg) cosBdodz
o Jo

where Fj,  and Fj, ,, are the load-carrying capacities generated by the hydrodynamic
effect in x and y directions, which are integrated from the hydrodynamic pressure (py,).
F, x and F ,, are the load-carrying capacities generated by the asperity contact in x
and y directions, which are integrated from the asperity contact pressure (p,).

For one specific time step (¢), if the load-carrying capacity (F%) cannot achieve
balance with the given external load (L.y;), the shaft should move in the next time
step (t + At) 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:

t
t - Lext,x
Ay = —m
Et — (5'13)
t y = Lexty
Qy =————
m

where al and a§, are the accelerations of the shaft in x and y directions at time step ¢,
respectively; m is the mass of shaft; Loys  and Leyyy are the external loads in x and y
directions, respectively. Specifically, since the external load is applied vertically on
the shaft in this work, Ly , is set to 0, as shown in Figure 5.1.

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

th — th_At‘l' a)tc' At 14

VytZVyt_At'f‘a;'Af (_ )
{Axt = V- At 5-15)
Ayt = Vi At

where V. and 1, are the motion speeds of the shaft in x and y directions, respectively;
Axt and Ayt are the displacements of the shaft in these two directions, respectively.

In this work, V,%and Vy0 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 7, [mm] s ;;aning angle of texture zone 5180
Bearing width L [mm] 20 Texture coverage angle cov [°] 0-170
Shaft radius r; [mm] 14.97 | Texture width ratio wy /W [-] 83_6
[Cr:leri;ance C=m=1 0.03 Texture depth ratio d;/C [-] 0-3
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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 L, [N] 500 Rotational speed U,.,; [rpm] ?00’ 00
Inlet pressure p;,[MPa] 0.3 Outlet pressure p,,,: [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 p; [kgm™] 850 Density of vapor p,, [kg'm>] 1.29
Kinematic viscosity of oil Kinematic viscosity of vapor

_ 32 n 424
k; [mm?s™] Ky [mm?s7!]
Material properties
Young’s modulus of shaft 210 Young’s modulus of bearing 128
E; [GPa] E, [GPa]
Poisson’s ratio of shaft v, 0.3 Poisson’s ratio of bearing v, 0.3
Arithmetical mean Arithmetical mean
roughness on shaft surface (.25 roughness on bearing surface (.30
R3"!* fyum] R [y
Root-mean-square Root-mean-square roughness
roughness on shaft surface (.45 on bearing surface Rgearing 0.38

shaft
Rg™" [pm] [um]
Boundary friction 0.2 . 0.001
. [24, Elastic factor K

coefficient tpouna 146] [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.

t=0

Step 1: Initialization/updating
N, DUy %, B

—— @)+ >0t

Step 2: Governing equations of fluid flow

ph ULyt

— ®Y+pi- pt

t=t+At

Step 3: Governing equations of solid
Step 8: Mesh deformation
update dt

Step 5: Governing equations
of surface roughness
Pa . N
No |

y

Step 6: Governing equations of shaft
movement
AR, bt

Step 7: Load
balance?

Yes

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 (¢t = 0), the fraction of the lubricating oil is
initialized to be 1 (y° = 0), which indicates the bearing clearance is fully flooded with
the lubricating oil. Therefore, the viscosity of the lubricant mixture (%) is initialized
to be the viscosity of the lubricating oil (17;).

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 (pf), the velocity file of the lubricant
(U%,) and the vapor fraction (y*) can be predicted.

Step 3: Calculation of solid deformation

The generated hydrodynamic pressure (pf) is used by the equations of solid
deformation, providing the deformation of the bearing and shaft surfaces (d*).

Step 4: Determination of the lubrication regime

The dimensionless film thickness (H) is calculated on each node using Eq. (5-10).
When the minimum value of the dimensionless film thickness (Hy) 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 (pf)
and the roughness-viscosity (n%). In the subsequent time step, both parameters are
utilized. The roughness-viscosity (nf) is applied in Step 2 to calculate fluid flow. The
asperity contact pressure (pf) is used in Step 3 to calculate solid deformation.

