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Abstract

This master’s thesis deals with the lubrication of automotive steering ball joints using
a multidisciplinary approach. It combines experimental modeling, computer simulations,
and advanced imaging techniques. X-ray computed tomography (CT) was utilized to
analyze the thickness of the lubricating film. The lubricant used in the ball joints is
a non-Newtonian fluid called grease. Rheological data were utilized to develop four dis-
tinct non-Newtonian fluid models. Tribological measurements provided information on
the force interactions in the lubricating films, which were further investigated through
Computational Fluid Dynamics (CFD) simulations, and the results were compared. The
most suitable non-Newtonian fluid model was identified and applied to simulate the be-
havior of grease in the real geometry of ball joint obtained from CT scans. The simulation
results were subsequently compared with experimental data.
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Abstrakt

Tato diplomova prace se zabyva mazanim kulovych kloubii vyuzivanych v systémech za-
véseni a Tizeni automobilid s vyuzitim multidisciplindrniho pristupu. Kombinuje experi-
mentalni modelovani, pocitacové simulace a pokrocilé zobrazovaci techniky. Pro analyzu
tloustky mazaciho filmu byla vyuzita rentgenova pocitacova tomografie (CT). Plastickym
mazivem v kulovych kloubech je nenewtonska kapalina zvana tuk. Za tcéelem vytvoreni
modelu kapaliny byla vyuzita reologicka data, podle kterych byly vytvoreny ¢tyti mod-
ely nenewtonské kapaliny. Tribologickda méreni nasledné poskytla informace o silovych
interakcich v mazacich filmech, jez byly dale zkoumany pomoci CFD simulaci a vysledky
byly srovnany. Tim byl identifikovan nejvhodnéjsi model nenewtonské kapaliny, ktery
byl aplikovan na simulaci chovani tuku v realnych geometriich kloubt ziskanych z CT
snimki. Vysledky simulace byly nasledné porovnany s experimentalnimi daty.

Klicova slova
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Rozsireny abstrakt

Tato diplomova prace se zabyva mazanim kulovych kloubii. Kulovy kloub je klicovou
soucasti pouzivanou v systémech zavéSeni a Tizeni automobili. Je navrzen tak, aby
umoznoval plynuly a kontrolovany pohyb kol. Jednoduse teceno, sklada se z kulového
¢epu ulozeného v pouzdre, coz umoznuje otaceni kulového ¢epu ve vice osach. Tento
viceosy pohyb je nezbytny pro spravnou funkci zavéseni a tizeni vozidla, coz umoznuje
koliim pohyb nahoru a doli, stejné jako otaceni v reakci na terén a tizeni.

Prvni kapitola prace se zabyva zédkladnim popisem kulovych kloubt a jejich pouzitim
v automobilovém priamyslu. Kulovy kloub se sklada ze ¢ty hlavnich ¢asti: kulového cepu,
plastového loziska, hlavy kloubu a plastického maziva mezi loziskem a ¢epem. Tato prace
se zameétruje praveé na plastické mazivo, v pripadé kulovych kloubi je to konkrétné tuk.
Ten se obecné chova jako nenewtonovska pseudoplastickd kapalina, coz znamend, Ze jeho
viskozita klesa se zvysujicim se gradientem rychlosti.

Protoze neni znamé rozlozeni tuku v uzavieném kulovém kloubu, je tfeba k jeho
zjisténi vyuzit pokrocilé zobrazovaci metody. V tomto ptipadé byla pouzita pocitacova
tomografie. Vyhodnocenim namérenych snimku se zabyva druha kapitola. Probéhlo néko-
lik méfeni, pricemz prvni méreni bylo provedeno ve spolupraci s CEITECem v Brné.
Toto méteni odhalilo, Ze konvencni ocelovy kloub nelze prosvitit s dostate¢nym rozlisenim
a kontrast mezi jednotlivymi slozkami kloubu neni dostatecny. Na zakladé tohoto zjisténi
byl navrzen novy kloub v hlinikovém provedeni s ¢asticemi wolframu pridanymi do tuku.
Dalsi meéreni probéhlo na vykonnéjsim zarizeni na FZU v Praze. Nejprve byl proveden
tzv. rychly sken, ktery ukazal, Ze kontrast a rozliseni pfi méreni na novém zatizeni jsou
dostatecné. Cely kloub byl tedy naméren znovu s co nejlepsim rozlisenim. Tyto snimky
poslouzily k ur¢eni mnozstvi a pozice vzduchu uzavieného v kloubu, hlavné kviili nedokon-
alému procesu montaze kloubu. Pti dalsim skenovani byl zvétSen ¢as méreni a snizena
oblast skenovani na vyse¢ 60°. Tim bylo mozné dosdhnout jesté vyssiho rozliSeni nez
pri skenovani celé geometrie kloubu. Tyto snimky byly pouzity k urceni rozméra vrstvy
tuku v kulovém kloubu. Namérené snimky byly pred vyhodnocenim podrobeny post-
processingu, tedy filtrovani pomoci Gaussova a Kuwaharova filtru. Vysledna geometrie
tukové vrstvy a vzduchovych kapes byla segmentovana pomoci dvou metod: thresholding
(prahovani) a watershed transformace.

Obsahem tfeti kapitoly je zakladni popis druhti nenewtonskych kapalin, popis exper-
imentalnich dat z méfeni nareometru a vytvoreni ¢ty modeli nenewtonovské kapaliny
pomoci proloZeni naméfenych dat. Naméfend data (zdvislost smykového napéti na gra-
dientu rychlosti) poskytnutd vyrobcem tuku jsou uvedena pro dvé teploty: 20 °C, tedy
provozni teplota kulovych kloubt, a 40 °C, coz je teplota, pri které se kulové klouby
montuji. Z téchto dat byla navic vypocitana zavislost dynamické viskozity na gradientu
rychlosti. Protoze byla poskytnuta data pouze pro dvé teploty, teplotni zavislost, ktera se
obvykle modeluje pomoci Arrheniova zakona, byla zanedbana, a misto toho byl vytvoren
separatni model pro kazdou teplotu. Pouzité modely jsou Power-Law, Herschel-Bulkley,
Cross a Carreau, tedy modely, které primo nabizi software Ansys Fluent. Skripty, které
hledaji konstanty modell, vyuzivaji Levenbergtv-Marquardtiv algoritmus pro nalezeni
téchto konstant. Veskeré pouzité skripty jsou prilozeny v prilohach. Pro porovnéani vhod-
nosti modeltit byl pouzit koeficient determinace. Z porovnani vychazi, ze vsechny mod-



ely maji koeficient determinace vyssi nez 99,5 %, coz znamena témér perfektni shodu
s namérenymi daty.

Ctvrta kapitola se zaméfuje na experimentalni méfeni silovych pomértt v tizkjch
sparach mezi dvéma rovnobéznymi povrchy. Pti vzajemném pohybu dvou desek s danou
mezerou mezi nimi, vyplnénou kapalinou, dochazi ke vzniku sily na horni pohybujici se
desku. Tento fenomén vysvétluje tzv. Couettovo proudéni. Prvné byl v této kapitole
analyticky odvozen zjednoduseny vztah pro velikost sily ptsobici na horni desku. Z to-
hoto vztahu plyne, na ¢em je tato sila zavisla - rychlost pohybu desky, velikost mezery,
plocha horni desky a viskozita kapaliny. Experiment byl navrzen podle modelu Couettova
proudéni, tedy s jednou pohybujici se deskou a jednou stacionarni deskou s mezerou mezi
nimi, vyplnénou tukem. Experiment probihal pro 3 rizné velikosti mezery, kde pro kaz-
dou z téchto velikosti byly provedeny experimenty pro 3 riuzné rychlosti. Experimenty se
konaly pri teplotach, pro které byl urcen materidlovy model, tedy 20 °C a 40 °C. Dale byly
experimenty provedeny s tfemi riznymi hornimi deskami - kazdé s jinou plochou. Pro
meéreni byla vyhodnocena nejistota méteni, vliv teploty, vliv velikosti desky, vliv rychlosti
a nakonec byl zkoumén vliv drsnosti povrchu pohybujici se desky na velikost sily.

Posledni kapitola se zaméruje na numerické simulace, které si kladou za cil stanovit
nejvhodnéjsi model nenewtonské kapaliny a nésledné tento model ovérit na redlné ge-
ometrii kloubu. Prvnim druhem simulace byl 2-D zjednoduseny model experimentalniho
meéreni, tedy dvé desky - jedna stacionarni a jedna pohybujici se stejné jako pri experi-
mentu. Vzhledem k vysokému poctu simulaci byla pro vypoc¢ty prvné provedena studie
nezavislosti vysledkii na velikosti sité. Nejprve byly provedeny vypocty pro vSechny mod-
ely nenewtonskych kapalin, které jsou popsany ve treti kapitole. Tyto simulace byly
provedeny za stejnych podminek (velikost mezery, velikost desky, rychlost a teplota) pro
jednoduché srovnani. Pri teploté 20 °C vykazovaly Crosstiv a Carreautiv model nejlepsi
shodu s experimentdlnimi daty, pricemz rozdil mezi témito modely ¢inil pouze 5 % podle
metody MPD popsané v této kapitole. Dalsi simulace ukézaly, ze Crosstiv model trvale
prekonaval Carreautiv model priblizné o 5 % a lze ho tedy prohlasit za nejvhodnéjsi. Ste-
jnym postupem byl uréen Power-law model jako nejvhodné;jsi pro popis chovani pti 40 °C.
Vysledky z této simulace byly nasledné porovnany s analytickym modelem odvozenym ve
c¢tvrté kapitole, kde byl zjistén minimalni rozdil vysledk.

Dalsi simulaci je 3-D simulace experimentalniho méteni, ktera si kladla za cil ovérit,
zda je zjednoduseni na 2-D geometrii dostatecné presné, a dale zjistit, jak ovliviiuje ve-
likost sily obtékani tuku kolem hran a podél boku desky. Bylo zjisténo, ze vliv je minimalni
a velikost sily pro 2-D a 3-D pripad je témeér identicka. Vliv obtékani desky tukem je tedy
minimalni.

Dalsi simulace byly provedeny jiz pouze s vybranym modelem kapaliny na geometrii
ziskané ve druhé kapitole. Cilem této simulace bylo porovnani vysledku s daty namérenymi
na realném kulovém kloubu. Prvné byly simulace pocitany jako axisymetricka tloha.
Vysledkem je, ze moment zptisobovany odporem tuku pti pohybu je zanedbatelné maly
v porovnani s namérenymi daty. Tento zavér je podporen i posledni simulaci, ktera
probéhla na 3-D geometrii ziskané ve druhé kapitole. Dtvod tohoto velkého rozdilu je
ten, ze model pouzity v této simulaci predpoklada pouze vrstvu maziva, coz znamena,
ze sila vznika vyhradné smykem maziva. Naproti tomu skutecny kulovy kloub zahrnuje
celou geometrii, kde vrstva plastického maziva tvori pouze malou c¢ast celého systému.



Hlavnim zdrojem sily ve skuteéném kloubu je suchy kontakt mezi plastovym loziskem
a ocelovym kulickovym ¢epem.

Zaverem lze prohlasit, ze utrhavaci moment, ktery se objevuje po urcité dobé, kdy
je kulovy kloub necinny, miuze byt castecné zpusoben mazivem. Plastické mazivo se
chova jako pevna latka, dokud neni prekroc¢ena mez kluzu. Toto chovani bylo patrné
i pri simulacich, kdy dochézi pii zménach sméru pohybu ke skokovym zménam momentu.
Navic je moment generovany odporem plastického maziva mnohem mensi nez moment
vznikajici pri suchém kontaktu v kulovém kloubu. Toto pozorovani potvrzuje, ze snizeni
to¢ivého momentu by mohlo byt dosazeno zlepsenim mazacich mechanismu v kulovém
kloubu, naptiklad zlepsenim distribuce tuku v kloubu pfti jeho pohybu.
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Introduction

In modern automotive engineering, the suspension and steering systems plays a pivotal
role in ensuring both the safety and performance of vehicles. Among its crucial com-
ponents, the ball joint serves as a vital link facilitating smooth articulation between the
various components. Effective lubrication of these joints is imperative to minimize friction
and wear, thus enhancing durability and reliability.

This thesis delves into the intricate process of understanding lubrication in steering
arm ball joints. It employs a combination of experimental techniques and computational
simulations to analyze the behavior of non-Newtonian lubricants in practical scenarios.
The research starts with the construction of a comprehensive non-Newtonian fluid model
based on experimentally measured rheograms. Subsequently, the investigation delves into
the forces exerted when a body moves over a thin lubricating film, a critical parameter
for assessing tribological performance.

Utilizing X-ray computed tomography (CT), the thesis accurately determines and
reconstructs the thickness distribution of the lubricating film within ball and socket joints.
Additionally, computational fluid dynamics (CFD) simulations are harnessed to model the
behavior of non-Newtonian lubricants in both planar and spherical geometries, with a keen
focus on achieving accuracy through comparison with experimental results.

Exploring grease lubrication in ball joint performance holds profound significance for
enhancing the longevity, efficiency, and reliability of mechanical systems across various in-
dustries. Understanding grease distribution and grease behavior enables the optimization
of lubrication processes. This integration of experimental modeling and computational
simulations offers valuable insights into non-Newtonian fluid dynamics inside the ball
joint.

21
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1 Ball joint

A ball joint is a pivotal component used in suspension and steering systems of automotive
vehicles, designed to allow smooth and controlled movement of the wheel assembly. Simply
put, it is a component that consist of spherical stud encased within a housing assembly,
that enables articulation and rotation in multiple axis.

The primary function of the ball joint is to provide a flexible yet robust connection between
various suspension and steering components. For example, thanks to the ball joints, the
wheel can move against the frame during suspension or cornering while still being firmly
connected to the car frame.

1.1 Basic component of ball joint

The main components of the ball joint are ball stud, plastic bearing and socket, potentially
a cap, boot and protective cover. For the demonstration of the individual parts of the ball
joint, two steering system components were selected. The design of the inner tie rod is
shown in figure (Figure 1.1) and the design of the outer tie rod is shown in figure (Figure
1.2).

Ball stud. The ball stud is spherical metal component that fits into a socket within the
joint body (housing). It provides a pivot point for the joint, allowing for articulation
and movement.

Plastic bearing. The plastic bearing surrounds the metal ball stud within the joint
body. It serve as low-friction surface against which the ball stud can articulate,
reducing wear and providing smooth movement.

Grease. The grease acts as a lubricant between the metal ball stud and plastic bear-
ing, reducing friction, ensuring smooth movement, and minimizing wear on both
components. The grease will be further explained in next section.

Joint body (housing). The joint body houses the ball stud and plastic bearing, provid-
ing support and structure for the ball joint assembly. It is typically made of metal
and includes mounting points for attachment to other components of the suspension
or steering system.

Cap. Based on the design and assembly, the ball joint can contain a cap. It covers and
encloses the joint housing.

Boot. The boot covers the exposed end of the ball joint assembly. It helps prevent
contaminants from entering the joint and damaging the internal components. The
boot is typically made of rubber or another flexible material.

Protective cover. Some ball joints feature a protective cover that shields the entire
assembly from external elements, providing additional protection against contami-
nants and preserving the integrity of the ball joint.

22
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Figure 1.2. Model of the outer tie rod of the vehicles steering system.

1.2 Grease

Grease is a substance that combines a base oil with a thickening agent and additives,
resulting in a semi-fluid or semi-solid structure. [1] Typically, grease comprises 65 % to
95 % by weight of base oil, 5 % to 35 % by weight of thickeners, and 0 % to 10 % of
additives. [1]

Grease lubricants are further characterized by their operational temperature range,
corrosion protection, oil separation sensitivity, water resistance, consistency, and material
compatibility. [2]

1.2.1 Base oil

Base oil is the key ingredient of grease lubricants. Typically the oil with kinematic vis-
cosity ranging from 15 mm? - s7! to 1500 mm? - s7! at temperature 40 °C are used. [1]
The base oils are usually classified into mineral, synthetic and vegetable oils as shown in
figure (Figure 1.3)
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Figure 1.3. List of common commercially used base oils. (adapted from: [3])

1.2.2 Thickeners

Mixing the thickener with the base oil results in a grease. Within grease, the thickening
agent forms a matrix that traps the base oil, preventing it from freely flowing. [3] The
matrix of the thickener behaves as a reservoir of the lubricating oil, releasing the lubri-
cating oil at the contact of friction surfaces. A wide array of thickeners are employed
in grease lubrication, typically divided into two categories: soap (such as alkali and alu-
minium metal) and non-soap (including organic and inorganic varieties) as shown in figure
(Figure 1.4).[1]

Figure 1.4. List of common commercially used thickeners. (adapted from: [3])
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1.2.3 Additives

Additives are substances incorporated into the grease formulation to enhance its perfor-
mance characteristics and properties. Grease additives serve various functions: anti-wear
agents form protective films on metal surfaces, reducing friction and wear, rust and corro-
sion inhibitors protect against moisture and chemical-induced corrosion, extreme pressure
additives prevent metal-to-metal contact under high loads, etc. [1] Based on the required
grease properties, different additives are added to the grease formulation, as shown in
figure (Figure 1.5).

Diphenylamine, paraoxydiphenylamine, zinc dithiophosphate ]
w—)[ Graphite, molybdenum disulfide, zinc dialkyl dithiophosphate ]
Zinc dialkyl dithiophosphate, lead napthanate }

[ Grease additives %M—){ zinc dialkyl dithiophosphate, dextramin, lanolin, sulfonates ]
—)M—PL Polyisobutylene, vinypol, atapol, latex J
J

)

Thickenning Atapol, polybutene, low-pressure high-density polyethylene
m—} Polyisobutylene, methacrylates, olefin coplymer

Figure 1.5. List of common commercially used additives. (adapted from: [3])

1.3 Suspension and Steering System

The purpose of suspension and steering system is to ensure vehicle stability, handling
characteristics and overall safety of the vehicle. The suspension system manages the
interaction between the vehicle and the road surface, optimizing tire grip and vehicle
stability while minimizing vibration and impact forces. Meanwhile, the steering system
translates the driver’s input from the steering wheel into wheel movement, directing the
vehicle’s trajectory. This system incorporates mechanisms like steering gears, tie rods,
and steering columns to ensure precise and responsive control over the vehicle’s direction.

Given the multitude of steering and suspension system components, the following text
will be focused only on the components that incorporates the ball joint. These components
are shown in figure (Figure 1.6).
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Figure 1.6. Components of steering and suspension systems of vehicle that contains the
ball joint. (Adapted from [4])

Stabilizer bar link. The stabilizer bar link (Figure 1.7), also known as sway bar link or
anti-roll bar link, connects the stabilizer bar to the suspension system. Its primary
function is to transmit forces between the stabilizer bar and suspension system,
helping to control body roll during cornering and improve stability of the vehicle.

Figure 1.7. Stabilizer bar link of vehicles suspension system. [5]

Lower control arm. The lower control arm (Figure 1.8), also known as lower A-arm, is
a components of the suspension system, that connects the wheel hub to the vehicle s
frame or body. This component plays a crucial role in supporting the weight of the
vehicle and controlling the movement of the wheels.
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Figure 1.8. Lower control arm of vehicles suspension system. [6]

Upper control arm. Similar to lower control arm, the upper control arm (Figure 1.9),
or upper A-arm, connects the wheel hub to the vehicle s frame or body. It works
in conjunction with the lower control arm to support the weight of the vehicle
and control wheel movement, particularly in vehicles with independent suspension
systems.

Figure 1.9. Upper control arm of vehicles suspension system. [7]

Wheel suspension joint. The wheel suspension joint (Figure 1.10) is part of the ve-
hicle’s suspension system, that is essential for maintaining stability of the vehicle
during the movement and overall vehicle performance within the suspension system.
The ball joint typically connects the wheel hub to the suspension system.
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Figure 1.10. Wheel suspension ball joints. [8]

Inner tie rod end. The inner tie rod end (Figure 1.11) is located at the end of tie rod
assembly. It connects the outer tie rod end to the steering rack or steering gearbox
assembly. Its role is to maintain proper steering alignment and stability by allowing
for precise adjustment of tie rod assembly.

Figure 1.11. Inner tie rod of vehicle’s steering system. [9]

Outer tie rod end. The outer tie rod end (Figure 1.12) is part of vehicle’s steering
system. It connects the front wheel spindle to the inner tie rod end. It’s purpose
is to transmit steering input from driver to the wheels, allowing them to turn left
and right.

Figure 1.12. Outer tie rod of vehicle’s steering system. [9]
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1.4 Ball joint properties

Several properties are observed in ball joints. Generally the properties can be divided
into three main groups - functional requirements, strength requirements and durability
requirements. This classification is shown in figure (Figure 1.13).

Figure 1.13. List of all ball joint requirements, that are usually specified by costumer.
[10]

The functional requirements pertain to the operational performance of the ball joint
under normal working conditions. These requirements focus on how well the ball joint
functions in terms of its ability to transmit forces, absorb shocks, and facilitate movement
within the mechanical system.
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The strength requirements relate to the mechanical integrity and load-bearing capacity
of the ball joint, ensuring it can withstand the forces and stresses encountered during
operation without failure.

The durability requirements focus on the ability of the ball joint to withstand prolonged
usage over its intended service life. These requirements involve tests and evaluations to
assess wear resistance, fatigue resistance, and overall longevity.

The visual representation of the tested values is shown in figure (Figure 1.14) and
figure (Figure 1.15).

M/ M/ AA

; ‘ Total stiffness

E./ GradE.

Mk / M/ AA

Pin pull-out / push-out test

Figure 1.14. Graphical representation of all ball joint test done regarding the functional
requirements. View from the side.

Figure 1.15. Graphical representation of all ball joint test done regarding the functional
requirements. View from the top.

It is a known fact, that several of these properties of the ball joints, or costumer
requirements on the ball joints, is highly dependent on the quality of lubrication. The
list below summarize the influences of the proper grease lubrication on the ball joint
performance.

Functional properties. Proper lubrication is essential for maintaining smooth move-
ment and reducing friction within the ball joint. Inadequate lubrication can lead
to increased resistance to motion, which may affect swivel and rotational moments.
The breakaway moments may also be influenced, as they represent the initial resis-
tance to movement before lubrication allows for smoother rotation.
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Strength properties. Grease lubrication plays a role in reducing wear and preventing
corrosion within the ball joint, which can directly impact the strength requirements.

