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A B S T R A C T 
The thesis addresses the topic of magnetically active liquids and their applications in microflu-
idics. The first part of the thesis comprises an extensive examination of the thematic units that 
address the issue in question. This part includes a detailed review of the fundamentals of mag
netism, magnetically active liquids, and microfluidics, with particular mention of the so-called 
millifluidics and micromagnetofluidics. This part also presents, among other things, applications 
and problems associated with instabilities in the lubrication of hydrodynamic plain bearings. The 
second area focuses on the practical aspects of the research, including the design and implemen
tation of the experiment and the computational simulations performed using F E M M and A N S Y S 
Fluent software. The third section discusses the potential use of magnetically active fluids in 
millichannels to control undesirable phenomena associated with lubricating o i l instabilities in 
hydrodynamic bearings. 

K E Y W O R D S 
Magnetically active liquids, magnetorheological liquid, Bingham, microfluidics, millifluidics, 
F E M M , journal bearings, lubrication-induced instability 

A B S T R A K T 
Diplomová práce se zabývá magneticky aktivními kapalinami a jejich aplikacemi v mikrofiuidice. 
V první části práce je provedena rozsáhlá rešerše tématických celků, které se problematiky 
dotýkají. Tato část zahrnuje podrobný přehled základů magnetismu, magneticky aktivních 
kapalin a mikrofluidiky s přihlédnutím k tzv. milifluidice a mikromagnetofluidice. V této 
části jsou i , mimo j iné, představeny aplikace a problematika nestabilit spojených s mazáním 
hydrodynamických kluzných ložisek. Druhá oblast je zaměřena na praktickou část, je zde popsán 
návrh a realizace experimentu, stejně jako výpočtové simulace provedené pomocí softwarů 
F E M M a A N S Y S Fluent. Třetí část obsahuje rozpravu koncept potenciálního využití magneticky 
aktivní kapaliny v milikanálcích za účelem regulace nežádoucích jevů spojenými s nestabilitami 
mazacího oleje v hydrodynamických ložiscích. 

KLÍČOVÁ SLOVA 
Magneticky aktivní kapaliny, magnetoreologická kapalina, Bingham, mikrofluidika, milifluidika, 
F E M M , kluzná ložiska, nestability mazacího filmu 



ROZŠÍŘENÝ A B S T R A K T 
Cílem této práce bylo provést rozsáhlou rešerši daného tématu. N a základě rešerše, navrženého, 
sestaveného experimentu a počítačových simulací, bylo úkolem vybrat vhodnou 
oblast efektivního využití mikrofluidiky ke změně vlastností, respektive optimalizaci 
hydrodynamického zařízení. V dnešním světě je neustálé zmenšování a nanotechnologie 
neúprosným trendem, který ještě zdaleka nedosáhl svého vrcholu. Jedním z motivačních aspektů 
je zájem o využití tzv. smart materiálů, mezi které patří i magneticky aktivní kapaliny, v mod
erních technologiích. Magneticky aktivní kapaliny představují inovativní řešení s širokou škálou 
využití, a to nejen v oblasti mikrofluidiky. Jejich specifické vlastnosti lze využít k přesnému 
ovládání a manipulaci s kapalinami na mikroskopické úrovni. 

Mikrofluidika je rychle se rozvíjející obor, který nabízí revoluční přístupy v biologii, chemii, 
medicíně a dalších technických oborech. Je j iž známo, že integrace magnet ických tekutin do 
mikrofluidních systémů vede například k vývoji nových metod manipulace s biologickými 
vzorky. 

Jedním z motivačních faktorů je potenciál těchto kapalin k řešení nebo zlepšení praktických 
problémů s ř ízením a stabilizací tekutin v mikrokanálcích. Zejména potenciál magneticky 
aktivních kapalin kontrolovat nežádoucí jevy a nestability, které se vyskytují 
v hydrodynamických ložiscích, představuje atraktivní výzvu s reálným využitím v průmyslu. Na 
rozdíl od jejich dobře zavedených aplikací v biologii , chemii a medicíně je využití 
magneticky aktivních kapalin v hydrodynamických prvcích stále poměrně neprobádanou oblastí 
pro průmyslové inovace. 

Práce je rozdělena do tří částí, a to na teoretickou část, praktickou část a část diskuze. 
První část se skládá z rešerše oborů relevantních pro tuto práci. V první kapitole je představen 
magnetismus. Jsou zde uvedeny veličiny potřebné k popisu magnet ického pole, dále je také 
popsáno chování magnetických materiálů. 