Step 6: Calculation of shaft movement

With the calculated hydrodynamic pressure (pf) and the calculated asperity contact
pressure (pf), 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
Forror = |Ft = Leoxt|/Lexe < 1073, 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.

e 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 < Nyotqr  0il film gap domain

n; > Neotal texture domain (5-16)

where n; is the radial reticulate layer for each mesh node j; n¢¢q; is the total number
of radial reticulate layers in the oil film gap domain (n;,4;=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.

e Secondly, the displacement of each mesh node on the shaft surface (AX, AY) can
be calculated as:

ARE(O',2') = dL(8',z") + Axt(O',2")
ot ! n — t ’ ’ t 14 14 (5-17)
Ap*(6',2") = dy(6',2") +Ay*(0',z")

e Eventually, the coordinates (J?jt, 37}) of each node j within the oil film gap domain

at the time step ¢ are calculated based on their radial reticulate layer »; using Eq. (5-
18):

(5-18)
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(b) Updated mesh based on the dynamic
mesh algorithm

(a) Initial mesh

Figure 5.4 Mesh distribution of a textured journal bearing with an exaggerated
clearance (N¢g¢q;= 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

[tem 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
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After all the above steps, the simulation at time step ¢ 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 (%) can be calculated as:

h =

Pl ! ! r r 2 ’+] r r 1 ! 2
\/{X(G ,z") _xbearing(e 4 )} + {y(@ ,2") _Ybearing(g ' Z )}

(5-20)
where £(0’,2") and $(0’,2") are the coordinates of each mesh node on the shaft
surface at (8',2"); Xpearing(0',2') and Ypearing (8',2") are the coordinates of each

mesh node on the bearing surface at (6, 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=ff%dA+ffradA (5-21)
A A

where f}, and f, are the fluid friction and the asperity friction, which are integrated
from the fluid and the asperity shear stress. The asperity shear stress 7, is calculated
by:

Ta = UpoundPa (5-22)

where Upoung 18 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% 103, the maximum pressure
remains nearly constant. To better capture the microflow within the textures, a mesh
number of 1.28x10° 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~* m. The mesh model
of the textured journal bearing is exemplarity shown in Figure 5.6.
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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.

L s| |a

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 [mm?s™'] 95.73

Density [kg/m?] 917.4

Operating parameters

Bearing diameter [mm] 100.3
Bearing width [mm] 200
Relative clearance [%o] 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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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 (Upoung) 1s 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.
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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.
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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.

51



Numerical model of textured journal bearings

52



Influence of textures on the film thickness and friction loss of journal bearings

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.

Position 3

Figure 6.1 Positions of texture area

Table 6.1 Distribution parameters for five positions

Position 1 2 3 4 5
Starting angle a [°] 260 200 140 80 20
Coverage angle cov [°] 72
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Table 6.2 Parameters of full-factorial simulation cases

Simulation case Texture Texture width Texture depth Desienation
number position [-]  ratiow,/W [-]  ratio d;/C [-] en
! 0.5 W04D05
4
2 . 0 2.0 W04D20
3 Positions 1 0 WOSDOS
4 08 2.0 W08D20
3 0.5
6 0.4 50
Positions 2 : Same as
7 0.5 above
0.8
8 2.0
? 0.5
Positions 3 : Same as
11 0.5 above
0.8
12 2.0
13 0.5
Positions 4 : Same as
15 0.5 above
0.8
16 2.0
17 0.5
Positions 5 : Same as
19 0.5 above
0.8
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 pm. When
the texture width ratio increases to 0.8 (W08D05 and W08D20), the effect of textures

becomes more pronounced.
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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 Iubrication
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 WO8DO0S5 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).
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Figure 6.4 Hydrodynamic pressure distributions at Position 1 (a) Pressure contour
(b) Pressure profiles

57



Influence of textures on the film thickness and friction loss of journal bearings

Hydrodynamic pressure [MPa]
0.00 0.87 173 2.56
" |

I 3.0
. = — Non-texture
& —— Position 2
=)
2.0+
—
2
v
2
Z10t
e
kS
= T
0.0 SEESY A

0 60 120 180 240 300 360
Angle [deg]
(a) (b
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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).
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Figure 6.6 Fluid shear stress distributions at Position 1 (a) Shear stress contour (b)
Shear stress profiles
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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).
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Figure 6.8 Hydrodynamic pressure distributions at Position 3 (a) Pressure contour
(b) Pressure profiles
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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).
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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).
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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.
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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.