Durability properties. A well-lubricated ball joint experiences reduced wear, prolong-
ing its lifespan and enhancing its resistance to degradation over time. Additionally,
lubrication helps reduce friction and therefore the heat buildup, which can con-
tribute to improved performance in pin fatigue tests by reducing the likelihood of
fatigue-induced failures.

The importance of proper grease lubrication in ball joint performance cannot be over-
stated. Almost all of the ball-joint properties are directly influenced by the quality of the
lubrication.

The quality of the lubrication can be influenced by several factors.
The grease application on the plastic bearing before ball joint assembly can influence
the quality of the grease distribution inside the ball joint. The distribution can be also
influenced by the grease smearing method during the assembly.
The properties of the grease, mainly the viscosity and the yield stress magnitude of this
Bingham pseudoplastic fluid can influence the behavior of the grease during and after the
ball joint assembly.
The manufacturing process influences the surface roughness and overall surface quality
and wear resistance of the ball joint, which can impact the lubrication quality.

Investigating the intricacies of grease lubrication in ball joint performance is crucial
for ensuring the longevity, efficiency, and reliability of mechanical systems across various
industries. Effective lubrication mitigates wear, reduces frictional losses, and enhances
the functionality of ball joints. By thoroughly understanding factors such as grease dis-
tribution, viscosity, and yield stress, lubrication processes can be optimized to maximize
performance and minimize maintenance.
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2 X-ray computed tomography

Computed Tomography (CT) in engineering is a non-invasive method employed to in-
spect the internal structures of diverse objects. The fundamental principle is illustrated
in figure (Figure 2.1), where a conventional CT scanner comprises an X-ray source and
an X-ray detector. The process involves rotating the object of interest between the source
and the detector. The X-ray source emits a beam that penetrates the object, and the
detector records the intensity of X-rays that pass through. As the object rotates, multiple
X-ray projections are acquired from various angles. Subsequently, sophisticated algo-
rithms process these projections to reconstruct a detailed cross-sectional image, providing
a comprehensive and accurate visualization of the internal features and dimensions of the
inspected object.

Figure 2.1. Basic principle of Computed Tomography imaging. (adapted from: [11])

2.1 X-ray sources

The X-ray source consist of: external high voltage supply, a filament, electron optics and
an anode. When an electric current passes through the filament, the filament is heated
and electrons are produced. Electrons are accelerated by o potential difference. Within
the anode, the electrons decelerate and eventually come to a stop in the anode material,
typically composed of a heavy metal like tungsten. The kinetic energy of the electrons is
transformed into heat, with less than 1 % of this energy producing X-rays.[12] The X-ray
beams subsequently pass through a beryllium window and an aluminum filter, with the
filter serving to absorb low-energy beams and thus harden the X-ray beam. Two main
types of X-ray sources exist: rotating X-ray tubes, where a focused electron beam collides
with a rotating heavy metal anode, and stationary X-ray tubes, where electrons converge
on a specific area of a stationary anode. Rotating tubes provide higher intensity due to
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improved heat dispersion, while stationary tubes are simpler but may have image quality
limitations due to potential deformities in the anode surface [13] [14].

2.2 X-ray detectors

X-ray detectors are crucial components responsible for measuring the intensity of X-ray
beams passing through the scanned object and generating images based on the interaction
data. The type of detector chosen determines the form of the acquired data, either electric
current or a flash of light signal. Scintillation detectors utilize scintillating crystals that
emit light when struck by X-rays, with a photo-detector capturing the light fluctuations
for electronic conversion and subsequent image reconstruction.[15] Solid-state detectors,
made of semiconductor materials like silicon, operate on the photoelectric effect. When X-
rays hit the semiconductor, it emits electrons in proportion to the X-ray intensity.[16] The
resulting electrical current is measured, and a computer processes the signal to reconstruct
the image. The choice between scintillation and solid-state detectors depends on specific
application requirements and desired imaging outcomes.

2.3 Image reconstruction

Image reconstruction is process of transforming data acquired from X-ray detectors at
different angles into cross-sectional or 3-D images of the scanned object. Reconstruction
is mathematical and computational process, and is crucial part of computed tomogra-
phy. The process usually consist of: Data acquisition, sinogram formulation, filtering,
reconstruction algorithm and image display.[17]

Data acquisition. Data are collected from all X-ray detectors.

Sinogram formulation. From acquired data, the sinograms are formulated. Sinogram
is 2-D data array - angle dimension and position dimension. The data in sinogram
reflects the intensity of X-ray beams detected during the measurement at every
combination of angle and position.[18] The sinogram serves as an input for the
reconstruction algorithm.

Filtering. The pre-reconstruction filtering is used to eliminate the artifacts and noise
from measurement.The filter is applied in the frequency domain of the sinogram
data.[19] This step involves modifying the data by multiplying it by the filter’s
frequency response, which attenuates or enhances certain frequencies in the data.
Common filters for pre-reconstruction filtering are: Ram-Lak filter, Shepp-Logan
filter, Hann filter, and others.[20]

Reconstruction algorithms. Algorithms are the essential part of image reconstruction.
There are various type of algorithms, such as: Filtered back projection, algebraic
reconstruction technique, Fan-beam reconstruction and currently deep learning al-
gorithms are used with fast development in AT technology.[21]

Image display. Images after reconstruction are in the cross-sectional 2-D form, where
every pixel has specified intensity, that represents the level of X-ray beams attenu-
ation or absorption. These images can be furthermore rendered into the 3-D model.
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2.4 Sample preparation

The quality of images can be affected not just by the appropriate selection of CT scan
parameters and image reconstruction methods, but also by the properties of the sample
itself.
Transmittance, which describes the transparency of a material in the context of X-ray
imaging, is a key factor. Higher transmittance signifies that more X-rays can pass through
the material, whereas lower transmittance indicates that more X-ray beams are absorbed
by the material.

Transmittance for homogeneous material can be described by equation (Equation 2.1):

T(E) = e #ErL (2.1)

Where: u(E) (—) represents the X-ray absorption coefficient, p (kg - m™3) represents
density of material and L (m) represents thickness of material.

Transmittance for non-homogeneous material can be described by equation (Equation
2.2):

d
T(E) = /O e HE2)P(@) gy (2.2)

Where: p(E,z) (m™') represents the X-ray absorption coefficient at given position x along
the path, p(z) (kg-m™3) represents density of material at given position x along the path
and d (m) is the thickness of the material.

Both equation (Equation 2.1) (Equation 2.2) include variable p that represents the
X-ray absorption coefficient. This coefficient is dependent on various factors.

Material composition. Generally, elements with higher atomic numbers tend to exhibit
higher absorption coefficients. This characteristic is often quantified by the effective
atomic number, which is typically determined through experimental measurements
or estimated using the formula (Equation 2.3).[22]

[(Zm )Z

Where: n; is the number of electrons in the i-th shell of the atom and Z; is the
atomic number of the i-th atom in the compound.

1
2.94

(2.3)

Energy of radiation. Materials respond differently to various energies of electromag-
netic radiation.

Density. Materials with higher density contain a greater number of atoms within a given
volume, significantly impacting the absorption coefficient.

Temperature and pressure. Extreme temperature and pressure can also affect absorp-
tion coefficient, particularly in gases and plasma.

Atomic and molecular structures. The arrangement and chemical bonding between
molecules within the material can influence the absorption coefficient, especially in
crystalline materials and complex compounds.

For the scope of this thesis, the following section will exclusively focus on the ball joint
CT scan.
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2.4.1 Ball joint sample preparation

The conventional ball joint is composed of several materials. The housing and ball pin
are made of a steel alloy, the bearing is constructed from polyoxymethylene (POM), and
lubricant is applied between the bearing and ball pin in the form of grease. Additionally,
due to an imperfect assembly process, there may be air pockets within the lubricant.
Some air pockets can also be present in the plastic bearing due to imperfections in the
injection molding process.

Key properties that are significant for determining the absorption coefficient are listed in
the table (Table 2.1).

Table 2.1: Properties of materials of conventional ball joint.

Material Density Effective atomic number Attenuation coefficient
(-) (kg-m™) (-) (em™)
Steel alloy 7850 [23] 22 [24] 1.3 [25]
Polyoxymethylene 1410 [26] 7 [27] 0.25 [28]
Grease 900 [29] - -
Air 1.2 [30] 7.28 [31] 2.17612E-05 [32]

An alternative ball joint configuration was designed to minimize the absorption (atten-
uation) coefficient. In this design, the steel alloy was substituted with an aluminum alloy
(6082 - T6). To ensure a noticeable contrast between the polyoxymethylene and grease,
W Sy fullerene-like nanoparticles were mixed into the grease before ball joint assembly. In
this configuration the composition of grease is: 2 % WSy particles and 98 % of original
grease. The properties of these material are listed in the table (Table 2.2).

Table 2.2: Properties of materials of alternative ball joint.

Material Density Effective atomic number Attenuation coefficient
(-) (kg -m~?) (-) (em™)
Aluminium alloy 2700 [33] 26.98 (estimated) 0.15 [34]
Polyoxymethylene 1410 [26] 7 [27] 0.25 [28]
Grease 900 [29] - -
WS, 7500 [35] 65.6 (estimated) -
Air 1.2 [30] 7.28 [31] 2.17612E-05 [32]

35



Be. Lukas Béhoun Grease flow in the ball joint
Master thesis of the steering arm of a car

2.5 CT scans of ball joint

Prior to conducting a final scan to ensure precise measurement results, a series of pre-
liminary scans were executed. These initial steps were essential to establish the correct
choice of measuring device and alignment of the imagining apparatus and the specimen.

2.5.1 Contrast assessment

The initial CT scans were conducted at CEITEC CTLAB, located on the campus of Brno
University of Technology. However, detailed information regarding the measurement set-
tings was not provided, with the exception of the image resolution. Scans are shown in
figures (Figure 2.2) and (Figure 2.3).

Figure 2.2. Aluminium configuration Figure 2.3. Steel configuration

Conclusion from images: Initial visual examination reveals a marked difference in con-
trast between the steel ball joint configuration and the aluminum ball joint configuration.
The steel configuration demonstrates notably lower contrast levels between its compo-
nents, including the housing, ball pin, polyoxymethylene, and grease, in comparison to
the aluminum counterpart. That can be concluded even from the final resolution of im-
ages that is listed in table (Table 2.3). Therefore, only the aluminium configuration will
be used for further analysis.
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Table 2.3: First scan measurement resolution.

Ball joint configuration Resolution

(-) um /vozel
Aluminium alloy 25
Steel alloy 40

Also it can be concluded, that the W .5, fullerene-like nanoparticles are extremely small

and therefore below the resolution of the CT scanner by several orders of magnitude. In
the measured configuration, only 2 % of WS, particles were present.
It is worth noting that the addition of more WS, particles to the grease has the potential
to enhance the contrast of the particles within the grease matrix. However, such an
augmentation could impact the behavior of the grease during the ball joint assembly
process. Moreover, the introduction of further W.S, particles could result in the grease
exhibiting a contrast level similar to that of polyoxymethylene or even aluminum. Given
that the inherent contrast of the materials is deemed sufficient, the decision was made to
forgo the addition of additional WS, particles.

2.5.2 Fast scan

The second measurement was carried out at the Institute of Physics of the Czech Academy
of Sciences in Prague. However, specific details regarding the measurement settings were
not provided. The primary objective of this scan was to assess the impact of employing
an alternate scanning device on the resulting image resolution and overall image quality.
Properties of measurement device used are presented in the table (Table 2.4). The 3-D re-

constructed image and cross-sectional image are shown in figures (Figure 2.4) and (Figure
2.5).

Table 2.4: ZEISS Xradia 610 versa properties. [36]

Property ZEISS Xradia 610 versa
Spatial resolution 500 mm
Resolution at a 50 mm working distance 1 um
Source voltage range 30-160 kV
Source maximum power output 25 W
Minimum achievable voxel 40 nm
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Figure 2.4. 3D reconstructed image Figure 2.5. Cross-sectional image

Despite its relatively brief duration (approximately 30 minutes), the fast CT scan
yielded images of satisfactory resolution, enabling clear differentiation among the four
constituent materials: aluminum, grease, air, and polyoxymethylene. This successful
outcome attests to the imaging system “s ability in material differentiation. As a result,
the subsequent scan will also be conducted using the same imaging machine, given its
demonstrated capability to provide accurate and detailed representations of the materials
of interest.

2.5.3 Full scan of ball joint

Full scan (Figure 2.6) was conducted at the same machine as fast scan (ZEISS Xradia
610 versa) at the Institute of Physics of the Czech Academy of Sciences in Prague. Pur-
pose of this scan was to have full geometry measured, to evaluate the position and size
of air pockets in grease layer. However, detailed information regarding the measurement
settings was not provided, with the exception of the image resolution.

Figure 2.6. Scan of full geometry with detail on the grease layer with air gaps.

Even a cursory visual inspection reveals that the quantity of aluminum obstructing
the X-ray beam path has a substantial impact on image quality. The image can be effec-
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tively categorized into three distinct areas.

Low aluminum content area. In this region, where the least amount of aluminum is
present, X-ray beam transmission is optimal, and almost no noise remains after
image reconstruction.

Moderate aluminum content area. Within this area, characterized by a medium quan-
tity of aluminum, the transmission of X-ray beams is not ideal, leading to some
post-reconstruction noise. Nonetheless, the boundaries between different materials
remain distinguishable, and image post-processing techniques can effectively resolve
these issues. This area holds particular interest for the evaluation.

High aluminum content area. Within the region of highest aluminum concentration,
the presence of aluminum significantly affects the transmission of X-ray beams.
As a result, post-reconstruction noise levels are considerably increased, making it
almost impossible to discern material boundaries within the image.

Further elaboration on the post-processing and image evaluation procedures will be pro-
vided in the following chapter.

2.5.4 Sectional scans

To assess the thickness, size and geometry of the grease layer, more targeted scans were
performed. Unlike the comprehensive full scan, one scan was exclusively conducted for
circular section spanning an angle of 60° (Figure 2.7) and (Figure 2.8). Pixel size of this
scan is 9.36 um x 9.36 pm x 9.36 pum.

Figure 2.7. Top view of sectional scan Figure 2.8. Side view of sectional scan

Further elaboration on the post-processing and image evaluation procedures will be
provided in the following chapter.
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2.5.5 High resolution scans

A next few scans were taken to determine the maximum possible magnification (lowest
possible pixel size). All of them proved to be unreconstructable, therefore it can be
concluded that the maximum possible enlargement while maintaining sufficient quality
is sectional scan mentioned above (Figure 2.7) and (Figure 2.8). Details regarding the
machine settings and image resolution for these scans can be found in table (Table 2.5).

Table 2.5: Properties of non-reconstructable images.

Property Upper image Middle image Bottom image
Source power output 21 W 21 W 21 W
Source voltage 140 kV 140 kV 140 kV
Filter LE3 Air LE3
Pixel size 0.3959 um 1.0712 pm 0.5082 um
Exposure 500 s 100 s 500 s

2.6 CT scans post-processing

Post-processing in computed tomography refers to a process of refining the reconstructed
image data to achieve optimal form for subsequent utilization. The process typically
consist of: filtering, selection of region of interest, contrast enhancement and artifact
correction. These steps play a crucial role in enhancing the overall quality and inter-
pretability of the CT images.

Steps that were used in ball joint scans evaluation are described more in next sub-chapters.

2.6.1 Gaussian filter

Gaussian filter is a type of linear filter used for image processing. The filter is based on
the Gaussian function, which is a bell-shaped curve that is characterized by its average
(mean) and standard deviation.
Mathematically, the two-dimensional form of Gaussian filter, that was used in this eval-
uation, can be expressed as (Equation 2.4).

1 a2 4y?

G(z,y) = e 22 (2.4)

2mo?

Where: G(x, y) represents value of the Gaussian function at given position (x,y), o (-)
represents standard deviation of the Gaussian distribution, x is the distance from origin
in the horizontal axis and y is the distance from origin in the vertical axis.

The intensity of smoothing is characterized by value of standard deviation and ker-
nel size and shape.[37] The greater the value of standard deviation is, the stronger the
smoothing will be. Kernel represents the shape and size of neighborhood that will be
sampled when calculating the pixel values to be modified.[37]
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The Gaussian filter was used for both CT scans (Full scan and Sectional scan). The set-
tings of filter is identical for both scans: standard deviation o = 1, kernel size 3 x 3 and
square kernel shape. The influence of Gaussian filter on image quality can be represented
in two ways. Visually inspecting the influence as it is shown for sectional scan in figure
(Figure 2.9). It can be seen that the image is smoother, and the artifacts in form of too
bright or dark pixels was erased. That is especially useful for further evaluation.

Figure 2.9. Influence of Gaussian filter on image quality. On the left is the image before
filtering with detail to grease layer. On the right is the image after Gaussian filtering with
detail to same spot.

Another way is displaying the histogram of intensity of pixels (voxels) distribution
that represents the density of material. For sectional scan the histogram is shown in
figure (Figure 2.10). Full scan is shown in figure (Figure 2.11).
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Figure 2.10. Histogram of voxel intensity distribution for sectional scan.

There can be distinguished 3 peeks on the histogram. Every peek belongs to one
material - air, aluminium and polyoxymethylene. Grease does not have peek, because of
much lower number of voxels of it “s intensity.

Applying the Gaussian filter to the original data makes the peaks much more distinct.
Furthermore it reduces voxels with very high and very low intensity. That is important
mainly for region of interest (ROI) selection (segmentation).

Figure 2.11. Histogram of voxel intensity distribution for full scan.

Same principle applies for the full scan histogram. Peeks are more distinguishable
after the Gaussian filtering and the images are more convenient for the segmentation.
The higher peek in this histogram (Figure 2.11) than in the sectional scan histogram
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(Figure 2.10) is caused by much higher volume of aluminium present in the images (full
scan has higher ratio of aluminium to rest of materials than sectional scan).

2.6.2 Kuwahara filter

Kuwahara filter is a type of non-linear smoothing for adaptive noise reduction. Majority
of filters used in computed tomography are linear low-pass filters. They effectively reduce
the noise, but usually smooth the edges, which is not desired. Kuwahara on the other
hand can effectively reduce the noise and smooth the image while preserving the edges.

Let “s consider a 3x3 window with a pixel at coordinates (x, y). This window is divided
into four quadrants: 6, (top - left), 05 (top - right), 5 (bottom - left), 64 (bottom - right)
where the pixel at (x,y) coordinates is hared between all of them. For each quadrant, two
values are computed: the average my and variance §7 described by equations: (2.5) (2.6).
[38]

1
= (n+1) x (n+1) - (I’y)eeks@(f(fl?,y)) (25)
2 1 2
by S e s

Where: k takes values from the set 0,1,2,3 (in case of 3 x 3 kernel size). The function f
denotes the source image, and f(x, y) corresponds to the pixel value at coordinates (x, y).
The function ¢ calculates the value of a given pixel, m represents the total num-
ber of pixels in the current area, where n is derived from the filter window size (e.g., 3 x
3 kernel results in n = 3).[38]

Next step is to find the smallest value of the variance in all four areas.[38] Mathemat-
ically expressed as (2.7).

62, = min (67 2.7
min keg}%%,ﬁl}( k) ( )

The value assigned to the central pixel at coordinates (x, y) is determined by taking
the average of the region where the variance is minimal. [38]
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Figure 2.12. Influence of Kuwahara filter on image quality. On the left is the image
before filtering with detail to grease layer and air gap. On the right is the image after
Kuwahara filtering with detail to same spot.

The Kuwahara filter was applied to both Full and Sectional CT scans with identical
settings, using a 3 x 3 kernel size. While larger kernel sizes (5 x 5 and 7 x 7) resulted
in slightly smoother images, they also led to the blurring of material interfaces. In the
context of image segmentation, having a clearly defined interface is crucial. The impact
of the Kuwahara filter on image quality is assessed through two perspectives: visual in-
spection, as shown in figure (Figure 2.12), where it is evident that the interface is more
distinct, and the overall image is slightly smoother compared to the Gaussian smoothing
filter.
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Figure 2.13. Histogram of voxel intensity distribution for Sectional scan (Kuwahara
filter).

Similar to Gaussian filtering, the Kuwahara filter enhances the distinguishability of
the three peaks in the histogram for the sectional scan, as illustrated in figure (Figure
2.13). Although the difference from the previous case may not be substantial, the primary
objective of the Kuwahara filter was to enhance the clarity of edges, which was successfully
achieved.

Figure 2.14. Histogram of voxel intensity distribution for Full scan (Kuwahara filter).

The same finding applies to the Full scan histogram (Figure 2.14). The peaks are
more discernible compared to using the Gaussian filter alone. The elevated peak can still
be attributed to the significantly higher number of aluminum voxels present in the image.
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Additionally, the edges appear sharper, a crucial factor for further image segmentation
processes.

2.6.3 Sobel filter

The Sobel filter, part of the broader Sobel operator, employs convolution with specially
crafted kernels (Equation 2.8) to accentuate variations in intensity, thus bringing out
edges in an image. Mathematically, the convolution of the input image I with the Sobel
kernels G, and G, is expressed as (Equation 2.9 and 2.10). [39]

-1 01 -1 -2 -1
Gy=1-2 0 2 and G,=|0 0 0 (2.8)
-1 01 1 2 1
I,=1xG, (2.9)
I,=1%G, (2.10)

The fundamental principle of the Sobel filter revolves around determining the direction
f and magnitude M of the most significant intensity change by computing the gradient of
image intensity at each pixel according to (Equation 2.12 and 2.11).

M =\ J(L)2 + (1,)? (2.11)

§ = arctan (%) (2.12)

xT

These equations quantify the abruptness or smoothness of intensity transitions at each
pixel, offering insights into the likelihood that a pixel represents an edge.
Applying the Sobel filter to a pixel within a region of consistent intensity yields a zero
vector (M=0). Conversely, when the filter is applied to a pixel located on an edge, the
result is a vector indicating the direction from the darker side to the brighter side of the
edge.
This filter was exclusively used for subsequent use in the watershed transformation used
to separate air from grease layer, so the filter was used only on Full scan (Figure 2.15).
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Figure 2.15. Influence of Sobel filter on image. On the left is the image before filtering
with detail to grease layer and air gap. On the right is the image after Sobel filtering with
detail to same spot.

2.7 Image segmentation

Image segmentation involves dividing an image into distinct segments or sets of voxels that
share similar characteristics or meet specific criteria. In the evaluation of ball joint scans,
this process entails assigning a particular phase (material) to each voxel within the image.