Ve druhé kapitole je provedeno komplexní studium magneticky aktivních kapalin, zejména 
magnetoreologických. Třetí kapitola je věnována atypickým disciplínám mechaniky tekutin, 
konkrétně mikrofiuidice, milifluidice a mikromagnetofluidice. V této kapitole jsou představeny 
nezbytné koncepty, které je třeba mít na paměti , neboť to, co platí v makrosvete, nemusí vždy 
platit v mikroskopickém měřítku apod. 

Čtvrtá kapitola seznamuje čtenáře se širokou škálou aplikací a zařízení využívajících 
magneticky aktivní kapaliny nebo mikrofluidní principy. Je zde také představena vybraná 
oblast specifického zařízení, která by byla významná pro další kroky, a to hydrodynamická 
čepová ložiska. Je představena problematika nestabilit spojených s mazáním ložisek. 

Pátá a šestá kapitola jsou věnovány praktické části práce. Je zde popsána konstrukce 
a uspořádání experimentu s ř ízením tuhosti kapaliny. Hodnoty magnetické indukce 
a intenzity magnet ického pole pro stanovení meze kluzu jsou získány magnetostatickou 
simulací. V C F D simulaci je magnetoreologická kapalina pod vlivem magnet ického pole 
nahrazena Binghamovým modelem viskoplastické kapaliny, jehož parametry jsou viskozita v 
neaktivovaném stavu a výše zmíněná mez kluzu. Nahrazení se provádí pomocí U D F . 
V poslední kapitole je formou diskuse navrženo možné využití magneticky aktivní kapaliny 
v mikrokanálech pro kontrolu nežádoucích jevů s nestabilitou vyvolanou mazáním v 
hydrodynamických ložiscích. 

Není nutno příliš zdůrazňovat, že dané téma představuje atraktivní výzvu v mnoha ohledech. 
Navzdory slibnému konceptu, návrhu a sestavení experimentu, faktor, který se zprvu zdál jako 
zanedbatelný, negativně ovlivnil chod praktické části a tudíž experiment nemohl být dokončen. 
Nicméně, v práci jsou uvedeny náměty k dalšímu postupu, které povedou k finálnímu měření. 



Výpočtové simulace jsou rozděleny na dvě úrovně a to na magneto statickou v softwaru 
F E M M , který využívá metody konečných prvků pro úlohy elektromagnetismu a na C F D výpočet 
v softwaru A N S Y S Fluent, který naopak využívá metodu konečných objemů. Jako vstupní 
parametry pro magnetostatickou simulaci slouží tzv. B — H křivka použité magnetoreologické 
kapaliny M R F - 1 3 2 D G od společnosti L O R D , geometrie navrženého experimentu a vlastnosti 
použité cívky. Výstupem z této simulace jsou hodnoty magnetické indukce a intentzity magnet
ického pole. Hodnoty magnetického pole poslouží jako vstup v druhé úrovni simulace, tj. v C F D . 
Je využito magnetohydrodynamického modulu, který přesahuje běžné uživatelské schopnosti, 
a právě zde je zahrnut vl iv externího magnet ického pole. Hodnoty intenzity magnet ického 
pole jsou využity pro získání hodnot meze kluzu magnetoreologické kapaliny. Ty jsou potom 
implementovány v U D F bingahmského modelu nenewtonské kapaliny. Dále je taktéž pomocí 
U D F implementována i pohyblivá síť , neboť se očekává translační pohyb ve směru buzení od 
cívky. 

Př ínosem této práce je přiblížení poznatků o magneticky aktivních kapalinách, jejich 
aplikacích v mikrofiuidice a podpora interdisciplinárního přístupu kombinujícího inženýrství a 
různé aspekty fyziky. Získané poznatky slouží jako odrazový můstek pro další fáze výzkumu 
a poskytnout pevný základ pro možné budoucí aplikace v tomto směru, které mohou vést k 
významným inovacím v různých technických a vědeckých oblastech. 
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Introduction 

The purpose of this chapter is to introduce the reader to the motivation behind this work and its 
objectives. A brief methodological approach used in the composition of the thesis and also in the 
development of the computational simulation is presented here. 

Motivation 

Nowaday's, miniaturisation and nanotechnology are a relentless trend that is far from 
reaching its peak. One aspect of motivation is the interest in using so-called smart materi
als, which include magnetically active liquids, in modern technology. Magnetically active 
liquids are innovative solutions with a wide range of applications, not only in the field of 
microfluidics. Their specific properties can be used to precisely control and manipulate 
liquids at the microscopic level. 