Positive effect Negative effect

micro-hydrodynamic interference effect on
effect high-pressure region

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.

Positive effect Negative effect
reduction in fluid shear increase in maximum
stress at textures fluid shear stress

Friction loss
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
WO08D20), the effect of textures becomes more pronounced.

64



Influence of textures on the film thickness and friction loss of journal bearings

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].

—&— non-textured —@— W04D05 —4— W04D20 —v— W08D05 —— W08D20

1.500
‘ //F
1.375

E X

3

z ¥

Q

g

21250

g

=

£1.125

= ¥
1.000

"Position] Position2  Position3  Position4  Position5

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.
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Figure 6.18 Fluid friction loss under different texture geometries and positions
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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).
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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 WO8DO0S5 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.
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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.
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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).
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Figure 6.22 Pressure distributions at Position 2 (a) Hydrodynamic pressure contour

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity
pressure profiles

Figure 6.23 presents the shear stress distributions for Position 2. A slight reduction
in the fluid shear stress at textures can also be observed in Figure 6.23 (a) and (b). In
contrast, as shown in Figure 6.23 (c) and (d), the aforementioned reduced minimum
film thickness leads to an increase in the asperity shear stress compared with the non-
textured bearing. By comparing Figure 6.23 (b) and (d), it can be observed that the
increase in asperity friction loss exceeds the slight reduction in fluid friction loss at
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textures. Consequently, the total friction increases at this position, as illustrated in
Figure 6.17.
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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

Figure 6.24 illustrates the hydrodynamic and asperity contact pressure distributions
for Position 3. Figure 6.24 (a) and (b) show that, the continuity of the high-pressure
region is completely disrupted by the textured area at this position. This interference
with the overall hydrodynamic pressure distribution decreases the proportion of load
supported by hydrodynamic pressure. The reduced load support from the
hydrodynamic pressure further leads to a significant reduction in the minimum film
thickness (see Figure 6.16).
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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.
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Figure 6.24 Pressure distributions at Position 3 (a) Hydrodynamic pressure contour

(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity
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Figure 6.25 depicts the shear stress distribution at Position 3. The significant
reduction in fluid shear stress at the textures can be observed from Figure 6.25 (a) and
(b). Consequently, the fluid friction for Position 3 can be effectively reduced, as
shown in Figure 6.18.
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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).
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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
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(d) Position 4

When the textured area moves to Position 4, the hydrodynamic and asperity contact
pressure distributions are illustrated in Figure 6.26. As can be seen from Figure 6.26
(a), the textures at this position are located downstream of the high-pressure region.
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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.
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Figure 6.26 Pressure distributions at Position 4 (a) Hydrodynamic pressure contour
(b) Hydrodynamic pressure profiles (c) Asperity pressure contour (d) Asperity
pressure profiles

The fluid and asperity shear stress distributions at Position 4 are shown in Figure
6.27. First, the considerable reduction in the fluid shear stress can be observed in
Figure 6.27 (a) and (b). This leads to a reduction in the fluid friction loss (see
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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).
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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.
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Figure 6.29 Shear stress distributions at Position 5 (a) Fluid shear stress contour (b)
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In summary, textures can generate both negative and positive effects on the load-
carrying capacity and the minimum film thickness under the mixed lubrication
condition, as summarized in Figure 6.30. Both negative and positive effects are
consistent with those under the hydrodynamic lubrication condition (see Figure 6.14).
The contribution of textures to the load-carrying capacity depends on the balance
between the beneficial micro-hydrodynamic effect and the interference effect on the
high-pressure region (see Figure 6.30). Under the mixed-lubrication condition in this
work, the interference effect is overall dominant.
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Positive effect Negative effect

interference effect on
high-pressure region

micro-hydrodynamic
effect

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.