Numerous segmentation algorithms are available for image partitioning. However, this
thesis will specifically describe only the algorithms that have been used for the evaluation.
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2.7.1 Thresholding

The principle behind thresholding segmentation involves selecting a range of voxel in-
tensities and attributing a phase (material) to all voxels falling within this range. The
interval can be determined through manual inspection based on visual assessment or au-
tomatically using a predefined algorithm. In the context of this evaluation, due to the
limitations of the software used, the interval was selected manually.

The primary objective of the Sectional scan is to reconstruct the grease layer, making
air pockets irrelevant in this context. Consequently, the segmentation process did not
take air into consideration. Figure (Figure 2.16) illustrates the segmentation of three
phases (materials): 1 - grease, 2 - polyoxymethylene, and 3 - aluminum, with the Y-axis
presented in logarithmic scale. In this case the manual selection should not introduce any
errors due to clear borders between phases.

B Sectional scan histogram

Frequency (%)

0 10000 20000 30000 40000 50000 60000
Voxel intensity

Figure 2.16. Thresholding of Sectional scan. 1 - grease, 2 - polyoxymethylene, and 3 -
aluminum.

In figure (Figure 2.17) an visual evaluation of segmentation quality can be conducted.
The figure includes representation of the Full scan, detail of Full scan (which corresponds
to Sectional scan area) in grayscale, and ultimately, a segmented depiction of grease layer

detail. This segmented detail will undergo additional analysis for geometry reconstruction
purposes.
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Figure 2.17. Segmentation of grease layer detail. Image before segmentation is shown
at the left side. Image after segmentation is shown at the right side.

2.7.2 Watershed transformation

Watershed segmentation is region-based method that has its origins in mathematical
morphology. The theory behind watershed is that every grayscale image can be viewed as
tomographic surface, where high voxel intensity indicates peaks, while low voxel intensity
indicates valleys.[40]
The segmentation itself consist of several steps and graphically can be displayed as in
figure (Figure 2.18).

Figure 2.18. Principle of watershed transformation. On the left the initial configuration.
On the right the final form of transformation.

Marker selection. This process is often done by thresholding already described in sub-
section (Subsection 2.7.1). In this case, the thresholding interval is not chosen to
mark all air voxels directly, but to create the seeds - points where the flooding
starts.
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Landscape function selection. The landscape for this evaluation is created using 3D
Sobel filter already described in subsection (Subsection 2.6.3).

Generation of Distance Map. Following the initial watershed transform, which effec-
tively segments the air but leaves connected air pockets due to the image’s low
resolution, a distance map is generated. In this process, the Region of Interest
(ROI) including everything except air is chosen. Each pixel outside this ROI is
assigned a value between 0 and 1, reflecting its distance from the nearest ROI pixel.
Consequently, pixels closer to the ROI exhibit smaller values, while those farther
away possess higher values.

New marker selection. In this step, markers representing air regions are chosen from
the distance map instead of the original image. The goal is to ensure that the
selected markers separate individual air pockets effectively, preventing their con-
nection in the resulting image. This selection is crucial, as an inaccurate threshold
interval may lead to the unintended splitting of a single pocket into multiple ones.

New landscape function selection. To facilitate the watershed transform, the land-
scape function is derived from the inverted distance map. Here, smaller values
correspond to air pixels, while higher values represent all other pixels. This inver-
sion ensures that valleys in the landscape function align with air pockets.

Mask selection. The mask, derived from the original watershed transform, sets the
boundaries for the subsequent watershed transform. Without the mask, the water-
shed transform would expand indiscriminately, overlooking the spaces between air
pockets.

Finally, the last watershed transformation can be conducted after all these steps. The
result of this reconstruction is segmented air phase from the Full scan.

2.8 Geometry reconstruction

For grease layer geometry reconstruction, the outcomes from section (Section 2.7) can be
utilized. Specifically, the results from subsection (Subsection 2.7.1) involve the segmen-
tation of the grease layer from the Sectional scan. The measurement of the dimensions of
the grease layer involved the following steps:

Separation of image. Every fifth image from the scan was isolated. This implies that
measurements were taken along the vertical axis approximately every 50 pum based
on pixel size.

Measurement of grease layer. On each isolated image, five measurements of the grease
layer were taken at same positions. The specific positions can be referenced in figure
(Figure 2.19), where the color legend is as follows: red represents grease, green de-
notes air, light blue corresponds to aluminum, and orange indicates polyoxymethy-
lene.
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Figure 2.19. Position of measurement on the left, and detail of measurement on the
right.

Measurement averaging. The five measurements were averaged to derive a single value
for each separated image.

Smoothing of final values Following all measurements, the final geometry underwent
smoothing using a spline to mitigate potential inaccuracies resulting from less-than-
ideal phase separations. Inaccurate assignment of values (phases) to several pixels
during separation may introduce noise to the geometry. The application of a spline
to the measured data helps to prevent it.

Final position on thickness of grease layer is derived from the above procedure. Results
can be seen in figure (Figure 2.20). The thickness showed in the normalized values (all
values were divided by maximal thickness value) to ensure the confidentiality of the results.
The grease covers approximately 60° of the entire ball pin (360°).
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Figure 2.20. Thickness of grease layer shown at the chart on the left. Position of the
grease layer on the ball pin on the right.

The grease layer includes air gaps, and the configuration and location of these gaps can
be reconstructed based on the outcomes derived in subsection (Subsection 2.7.2). The wa-
tershed transformation results in the segmentation of air from the surrounding ball joint.
The segmentation software employed enables the exportation of a mesh representing the
precise geometry. To ensure accuracy during mesh export, the original mesh underwent
Laplacian smoothing. The smoothed mesh is visualized in figure (Figure 2.21)

Figure 2.21. The full geometry (ball stud, grease layer and air gaps) shown at the left
and air gaps only shown at the right.
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It can be seen that the air is located mainly in the area of widest grease layer thickness.
It “s probably because of the shape of the gap itself. The confuser shape can push air into
places with a larger gap width. Another reason can be low resolution of scans itself. The
minimum number of pixels in the narrowest point of the air pocket must be at least three
to determine whether it is an air pocket or just noise or measurement inaccuracy. Since
there are 4 pixels across the width of the grease layer in the narrowest points, and since
the insensitivity of usually two pixels from the boundary of the two phases is slightly
biased, it is not possible to determine whether it is grease or air.

By comparing the number of pixels it is possible to determine the percentage of air
volume in the grease on the ball joint. That can be mathematically expressed as (Equation
2.13).

Vair  Nair 5231859
‘/grease B Ngrease N 22645803

-100% = 23.103% (2.13)

Where: V' (m?) represents the volume of air or grease and N (-) represents the number
of pixel labeled as air or grease.

The high amount of air in the grease layer may be due to the fact that the joint has
not been moved properly after assembly, unlike mass-produced joints.
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3 Material model

Fluids exhibit behaviors that can be categorized into two types: Newtonian and non-
Newtonian. In the realm of Newtonian fluids, such as water and air, the viscosity remains
constant regardless of the applied shear rate, aligning with Newton’s law of viscosity.
On the contrary, non-Newtonian fluids like greases, food sauces, blood and paints defy
this conventional behavior. These fluids dynamically alter their viscosity in response to
external forces.

3.1 Newtonian behavior

Newtonian fluids adhere to Newton s law of viscosity. This fundamental law states that
the shear stress 7 (Pa) within the fluid is directly proportional to the shear rate 4 (s™1),
resulting in linear relationship expressed by the equation (Equation 3.1).

T=n-7 (3.1)
Where: 7 (Pa) represents shear stress, n (Pa - s) stands for dynamic viscosity and
4 (s71) is the shear rate.

The behavior of fluid in rheology is often defined by flow curve and viscosity curve. The
flow curve represents the relationship between shear stress 7 (Pa) and shear rate 4 (s71)
for a liquid. It illustrates how the fluid responds to applied shear forces, showcasing the
variations in shear stress as a function of shear rate. The flow curve is a fundamental tool
in rheology, providing insights into the flow behavior of fluids under different conditions.
The flow curve for Newtonian fluid is shown in figure (Figure 3.1).

The viscosity curve depicts how the dynamic viscosity n (Pa-s) of a fluid changes with
varying shear rates % (s7!). This curve is crucial in understanding the fluid s resistance
to flow under different shear conditions. The viscosity curve for Newtonian fluid is shown
in figure (Figure 3.1).

Figure 3.1. Flow curve and viscosity curve of Newtonian fluid.
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3.2 Non-Newtonian behavior

Non-Newtonian fluids, on the other hand, exhibit a variable viscosity depending on the
applied stress or shear rate or even the time. These fluids can be categorized into several
types based on their response to shear. For the nonlinear curves, the slope at any point of
the flow curve is called the apparent viscosity [41]. That can be mathematically expressed
as (Equation 3.2).

T = 7]&(7) -y (32)

Where: 7 (Pa) represents shear stress, 1,(7) (Pa - s) stands for apparent viscosity
which is function of shear rate and 4 (s7!) is the shear rate.

Non-Newtonian fluids can be categorized into several types based on their response to
shear and time.

3.2.1 Shear-thinning fluids

Shear-thinning fluids, or pseudoplastic fluids, are a category of non-Newtonian fluids
characterized by a reduction in viscosity as the shear rate rises. This implies that as the
applied force or stress on the fluid increases, it becomes less resistant to flow, resulting
in a lower viscosity.[42] That means that their shear stress 7 (Pa) - shear rate 4 (s7!)
dependency is non-linear with a zero intercept and a concave curve.[43]
Various non-Newtonian fluid models, such as the Power-Law model, Herschel-Bulkley
model, and Cross model, can be employed to mathematically characterize pseudoplastic
fluids. These models will be explored in greater detail in next section (Section 3.4).
Same as for Newtonian flow, the fluid can be characterized using flow and viscosity
curve shown in figure (Figure 3.2).

Figure 3.2. Flow and viscosity curve of Pseudoplastic fluid.

95



Be. Lukas Béhoun Grease flow in the ball joint
Master thesis of the steering arm of a car

3.2.2 Shear-thickening fluids

Shear-thickening fluids, also referred to as dilatant fluids, are a type of non-Newtonian
liquid characterized by an increase in viscosity as the shear rate rises. This means that as
higher force or stress is applied to the fluid, its resistance to flow escalates, resulting in an
elevation of viscosity. In this case the shear stress 7 (Pa) - shear rate ¥ (s~!) dependency
for shear-thickening fluids is non-linear with a zero intercept, but the curve is convex.[43]

Similar to shear-thinning fluids, the behavior of shear-thickening fluids can be math-
ematically described by various models, such as the Power-Law, Herschel-Bulkley, and
others,as explained in more detail in section (Section 3.4).

Same as for pseudoplastic fluids, the dilatant fluid can be characterized using flow and
viscosity curve shown in figure (Figure 3.3).

Figure 3.3. Flow and viscosity curve of Dilatant fluid.

3.2.3 Bingham fluids

Bingham fluids are type of Non-Newtonian fluids that behaves like a solid until a yield
stress, also known as critical stress, is exceeded. After reaching the yield stress the
Bingham fluid flows either like Newtonian viscous fluid, pseudoplastic fluid or dilatant
fluid. That means that Bingham fluids are classified as viscoplastic materials because
they exhibit both solid and liquid characteristics.[44]

The behavior of Bingham fluid that behave like Newtonian fluid after exceeding yield
stress is described by the equation (Equation 3.3).

T=Ty 0y (3.3)
Where: 7 (Pa) represents shear stress, 7, (Pa) is the yield stress, n (Pa - s) stands for

dynamic viscosity and 7 (s~1) is the shear rate.

The fluid can be characterized using flow and viscosity curve shown in figure (Figure
3.4).
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Figure 3.4. Flow and viscosity curve of Bingham fluid.

3.2.4 Thixotropic fluids

Typically, viscosity is viewed as a time-independent property. However, certain fluids,
such as thixotropic fluids, exhibit distinctive rheological characteristics wherein viscosity
decreases over time under constant shear stress. This implies that thixotropic fluids
become less viscous when subjected to continuous shearing, yet they gradually revert to
their original viscosity when left undisturbed.[43]

The fluid behavior can be best characterized using flow curve and viscosity n(%) - time
(t s) dependency shown in figure (Figure 3.5).

Figure 3.5. Flow curve and viscosity - time dependency of Thixotropic fluid.
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3.2.5 Rheopectic fluids

Rheopectic fluids, opposed to thixotropic fluids, represent another category of non-Newtonian
fluids exhibiting time-dependent viscosity. However, rheopectic behavior is defined by an
increase in viscosity over time under constant shear stress, in contrast to the viscosity
decrease observed in thixotropic fluids. Essentially, rheopectic fluids become more resis-
tant to flow or more viscous as they undergo continuous shear stress. This behavior is
reversible, and the viscosity decreases when the stress is removed.[43]

The fluid behavior can be best characterized using flow curve and viscosity n(¥) (Pa-s)
- time (¢ s) dependency shown in figure (Figure 3.6).

Figure 3.6. Flow curve and viscosity - time dependency of Rheopectic fluid.
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3.3 Experimental data

To obtain a material model, the experimental data has to be measured. Data were
provided by manufacturer itself. Rheological properties are measured on device called
rheometer. There is several type of rheometers that can be used to measure viscosity
and other properties, for example: plate-plate (a), cone-plate (b), rotating (c), oscillating
piston (d), falling ball (e) and rolling ball viscosimeter (f).[43] The basic principle is shown
in figure (Figure 3.7).

- -
| I I
b
(b) © B
(d) (®

(@

Figure 3.7. Typical commercially available viscosimeters. (a)(b)(c) - torque moment is
measured, (d) - deflection is measured, (e)(f) - Time is measured.

In this case the cone-plate rheometer was used. Advantage of conical rotating disc
is that shear rate is constant no matter the distance from the center. The gap between
the plates is usually not adjustable, but that highly depend on manufacturer of the vis-
cosimeter. [45] The shear stress is directly derived from measured torque moment of the
upper conic disc.

The equation (Equation 3.4) defines viscosity as the derivative of shear stress with
respect to shear rate. To enhance the accuracy and stability of Python scripts employed for
determining material model constants, viscosity for a measured grease can be calculated
through numerical methods. Utilizing two sets of data points allows for a combined fit,
thereby improving the stability of the script.

dr T; — Ti+1
Na = 7 == (3.4)
g Vi — Vi1

Where: 7, (Pa - s) is the apparent viscosity, 7 (Pa) represents shear stress, ¥ (s7!) is

the shear rate and i ranges from 1 to the total number of data point - 1.

The manufacturer of grease provided shear stress - shear rate data for two tempera-
tures: 20 °C and 40 °C. Viscosity dependency on shear rate was calculated according to
equation (Equation 3.4). Data both measured and calculated for temperature 20 °C are
shown in figure (Figure 3.8).
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Figure 3.8. Experimental data provided by manufacturer for grease Klibersynth M115-
04 at 20 °C. On the left shear stress - shear rate data, on the right viscosity - shear rate
calculated data.

Just from visual inspection it can be concluded, that the grease exhibits pseudoplastic
behavior and the fluid is with high probability a Bingham fluid, because of intersection
with y-axis is non-zero.

Data both measured and calculated for temperature 40 °C are shown in figure (Figure
3.9).

Figure 3.9. Experimental data provided by manufacturer for grease Klibersynth M115-
04 at 40 °C. On the left shear stress - shear rate data, on the right viscosity - shear rate
calculated data.
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Measured data at 40 °C exhibits same behavior as data at room temperature. The
fluid is also pseudoplastic nature. The intercept with y-axis is still non-zero, therefore
grease behave like Bingham fluid even at 40 °C. The shear stress and viscosity at 40 °C
can be estimated to be approximately half of shear stress and viscosity at 20 °C.

3.4 Non-Newtonian fluid model

The behavior of non-Newtonian fluids can be effectively captured by rheological models,
which provide mathematical descriptions of the dependency between shear stress and
shear rate, or in some cases, viscosity and shear rate.
In the literature, numerous rheological models exist, including the Bingham model, Power-
Law (Ostwald—de Waele) model, Herschel-Bulkley model, Cross model, Carreau model,
Casson model, Bi-viscous model, and others. [45]

In general, the apparent viscosity is a function of all three invariants of rate-to-
deformation tensor, which can be defined as (Equation 3.5).[46]

= Ou;  Ou;
D= e 3.5
Where: D represents rate-to-deformation tensor, u; is the velocity component in the
i-th direction and z; stands for spatial coordinate in the j-th direction.

Ansys Fluent, when modelling a non-Newtonian fluid, makes an assumption, that
apparent viscosity is considered to be function of the shear rate only, in context of rate-to-
deformation tensor.[47] Shear rate is related to the second invariant of rate-to-deformation
tensor, and can be defined as (Equation 3.6).[46]

1= =
y=1/5D:D (3.6)

Where: 7 (s!) stands for the shear rate, and D represents rate-to-deformation tensor.

Viscosity is highly dependent on temperature. The dependence can be put into Ansys
Fluent by including function H(T), known as Arrhenius law (Equation 3.7).

H(T) = exp {oz- (T_lTO—TaiToﬂ (3.7)

Where: H(T) represents Arrhenius law or temperature dependency, « (-) is ratio of
the activation energy to the thermodynamic constant, 7, (K) is a reference temperature
for which H(T) = 1, T (K) is lowest thermodynamically acceptable and therefore is set
to 0 by default, T (K) represents the current temperature.

Due to the lack of data provided by manufacturer of grease, the dependency of viscos-
ity on temperature will be neglected, which can be mathematically expressed as (Equation
3.8). Instead of that, two separated models for grease will be done. One for room tem-
perature 20 °C and one for temperature 40 °C.
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H(T) =1 (3.8)

Where: H(T) represents Arrhenius law or temperature dependency.

Given the multitude of available models, this thesis will specifically concentrate on
four models accessible in the Ansys Fluent software: Power-Law model, Herschel-Bulkley
model, Carreau model and Cross model.

3.4.1 Power-Law model

Power-Law fluid model (also known as Ostwald de Waele fluid model) is a simple math-
ematical model used to describe fluids that exhibits pseudoplastic or dilatant behavior.
The model can be mathematically expressed as (Equation 3.9).[48]

T =17 (3'9)

Where: 7 (Pa) represents shear stress, 7, (Pa - s) stands for apparent viscosity and
4 (s71) is the shear rate.

The apparent viscosity is further defined by (Equation 3.10) where for isothermal flow
the function H(T) = 1. [48] [47]

Ne=K-4"""-H(T)=K- 5" (3.10)

Where: 7, (Pa - s) stands for apparent viscosity, K (Pa - s™) is the consistency index,
4 (s7') stands for the shear rate, n (-) represents flow behavior index and H(T) is the
temperature dependency, which is in this case equal to 1.

The Power-Law model is characterized by only two fitting constants, simplifying the
fitting process compared to other models. The values of the consistency index K and
flow behavior index n are determined by fitting experimental data of shear stress 7 (Pa)
- shear rate 7 (s71).

The Python script for determining Power-Law constants is included in the appendixes,
labeled as "Power-Law-fit” (Appendix C). This script utilizes a function that employs
a Levenberg-Marquardt algorithm to determine the constants of a Power-Law material
model, as detailed in the SciPy library documentation.[49]

The found constants of Power-Law model are listed in the table (Table 3.1) for both
temperatures.
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Table 3.1: Constants of Power-Law model for both temperatures 20 °C and 40 °C.

Temperature 20 °C Temperature 40 °C

Flow behavior index n (-) 0.403 0.4
Consistency index K (Pa - s™) 390.99 181.93
Coefficient of determination (-) 0.99952 0.99941

The high coefficient of determination (above 0.999) for both datasets indicates an ex-
cellent fit. The value of flow behavior index confirms that the grease have pseudoplastic
behavior. By comparing the value of consistency index it can be concluded that the value
of consistency index at 40 °C is approximately half than it s value at 20 °C, thus viscosity
of grease at 40 °C is approximately half than viscosity of grease at 20 °C.

The visual representation of fit is shown in figure (Figure 3.10).

Figure 3.10. Visual representation of Power-Law fit for both temperatures. Flow curve
on the left and viscosity curve on the right.

3.4.2 Herschel-Bulkley model

Herschel-Bulkley material model is another simple mathematical model. But in contrast
to Power-Law model, it can also describe Bingham fluid behavior.

The Herschel-Bulkley model introduces a power-law relationship between shear stress
and shear rate with the following equation (Equation 3.11).[45]

T=10+ K- 4" (3.11)
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Where: 15 (Pa) represents yield stress, K (Pa - s") is the consistency index, ¥ (s71)
stands for the shear rate and n (-) represents flow behavior index.

The apparent viscosity can be defined as two relationships, based on the fact if the
shear rate 4 is higher or lower than critical shear rate 4. according the Ansys Fluent
documentation. Where the critical shear rate is defined as (Equation 3.12). [47]

. 70
Ho ( )

Where: 4. (s71) is the critical shear rate, 7y (Pa) represents yield stress and pg (Pa - s)

is finite representation of viscosity at very low shear rates.

The viscosity parameter py (Pa - s) signifies the viscosity value considered by Ansys
Fluent in its calculations, serving as a finite representation instead of an extremely high
viscosity value when the shear rate is zero. [47]

For 4 > 4. the apparent viscosity can be calculated according to (Equation 3.13).[47]

. n—1
=2 1 K- (7) (3.13)
gl Ye

Where: 7, (Pa - s) stands for apparent viscosity, 79 (Pa) represents yield stress,
K (Pa - s") is the consistency index, ¥ (s7!) stands for the shear rate, 4. (s!) represents
the critical shear rate and n (-) represents flow behavior index.

For 4 < 4. the apparent viscosity can be calculated according to (Equation 3.14).[47]

ol .
na:Tg-M+K-{(2—n)+(n—l)-l (3.14)
Ye Ye
Where: 7, (Pa - s) stands for apparent viscosity, 79 (Pa) represents yield stress,
K (Pa - s") is the consistency index, 4 (s7!) stands for the shear rate, . (s!) represents
the critical shear rate and n (-) represents flow behavior index.

The Herschel-Bulkley model is characterized by three fitting constants. Conventional
approach is to estimate a value of yield stress 7y (Pa) and then to solve the resultant
linear problem to find the other parameters [50].

The paper by Mullineux et al. [50] introduces an alternative method that simplifies the
conventional approach. The new approach involves deriving a function F(n) (Equation
3.15) in which the flow behavior index n serves as the root [50]. This method facilitates
the determination of the flow behavior index, and once obtained, the other two constants
can be straightforwardly determined.

_ 1 mo yoat o Y at - [in(r) - ( )]
F(n) = Xy Stat Statm S a?m - [in(x) — (X)] (3.15)
2y Aty 2at-y - [In(x) — In(X)]
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Where: m (-) is the number of data points, X (-) and Y (-) are constants used to scale
data values x; and y;, n is the flow behavior index.

This approach was used to determine the value of flow behavior index on the experi-
mental data. The behavior of the determinant of the function F'(n) for the experimental
data for both temperatures can be seen in figure (Figure 3.11).

Figure 3.11. Determinant of the function F(n) vs. flow behavior index n (-) for both
temperatures.

It can be shown that the function F(n) is zero, when flow behavior index is zero and

infinite, while it initially becomes positive and with high values of flow behavior index
the function is negative. Thus the root has to exist. The proof is presented in paper
by Mullineux et al. [50]. The root of a function F(n) can be found as intersection with
x-axis as shown in figure (Figure 3.11).
Fitting the Herschel-Bulkley model is now reduced to finding two constants and the prob-
lem becomes linear. The Python script for determining all Herschel-Bulkley constants is
included in the appendixes, labeled as "Herschel-Bulkley-fit” (Appendix B). This script
utilizes a function that employs a Levenberg-Marquardt algorithm to determine the con-
stants of a Herschel-Bulkley material model, as detailed in the SciPy library documenta-
tion.[49]

The found Herschel-Bulkley model constants are listed in the table (Table 3.2) for
both temperatures.
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Table 3.2: Constants of Herschel-Bulkley model for both temperatures 20 °C and 40 °C.

Temperature 20 °C Temperature 40 °C

Yield stress 7y (Pa) 279.16 228.87
Flow behavior index n (-) 0.424 0.436
Consistency index K (Pa - s") 322.69 130.05
Critical shear stress 7 (Pa) 2652.09 814.34
Critical shear rate % (s™!) 98.48 50.55
Coefficient of determination (-) 0.99962 0.99962

The high coefficient of determination (above 0.999) for both datasets indicates an
excellent fit. Flow behavior index is almost same for both temperatures as it should be.
Visual representation of Herschel-Bulkley fit is shown in figure (Figure 3.12).

Figure 3.12. Visual representation of Herschel-Bulkley fit for both temperatures. Flow
curve on the left and viscosity curve on the right.

3.4.3 Carreau model

Carreau material model is one of more complex models that allows for the representation
of various flow behaviors, including the transition from Newtonian to non-Newtonian
behavior at different shear rates. Mathematically, the Carreau model can be described as
(Equation 3.16).[45]

n—1

0(3) = 1o + (0 = 100) [L+ (A 4)7] 2 (3.16)

Where: 7(¥) (Pa - s) represents viscosity dependent on the shear rate, 7, (Pa - s) is
the viscosity at the infinite shear rate, 7y (Pa - s) describes the viscosity at zero shear
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rate, A (s) is the time constant, n (-) represents the flow behavior index and 4 (s7!) is
the shear rate.

The Carreau model has four constants to find. To make the fit process simpler, the
viscosity in infinite shear rate 7., is assumed to be zero. This assumption can be done,
because the shear stress - shear rate data are not provided by the manufacturer in the
range necessary to find this value. The viscosity at the zero shear rate 7y is assumed
to be smaller than 100 Pa - s. Because the grease is probably the Bingham fluid the
viscosity at zero shear rate should be extremely high value. To make the fit process
stable, the maximum value is set to finite value. Mathematically expressed as (Equation
3.17) (Equation 3.18).

N =0 Pa-s (3.17)

no <100 Pa-s (3.18)

The Python script for determining Carreau constants with given assumptions (Equa-
tion 3.17) (Equation 3.18) is included in the appendixes, labeled as ”"Carreau-fit” (Ap-
pendix C). This script utilizes a function that employs a Levenberg-Marquardt algorithm
to determine the constants of a Carreau material model, as detailed in the SciPy library
documentation [49].

The found constants of Carreau model are listed in table (Table 3.3) for both temper-
atures.

Table 3.3: Constants of Carreau model for both temperatures 20 °C and 40 °C.

Temperature 20 °C Temperature 40 °C

Time constant A (s) 0.33297 1.3908
Flow behavior index n (-) 0.368 0.385
Zero shear rate viscosity 1y (Pa - s) 100 100
Infinite shear rate viscosity 7. (Pa - $) 0 0
Coefficient of determination (-) 0.99639 0.99583

High coefficient of determination (above 0.99) indicates a very good fit for both temper-
atures for Carreau model. The infinite shear viscosity is equal zero for both temperatures,
which corresponds with the established assumption (Equation 3.17). The zero shear rate
viscosity is equal 79 = 100 Pa - s which satisfies the assumption (Equation 3.18). The
maximum possible value for viscosity at zero shear rate has been reached, which indicates
that the viscosity could be higher. But considering that this value is only important in
very small values of shear rate, this fact can be neglected. [51]

Visual representation of Carreau fit is shown in figure (Figure 3.13).
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Figure 3.13. Visual representation of Carreau fit for both temperatures. Flow curve on
the left and viscosity curve on the right.

The Carreau model defines viscosity over the entire shear rate range. Thus, the
viscosity is often shown in the logarithmic scale. This curve is shown in figure (Figure
3.14).

Figure 3.14. Visual representation of Carreau fit in logarithmic scale for both temper-
atures.

The figure reveals that the Carreau fluid exhibits Newtonian behavior at shear rates
approximately 0 < 4 < 0.5s7! and 4 > 10*s~! for both temperatures. Within this range,
the Carreau fluid behaves as a Power-Law fluid.

68



Be. Lukas Béhoun Grease flow in the ball joint
Master thesis of the steering arm of a car

3.4.4 Cross model

Cross model, similarly to Carreau model, describes both Newtonian and pseudoplastic be-
havior of fluids. Mathematically, the Cross model can be described as (Equation 3.19).[52]

Na — Moo _ 1
Mo — Moo 1+ <)\ : ’7)
Where: n, (Pa-s) is the apparent viscosity, 7 (Pa-$) represents viscosity at infinite

shear rate, ny (Pa-s) describes the viscosity at zero shear rate, A (s) is the time constant
and n (-) represents the flow behavior index.

(3.19)

1—-n

Same as for Carreau model, the assumption of zero viscosity at infinity shear rate can
be employed, because of lack of provided data at very high shear rate. The assumption
is represented by the equation (Equation 3.20).

N =0 Pa-s (3.20)

Assuming the negligible infinity shear rate viscosity the Cross model equation can be
written as (Equation 3.21). This way only three constants need to be found for Cross
model, which greatly speeds up the process of finding them.

— M
L+ -
Where: 7, (Pa-s) describe the apparent viscosity, 1y (Pa - s) represents the viscosity
at zero shear rate, A (s) is the time constant and n (-) represents the flow behavior index.

Ma (3.21)

Second assumption can be made for zero shear rate viscosity. Same as for Carreau
model, the viscosity tends to go to extremely high value, which is not numerically possible.
To ensure the stability of the fitting process, the assumption (Equation 3.22) is introduced,
capping the maximum value at a finite level.

no =100 Pa-s (3.22)

The python script for determining Cross model constants with given assumptions
(Equation 3.20)(Equation 3.22) is included in the appendixes, labeled as ”"Cross-fit” (Ap-
pendix D). This script utilizes a function that employs a Levenberg-Marquardt algorithm
to determine the constants of a Cross model, as detailed in the SciPy library documenta-
tion.[49]

The found constants of Cross model are listed in the table (Table 3.4) for both tem-
peratures.
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Table 3.4: Constants of Cross model for both temperatures 20 °C and 40 °C.

Temperature 20 °C Temperature 40 °C

Time constant A (s) 0.18289 0.92507
Flow behavior index n (-) 0.301 0.351
Zero shear rate viscosity 19 (Pa - s) 100 100
Infinite shear rate viscosity 7, (Pa - s) 0 0
Coefficient of determination (-) 0.99573 0.99489

High coefficient of determination (above 0.99) indicates a very good fit for both tem-
peratures for Cross model. The infinite shear viscosity is equal zero for both temperatures,
which corresponds with the established assumption (Equation 3.20). The zero shear rate
viscosity is equal 1y = 100 Pa - s which satisfies the assumption (Equation 3.22). The
attained viscosity at zero shear rate represents the maximum achievable value, suggesting
the potential for even higher viscosity. However, given its significance only at very low
values, this observation can be disregarded.[51]

Visual representation of Cross fit is shown in figure (Figure 3.15).

Figure 3.15. Visual representation of Cross fit for both temperatures. Flow curve on
the left and viscosity curve on the right.

The Cross model defines viscosity over the entire shear rate range. Thus, the viscosity
is often shown in the logarithmic scale. This curve is shown in figure (Figure 3.16)
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Figure 3.16. Visual representation of Cross fit in logarithmic scale for both tempera-
tures.

The figure illustrates that the Cross fluid displays Newtonian characteristics at shear
rates around 0 < 4 < 0.5s7! and 4 > 10* s7* for both temperatures. Within this interval,
the fluid follows a Power-Law behavior. This aligns with the conclusion drawn from the
Carreau model.

3.5 Comparison of non-Newtonian fluid models

To determine the quality of the fit, the coefficient of determination was used. The coef-
ficient of determination, often denoted as R? (-), is a statistical measure that represents
the proportion of the variance in the dependent variable that is predictable from the
independent variable. It can be mathematically expressed as (Equation 3.23). [53]

_ The sum of the squares of the regression Z?:l(ffi ~Y)? (3.23)

R2
A

The total sum of squares Yoy

Where: n (-) is the total number of data points, Y; (-) represents the predicted value
of the dependent variable for the i-th observation based on the regression model, Y (-) is
the mean of the observed values of the dependent variable and Y; is the actual value of
the dependent variable for the i-th observation.

The coefficient of determination ranges from 0 to 1, or 0 to 100 % when presented as
a percentage. A higher value indicates better fit.

The table (Table 3.5) contains the values of coefficient of determination, presented in
percentage values, for all non-Newtonian fluid models described in section (Section 3.4).
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Table 3.5: Values of coefficient of determination for every non-Newtonian fluid model
at both temperatures, presented in percentage values.

Coeflicient of determination

Temperature 20 °C Temperature 40 °C
Power-Law model 99.952 % 99.941 %
Herschel-Bulkley model 99.962 % 99.962 %
Carreau model 99.639 % 99.583 %
Cross model 99.573 % 99.489 %

The high percentage values, ranging from 99.489 % to 99.962 %, indicate a strong cor-
relation between the predicted values from the fluid models and the actual experimental
observations. This suggests that the selected non-Newtonian fluid models (Power-Law,
Herschel-Bulkley, Carreau, and Cross models) are highly effective in representing the rhe-
ological behavior of the fluids at both temperatures. The consistency of high coefficient
of determination values across different models and temperatures reflects the robustness
and reliability of these models in capturing the complex behavior of non-Newtonian fluids
under the specified conditions.

Because all models exhibit strong correlations with experimental observations, the
determination of the most suitable model involves a further evaluation. Recognizing the
complexity of non-Newtonian fluid behavior, an experimental investigation was conducted
to refine the model selection. The experiment entailed sliding one plate against another
steady plate, to quantify the force generated by shearing the grease. This empirical
approach aims to closely simulate real-world conditions and provide insight into the fluid s
response under shear. Furthermore, the study will leverage numerical simulations in
Ansys Fluent to complement the experimental findings. The combination of experimental
data and computational modeling will offer a comprehensive understanding of the non-
Newtonian fluid “s rheological characteristics. The appropriateness of each model will be
assessed based on their ability to accurately predict the observed forces in this specific
shearing scenario, aiding in the final determination of the most suitable model for the
study.
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4 Experiment

The purpose of the experimental study is to measure the force generated between two
plates - one steady and one sliding in a single direction at a specified height, with the gap
between them filled with grease. The force arises from shearing the grease, a phenomenon
that can be explained by Couette s flow model.

4.1 Couette flow

Couette flow is a fundamental fluid dynamics concept that describes the flow of a viscous
fluid between two parallel plates with one plate moving relative to the other. In a Couette
flow setup, there are two parallel plates separated by a certain distance, and a fluid is
placed between them. One of the plates is kept stationary, while the other is set in motion
with a constant velocity. This motion induces shear forces within the fluid, leading to
a velocity gradient across the gap between the plates. The Couette flow is shown in figure
(Figure 4.1).

Figure 4.1. The Couette flow - Orange fluid between stationary and moving plate.

The Navier-Stokes equation (Equation 4.1) serves as the initial step in obtaining the
analytical solution of Couette flow.

ov; ov; 1 Op ?v;
T ) 4.1
ot o, v o (4.1)

P . ze ‘ 8xj8xj
Where: v; represents the i-th component of the velocity vector, x; is the i-th coordinate
direction, p is the pressure, p represents the fluid density, v is the kinematic viscosity and
fi represents the external forces acting on the fluid in the i-th direction.

To simplify the mathematical description, the flow is usually analyzed under steady-
state condition, meaning the flow variables do not change with time. With this assumption
the equation (Equation 4.1) simplify to (Equation 4.2).
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ov; 1 Op d%v;

’Uj— —_ —— . + v -
0x; p Ox; 0 ;0x;
Considering small velocity of the upper plate, and thus the Reynolds number as small,
the flow can be assumed as laminar. As a result, the viscous term significantly dominates
the convective term, so that the convective term is negligible. Thus, the equation (Equa-

tion 4.2) results in the form (Equation 4.3).

+a; (4.2)

1 0 9%
0=—- p—i—u -

Considering small gap between the plates, and thus small volume of the grease between
them, the gravitational forces can be neglected. The equation then takes form (Equation
4.4).

1 Op 0v;
0= ——. -
p Ox; Ox;0x;

(4.4)

The equation can be further modified by multiplying with the fluid density (Equation
4.5).

op 0%v;
_ . i 4,

Where: p (Pa - s) is the dynamic viscosity

The pressure can be assumed as constant, thus the equation takes form of (Equation
4.6).

82Ui
O=p —— 4.6
H 827]' : 81’j ( )
Then assuming unidirectional flow the equation can be simplified to (Equation 4.7).
821)1
0= 4.7
a 8:1:2 . 81'2 ( )

The velocity profile v;(z2) can be calculated by integrating the equation (Equation
4.7) twice with respect to coordinate xo. The first integration can be mathematically
expressed as (Equation 4.8).

/ Py, / 0-day=A (4.8)
. 81'2 . 6332 2 2
Where: A is the constant.

While the second integration can be expressed as (Equation 4.9).

Where: B is the integration constant.
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To find the value of the constants A and B, the boundary conditions can be applied.
Where the only boundary condition needed is the no slip condition at both plates. Math-
ematically expressed as (Equation 4.10) and (Equation 4.11).

v(0) =0 (4.10)

v(h)=U (4.11)

Substituting these conditions into the equation (Equation 4.9), the value of the con-
stants comes out as (Equation 4.12) and (Equation 4.13).

B=0 (4.12)
U
A= - (4.13)

The shear stress at any point in the flow follows the Newtonian viscosity law, mathe-
matically expressed as (Equation 4.14).

81}1- a’Uj
. 4.14
For the unidirectional flow the equation becomes (Equation 4.15).
0 U
T:N'a—ZZM‘A:M'E:COWSt- (4.15)

Therefore, in this simplified flow scenario, the shear stress remains constant at any
given point throughout the fluid. Additionally, even for non-Newtonian fluids, a linear
velocity profile would be maintained.

To calculate the frictional force acting upon the moving plate, the equation (Equa-
tion 4.15) has to be integrated over the entire surface area of the plate. That can be
mathematically expressed as (Equation 4.16).

W pL U U
Ffrictianal:/T'dA:/ /deldx3:,u_LW:,u_S (416)
A o Jo h h

Where: Ffrictionat (IN) represents the frictional force acting upon the moving plate,
7 (Pa) is the shear stress in the fluid, S (m?) is the area of the moving plate, W (m) is
the width of the moving plate, L (m) represents the length of the plate, u (m?-s7!) is the
dynamic viscosity of the fluid between the plates, U (m - s~1) is the speed of the moving
plate in the z; direction and h (m) is the gap between the parallel plates.

For non-Newtonian fluids, the viscosity is shear rate dependent and therefore the
viscosity has to be replaced by apparent viscosity, The equation then takes the shape
(Equation 4.17)
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Ffrictional = M(’Y) ’ ) (417)

=

Where: Flrictionat (V) represents the frictional force acting upon the moving plate,
S (m?) is the area of the moving plate, u (m? - s7!) is the dynamic viscosity of the fluid
between the plates that is function of shear rate ¥ (s71), U (m - s7!) is the speed of the
moving plate in the z; direction and h (m) is the gap between the parallel plates.

This equation (Equation 4.16), despite the assumptions made during its derivation,
offers valuable insights into how the frictional force varies with changes in dynamic viscos-
ity, relative velocity, gap height, and moving plate area. These insights were instrumental
in preparing for the experiment.

The experiment involved three different gap sizes. The relative speed of the moving
plate was also varied across three levels. Additionally, the moving plate used in the
experiment had three different areas. Due to these variations, the experiment can capture
the behavior more precisely and the correct material model can be selected.

4.2 Experimental setup

The experimental setup involved tribometer Bruker UMT Tribolab equipped with 2-axis
force sensors, 3 types of upper steel plate, reciprocal module with one sliding steel plate
and the grease itself. To evaluate the influence of surface roughness the optic profilometer
Contour GT-X Bruker was used.

4.2.1 UMT Bruker TriboLab

The tribometer UMT Bruker TriboLab (Figure 4.2) serves as a versatile tool for measuring
and characterizing various tribological processes, including wear, the impact of lubricants
on friction surfaces, micro-hardness, and adhesion. It offers the capability to simulate di-
verse tribological conditions such as high temperatures and loads. [54][55] The tribometer
is located in the tribological laboratory at the Institute of Machine and Industrial Design
at Brno University of Technology.

The movement of the sample was accomplished using reciprocal module shown in figure
(Figure 4.3) which ensures linear oscillatory motion. The position of the reciprocal module
is tracked using a linear variable differential transformer (LVDT) sensor with a resolution
of 1 um. [56]
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Figure 4.2. Tribometer UMT Bruker Tri- Figure 4.3. Reciprocal drive [54]
boLab [54]

The upper changeable module (Figure 4.4) is equipped with DFM-5-G 2-axis force
sensor featuring a range spanning from 0.5 N to 50 N and a resolution of 2.5 mN. [56]
The noise level is maintained at 0.02 % of the full scale value. [56]

Figure 4.4. Upper changeable module of UMT Bruker TriboLab. (adapted from: [57])
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4.2.2 Upper plates

Three upper plates were designed. To maximize the measured force, the largest plate was
designed to the largest possible dimensions. The other two plates were designed to be
half and quarter the area of the largest plate. The production drawings for all the plates
are listed in the appendixes: large plate (Appendix E), medium plate (Appendix F) and
small plate (Appendix G).

Visually the plates are shown in figure (Figure 4.5).

Figure 4.5. Upper plates: on the left the small plate (dimensions 10 mm x 10 mm), in
the middle the medium plate (dimensions 20 mm x 10 mm) and on the right the large
plate (dimensions 20 mm x 20 mm).

To ensure the best possible parallelism of the top and bottom plates, a geometric
tolerance of axial runout was prescribed for the underside of the top plates. Given the
method of manufacture - turning and milling, this option is the most suitable. Further-
more, a surface roughness of Ra 0.4 was prescribed on the bottom surface that will be in
contact with the grease to ensure the closest possible similarity to the future simulations,
that assume absolutely smooth surface.

4.2.3 Bruker Contour GT-X8

The Bruker Contour GT-X8 optic profilometer (Figure 4.6) is designed for non-contact
surface topology measurement, operating on the principle of scanning interferometry.[58]
It offers versatile applications, including determining the 3D topography of machine part
surfaces, delivering high vertical resolution across a broad field of view, and facilitating au-
tomated measurements for metrology and quality control purposes. [55] The profilometer
is located in the tribological laboratory at the Institute of Machine and Industrial Design
at Brno University of Technology.
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Figure 4.6. Optic profilometer Bruker Contour GT-X8. [58]

4.3 Measurement procedure

Clamping the tools. The upper plate is secured within the upper exchangeable module
of the tribometer using a cylindrical pin, highlighted in red in figure (Figure 4.7).
The bottom movable plate is clamped into the reciprocal module using two screws
positioned diagonally opposite each other in the module’s corners, as illustrated in
figure (Figure 4.7).During the clamping process, it s crucial to ensure that the side
edge of the upper plate remains parallel to the direction of movement.

Figure 4.7. Clamping of the upper plate (red), bottom plate (1) and screws (2).

Zero setting. It is necessary to set the zero point of the vertical axis, i.e. the point
where the upper and lower plates are in contact.

Application of grease. The grease is applied approximately in the middle of the bottom
plate.
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Heating. The grease is heated using heating cartridges, with temperature monitored
by a heat sensor. These cartridges are inserted into designated holes in the module
beneath the bottom plate. Heat is then transferred through the module and bottom
plate to reach the grease. The whole setup is shown in figure (Figure 4.8).

Figure 4.8. Heating of the grease using heating cartridges (1) and a heat sensor (2).

Grease smearing. The grease should be spread to ensure a continuous layer over the
entire moving plate area. This is achieved by positioning the upper plate 0.5 mm
above the bottom plate and then moving the bottom plate with an amplitude of
15 mm (5 mm beyond the measurement) at a frequency of 1 Hz. This action effec-
tively smears the grease. Once the measurement is taken at a specific gap, such as
0.2 mm, the smearing process is repeated at that gap as well to ensure consistent
application.

Measurement. To initiate measurement, the upper plate is positioned at the speci-
fied height and the grease is uniformly smeared. Subsequently, the frequency of
the reciprocal drive is adjusted to the desired value, and the measurement pro-
cess is commenced. Throughout the measurement, the forces in both vertical and
directional movements are monitored and recorded along with the corresponding
positions obtained from the LVDT sensor.
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4.4 Measurement uncertainty
The uncertainty of measurement can be introduced by several factors.