Positive effect Negative effect

increase in asperity
shear stress by reducing
film thickness

reduction in 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 wy /W, texture depth ratio d;/C) and texture distribution parameters (starting
angle of texture area a, 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 w,/W [-] 0.2 0.96

Texture depth ratio d;/C [-] 0.1 3

Starting angle of textured area a [°] 5 180

Texture coverage angle cov [°] 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 (6220 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:

A Z — Zmin
z = (Qupper - QIower) + Qiower (7-1)
Zmax — Zmin
where Z is the final normalized value; z represents the original value of the data point;
Zmin and Zp, 4, denote the minimum and maximum values in the original datasets;
Qiower and Gypper 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].

80



ML-based surrogate model of textured journal bearings

Input layer Output layer
Hidden layer Hidden layer

(a) Structure of the neural network with two hidden layers

Activition
X1 @&—wy function
Xy @&—W,
X3 &—wjy Y
X4 O—W,y

(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].

1
tanh: f(x) = Tro 1 (7-2)

Sigmoid: f(x) =

T (-3)
RelU: f(x) = {?, x 23 (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-%), reaching the target gradient
descent value (10°), 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

70% - Training
Data division 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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1 N A
MSE =4 E Ci—w)? (7-6)
=1

where y; represents the target value, and y; 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.

o TLOi= W G- W

\/2?':1(%‘ - ¥:)? Z?]=1(JA/i - J_A/i)z

(7-7)

where ¥; and 3A/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).

5
1
MSEqyg = Ez MSE, (7-8)
i=1

where, MSE 4 is the average MSE value for all iterations and MSE; is the MSE value

for each iteration.
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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°

Activation function in hidden layers

tanh, sigmoid, ReLU
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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 (MSE,, ) for each combination is recorded and
compared. The best parameter combination with the minimum MSE g,  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 (P,), the mutation probability (B;,), the generation size
(Gs), and the maximum stalled generations (S, 4, ). The values of these parameters are
listed in Table 7.4.

Table 7.4 Parameters of the GA model

Parameters Value Parameters Value
. . . . Tournament

Population size S 150 Selection function .

selection
. . Two-point

Crossover probability P, 0.8 Crossover function P

crossover
. - . . Gaussian

Mutation probability P, 0.15 Mutation function .
mutation

Generation size G 150 - -

Maximum stalled 50

generations Sy, qx

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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4
fit@) = ) IR0 1] (7-9)

where R; (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'Bz' - Wiouty Bout ] (7-10)

where [ is the number of hidden layers; Wy, 1, W 2, Wy oy Tepresent 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 [*" hidden layer to the output layer,
respectively; By, B, B, 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 102

Activation function on hidden layers RelLU

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.
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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%.
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Figure 7.5 Prediction performance of ANN for minimum film thickness
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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
the trained ANN model can accurately and efficiently predict the

conclusion,

4

[ Error of ANN prediction - - Mean error of ANN prediction
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(b) Prediction errors of ANN for friction loss.

Figure 7.6 Prediction performance of ANN for friction loss

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 1073

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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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.
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(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.

Initialization
Initialize parent population

v

Evaluation

Termination

Evaluate with objective functions criteria met?
Ranking New Population
Non-dominated sorting and crowding Return the fittest individuals as the
distance new population
: Rankin;
Mating . ng .
. . Non-dominated sorting and crowding
Selection, crossover and mutation .
distance
Combined population Evaluation

Combine children and parents

population Evaluate with objective functions

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(X;) by varying the design
variables X; within their design limits [168]. The function vector f(Xy) includes
multiple functions f; (X4), f2(Xa),,, fm (X4), which represent multiple objectives.

Minimize f(Xq) = [fi(Xa), f2(Xa),,, fin (Xa) ]
by varying Xz = (x1, Xg, ... X ) (8-1)
subjecttox; € [L;,U;] =1, ...n)

where f(Xy) is the objective function vector, X, 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 N4
individuals is assigned a rank of Nat1. 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 (fiotal (X4)), and the negative minimum film thickness (-hpin (X4) by varying the
design variables X;. The minimum film thickness (hp;,(X4)) is set as a negative
value because it needs to be maximized. Both fiora1 (X4) and Ay, (Xy) are the output
parameters from the ML-based surrogate models in Chapter 7.