Sensor resolution. This refers to the smallest change in the input quantity that can
be detected by the sensor. It represents the smallest division or increment of the

sensor ‘s output scale. The manufacturer states that the resolution of sensor is set
at 2.5 mN. [56]

Uresolution = 0.0025 N (418)

Sensor non-linearity and hysteresis. Non-linearity refers to the maximum deviation
of a measured value from a specified straight line that connects the maximum value
and minimum value possible to measure. Hysteresis arises when the sensor “s output
not only depends on the current input but also on its previous input history. This
phenomenon is particularly pronounced in cyclically applied forces or strains, as is
the case in this experiment, and can contribute to non-linear behavior. The exact
value was measured directly on used sensor DFM-5-G. It is important to note that
this value is valid within the sensor range and values below this range may vary.

Uhysteresis — 0.0149 N (419)

Sensor noise. Noise refers to a random variations or fluctuations in the sensor output
that are not related to the measured quantity. This can be due to electronic in-
terference, thermal fluctuations, or other environmental factors. The manufacturer
states that the value of sensor noise is 0.02 % of full scale values. [56] In addition
to the causes already mentioned, vibrations from the surroundings can be added.
To get more precise values, the measurement was done. This included ”idle” mea-
surements, i.e. measurements when no part of the machine was moving (Figure
4.9). From the chart it can be seen that the average value of noise during the
measurement is approximately 0.007 N.

Unoise = 0.007 N (4.20)
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Figure 4.9. Noise of sensor output caused by surroundings vibrations and sensor noise
itself.

Sensor accuracy. Considering the sensor range specified by the manufacturer is 0.5 N
to 50 N and the values of measured force are in the range of 0.1 N to 1.5 N the
sensor accuracy may vary from values specified by manufacturer. Therefore the
measurement was done to evaluate the sensor accuracy.

The principle of the first measurement is to monitor the force generated by placing
a body of precise weight on the sensor. This was achieved by placing screws one by
one on the sensor as it is shown in figure (Figure 4.10).

Figure 4.10. Screws placed on the sensor, which is positioned on its side.

Considering the precise weight of the screws is known, the gravitational force can
be calculated using formula (Equation 4.21).
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Fo=m-g (4.21)

Where: F, (N) is the gravitational force, m (kg) represents the weight of the screw
and the g (m - s72) is the gravitational acceleration.

The calculated force was then compared with the measured force, and the slope of
the linear regression between these two data sets was determined (Figure 4.11).

Figure 4.11. Calculated gravitational force generated by screws vs. measured force
generated by screws.

The found slope is kserews = 1.0035, which means that the sensor is behaving almost
perfectly linearly. Unfortunately, the weight of the sensor itself generate consider-
able force - to be precise 1.1915 N. This force shifts the measurement area into
the sensor range and therefore this method of measurement is not suitable for the
purpose of determining the accuracy of the sensor in areas of near-zero values.

Therefore, a second method is proposed, which allows the sensor to be positioned
upside down. This method measures the magnitude of force exerted on the sensor
by objects leaning against it. The objects were selected to have a constant cross-
section and sufficient length to rest on the corner of the sensor. Additionally, the
mass of these objects was accurately measured. The measurement setup is shown
in figure (Figure 4.12).
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Figure 4.12. The second method of force measurement near zero-values, photo of mea-
surement on the left and free-body diagram on the right.

The gravitational force Fj acts on the object at its center of gravity, while the force
F, is exerted by the sensor perpendicular to the object. The floor exerts a normal
force Fy on the object. The frictional force between the floor and the object is
denoted as F. The friction between the sensor and the object is neglected.

Given that the forces acting on the rod maintain its equilibrium, the resultant force
on the object and the resultant moment of force has to be zero. That can be
mathematically expressed as (Equation 4.22) (Equation 4.23).

Fi+ Fy+ Fg+Fy=0 (4.22)
My + M, + Mg+ My =0 (4.23)

By solving these equations, the force of interest can be calculated, according to
equation (Equation 4.24).

Foo— Fp—m-g- % sin(2 ozi cos(a)
Where: Fy4, (N) represents the force acting on the sensor from the leaning object, m
(kg) is the weight of the object, g (m - s72) is the gravitational acceleration, L (m)
represents the length of the object, H (m) is the height of the point where the object
and the sensor are in the contact and « (°) represents the angle between the sensor
and the object

(4.24)

The calculated force was then compared with measured force and the slope of linear
regression between these sets of data was determined (Figure 4.13).
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Figure 4.13. Calculated force acting on the sensor from leaning object vs. measured
force generated by leaning object.

The value of found slope is krcaningobjects = 0.8581. The value less than 1 suggest
that the sensor response is slightly lower than expected for a given input force.
While the sensitivity is slightly lower than ideal, it’s still relatively close to 1,
indicating that the sensor is responsive to changes in force, and therefore can be
used for measurement.

The next step is calculating the standard deviation of residuals of the measurement
according to formula (Equation 4.25).

o= \/ 21l =2 o919 (4.25)
n

Where: o (N) denotes the standard deviation, z; (N) represents the each individual
measurement, Z (N) is the mean of all measurements and n (-) is the total number
of measurements.

The value of standard deviation can be assumed as the uncertainty of the mea-

surement in the area of near-zero values. Mathematically expressed as (Equation
4.26).

Ugccuracy = 0.00912 N (4.26)

To evaluate measurement the method called root sum square (RSS) will be used. This
method is applicable when the sources of uncertainty are independent or can be treated
as independent. [59]

In the case of experiment, the uncertainties can be assumed as independent. The mea-
sured value, in this case force on plate, is directly used for further evaluation, and is not
used to calculate further entities.

The RSS method is based on the principle that when combining uncertainties from differ-
ent sources, the combined uncertainty is the square root of the sum of squares of individual
uncertainties. That can be mathematically expressed as (Equation 4.27).
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U:\/u%—l—u%%—...—ku%: (4.27)

Where: U (-) is the combined uncertainty, u; (-) is individual uncertainty and n (-) is the
total number of uncertainties.

By substituting the observed values the equation (Equation 4.28) is obtained.

Uforce =

— ]2 2 2 2 _ (4.28)
- \/uresolution + uhysteresis + Unoise + uaccuracy -

= v/0.00252 + 0.01492 + 0.0072 + 0.009122 =
= 0.01899 N

The magnitude of measurement uncertainty is not significantly high compared to the
measured values. However, it can be concluded that when the measured value is near
zero, the results may vary considerably. For a measured force of 0.1 N, the uncertainty
is almost 20 %, which is relatively high. Therefore, primarily measurements with force
magnitudes higher than 0.5 N will be evaluated.

4.5 Results

The table (Table 4.1) presents a comprehensive list of all experiments conducted. These
experiments encompassed three distinct gap sizes, three levels of relative speed for the
moving plate, and utilized moving plates with three different areas, as explained in section
(Section 4.1). Additionally, the upper plate, measuring 20 mm x 10 mm, can be moved
in two orientations: with the smaller edge (10 mm) perpendicular to the direction of
movement or with the larger edge (20 mm) perpendicular to the direction of movement.
In the table, the "Plate dimension” column includes entries such as 720 x 10 both,”
indicating that the test was conducted for both setups.

All of the results are shown in the appendix (Appendix H). All of the results are
normalized on y-axis to ensure the confidentiality of the given force magnitude. Normal-
ization of the results is achieved by dividing all measurements by the same value - the
maximum measured force value.

For good clarity of the visualised data, only some results will be shown in this section.
For same reason only measured data will be shown without the measurement uncertainty
involved.

The results (Figure 4.14) show the influence of frequency of the movement, thus the
influence of speed of the moving plate. The results in figure (Figure 4.14) are shown only
for tests done with upper plate with dimensions 20 mm x 20 mm at 0.1 mm gap thickness
for good clarity.
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Table 4.1: List of experiments done at UMT Bruker TriboLab.

Frequency Gap thickness Plate dimensions Temperature
Hz mm mm °C
0.25 0.05 20 x 20, 20 x 10 both, 10 x 10 20, 40
0.5 0.05 20 x 20, 20 x 10 both, 10 x 10 20, 40
0.5 0.1 20 x 20, 20 x 10 both, 10 x 10 20, 40

1 0.05 20 x 20, 20 x 10 both, 10 x 10 20, 40
1 0.1 20 x 20, 20 x 10 both, 10 x 10 20, 40
1 0.2 20 x 20, 20 x 10 both, 10 x 10 20, 40
2 0.1 20 x 20, 20 x 10 both, 10 x 10 20, 40
2 0.2 20 x 20, 20 x 10 both, 10 x 10 20, 40
4 0.2 20 x 20, 20 x 10 both, 10 x 10 20, 40

Figure 4.14. Results of the measurement at temperature 20 °C, with upper plate with
dimensions 20 mm x 20 mm at 0.1 mm gap thickness for 3 different frequencies. The
results are normalized on y-axis.

It can be concluded that with a higher frequency of the moving plate, the amplitude
of the measured force increases. This conclusion holds true across almost all measure-
ments conducted. Additionally, it “s observed that the force neither rises nor declines over
time for each test, indicating that the force measured on the upper plate remains stable
throughout.

In figure (Figure 4.15) the influence of the temperature of the grease is visualised.
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Figure 4.15. Comparison of the same measurement (with upper plate with dimensions
20 mm x 20 mm at 0.1 mm gap thickness at movement frequency 0.5 Hz) at 2 different
temperatures: 20 °C and 40 °C. The results are normalized on y-axis.

It is evident that the force amplitude decreases with higher temperatures, aligning
with expectations. Specifically, the dynamic viscosity at 40°C is lower than that at 20°C,
while the remaining measurement quantities remain constant. Consequently, the force is
expected to decrease accordingly across all measurements.

The experiments were done with three different types of upper plates, while the middle
plate can be moved in two directions as already explained above (Section 4.5). The
influence of the type of plate is shown in figure (Figure 4.16).
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Figure 4.16. Influence of the upper plate dimensions on the force magnitude. The
results are shown for test at gap thickness 0.1 mm, frequency 0.5 Hz and temperature
20 °C. The results are normalized on y-axis.

It can be concluded that with smaller are of the upper plate, the force magnitude
is decreasing as expected. The magnitude of force on the plate with dimensions 20 mm
x 10 mm (short - where the short edge is perpendicular to the direction of moving) is
smaller than than the force on the plate 20 mm x 10 mm (long). That can indicate that
the grease shearing is not the only source of the force generated on the moving plate. That
is confirmed by the results with the smallest plate, even tho the area is half the size of the
medium plate, the force on the plate in not half of the force magnitude, but is just slightly
smaller. A likely other source of force is the rolling of grease in front of the upper plate.
Another reason could be the measurement uncertainty, which can influence the results up
to 20 % for the smallest plate and the middle plate with short side perpendicular to the
movement direction.

The measurement of the force acting upon upper plate can be influenced by the surface
roughness of both upper and bottom plate. This was tested in the experimental research
by changing the surface roughness of the upper plate. The figure (Figure 4.17) shows
the three structures of the surface used for measurement. The surface roughness of the
bottom plate is constant at Ra 0.4.

89



Be. Lukas Béhoun Grease flow in the ball joint
Master thesis of the steering arm of a car

Ra 0.1 Ra 0.4

Height (pm)

02 04 06 08
mm

02 04 06 08 10 12 °
mm

Figure 4.17. Three different surface roughness of the upper plate measured on the optic
profilometer Bruker Contour GT-X8.

The results of the measurement are shown in figure (Figure 4.18).

Figure 4.18. Results of test done at temperature 20 °C at frequency 0.5 Hz with upper
plate with dimensions 20 mm x 20 mm with 3 different surface roughness. The results
are normalized on y-axis.

It can be concluded, that there is slight influence of surface roughness. With smoother
upper plate, the force magnitude declines. The difference between the reference plate
(Ra 0.4) and smooth plate (Ra 0.1) is approximately 12 %. This fact negatively affects
the results and should be can further influence the force magnitude when compared to
the simulation results.
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5 CFD simulations

The initial simulations aim to identify the optimal material model among those outlined in
chapter (Chapter 3). Subsequently, simulations based on the experimental investigation
outlined in chapter (Chapter 4) are conducted initially in 2-D, followed by a single calcu-
lation in 3-D. These simulations outcomes serve as a basis for further modeling the flow
of grease within an actual ball joint, utilizing the geometry obtained in chapter (Chapter
2).

5.1 2-D simulation

As mentioned, these simulations aim to find the optimal material model. Thus, the
geometry corresponds to the experimental setup - bottom plate, upper plate and grease
between them. The geometry is shown in figure (Figure 5.1).

Figure 5.1. Geometry of the 2-D simulation.

5.1.1 Viscous model

To determine whether the flow is laminar, the Reynolds number can be used. Because the
simulations can be simplified to two plates sliding against each other, the best approach
is to use formula for plane Couette flow. The paper [60] states that the Reynolds number
for plane Couette flow can be calculated according to the conventional formula (Equation

5.1).
p-U-h
]

Where: Re (-) is the Reynolds number, p (kg-m™2) represents the fluid density, U (m-s™1)
is the speed of the moving plate, p (Pa - s) is the dynamic viscosity of the fluid and the
h (m) is the gap between the plates.

Re =

(5.1)

Calculating the Reynolds number for non-Newtonian fluids is more intricate compared
to Newtonian fluids due to the viscosity “s dependence on factors like the velocity of the
upper plate and the gap thickness. In the case of pseudoplastic fluids, as the viscosity
decreases with higher shear rates, the Reynolds number increases with rising velocity for
constant gap thickness. Assuming constant density and velocity, the Reynolds number
becomes solely a function of the gap thickness. This relationship is depicted in figure
(Figure 5.2).
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Figure 5.2. Dependency of Reynolds number on the gap thickness for constant density
and velocity (velocity corresponds to a frequency 4 Hz of moving plate).

The experimental study was carried out earlier by J. Leutheusser and H. Chu [61].
The results showed that the critical Reynolds number for Couette flow lies within values
280 to 750. Further experimental studies using flow visualization done by Daviuad et
al [62] and Tillmark and Alfredsson [63] are in the agreement that the critical Reynolds
number lies within 370 £ 10. This number was confirmed even by numerical study carried
out by Lundbladh and Johansson [64].

It can be easily concluded that because the Reynolds number calculated is much
smaller than critical Reynolds number, and thus the flow, and viscous model, can be
assumed as laminar.

5.1.2 Multiphase model

To simulate the multi phase behavior, the Volume of fluid (VOF') with explicit formulation
was selected. This model and formulation is particularly useful for problems involving
free surface flow, which is the case of this calculation. The phases are defined as follows:
grease is the primary phase, and air is the secondary phase. The interaction between
them is modelled using constant surface tension coefficient. Considering the exact value
of surface tension for the grease used in this simulation is not known, the value of base
oil only will be used. The paper by R. Mozes et al. [65] states that the surface tension
coefficient is approximately o = 0.031 N -m~! and contact angle for base oil of lubricants
is approximately # = 30 °. The surface tension and even the contact angle are highly
affected by additives added to the base oil, so the values are only indicative. [66]

To capture the effects of grease near the moving wall, the surface tension force mod-
elling is enabled with continuum surface force and wall adhesion setting.
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5.1.3 Boundary conditions

The boundary conditions are shown in figure (Figure 5.4). The whole domain is divided
into four fluid domains. The Fluid (middle) domain is moving from left to right using
User Defined Function shown in figure (Figure 5.3). The values of the constants A and
B are found by fitting the velocity magnitude record of the reciprocal module from the
measurement for each simulation.

-

1| #include "udf.h"

2l #include "dynamesh_tools.h"
3| #define DEBUG O

4

5 DEFINE_CG_MOTION (moving_wall,dt,vel,omega,time,dtime)
o {

7 real A = 1;

8 real B = 1;

9 NV_S (vel, =, 0.0);

10 vel[0] = A*cos(Bxtime);
11 }

Figure 5.3. User Defined Function for 2-D simulation.

The fluid domains at the sides - Fluid (left) and Fluid (right), are re-meshing using
Dynamic mesh with method Layering. The pressure outlets - shown as blue in the figure
(Figure 5.4) are set to Gauge pressure = (0 Pa. The walls are set to stationary, with no-slip
conditions and contact angle set to § = 30 ° as explained in the subsection (Subsection
5.1.2).

Among the reference values, depth and area are particularly important. The depth is
set according to the dimensions of the upper plate - for 20 mm x 20 mm the depth is set
to 20 mm, and likewise for the rest. Similarly, the area is derived from the upper plate’s
dimensions - for 20 mm x 20 mm the area is established as 400 mm?

Figure 5.4. Boundary conditions of the 2-D geometry (the figure is not to scale for
better clarity).
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5.1.4 Mesh

The software Ansys Meshing was used to mesh the geometry. In the domains Fluid (left),
Fluid (right) and Fluid (bottom) is structured quadrilateral mesh. In the Fluid (middle)
domain it is not possible to create decomposition that would allow a quadrilateral mesh
over the entire area, due to incompatibility with Dynamic mesh methods. The mesh is
shown in figure (Figure 5.5).

Figure 5.5. The whole mesh of the 2-D geometry and 2 details of important places -
The area near wall, and the plate where the re-meshing is happening.

The mesh comprises 61 656 cells and 65739 nodes. The quality of the mesh is depicted
in the table (Table 5.1).

Table 5.1: Mesh quality of the 2-D geometry.

Metrics Minimum Average Maximum

Element quality 0.16146 0.9267 0.99947
Aspect ratio 1 1.53 11.263
Skewness 1.3057e-10 1.8593e-2 0.76802

To ensure the movement of domain, the dynamic mesh method Layering is selected.
This method split or merge quadrilateral cells (in case of 2-D calculation) with the adjacent
cell layer. The Split factor and Collapse factor are used to select if the cell will be merged
or split. For purpose of this calculation the method is set as height based. In this
approach, each cell is divided into two layers: one with a fixed height denoted as higeal,
and the other with the remaining height represented as h — higea- [67] The Split factor
set as ay; = 0.4 and Collapse factor is set as a. = 0.2.
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5.1.5 Solution setting

All the settings of the solution methods are listed in the table (Table 5.2). Additionally,
the solver is set to Double Precision.

Table 5.2: Solution methods used for calculation of 2-D geometry.

Setting
Scheme SIMPLE
Gradient Least square cell based
Pressure PRESTO!
Momentum QUICK
Volume fraction Modified HRIC

Transient formulation First order implicit

The time step size was determined based on the requirement of the dynamic mesh,
which stipulates that the moving domain cannot traverse more than one mesh element
within a single time step. This condition can be expressed mathematically as (Equation
5.2).

T
At = — 2
- 52)

Where: At (s) is the time step size, x represents the smallest size of the mesh element on
the dynamic mesh border and the u (m-s~2) is the maximum speed of the moving domain.

The speed of the moving plate is given by equation (Equation 5.3), where the constants
A (m-s7') and B (rad-s™!) are found by fitting the measured data and are listed in the
table (Table 5.3). It is obvious, that maximal velocity is given by the amplitude, i.e. the
velocity that is added to the formula (Equation 5.2) is the value of the amplitude. The
smallest size of the mesh element on the dynamic mesh border is set at x = 0.00002 m.
The time step sizes for each condition are presented in the table (Table 5.3).

u=A-cos(B-t) (5.3)

Where: u (m - s~') represents the speed of the upper plate, A (m - s™!) is the amplitude
of the velocity, B (s7!) is the angular frequency and the t (s) denotes the time.
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Table 5.3: Solution methods used for calculation of 2-D geometry.

A B Maximal time step size Time step size used
(m-s7') (rad-s™') () (s)
0.0041 0.7912 0.005 0.001
0.0082 1.5751 0.00244 0.001
0.0155 3.1425 0.0012903 0.001
0.0302 6.3012 0.000667 0.0006
0.0620 12.6284 0.000323 0.0003
0.1210 25.2458 0.000167 0.00015

5.2 2-D simulation results

The results from each simulation are compared with experimental measurement or another
simulation. Considering the time dependence of the force is oscillatory, the evaluation is
performed using two methods - Root mean squared error (RMSE) and Mean percentage

difference (MPD).

Root mean square error method provides a measure of the standard deviation of the
residuals, i.e., the spread of errors. The RMSE method results in the same units as the
dependent value, meaning it is easier to interpret. Mathematically, the RMSE method for
comparing the magnitude of force between experiment and simulation can be expressed
as (Equation 5.4).

n

1

" ;(y 9i) (5.4)
Where: n (-) is the number of data points, y; (N) is the measured experimental data and
the g; (N) represents the data obtained from the simulation.

Mean percentage difference measures the average relative difference between the actual
and predicted values as a percentage of the actual values. This methods is particularly
useful when dealing with datasets with varying scales. Mathematically, the MPD method
for comparing the magnitude of force between experiment and simulation can be expressed
as (Equation 5.5).

Yi — Ui
Yi

1 n
MPD ==>" - 100 (5.5)

n <
=1

Where: n (-) is the number of data points, y; (N) is the measured experimental data and
the g; (N) represents the data obtained from the simulation.
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5.2.1 Mesh independence study

The mesh independence study in CFD calculations is conducted to determine the appro-
priate mesh size required to obtain accurate results without unnecessarily high computa-
tional time. [6§]

The mesh independence study typically involves:

Step 1. - Initial mesh. Conduct calculations using the initial mesh to establish a base-
line for the simulation results.

Step 2. - Mesh refinement. Globally refine the mesh by halving the cell size through-
out the entire domain. This step aims to increase the mesh resolution to better
capture fine-scale features and gradients within the domain.

Step 3. - Simulation rerun. Re-run the simulation using the refined mesh to obtain
a new set of results. Ensure that the simulation settings and boundary conditions
remain consistent with those used in the initial simulation to facilitate a direct
comparison between the results obtained from different mesh resolutions.

Step 4. - Comparison of Results. Analyze and compare the results obtained from
different mesh resolutions to assess the impact of mesh refinement on solution ac-
curacy and convergence behavior.

Step 5. - Optimal mesh determination. Based on the comparison of results, iden-
tify the optimal mesh resolution that balances computational cost with solution
accuracy.

All the used meshes are shown in the table (Table 5.4). The reference mesh is mesh
with elements size le-5 m. The root mean square error (RMSE) and mean percentage
difference (MPD) are calculated for all the results.

Table 5.4: Size of each mesh used for mesh independence study.

Mesh type Cells count Node count MPD RMSE
- () () (%)  (N)
Mesh - 62k cells 61656 65739 3.4273 0.00479
Mesh - 103k cells 102967 108403 3.0757 0.00419
Reference mesh - 231k cells 231215 239346 - -
Mesh - 410k cells 409702 420564 3.5666 0.00399

Calculations were attempted using mesh sizes with cell count of 30 000 and 22 000,
but encountered a "floating point exception” error. This likely occurred due to the small
number (2 to 4) of elements present in the gap between the plates. The resolution proved
insufficient, particularly in front of the moving upper plate, where grease accumulates as
a result of rolling and as said between the plates. Therefore, it can be concluded that
a computational mesh with a cell count of 62k cells (element size 2e-5 m) is adequate
in terms of both solution accuracy and computational efficiency, because the results do
not vary across the mesh sizes. The visual representation of mesh independence study is
shown in figure (Figure 5.6).
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Figure 5.6. The results of calculation with same conditions on different mesh sizes.

5.2.2 Material model selection

The primary objective of this 2-D simulation is to identify the appropriate non-Newtonian
material model. This is accomplished by conducting simulations with identical boundary
conditions, mesh, and solver settings, but varying the material models — Power-Law,
Herschel-Bulkley, Cross, and Carreau fluid model.

In this simulation, a 20 mm x 20 mm upper plate was chosen, with a gap thickness of
0.1 mm and a movement frequency of 0.5 Hz. The results are shown in figure (Figure 5.7)
and are listed in the table (Table 5.5).

101 —— Experimental data
Power-Law model
T 0.5 —— Herschel-Bulkley model
§ o —— Carreau model
— Cross model
T 0.0
N
=
£
ZO —0.5
—1.0 1
0.0 0.5 1.0 15 2.0 2.5
Time (s)

Figure 5.7. The results of calculation with varying non-Newtonian model compared with
experimental measurement with conditions: 20 mm x 20 mm upper plate dimensions,
frequency of movement 0.5 Hz, gap thickness 0.1 mm and 20 °C temperature. The results
are normalized on the y-axis.
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From the figure (Figure 5.7), it “s evident that Power-Law and Herschel-Bulkley models
do not accurately capture the behavior of the grease in this application. This observation
is further supported by the results presented in table (Table 5.5), where the mean per-
centage difference (MPD) is approximately 95 % for both models.

The Cross and Carreau model demonstrates a better match during both loading and
unloading phases, although the force magnitude is slightly lower compared to the mea-
sured values, which can be attributed to the measurement inaccuracy.

Table 5.5: The results of simulation compared to measured data for each material model
with conditions: 20 mm x 20 mm upper plate dimensions, frequency of movement 0.5 Hz,
gap thickness 0.1 mm and 20 °C temperature.

Non-Newtonian fluid model MPD RMSE
(%) (N)

Power-Law model 106.8002  0.4583

Herschel-Bulkley model 87.2534  0.4469

Cross model 19.0748  0.07195
Carreau model 24.8536  0.0912

Considering the difference between the Carreau model and Cross model is only 5 %
(according to MPD), it is imperative to conduct further simulations to determine the
most suitable material model. Due to the considerable computational time required, the
simulations will be limited to a upper plate dimensions 20 mm x 20 mm under both
temperature conditions. The results for temperature 20 °C are listed in tables (Table
5.6), (Table 5.7) and (Table 5.8).

Table 5.6: Results of simulations for temperature 20 °C with upper plate dimensions
20 mm x 20 mm at gap thickness 0.05 mm.

Gap thickness 0.05 mm, Temperature 20 °C

Frequency Results Cross model Carreau model

0.125 Hz MPD 14.5621 % 14.5273 %
RMSE 0.0515 N 0.0467 N

0.25 Hz MPD 8.2194 % 9.5436 %
RMSE 0.0351 N 0.0319 N

0.5 Hz MPD 12.7797 % 17.4425 %

RMSE 0.0494 N 0.0705 N
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Table 5.7: Results of simulations for temperature 20 °C with upper plate dimensions
20 mm x 20 mm at gap thickness 0.1 mm.

Gap thickness 0.1 mm, Temperature 20 °C

Frequency Results Cross model Carreau model

0.25 Hz MPD 29.1692 % 27.6875 %
RMSE 0.0755 N 0.0829 N

0.5 Hz MPD 19.0748 % 24.8536 %
RMSE 0.0720 N 0.0912 N

1 Hz MPD 60.8084 % 70.6477 %
RMSE 0.1078 N 0.1411 N

Table 5.8: Results of simulations for temperature 20 °C with upper plate dimensions
20 mm x 20 mm at gap thickness 0.2 mm.

Gap thickness 0.2 mm, Temperature 20 °C

Frequency Results Cross model Carreau model

1 Hz MPD 23.8149 % 28.7920 %
RMSE 0.1215 N 0.1462 N
2 Hz MPD 24.3154 % 51.1153 %
RMSE 0.1704 N 0.2152 N
4 Hz MPD 56.8149 % 44.4645 %
RMSE 0.2987 N 0.2980 N

For better clarity the results are shown graphically in figure (Figure 5.8). It is evident
that Cross fluid model is more adequate for this kind of application. The average Mean
percentage difference for Cross model is MPD gperage.cross = 27.73 % and for Carreau
model the value is M PD syerage,Carrean = 32.12%. Even tho the difference is still just 5 %,
the difference is consistent for almost every simulation performed, and thus the selected
non-Newtonian fluid model for temperature 20 °C is Cross model for better match with
measured data.
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Figure 5.8. The graphic representation of results for Cross and Carreau material model
calculated for upper plate with dimensions 20 mm x 20 mm at temperature 20 °C.

Same simulations were done for temperature 40 °C. The upper plate dimensions are
20 mm x 20 mm for each simulation. The results for gap thickness 0.1 mm and movement
frequency 0.5 Hz are shown in figure (Figure 5.9) and the results for this exact simulation
are listed in the table (Table 5.9).

Considering only experimental data for two temperatures (20 °C and 40 °C) were
provided, the fluid models will be chosen separately for each temperature. That means
that the model for 40 °C can be different than model for 20 °C, instead of one model for
both temperatures with Arrhenius law included.

Figure 5.9. The results of calculation with varying non-Newtonian model compared with
experimental measurement with conditions: 20 mm x 20 mm upper plate dimensions,
frequency of movement 0.5 Hz, gap thickness 0.1 mm and 40 °C temperature. The results
are normalized on the y-axis.

101



Be. Lukas Béhoun Grease flow in the ball joint
Master thesis of the steering arm of a car

From the figure (Figure 5.9) it is evident that the Power-Law and Herschel-Bulkley
model are slightly better fit to measured data than Carreau and Cross fluid model. This
observation is further supported by the results presented in the table (Table 5.9), where
the Cross and Carreau models have approximately doubled values of MPD and RMSE.
For this reason, only Power-Law and Herschel-Bulkley models will be used in further
simulation to find the most appropriate fluid model for temperature 40 °C.

Table 5.9: The results of simulation compared to measured data for each material model
with conditions: 20 mm x 20 mm upper plate dimensions, frequency of movement 0.5 Hz,
gap thickness 0.1 mm and 20 °C temperature.

Non-Newtonian fluid model MPD RMSE

(%) ()
Power-Law model 34.7570  0.0903
Herschel-Bulkley model 29.3873  0.1005
Cross model 19.0748 0.07195
Carreau model 50.7499  0.0912

Same as for room temperature, the difference between Power-Law and Herschel-
Bulkley is only approximately 5 %, and thus it is imperative to conduct further simula-
tions to determine the most suitable material model for temperature 40 °C. The results
are listed in the tables (Table 5.10), (Table 5.11) and (Table 5.12).

Table 5.10: Results of simulations for temperature 40 °C with upper plate dimensions
20 mm x 20 mm at gap thickness 0.05 mm.

Gap thickness 0.05 mm, Temperature 40 °C

Frequency Results Power-Law model Herschel-Bulkley model

0.125 Hz MPD 16.6975 % 25.9002 %
RMSE 0.0464 N 0.0683 N

0.25 Hz MPD 23.5306 % 40.5212 %
RMSE 0.0791 N 0.0994 N

0.5 Hz MPD 26.9300 % 35.2290 %

RMSE 0.1163 N 0.1376 N
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Table 5.11: Results of simulations for temperature 40 °C with upper plate dimensions
20 mm x 20 mm at gap thickness 0.1 mm.

Gap thickness 0.1 mm, Temperature 40 °C

Frequency Results Power-Law model Herschel-Bulkley model

0.25 Hz MPD 28.8298 % 26.5597 %
RMSE 0.0504 N 0.0683 N

0.5 Hz MPD 34.7570 % 29.3873 %
RMSE 0.0903 N 0.1005 N

1 Hz MPD 48.3922 % 46.7305 %
RMSE 0.1540 N 0.1660 N

Table 5.12: Results of simulations for temperature 40 °C with upper plate dimensions
20 mm x 20 mm at gap thickness 0.2 mm.

Gap thickness 0.2 mm, Temperature 40 °C

Frequency Results Power-Law model Herschel-Bulkley model

1 Hz MPD 49.7572 % 56.5335 %
RMSE 0.1297 N 0.1501 N

2 Hz MPD 77.3244 % 83.4577 %
RMSE 0.2258 N 0.2403 N

4 Hz MPD 107.3460 % 132.1026 %
RMSE 0.3173 N 0.3372 N

For better clarity the results are shown graphically in figure (Figure 5.10). The average
Mean percentage difference for Power-Law model is M P D 4yerage, Power—Law = 45.95 % and
for the Herschel-Bulkley model, it is M PD average, Herschel—Bulkiey = 92.94 %. These values
highlight that the Power-Law model is more suitable for this application at temperature 40
°C. Although the average MPD difference between the models is only 5 %, this difference
remains consistent across all shear rates. Therefore, the Power-Law model is selected as
the preferred fluid model at 40°C due to its closer match with the measured data.
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Figure 5.10. The graphic representation of results for Power-Law and Herschel-Bulkley
material model calculated for upper plate with dimensions 20 mm x 20 mm at temperature

40 °C.

5.2.3 Comparison simulation vs. experiment vs. analytical model

The goal of this subsection is to compare the simulation data with the experimental data
and with analytical model derived in the section (Section 4.1).
The final shape of equation for calculating the force magnitude is (Equation 5.6).

LU
Ffrictional = ,u(’}/) : E S (56)

Where: Ffrictionat (IN) represents the frictional force acting upon the moving plate,
S (m?) is the area of the moving plate, u (m? - s71) is the dynamic viscosity of the fluid
between the plates that is function of shear rate 4 (s71), U (m - s7!) is the speed of the
moving plate in the z; direction and h (m) is the gap between the parallel plates.

The apparent viscosity for Cross model is defined as (Equation 5.7) with given as-
sumptions described in subsection (Subsection 3.4.4).

"o
Ne = —— 1n (5.7)
L+ (A-9)!
Where: 71, (Pa - s) describe the apparent viscosity, 1y (Pa - s) represents the viscosity at
zero shear rate, A\ (s) is the time constant and n (-) represents the flow behavior index.

The comparison between measured data, simulation data and analytical solution using
combination of equations (Equation 5.7) and (Equation 5.6) is shown in figure (Figure
5.11). It can be clearly seen that the simulation and analytical data are in very good
agreement for temperature 20 °C and therefore the Cross fluid model. The slight difference
between the force can be caused by grease rolling in front of the moving upper plate, which
is not considered in analytical equation or any other assumption that was established
during the analytical formula derivation, for example the steady-state assumption.
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Figure 5.11. The comparison of results obtained by experimental measurement, CFD
simulation and analytical solution. The results are shown for temperature 20 °C, move-
ment frequency 0.5 Hz, gap thickness 0.1 mm and upper plate dimensions 20 mm x 20 mm.
The results are normalized on the y-axis.

The fluid model selected for temperature 40 °C is Power-Law model. The apparent
viscosity for Power-Law model can be calculated using equation (Equation 5.8).

Na=K 4" H(T) =K 4" (5-8)

By substituting the apparent viscosity into the equation (Equation 5.6) the solution
can be acquired using simple calculation.

The comparison for temperature 40 °C between the experimental measurement, CFD
simulation and the obtained analytical solution is shown in figure (Figure 5.12). Same as
for temperature 20 ° C, the results are very similar.

Figure 5.12. The comparison of results obtained by experimental measurement, CFD
simulation and analytical solution. The results are shown for temperature 40 °C, move-
ment frequency 0.5 Hz, gap thickness 0.1 mm and upper plate dimensions 20 mm x 20 mm.
The results are normalized on the y-axis.
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The slight difference between the CFD simulation and analytical solution can be the
grease rolling in front of upper moving plate, or the fact, that the analytical solution
assumes steady state flow, instead of transient which is calculated in this CFD simulation.

It is worth noting the value of residuals during calculations. The continuity residual
stayed below the value le-5 throughout the calculation and the x-velocity and y-velocity
residuals stayed below the value le-7 during the calculations. These values indicate
a sufficient level of accuracy, allowing to consider the calculation as converged.

5.3 3-D simulation

The purpose of this simulation is to validate whether the 2-D model (Section 5.1) is precise
enough to accurately capture the behavior of grease between two plates. Therefore, the
geometry corresponds to the experimental setup - bottom plate, upper plate and grease
between them. The geometry is shown in figure (Figure 5.13). To minimize the geometry
and thus the mesh size, the model is modelled using symmetry in the half of the plate
and the plate 10 mm x 10 mm was selected.

Figure 5.13. The geometry of 3-D simulation with the main dimensions plotted, the
gap thickness is 0.1 mm.

5.3.1 Simulation setting

Considering the flow conditions are the same as those for the 2-D simulation, the viscous
model is set to laminar. The multiphase model is configured as Volume of Fluid (VOF)
with explicit formulation. Grease is defined as the primary phase, and air as the secondary
phase. The interaction between the grease and air is modeled with a constant surface
tension coefficient ¢ = 0.031 N - m~L.

To capture the effects of grease near the moving wall, the surface tension force mod-
elling is enabled with continuum surface force and wall adhesion setting. Where the
contact angle is set as 6 = 30 °
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5.3.2 Boundary conditions

The boundary conditions are shown in figure (Figure 5.15) and (Figure 5.16). The whole
domain is divided into four domains. The Fluid (middle) is moving according to User
Defined Function (UDF) shown in figure (Figure 5.14). Due to the high time consumption
of the 3-D calculation, the amplitude and frequency of the movement is different than
values listed in the table (Table 5.3). The 2-D simulation was performed with the same
settings as 3-D simulation for comparable results.

-

#include "udf.h"
#include "dynamesh_tools.h"
#define DEBUG O

DEFINE_CG_MOTION (moving_walll,dt,vel,omega,time,dtime)
{

NV_S (vel, =, 0.0);
vel[1] = 0.0049%cos(3.1397*time) ;

o o0 ~1 D ot = w N =

[
f=]

H
-

Figure 5.14. User Defined Function for 3-D simulation.

The fluid domains at the sides - Fluid (left) and Fluid (right) are re-meshing using
dynamic mesh with method Layering. The pressure outlets (shown as blue) are set to
Gauge pressure = 0 Pa. The walls are set to stationary, with no-slip conditions and
contact angle set to 8 = 30 °.

Figure 5.15. The boundary conditions of the 3-D geometry.
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Symmetry

Pressure outlet

Fluid (bottom)

Figure 5.16. The boundary conditions of the 3-D geometry. The view is taken from the
bottom of the geometry, looking from the back side.

5.3.3 Mesh

The Ansys meshing software was used to generate mesh. In the domains Fluid (left),
Fluid (right) and Fluid (bottom) is the structured hexahedral mesh. In the domain Fluid
(middle) it is not possible to create a geometry decomposition, that would allow for
a structured mesh. Therefore the unstructured tetrahedral mesh is used. The mesh is
shown in figure (Figure 5.17).

Figure 5.17. The whole mesh of the 3-D geometry and 3 details of different places - The
left domain, the area near wall (middle and bottom domain), and the right domain.

The mesh comprises 17 869 884 elements and 10 546 650 nodes. The quality of the
mesh is depicted in the table (Table 5.13).
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Table 5.13: Mesh quality of the 3-D geometry.

Metrics Minimum Average Maximum
Element quality 0.16514 0.8798 1
Aspect ratio 1.01154 1.6632 11.01

Skewness 1.3037e-10  0.13269 0.79995

To facilitate domain movement, the Layering method in dynamic meshing is employed.
Same as for 2-D simulation, the method is set as cell based, with split factor set as ay, = 0.4
and collapse factor set as a. = 0.2.

5.3.4 Solution setting

All the settings of the solution methods are listed in the table (Table 5.14). Additionally,
the solver is set to Double Precision.

Table 5.14: Solution methods used for calculation of 2-D geometry.

Setting
Scheme SIMPLE
Gradient Least square cell based
Pressure PRESTO!
Momentum QUICK
Volume fraction Modified HRIC
Transient formulation First order implicit

The time step was determined based on the condition (Equation 5.2) specified by dy-
namic mesh method. Because the time step size was not small enough, the second method
of time step size evaluation is based on Courant number magnitude. The Courant number
can be defined as the number of mesh cells traveled at a given time step, mathematically
expressed as (Equation 5.9).

U- At
Ah

Where: C (-) is the Courant number, At (s) represents the time step size and Ah (m)
refers to the characteristic size of the mesh cell.

O:

(5.9)

Generally the Courant number is advised to be smaller than 1, ideally smaller than
0.7. [69] [70] That can be mathematically expressed as (Equation 5.10).

U-A
)

C < Chnaz = 0.7 (5.10)
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Where: C (-) is the Courant number, At (s) represents the time step size, Ah (m) refers
to the characteristic size of the mesh cell and Cyq, (-) is the maximum desired Courant
number.

Therefore, the time step size can be calculated as (Equation 5.11). Where the minimal
element size is near the wall with size approximately 3.75e-6 m. The maximal velocity of

the flow is on the upper wall, with value 0.0049 m - s~

Craz - A 0.7-3.75¢ — 6
U N 0.0049

Due to the calculation failure made with calculated time step size, because of too high
global Courant number, the final time step size was halved. Value of the final time step
size is therefore 2.5¢-4 s (Equation 5.12).

Atmaax =

— 0.000535 s (5.11)

At =25e—4s (5.12)

This value has proved to be sufficient enough.

5.4 3-D simulation results

There are several purposes of the 3-D simulation of the plates with grease between them.
On of the main reasons is to validate, whether the simplification of the calculation to 2-D
case is possible, without any major deviation on the results.

The second reason for this calculation is to see the behavior of the grease on the corner
of the upper moving plate and the behavior on the sides of the upper moving plate.

Considering the high time consumption of this simulation, only one period of the
movement was calculated for comparison of results for 2-D and 3-D simulation. The
result is shown in figure (Figure 5.18).

Figure 5.18. Comparison of force acting on upper plate for 2-D simulation and 3-D
simulation. The results are normalized on the y-axis.
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It is evident that the magnitude of force is consistent in both types of simulations.
The minor variation observed occurs during the loading phase, likely due to the 3-D
simulation including flow around corners and along the sides of the upper plate, unlike
the 2-D simulation.

Also the assumption made for 2-D simulation, that the depth is equal to the 20 mm
and area is equal to 400 mm? for plate with dimensions 20 mm x 20 mm is correct, even
tho the chamfer of the upper plate is slightly reducing these dimensions, because this
increase in surface area compensates for the fact that it is not possible to simulate the
grease flow around the sides of the upper plate.

The behavior near the corner of the upper moving plate is shown in figure (Figure
5.19). The picture shows, that the area influenced by the corner is only near the corner.
Considering this area can be considered small in comparison with whole geometry, the
influence is expected to be also small or even negligible.

Figure 5.19. View from the top. The behavior of the grease near the corner of the upper
moving plate.

The figure (Figure 5.20) illustrates the behavior of grease along the side of the moving
plate. It suggests that the region where shear forces act is slightly expanded due to the
flow of grease, particularly near the corner (depicted as Area 1 on the figure). This area
is gradually rising during the movement, because of grease is pushed out from under the
upper plate. This observation supports the use of a 2-D simulation area, specifically for
the upper plate measuring 20 mm x 20 mm, chosen as 400 mm?. Despite the chamfer
on the upper plate slightly reducing this area, the slight expansion of the effective region
reinforces the validity of this assumption.
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Figure 5.20. View from the side. The behavior of the grease near the corner and along
the side of the upper moving plate.

The 3-D simulation can also serve to validate whether the 2-D simulation accurately
captures the behavior. Figure (Figure 5.21) demonstrates a notable agreement in the
grease behavior ahead of the moving upper plate. This observation is significant because
the rolling grease in front of the plate contributes to the generated force. The slight
difference can be caused by different type of mesh element and different size of mesh cells
in the area of interest.

Grease volume fraction

1.0 Direction of upper plate movement

08 < —

0.8

0.7

0.6

05

04

0.3 *ﬁ

0'2 o 0.0005 0.001 (m) o 00005 Q001 (m)
0.1 000025 0.00075 ! 0.00025 0.00075 !
0.0 2-D simulation 3-D simulation

Figure 5.21. View from the side. The behavior of the grease ahead of the upper moving
plate for both 2-D and 3-D simulations.

During the upper plate movement the grease "sticks” to the plate and a depression
forms behind the plate. This phenomenon has been observed in both 2D and 3D simu-
lations and the experiment. The depression is shown in figure (Figure 5.22). Again the
slight difference can be caused by different mesh in the area of interest.
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Figure 5.22. View from the side. The behavior of the grease behind the upper moving
plate.

In general it can be stated that the simulations in 2-D and 3-D match each other
and the difference is only minimal. This was verified in several ways - by comparing the
magnitude of the recorded force and by visually comparing the behaviour of the grease
in front of and behind the moving plate. In both cases there was significant agreement
- the behaviour of the grease at the corners and along the edges of the upper plate did
not significantly affect the results. The 2-D simulations can thus be declared as sufficient
enough.

It is worth noting the value of residuals during calculations. The continuity residual
stayed below the value 1e-3 throughout the calculation and the x-velocity, y-velocity and
z-velocity residuals stayed below the value le-7 during the calculations. These values
indicate a sufficient level of accuracy, allowing to consider the calculation as converged.

5.5 Axisymmetrical simulation

The purpose of this simulation is to calculate the moment acting in the real ball joint
geometry, that was acquired in the chapter (Chapter 2). To minimize the mesh size
and the complexity of the geometry, the ball joint is modelled as axisymmetrical. The
geometry is shown in figure (Figure 5.23).