The design variables X; include: textured width ratio (w; /W), texture depth ratio
(d¢/C), starting angle of textured area (a) 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(X4) = [ftotal(Xa), —hmin (Xa)]

wt dt ) (8-1)*

by varying Xy = (W‘ - wcov

within the design range shown in Table 7.1

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.

8.3.1.0ptimization results for hydrodynamic lubrication

For the case under the hydrodynamic lubrication condition (with the load of SOON
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 wy /W [-] 0.89

Texture depth ratio d;/C [-] 0.78

Starting angle of textured zone a [°] 25.21

Texture coverage angle cov [°] 94.43

100



Optimization design of textured journal bearings

Hydrodynamic pressure [MPa] Fluid shear stress [Pa x 10%]
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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%.
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Table 8.2 Comparison between the optimized and the non-textured bearing under
hydrodynamic lubrication condition

Minimum film thickness [um]  Friction loss [N-mm]

Non-textured bearing  8.89 51.45
Textured bearing 9.02 45.29
Difference [%] +1.46 -11.97

8.3.2.0ptimization 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 wy /W [-] 0.86

Texture depth ratio d,/C [-] 0.51

Starting angle of textured zone o [°] 79.23

Texture coverage angle cov [°] 75.06
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Figure 8.3 Pressure distributions for the optimized textured journal bearing (a)
Hydrodynamic pressure (b) Contact pressure
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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

103



Optimization design of textured journal bearings

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 [um]  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-IT (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]:

Dpm . Dp

= Al
Dt ™ Dt (AD)

where p,, is the density of the mixture of liquid and vapour; ¥, is the
compressibility coefficient of the mixture; and p is the pressure.

Then, the mass fraction of vapor y is calculated by the following equation [171]:

_ Pm — Pisat
Yy=—"———"— (A2)

pv,sat - pl,sat

where prsar and pvsar are density of the liquid and vapor at saturation pressure,
respectively.

Subsequently, the mixture compressibility ¥ obtained by the Wallis linear model
[172] and the local mixture viscosity 1, are computed by:

m=v¥%+A-7)Y (A3)
Mm = Yy, + (A= v)n (A4)

where ¥; and ¥, are the compressibility of liquid and vapor; n; and 7n,, are the
viscosity of liquid and vapor.

Next, the mixture density p,,, can be calculated by considering the fraction of vapor.
The mixture’s equilibrium equation of state is following [171]:

pm= (1- V)plo + (v + (1 = V) P)Pgqr + V(P — Psge) (AS)

where p? is the density of liquid at reference pressure; Psg is the saturation pressure

10.2. Governing equations of deformation

According to the Boussinesq’s integral EHS method, the total elastic radial
deformation d(@, z) is induced by the pressure field from the fluid domain p(8, 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]:

d6',2") = dy + d,
_(1-vd) p(6,2)
- aE, ffn NGEDLE I

a- vz) p(0,2) (A6)
dod
ﬂ J((@" = 60)R)? + (7 —2)? oz

a-v)) (- v%)] p(6,2)
= déd
T[E1 + T[EZ ffn\/((el _ H)R)Z + (Z' _ Z)Z z

Combining Eq. (A6) and Eq. (5-6), this deformation-pressure relationship is derived
as:

p(0,2)

—0)R)* + (z' — 2)?

d(e',z'") = dodz

(A7)

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:

16 - \/_
K=—"""" (0 B 0s)?- j; (A8)

where, B and { represent the mean summit radius and the summit density. In
engineering practice, the recommended values for o,f,(s and o/f; are typically
adopted. From Greenwood and Tripp [135], the value of g,,(s typically ranges from
0.03 to 0.08. The value of o,/f,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 4 and Rey, in Eq. (5-11)
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In this roughness-viscosity model, the effect of surface roughness on the fluid flow
is considered by an additional viscosity 1, which is calculated by Eq. (5-11). To
calculate 1, 4 is a coefficient factor that can be determined [142, 144]. In this model:

c c (A9)
A =0.1306(=—)036%3 . Re|6-1075-——0.0029
(2 Rq) P [ ‘ < 2R, )]
Besides, Rey is the roughness Reynolds number at surfaces of shaft and bearing,

and it is obtained through the following equation [142, 144]:

. — piR,? _ (dUm) (A10)
k m dﬁ
where 71 is the normal distance to the wall.
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