Figure 5.23. Geometry of the real ball joint, axisymmetrical case.
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5.5.1 Simulation setting

Given that the shear rate (gap thickness and wall velocity) is similar to the shear rate
in the simulations of the plates, the Reynolds number should also be very similar. This
justifies setting the viscous model to laminar. In this case, the air gaps are not modeled,
so the multiphase model is turned off.

Since the main velocity is in the circumferential direction (swirl velocity), the solution
of the momentum equation in the circumferential direction must be enabled by activating
the Axisymmetric Swirl option.

5.5.2 Boundary conditions

The boundary conditions are shown in figure (Figure 5.24). The moving wall (red in the
picture) has rotational wall velocity set using User Defined Function, which is shown in
figure (Figure 5.25). The conditions of the movement are set to mimic the movement of
the real ball joint during initial testing after the ball joint assembly. The procedure is
shown in figure (Figure. 5.26) in normalized value in both x-axis and y-axis to ensure the
confidentiality of the process.

Two reference values are relevant: the area and the length. The area is set to
0.0008109 m? based on the inner moving wall’s surface area. Additionally, the length
is set to 0.015 m, corresponding to the radius of the ball stud.

Figure 5.24. The boundary conditions of the axisymmetrical simulations. The figure is
not in scale for batter clarity.
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2l #include "udf.h"
3| DEFINE_PROFILE (rotational_velocity, thread, position)

4 {

5 real time = CURRENT_TIME;

6 real r, velocity, omega_max;
7

s‘ if (time >= X && time <= Y)

9 {

10 omega_max = A * time + B;
11 }

12 face_t f£f;

13 begin_f_loop(f, thread)

14 {

15 velocity = omega_max;

16 F_PROFILE(f, thread, position) = velocity;
17 }

18 end_f_loop(f, thread)

19| }

Figure 5.25. User Defined Function - Axisymmetrical simulation.

Figure 5.26. The measured data of ball joint movement during the initial testing and
fitted data used for axisymmetrical simulation in normalized values on both x-axis and
y-axis.
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5.5.3 Solution setting

All the settings of the solution methods are listed in the table (Table 5.15). Additionally,
the solver is set to Double Precision.

Table 5.15: Solution methods used for calculation of axisymmetrical geometry.

Setting

Scheme SIMPLE
Gradient Least square cell based
Pressure Second Order Upwind
Momentum Second Order Upwind
Swirl velocity Second Order Upwind

Transient formulation First order implicit

Considering the grease is fully enclosed in the grease layer, and the only movement is
rotation of the inner wall, there is no expectation of the complex fluid movement, that
would need a short time step size. For that reason the time step size is set to 0.1 s.

5.5.4 Mesh

The software Ansys Meshing was used to generate mesh of the axisymmetrical geometry.
The mesh is generated with automatic method, with inflation near the walls. The mesh
is shown in figure (Figure 5.27). The mesh comprises mainly from quadrilateral cells.

Figure 5.27. The whole mesh of the axisymmetrical geometry with 3 details of important
places - two areas near 3 walls and the middle of the geometry.
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The mesh consist of 8401 cells and 8763 nodes. The quality of the mesh is depicted
in the table (Table. 5.16).

Table 5.16: Mesh quality of the axisymmetrical geometry.

Metrics Minimum Average Maximum
Element quality 4.5667e-002  0.61412 10.99932
Aspect ratio 1 3.9241 33.092

Skewness 4.0036e-004  0.13944 0.65748

5.6 Axisymmetrical simulation results

The results from simulation are compared to experimental measurement data, obtained
by measuring on the real ball joint. To maximize the simulation accuracy, the mesh
independence study was carried out.

5.6.1 Mesh independence study

The mesh independence study in CFD simulations aims to determine the optimal mesh
size for obtaining accurate results. In this specific simulation, which focuses on a single
condition rather than multiple scenarios, reducing computational time is not a critical
concern. The mesh independence procedure in this case is the same as for 2-D plate
geometry, described in the subsection (Subsection 5.2.1). Meaning three calculation were
done, one with reference mesh described in the subsection (Subsection 5.5.4), one with
finer mesh and one with less cell count. Sizes of the meshes used are listed in the table
(Table 5.17).

Table 5.17: Size of each mesh used for mesh independence study.

Element size Cells count Node count MPD RMSE
(m) ) () (%) (Nm)
Mesh - 3k cells 3074 3257 57.5542  6.366e-5
Reference mesh - 8k cells 8401 8763 0 0
Mesh - 26k cells 26716 25997 5.9988  5.2768e-6

Graphical representation of the mesh independence study is shown in figure (Figure
5.28)). It can be seen that the mesh with 3074 cells is slightly shifted in the x-axis
compared to the other two calculations. This caused the 57.5542 % difference according
to MPD calculation.
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Figure 5.28. The results of mesh independence study for axisymmetrical case. The
results are normalized on both x-axis and y-axis.

The difference between the reference mesh (8k cells) and finer mesh (26k cells) is only
6 % according to MPD. From visual inspection the difference is negligible, except the area,
where the movement direction is changing and the spikes are occurring. But considering
the area of interest is not around the spikes, this difference can be neglected. For these
reasons the results calculated with reference mesh is taken as accurate enough.

5.6.2 Experiment vs. simulation

The primary object of this simulation is to the results with the experimental measure-
ment. The comparison is shown in figure (Figure 5.29), where the x-axis and y-axis are
normalized to ensure the confidentiality of true scale of measured data.

Figure 5.29. The comparison of measured data and data from axisymmetrical simula-
tion. The results are normalized on both x-axis and y-axis.
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Even from the visual inspection it can be clearly said, that there is a vast difference
between measurement and simulation. The mean percentage difference and root means
squared error are calculated and listed in the table (Table 5.18).

Table 5.18: The results of MPD and RMSE calculated for axisymmetrical simulation
vs. experimental measurement.

Metric Result

Mean percentage difference (MPD) 98.2552 %
Root mean square error (RMSE)  1.5066 Nm

Considering the simulation data are much smaller than the experimental data, the
moment calculated by the simulation is scaled by 200 for better clarity. This is shown in
figure (Figure 5.30).

1.07 —— Experimental data
/ / Simulation data x 200
05! '/ | |

0.01

NNNNNT

0.0 0.2 0.4 0.6 0.8 1.0 12 14
Normalized time (-)

Normalized moment (-)

—1.04

Figure 5.30. The comparison of measured data and data from axisymmetrical simulation
scaled by 50. The results are normalized on both x-axis and y-axis.

Upon the visual inspection it can be said, that the simulation data almost perfectly
copy the shape of the angular velocity vs. time curve, shown in figure (Figure 5.26). This
is probably caused by the fact, that the geometry is considered perfectly axisymmetrical,
without changing gap thickness. The simulation is also calculated without the influence
of the air gaps. This facts makes this simulation the perfect case of grease layer in the
ball joint. The shape of the measured data is different, because it is measure on real ball
joint with number of imperfections and most importantly, there is direct contact between
the plastic bearing and ball stud in real ball joint.

The contact between plastic bearing and ball stud is also the reason of the high dif-
ference between measured and simulated data. The friction in the presence of grease is
mostly due to the viscous resistance of the grease itself, which is significantly lower than
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the dry friction between the solid surfaces.

The figure (Figure 5.30) shows that there are spikes of moment magnitude occur-
ring when the direction of the movement is changed during testing. This spike is called
breakaway torque moment. It can be seen that the simulation shows the same behavior,
even tho the spikes are much smaller. This can indicate, that the grease itself can be
contributing to the magnitude of the breakaway torque, due to its behavior.

It is worth noting the value of residuals during calculations. The continuity residual
stayed below the value le-16 throughout the calculation and the x-velocity, y-velocity
residuals stayed below the value le-6 during the calculations. The axisymmetrical simu-
lation further solve the velocity in the swirl direction, the residual for swirl stayed below
le-5.These values indicate a sufficient level of accuracy, allowing to consider the calcu-
lation as converged. This also confirms the assumption, that there are no complex fluid
movement in this type of simulation and therefore the time step with size 0.1 s is sufficient
enough.

5.7 3-D grease layer simulation

The objective of this simulation is to validate whether the 2-D axisymmetrical model
described in section (Section 5.5) accurately captures the grease behavior within the real
ball joint geometry. The geometry therefore corresponds to geometry of the grease layer
obtained in the section (Section 2.8). The geometry is shown in figure (Figure 5.31).

Figure 5.31. The geometry of the grease layer in the real ball joint used for the 3-D
simulation.
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5.7.1 Simulation settings

Same as for other simulation, the viscous model can be set as laminar, due to high viscosity
and low velocities and dimensions. Because only the grease is modelled in this simulation,
the single phase model is used.

Considering that the shear rate (gap thickness and wall velocity) closely resembles the
shear rate observed in plate simulations and 2-D axisymmetrical simulation, it is reason-
able to assume that the Reynolds number will also be similar. Consequently, setting the
viscous model to laminar is justified. Additionally, since the air gaps are not explicitly
modeled, the multiphase model is disabled.

5.7.2 Boundary conditions

The boundary conditions are shown in figure (Figure 5.33). The moving wall has rota-
tional wall velocity set using User Defined Function shown in figure (Figure 5.32). The
conditions of the movement are same as for axisymmetrical simulation, meaning the move-
ment is same as for the initial ball joint testing. This procedure was depicted earlier in
figure (Figure 5.26) and is normalized in both x-axis and y-axis to ensure the confiden-
tiality of the process.

Among the reference values, length and area are particularly important. The area is set
to 0.0008109 m? according to the area of inner moving wall (depicted as red in the figure).
The length is set to 0.015 m according to the radius of the ball stud.

-

#include "udf.h"
DEFINE_PROFILE(rotational_velocity, thread, position)

{
real time = CURRENT_TIME;
real r, velocity, omega_max;

if (time >= X && time <= Y)

{
omega_max = A * time + B;
b
face_t f£f;
begin_f_loop(f, thread)
{
velocity = omega_max;
F_PROFILE(f, thread, position) = velocity;
b

end_f_loop(f, thread)

Figure 5.32. User Defined Function - 3-D grease layer simulation.
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Figure 5.33. The boundary conditions of the full 3-D ball joint geometry. On the right
there is the sectional cut through the geometry.

5.7.3 Mesh

The Ansys meshing software was used to generate mesh, which is shown in figure (Figure
5.34). Since the geometry is rotationally symmetric, the Multizone method was used to
create the mesh, which is fully structured, meaning the mesh consist of only hexahedral
cells.

The reference mesh consist of 278 160 cells and 297 192 nodes. The quality of the
mesh is depicted in the table (Table. 5.19).

Table 5.19: Mesh quality of the 3-D grease layer geometry.

Metrics Minimum Average Maximum

Element quality 7.446e-004 6.512e-002 0.4958
Aspect ratio 3.7208 60.774 232.46
Skewness 4.074e-003 0.10041 0.39506

The average aspect ratio 60.774 is relatively high value. This is caused by the fact,
that the geometry is long and thin at the same time, so the cells has to be long and
thin as well. Considering this can cause a deviation from the correct results, the mesh
independence study will be carried out.
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Figure 5.34. The mesh of the 3-D grease layer geometry. Two details on the right show
mesh inside the geometry, meaning the pictures are from the cut of the geometry from
the place the small rectangle is showing.

5.7.4 Solution settings

All the settings of the solution methods are listed in the table (Table 5.20). Additionally,
the solver is set to Double Precision.

Table 5.20: Solution methods used for calculation of 3-D grease layer geometry.

Setting
Scheme SIMPLE
Gradient Least square cell based
Pressure Second Order Upwind
Momentum Second Order Upwind
Transient formulation First order implicit

Considering the grease is fully enclosed in the grease layer, and the only movement is
rotation of the inner wall, there is no expectation of the complex fluid movement, that
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would need a short time step size. For that reason the time step size is set to 0.1 s. this
assumption has been shown to be justified in the case of axisymmetrical geometry, and
there is no reason to assume that anything changes for full 3-D geometry.

5.8 3-D grease layer simulation results

The results from this simulation are compared with experimental data measured on the
real ball joint and with data obtained from axisymmetrical simulation.

As mentioned earlier, the mesh independence study is carried out, to test whether the
size of the mesh cells has an effect on the results.

It is worth noting the value of residuals during calculations. The continuity residual
stayed below the value 1e-4 throughout the calculation and the x-velocity, y-velocity and
z-velocity residuals stayed below the value le-7 during the calculations. These values
indicate a sufficient level of accuracy, allowing to consider the calculation as converged.

5.8.1 Mesh independence study

Same as for the axisymmetrical case, this simulation is done purely with one conditions.
That means that the reduction of computational time is not primary objective. The main
objective is to ensure the results quality. The mesh independence study procedure is
same as in the case of 2-D plate geometry and axisymmetrical geometry described in the
subsection (Subsection 5.2.1).

Several calculation were done, one with reference mesh described in the subsection (Sub-
section 5.7.3), one with less cell count and three calculation were done with finer mesh.
The sizes of used mesh are listed in the table (Table 5.21).

Table 5.21: Size of each mesh used for mesh independence study for 3-D grease layer
geometry.

Mesh type Cells count Node count MPD RMSE
. ) ) (%) (Nm)
Mesh - 16k cells 34194 40866 6.1273  3.1734e-4
Reference mesh - 60k cells 59340 66792 0 0
Mesh - 122k cells 110544 122200 5.5733  2.5574e-4
Mesh - 280k cells 278160 297192 24.2147 0.0012482
Mesh - 500k cells 494760 528612 24.3022 0.0012533

From the calculated MPD values, it is evident that the mesh with sizes 280k cells and
500k cells have almost similar results. The difference between these two is approximately
0.1 %. Therefore, the final mesh used for calculation is mesh with 280k cells, as the
results does not change with finer mesh anymore. The results are also shown graphically
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in figure (Figure 5.35). On the figure, it is evident, that the results from two finest meshes
is directly on each other, and therefore confirms the results calculated by MPD.

Figure 5.35. The results of calculation with same conditions on different mesh sizes.
The results are normalized in both x-axis and y-axis.

5.8.2 Comparison with axisymmetrical case and experiment

The main purpose of this simulation is to validate, whether the simplification of the
geometry to 2-D axisymmetrical case is possible, without any major deviation on the
results. The results are shown in figure (Figure 5.36).

Figure 5.36. Comparison of data from simulation of 2-D axisymmetrical case and 3-D
grease layer case. Data are normalized in both x-axis and y-axis.

125



Be. Lukas Béhoun Grease flow in the ball joint
Master thesis of the steering arm of a car

It is evident that the results differ significantly. The spikes following changes in move-
ment direction are higher in the 3-D simulation. Additionally, the moment magnitude
varies in places where the speed remains nearly constant. The total difference is calculated
using MPD and RMSE, with MPD at 42.7459 % and RMSE at 0.00129 Nm. Given that
the reference values for both simulations are identical, the results should theoretically
match. Generally, the 3-D simulation is expected to be more accurate. Therefore, the
observed discrepancies suggest that the 2-D axisymmetrical model may not be suitable
for this type of application.

Nevertheless, even tho the moment is slightly higher with 3-D simulation, the com-
parison with experimental data still show vast difference between the moment magnitude.
The comparison is shown in figure (Figure 5.37). Same as for axisymmetrical simulation,
the vast difference makes the data from simulation almost straight line, for that reason the
scaled simulation data are shown in comparison with experimental data in figure (Figure
5.38)

Figure 5.37. Comparison of data from simulation of 3-D grease layer case and experi-
mental data. Data are normalized in both x-axis and y-axis.
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Figure 5.38. Comparison of data from simulation scaled by number 200 of 3-D grease
layer case and experimental data. Data are normalized in both x-axis and y-axis.

Same as for axisymmetrical simulation, it can be concluded that the simulation data
almost perfectly copy the shape of the angular velocity vs. time curve, shown in figure
(Figure 5.26). The geometry even in 3-D is considered perfectly symmetrical without any
imperfections. The absence of air gaps can also influence the results.

The main source of difference between the measured moment and simulated moment
is still the fact, that there is no dry friction between the plastic bearing and steel ball
stud considered in the CFD simulation. The grease viscosity is not nearly high enough to
cause that high moment just by shearing.

The spikes observed during changes in movement direction suggest a potential corre-
lation between grease behavior at low shear rates and the presence and magnitude of the
breakaway moment. In real ball joints, grease is not only present in the simulated grease
layer but also enclosed in small pockets across the plastic bearing surface. Considering
that the grease behaves as a solid material when there is no movement, lubrication quality
during this phase could be significantly affected.
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Conclusion and discussion

This master thesis aims to describe the behavior of grease inside ball joints. The first
chapter starts by detailing the parts and components of ball joints and their use in au-
tomotive suspension and steering systems. It then provides an overview of the grease
used as a lubricant in these joints. Finally, the chapter concludes with a discussion of the
properties of ball joints that are crucial for assessing their functionality.

In the X-ray computed tomography section, the process of obtaining the grease layer
and air gaps is described. Several tests were conducted, with the first one performed
at CEITEC CTLAB on the Brno campus. This initial measurement aimed to gather
information about image resolution and contrast among grease, polyoxymethylene, and
steel. The results indicated that the resolution and contrast were insufficient.

To address this, a new ball joint was designed, replacing the steel with aluminum and
adding tungsten nanoparticles to the grease. This modified ball joint was then tested
at the Institute of Physics of the Czech Academy of Sciences in Prague. The fast scan
test showed that the contrast and resolution were now adequate for a full scan. The full
scan provided a complete geometry of the grease layer, which was used to reconstruct the
geometry of air gaps within the ball joint.

To evaluate the thickness of the grease layer, another scan with higher resolution and
better contrast between the three components was performed. This sectional scan was
used to accurately reconstruct the thickness of the grease layer.

There is potential to further improve this procedure. First, the preparation of the
ball joint sample could be enhanced by not only replacing the steel with aluminum but
also removing unnecessary material that doesn’t affect the ball joint s integrity when
stationary. This modification would allow for a higher resolution scan with better contrast.

Additionally, it was discovered that the tungsten nanoparticles had the opposite effect,
worsening the contrast between the components. The increased overall density reduced
the transmittance of the grease. Therefore, avoiding the use of tungsten nanoparticles or
exploring alternative contrast agents could lead to better imaging results.

Nevertheless, the findings of this chapter are an important step toward understand-
ing the behavior of grease within the ball joint immediately after assembly. The scans
enabled the determination of both the amount of grease present in the ball joint and the
quantity of air trapped within the grease layer.

The third chapter focuses on interpolating measured rheograms of non-Newtonian fluid
to develop a fluid model. The experimental data provided by the manufacturer included
shear stress versus shear rate measurements at two temperatures: 20 °C, corresponding
to ball joint operation, and 40 °C, corresponding to ball joint assembly. Additionally,
the viscosity-shear rate dependency was calculated from the provided data to stabilize
the curve-fitting process. Using Python scripts, four fluid models were obtained for each
temperature: Power-law, Herschel-Bulkley, Cross, and Carreau. The quality of the fit was
determined using the coefficient of determination, which was higher than 0.99 for all fits,
indicating that each model is a good fit to the measured data.

An improvement to this part of the thesis could involve finding the constants for the
Arrhenius Law to account for temperature dependency. However, this requires more than
two sets of data. Therefore, additional data would need to be provided by the manufac-
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turer or measured using a rheometer.

The experimental part of the thesis focuses on determining the force relations during
the motion of a plate over a very thin lubricating film. First, an equation describing
the magnitude of the force is derived from the Navier-Stokes equation. This equation
identifies the factors on which the force depends: gap thickness, speed of the moving
plate, fluid viscosity, and the area of the moving plate.

Based on these factors, an experimental measurement was designed. In this exper-
iment, one plate slides over a stationary plate with a specified gap thickness between
them filled with grease. Given the dependencies of force magnitude, the conditions of the
measurements varied: three different gap thicknesses, three different speeds for each gap
thickness, and three types of upper plates with different face areas. Additionally, since
viscosity depends on both shear rate and temperature, measurements were conducted at
both temperatures.

First, the measurement uncertainty was evaluated, primarily because the force magni-
tude measured for some conditions was below the sensor range specified by the man-
ufacturer. The sensor’s precision near zero values was found to be sufficient, with
a measurement uncertainty of 0.01899 N, which is about 2 % compared to the measured
force magnitude of around 1 N.

The issue arises when dealing with values near zero. Measurements taken with an
upper plate measuring 10 mm x 10 mm are particularly close to these near-zero values,
resulting in a potential measurement error of up to 20 %. Consequently, these results are
significantly impacted.

The initial evaluation of the measured data showed that the force magnitude increases
with the speed of the upper plate, even though the viscosity decreases with higher shear
rates. This occurs because the shear rate is in a range where viscosity does not change
drastically, making the upper plate’s velocity the primary factor for the increasing force.

The second evaluation revealed the influence of temperature. The force magnitude at
40°C is lower than at 20°C. This is due to the lower viscosity at higher temperatures, and
with all other conditions remaining the same, the force magnitude decreases accordingly.

Next, the influence of the moving plate’s area was evaluated. The force magnitude
increases with a larger face area. Given that the smallest plate’s area is exactly one-
quarter of the largest plate’s area, the force magnitude was expected to be similarly
proportionate. This expectation was confirmed, though not entirely accurately, likely
because the force values were close to zero with the smallest plate, reducing measurement
accuracy.

The final evaluation assessed the influence of surface roughness. The results showed
a slight increase in force magnitude with higher surface roughness of the upper plate. This
can negatively impact comparison between the experimental measurement and simulation,
because the simulation assume the perfectly smooth surface during calculation.

Future improvements could include using a sensor with a wider measurement range to
capture all nuances during measurement and reduce the measurement error at near-zero
values. Additionally, improving the clamping mechanism for the upper plate could reduce
inaccuracies caused by improper clamping.

The final part of the thesis deals with numerical simulations. The first type of sim-
ulation is based on the experimental setup, consisting of one stationary plate and one
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moving plate with grease between them. The geometry is simplified to a 2-D case. Given
the high number of simulations performed, a mesh independence study was conducted to
balance accuracy and computational time.

Initially, calculations were performed for each non-Newtonian fluid model discussed
in the third chapter. These simulations were conducted under the same experimental
conditions for easy comparison. At 20°C, the Cross and Carreau models showed the
best match with experimental data, with only a 5 % difference between them. Further
simulations revealed that the Cross model consistently outperformed the Carreau model
by 5 %, making it the best representation of grease behavior at temperature 20°C.

A similar procedure was followed for simulations at temperature 40°C. Two models
Power-Law and Herschel-Bulkley showed the best match with experimental data, with
a 5 % difference between them according to MPD. Further simulations demonstrated that
the Power-Law model performed consistently better by approximately 6 %, thus it was
chosen as the best match at temperature 40°C.

The results of the simulations were then compared with the analytical model described
in Chapter 4. The comparison showed that the simulation results were very similar to the
analytical model, with a mean percentage difference (MPD) of approximately 2 %. This
suggests that, for this case of Couette flow, the correct material model can be selected
using analytical calculations, which provide almost immediate results compared to the
time-consuming CFD simulations. The slight differences could be due to several factors:
the rolling of grease in front of the plate, which is not considered in the analytical model,
and the assumption of stationary flow in the analytical model, which is not true in this
scenario (one plate moving harmonically).

The second simulation was based on the experimental setup but this time in 3-D with
symmetry in the middle of the geometry. The purpose of this simulation was to validate
the assumption of 2-D geometry made in the previous simulations and to observe the
behavior of the grease around the corners and along the sides of the upper plate.

The results showed a perfect match in force magnitude between the 2-D and 3-D
geometries. The behavior around the corners and along the sides had no significant
effect on the force magnitude during movement. According to MPD the difference is
only approximately 4 %, which can be easily considered as perfect match. Additionally,
visual comparisons between the 2-D and 3-D simulations showed no discernible differences.
This confirms that the 2-D simulations are sufficient for accurately modeling the force
relationships in this setup.

The third type of simulation aims to investigate force relations in a real joint geometry,
simplified to an axisymmetric problem using the geometry reconstructed in the second
chapter. The motion of the rotating wall is derived from real measurements of the ball
joint after assembly.

Initially, a mesh independence study was conducted to ensure the reliability of the
results in terms of the size of the mesh cells. Subsequently, the results obtained with
the appropriate mesh were compared with experimental data. However, the comparison
revealed a significant difference between the experimental and simulation data.

The reason for this disparity is straightforward: the model used in this simulation
assumes only the grease layer, meaning the force generated is solely from grease shearing.
In contrast, the real ball joint comprises the full geometry, where the grease layer is only
a small part of the entire system. The primary source of force in the real joint is the dry
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contact between the plastic bearing and steel ball stud. Therefore, while these two sets of
data can be compared, the conditions of measurement and simulation are vastly different.

The same results were obtained for the last type of simulation, which involved the
full 3-D geometry of the grease layer. The purpose of this simulation was to validate the
results from the simplified axisymmetric geometry.

The comparison between the 2-D and 3-D geometries showed a 42 % difference accord-
ing to MPD, with the main variation occurring during changes in movement direction. In
the 3-D geometry, the spikes were much higher, and the moment after the spikes smoothed
out slightly higher as well.

Despite these differences, the gap between the experimental data and simulation re-
mained significant. Thus, the conclusion that the primary source of moment is the dry
contact between the plastic bearing and steel ball stud still holds true.

Nevertheless, despite the differing conditions of measurement and simulation, a few
conclusions can still be drawn.

The breakaway torque moment, which occurs after the ball joint has been stationary
for some time, may be partially attributed to the grease. The grease behaves as a solid
until the yield stress is exceeded. This behavior is also evident in the simulations during
changes in movement direction, where spikes occur. In real ball joints, grease is not
only found in the simulated grease layer but also enclosed in small pockets across the
plastic bearing surface. Since the grease behaves like a solid material when there is no
movement, the lubrication quality during this phase could be significantly impacted. This
can contribute to the breakaway moment during the ball joint measurement.

Furthermore, the moment generated by grease shearing is much smaller than that
generated by dry contact in the ball joint. This observation suggests that torque moment
reduction could be achieved by improving the lubrication mechanisms within the ball joint.

Overall, this thesis delves into a comprehensive investigation of grease behavior within
ball joints, covering experimental, numerical, and analytical aspects. Through X-ray com-
puted tomography, fluid modeling, experimental force measurements, and numerical sim-
ulations, significant insights into the complexities of grease lubrication have been gained.
While challenges remain, particularly in reconciling experimental and simulation data
within real joint geometries, the findings contribute substantially to understanding the
intricate dynamics at play. These insights lay the groundwork for potential advancements
in optimizing lubrication mechanisms within ball joints, which could have far-reaching im-
plications for automotive suspension and steering systems.
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A Appendix A - Power-Law fit

g
import numpy as np

import pandas as pd
import matplotlib.pyplot as plt
from scipy.optimize import curve_fit

data = pd.read_excel()

X = np.array(data.x)

y_viscosity = np.array(data.derivation)
y_shear_stress = np.array(data.y)

def Power_law_model (gamma, K, n):
return K * gamma ** n

def combined_fit(gamma, K, n):

shear_stress_fit = Power_law_model(gamma, K, n)

viscosity_fit = np.diff (shear_stress_fit) / np.diff (gamma)

viscosity_fit = np.concatenate(([viscosity_fit[0]], viscosity_fit
))

return np.concatenate((shear_stress_fit, viscosity_£fit))

popt, pcov = curve_fit(combined_fit, x, np.concatenate ((
y_shear_stress, y_viscosity)), pO=I[1, 11)

K_fit, n_fit = popt

gamma_fit = np.linspace(0, max(x), 1000)

shear_stress_fit = Power_law_model (gamma_fit, *popt)
viscosity_fit = np.diff (shear_stress_fit) / np.diff (gamma_fit)
viscosity_fit = np.concatenate(([viscosity_£fit[0]], viscosity_fit))

residuals = np.concatenate ((y_shear_stress, y_viscosity)) -
combined_fit (x, *popt)

TSS = np.sum((np.concatenate((y_shear_stress, y_viscosity)) - np.mean
(np.concatenate ((y_shear_stress, y_viscosity))))*x*2)

RSS = np.sum(residuals**2)

r_squared = 1 - (RSS / TSS)

fig, (axl, ax2) = plt.subplots(l, 2, figsize=(12, 6))
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# Plot the shear stress - shear rate

axl.scatter(x, y_shear_stress, color='blue', label='Experimental data
")

axl.plot(gamma_fit, shear_stress_fit, color='red', label='Fitted,
Power-Law')

axl.set_xlabel ('Shear_ rate,(s"-1)")

axl.set_ylabel ('Shear stress (Pa)"')

axl.legend ()

axl.grid(True)

# Plot the viscosity - shear rate

ax2.scatter(x, y_viscosity, color='green', label='Derivedyviscosity')

ax2.plot(gamma_fit, viscosity_fit, color='purple', label='Fitted,
Power-Law')

ax2.set_xlabel ('Shear,rate, (s -1)")

ax2.set_ylabel('Viscosity,(Pa.s)")

ax2.legend ()

ax2.grid(True)

# Plot charts
plt.tight_layout ()
plt.show ()

# Print and display results

results_text = f£"R?: {r_squared:.8f},(-)\nFlow, index: {n_fit:.3f},(-)
\nConsistencyfactor K: {K_fit:.2f},(Pa*s”n)"

print (results_text)
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B Appendix B - Herschel-Bulkley fit

g
import numpy as np

import pandas as pd
import matplotlib.pyplot as plt
from scipy.optimize import curve_fit

data = pd.read_excel()

X = np.array(data.x)

y_viscosity = np.array(data.derivation)
y = np.array(data.y)

X_integrated = x

y_integrated =y

m = len(x)
accuracy = 10000
n = np.linspace(0,5,accuracy)
XXX = max(x)
YYY = max(y)
F = np.zeros(accuracy)
for j in range(accuracy):
nn = nlj]
C = 1/((XXX**(3*nn))*YYY)
mll = m
ml2 = sum(x**nn)
ml3 = sum((x**nn)*(np.log(x)))
m21 = sum(x**nn)
m22 = sum(x**(2%nn))

m23 = sum((x**(2*nn))*(np.log(x)))
m31 = sum(y)

m32 = sum((x**nn)*y)

m33 = sum((x**nn)*y*(np.log(x)))

F[j]l] = C * (((m11 * m22 * m33) + (m21 * m32 * m13) + (m31 * ml2
* m23)) - ((m13 * m22 * m31) + (m23 * m32 * mil) + (m33 * ml12

* m21)))
for i in range (1,accuracy - 1):
if F[i-1] < F[i] and F[i]l > F[i+1]:
inflex_point_1 = i
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#Set the values from zero to inflection point as value in inflection
point

for i in range (0,inflex_point_1):
F[i] = Flinflex_point_1]

#Function to find the index of the element in the array that is
closest to the given value
def find_zero_index(array, value):
array = np.asarray(array)
index = (np.abs(array - value)).argmin()
return index

n_constant = n[find zero_index(F, value = 0)]

# Define the Herschel_Bulkley model function
def HB_model (gamma, tau_0O, K):
return tau_0O + K * gamma ** n_constant

# Define the combined fitting function
def combined_fit(gamma, tau_O, K):
shear_stress_fit = HB_model(gamma, tau_0, K)
viscosity_fit_fit = np.diff(shear_stress_fit) / np.diff (gamma)
viscosity_fit_fit = np.concatenate(([viscosity_fit_fit[0]],
viscosity_fit_£fit))
return np.concatenate((shear_stress_fit, viscosity_fit_fit))

# Combine the data arrays
combined_y = np.concatenate((y_integrated, y_viscosity))

# Perform the combined curve fitting
popt, pcov = curve_fit(combined_fit, x, combined_y, pO=[1, 1])

# Extract the optimized parameter values
Tau_O0_fit, K_fit = popt

# Specify the percentage increase threshold
percentage_increase_threshold = 10

# Find the index where shear stress exceeds the threshold
threshold_index = np.argmax(y > y[0] * (1 +
percentage_increase_threshold / 100))

# Estimate the critical shear stress and shear rate
critical_shear_stress = y[threshold_index]
critical_shear_rate = x[threshold_index]

# Generate the fitted data using the optimized parameters

gamma_fit = np.linspace(min(x), max(x), 1000) # Range of gamma
values for plotting

shear_stress_fit = HB_model (gamma_fit, *popt)
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viscosity_fit_fit = np.diff(shear_stress_fit) / np.diff (gamma_fit)
viscosity_fit_fit = np.concatenate(([viscosity_fit_fit[0]],
viscosity_fit_£fit))

# Calculation of coefficient of determination (R_squared)

residuals = combined_y - combined_fit(x, *popt)
TSS = np.sum((combined_y - np.mean(combined_y))**2)
RSS = np.sum(residuals**2)

r_squared = 1 - (RSS / TSS)

# Subplot definition
fig, (axl, ax2) = plt.subplots(l, 2, figsize=(12, 6))

# Plot the viscosity - shear rate

axl.scatter(x_integrated, y_integrated, color='blue', label='
Experimental data')

axl.plot(gamma_fit, shear_stress_fit, color='red', label='Fitted,
Herschel-Bulkley')

axl.set_xlabel('Shear_ rate (s -1)"')

axl.set_ylabel ('Shear stress,(Pa)')

axl.grid(True)

axl.legend ()

# Plot the shear stress - shear rate

ax2.scatter (x, y_viscosity, color='green', label='Derived,viscosity')

ax2.plot(gamma_fit, viscosity_fit_fit, color='purple', label='Fitted,
Herschel-Bulkley')

ax2.set_xlabel ('Shear_ rate (s -1)"')

ax2.set_ylabel('Viscosity,(Pa.s)"')

ax2.grid(True)

ax2.legend ()

# Plot the graphs
plt.tight_layout ()

# Print and display results

results_text = f"R?: {r_squared:.8f},(-)\nFlow,index: {n_constant:.3f
}u(-)\nConsistency, factor K: {K_fit:.2f},(Pa.s"n)\nYield stress: {
Tau_O0_fit:.3f} ,(Pa)\nCritical shear stress: {critical_shear_stress
:.3f}Y,(Pa)\nCritical shear rate: {critical_shear rate:.3f}_ (s~ -1)"

print (results_text)

plt.show ()

.
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C Appendix C - Carreau fit

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from scipy.integrate import quad, cumtrapz

def carreau_model (lambda_dot, tau_O, lambda_k, n):
return tau_O * (1 + (lambda_dot * lambda_k) ** 2) **x ((n - 1) /
2)

data = pd.read_excel()

x = np.array(data.x)

y_viscosity = np.array(data.derivation)
y_shear_stress = np.array(data.y)

def shear_stress_integral(lambda_dot, tau_0, lambda_k, n):
def integrand(x):
return carreau_model(x, tau_O, lambda_k, n)

result, _ = quad(integrand, 0, lambda_dot)
return result

def combined_fit(lambda_dot, tau_O, lambda_k, n):
viscosity_fit = carreau_model (lambda_dot, tau_0O, lambda_k, n)
shear_stress_fit = np.array([shear_stress_integral(l, tau_O0,
lambda_k, n) for 1 in lambda_dot])
return np.concatenate((viscosity_fit, shear_stress_fit))

popt, pcov = curve_fit(combined_fit, x, np.concatenate((y_viscosity,
y_shear_stress)), bounds=([0, O, 0], [100, 100, 51))

viscosity_O_fit, lambda_k_fit, n_fit = popt

lambda_dot_range = np.linspace (0, max(x), 100000)

fitted_data = combined_fit(lambda_dot_range, viscosity_O_fit,
lambda_k _fit, n_fit)

viscosity_fit = fitted_datal:len(lambda_dot_range)]

shear_stress_fit = fitted_datal[len(lambda_dot_range) :]
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def visc_log(lambda_dot):
return viscosity_O_fit * (1 + (lambda_dot * lambda_k_fit) *x 2)
*x ((n_fit - 1) / 2)

# Calculate the coefficient of determination (R-squared)
predicted_data = combined_fit(x, viscosity_O_fit, lambda_k_fit, n_fit
)

residuals_viscosity = y_viscosity - predicted_datal:len(x)]
residuals_shear_stress = y_shear_stress - predicted_datal[len(x):]
SSR = np.sum(residuals_viscosity ** 2) + np.sum(
residuals_shear stress ** 2)
SST = np.sum((y_viscosity - np.mean(y_viscosity)) *x 2) + np.sum((
y_shear_stress - np.mean(y_shear_stress)) x* 2)

r_squared = 1 - (SSR / SST)

# Create subplots
fig, (axl, ax2) = plt.subplots(l, 2, figsize=(16, 4))

# Plot the viscosity - shear rate

axl.scatter(x, y_viscosity, color='green', label='Derived,viscosity')

axl.plot(lambda_dot_range, viscosity_fit, color='red', label='Fitted,
viscosity')

axl.set_xlabel ('Shear_ rate, (s"-1)")

axl.set_ylabel('Viscosity,(Pa.s)"')

axl.legend ()

axl.grid(True)

# Plot the shear stress - shear rate

ax2.scatter (x, y_shear_stress, color='blue', label='Measured shear
stress')

ax2.plot(lambda_dot_range, cumtrapz(carreau_model (lambda_dot_range,
viscosity_O_fit, lambda_k_fit, n_fit), lambda_dot_range, initial
=0), color='purple', label='Fitted shear stress')

ax2.set_xlabel ('Shear_ rate, (s"-1)")

ax2.set_ylabel ('Shear stress (Pa)"')

ax2.legend ()

ax2.grid(True)

# Plot the graphs
plt.tight_layout ()
plt.show ()

results_text = f"R?: ,{r_squared:.8f},(-)\nPower-law ,index: {n_fit:.3f
}u(-)\nTime constant:, {lambda_k_fit:.3f} (s)\nZero_ shear rate
viscosity:y{viscosity_O_fit:.3f},(Pa.s)\nInfinite shear rate
viscosity,:u0y,(Pa.s)"

print (results_text)

.
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D Appendix D - Cross fit

g
import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit
from scipy.integrate import quad

data = pd.read_excel()

X = np.array(data.x)

y_viscosity = np.array(data.derivation)
y_shear_stress = np.array(data.y)

def Cross_model (lambda_dot, tau_O, lambda_k, n):
return tau_O0 / (1 + (lambda_k * lambda_dot) **x (1 - n))

def shear_stress_integral(lambda_dot, tau_0, lambda_k, n):
integrand = lambda x: Cross_model(x, tau_0, lambda_k, n)
result, _ = quad(integrand, O, lambda_dot)
return result

def combined_fit(lambda_dot, tau_O, lambda_k, n):
viscosity_fit = Cross_model(lambda_dot, tau_O, lambda_k, n)
shear_stress_fit = np.array([shear_stress_integral(l, tau_O,
lambda_k, n) for 1 in lambda_dot])
return np.concatenate((viscosity_fit, shear_stress_fit))

popt, pcov = curve_fit(combined_fit, x, np.concatenate((y_viscosity,
y_shear_stress)), bounds=([0, 0, 0], [100, 100, 5]))

tau_O_fit, lambda_k_fit, n_fit = popt

lambda_dot_range = np.linspace(0, max(x), 100000)

fitted_data = combined_fit(lambda_dot_range, tau_O_fit, lambda_k_fit,
n_fit)

viscosity_fit = fitted_datal:len(lambda_dot_range)]

shear_stress_fit = fitted_datal[len(lambda_dot_range) :]

predicted_data = combined_fit(x, tau_O_fit, lambda_k_fit, n_fit)
residuals_viscosity = y_viscosity - predicted_datal[:len(x)]
residuals_shear_stress = y_shear_stress - predicted_datal[len(x):]
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SSR = np.sum(residuals_viscosity ** 2) + np.sum(
residuals_shear stress **x 2)

SST = np.sum((y_viscosity - np.mean(y_viscosity)) ** 2) + np.sum((
y_shear_stress - np.mean(y_shear_stress)) xx* 2)

r_squared = 1 - (SSR / SST)

# Create subplots
fig, (axl, ax2) = plt.subplots(l, 2, figsize=(16, 4))

# Plot the viscosity - shear rate

axl.scatter(x, y_viscosity, color='green', label='Measured, viscosity'
)

axl.plot(lambda_dot_range, Cross_model(lambda_dot_range, tau_O_fit,
lambda_k_fit, n_fit), color='red', label='Fitted, viscosity')

axl.set_xlabel('Shear_ rate (s -1)"')

axl.set_ylabel('Viscosity,(Pa.s)"')

axl.legend ()

axl.grid(True)

# Plot the shear stress - shear rate
ax2.scatter (x, y_shear_stress, color='blue', label='Measured  shear
stress')

ax2.plot(lambda_dot_range, shear_stress_fit, color='purple', label='
Fitted_shear  stress')

ax2.set_xlabel ('Shear_ rate, (s"-1)")

ax2.set_ylabel ('Shear stress (Pa)"')

ax2.legend ()

ax2.grid(True)

# Plot the graphs
plt.tight_layout ()
plt.show ()

results_text = f"R?: ,{r_squared:.8f},(-)\nPower-law ,index: {n_fit:.3f
}u(-)\nTime constant:, {lambda_k_fit:.5f} (s)\nZero_ shear rate
viscosity: {tau_O_fit:.4f} ,(Pa.s)\nInfinite shear rate_ viscosity:
0,(Pa.s)™"

print (results_text)

.
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E Appendix E - Large plate
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F Appendix F - Medium plate
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G Appendix G - Small plate
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H Appendix H - All experiments

Figure H.1. All test done with plate with dimensions 20 mm x 20 mm at temperature
20 °C. The results are normalized on y-axis.

Figure H.2. All test done with plate with dimensions 20 mm x 20 mm at temperature
40 °C. The results are normalized on y-axis.
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Figure H.3. All test done with plate with dimensions 20 mm x 10 mm (long) at tem-
perature 20 °C. The results are normalized on y-axis.

Figure H.4. All test done with plate with dimensions 20 mm x 10 mm (long) at tem-
perature 40 °C. The results are normalized on y-axis.

Figure H.5. All test done with plate with dimensions 20 mm x 10 mm (short) at
temperature 20 °C. The results are normalized on y-axis.
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Figure H.6. All test done with plate with dimensions 20 mm x 10 mm (short) at
temperature 40 °C. The results are normalized on y-axis.

Figure H.7. All test done with plate with dimensions 10 mm x 10 mm at temperature
20 °C. The results are normalized on y-axis.

Figure H.8. All test done with plate with dimensions 10 mm x 10 mm at temperature
40 °C. The results are normalized on y-axis.

154



	Introduction
	Ball joint
	Basic component of ball joint
	Grease
	Base oil
	Thickeners
	Additives

	Suspension and Steering System
	Ball joint properties

	X-ray computed tomography
	X-ray sources
	X-ray detectors
	Image reconstruction
	Sample preparation
	Ball joint sample preparation

	CT scans of ball joint
	Contrast assessment
	Fast scan
	Full scan of ball joint
	Sectional scans
	High resolution scans

	CT scans post-processing
	Gaussian filter
	Kuwahara filter
	Sobel filter

	Image segmentation
	Thresholding
	Watershed transformation

	Geometry reconstruction

	Material model
	Newtonian behavior
	Non-Newtonian behavior
	Shear-thinning fluids
	Shear-thickening fluids
	Bingham fluids
	Thixotropic fluids
	Rheopectic fluids

	Experimental data
	Non-Newtonian fluid model
	Power-Law model
	Herschel-Bulkley model
	Carreau model
	Cross model

	Comparison of non-Newtonian fluid models

	Experiment
	Couette flow
	Experimental setup
	UMT Bruker TriboLab
	Upper plates
	Bruker Contour GT-X8

	Measurement procedure
	Measurement uncertainty
	Results

	CFD simulations
	2-D simulation
	Viscous model
	Multiphase model
	Boundary conditions
	Mesh
	Solution setting

	2-D simulation results
	Mesh independence study
	Material model selection
	Comparison simulation vs. experiment vs. analytical model

	3-D simulation
	Simulation setting
	Boundary conditions
	Mesh
	Solution setting

	3-D simulation results
	Axisymmetrical simulation
	Simulation setting
	Boundary conditions
	Solution setting
	Mesh

	Axisymmetrical simulation results
	Mesh independence study
	Experiment vs. simulation

	3-D grease layer simulation
	Simulation settings
	Boundary conditions
	Mesh
	Solution settings

	3-D grease layer simulation results
	Mesh independence study
	Comparison with axisymmetrical case and experiment


	Conclusion and discussion
	List of References
	List of abbreviations
	List of appendixes
	Appendix A - Power-Law fit
	Appendix B - Herschel-Bulkley fit
	Appendix C - Carreau fit
	Appendix D - Cross fit
	Appendix E - Large plate
	Appendix F - Medium plate
	Appendix G - Small plate
	Appendix H - All experiments