Microfluidics itself is a rapidly developing field offering revolutionary approaches in 
biology, chemistry, medicine, and other engineering disciplines. It is already known that the 
integration of magnetic fluids into microfluidic systems leads, for example, to the development 
of new methods for manipulating biological samples. 

Another motivating factor is the potential of these liquids to solve or improve practical 
problems of fluid control and stabilisation through microchannels. In particular, the ability of 
magnetically active liquids to control undesirable phenomena and instabilities that occur in 
hydrodynamic bearings presents an attractive challenge with real applications in industry. In 
contrast to their well-established applications in biology, chemistry, and medicine, the use of 
magnetically active liquids in hydrodynamic components is still a relatively unexplored area 
with considerable potential for innovation and industrial improvement. 

Objectives 

One of the objectives of the thesis is to conduct comprehensive research on a multidisciplinary 
topic. In this research, the topics of magnetism, magnetically active liquids, microfluidics and 
various applications are introduced. 

Another objective of the research is to study hydrodynamic devices and to select a suitable 
region for optimisation using magnetically active liquids in microchannels. 

Finally, the objective is to design and implement a simple experiment, accompanied by a pilot 
computer simulation using commercially available software, to verify the predicted properties. 

Methods 

The thesis is divided into three parts, namely the theoretical part, the practical part, and the 
discussion part. The first part consists of research into the disciplines relevant to this thesis. The 
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first chapter introduces magnetism. The quantities necessary to describe the magnetic field are 
given, the behaviour of magnetic materials is also described. 

In the second chapter, a comprehensive study of magnetically active liquids, in particular 
magnetorheological and ferromagnetic liquids, is carried out. This chapter includes a list of 
several manufacturers and an extensive list of applications. 

The third chapter is devoted to fluid mechanics disciplines at micro- and millirange. The first 
part introduces the necessary concepts of microfluidics, as what is true in the macro world is not 
always true at the microscopic scale. Micromagnetofluidics and so-called millifluidics are also 
mentioned as they are relevant for this work as well . 

The fourth chapter introduces the reader to a wide range of applications and devises using 
magnetically active liqids or microfluidic principles. A selected area of the specific device that 
would be considerable for the next steps, namely hydrodynamic journal bearings is presented 
here as well . The issue of instabilities associated with bearing lubrication is introduced. 

The fifth and sixth chapters are devoted to the practical part of the thesis. The design and 
setup of the liquid stiffness control experiment are described. The values of magnetic induction 
and magnetic field strength to determine the yield stress are obtained by magnetostatic simulation. 
In the C F D simulation, the magnetorheological l iquid under the effect of the magnetic field 
is replaced by a Bingham model of viscoplastic liquid, whose parameters are the viscosity 
in the unactivated state and the aforementioned yield stress. The replacement is done by the 
U D F . The last chapter discussess the experiment procedure. Also , a proposal of possible use 
of the magnetically active liquid in microchannels to control undesirable phenomena with 
lubrication-induced instabilities in hydrodynamic bearings is carried out here. 

Contribution 

The contribution of this work is to bring closer the knowledge of magnetically active liquids 
and their applications in microfluidics and to promote an interdisciplinary approach combining 
engineering and various aspects of physics. The knowledge gained can serve as a springboard 
for further steps of research, providing a solid foundation for possible future applications in this 
direction that can lead to significant innovations in various engineering and scientific fields. 
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Chapter 1 

On Magnetism 

This chapter provides a summary of the essential characteristics required to describe the 
magnetic field. This chapter is primarily based on the following sources: [1], [2], [3], [4], [5], [6]. 

1.1 Magnetic Fields 
A magnetic field is an area where magnetic forces are applied. Depending on its nature, 
the magnetic field can be divided into stationary and non-stationary. A stationary field is a 
time-variant field, while a non-stationary field is always characterised by variability in time. 

Magnetic fields occur, for example, around magnetised substances, and they can be 
described graphically by magnetic field lines (sometimes referred to as magnetic induction 
lines), see the following figure: 
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These lines are a kind of analogue to the field lines defined for the electric field. Magnetic 
induction lines are always closed curves lying in a plane perpendicular to the velocity vector 
of charge. Unlike the electric field, in the magnetic field, the so-called monopoles exist only in 
theory, and their existence has not yet been proven. 

One way of inducing a magnetic field is through the fact that the movement of electric 
particles in conductors creates a magnetic field, which is used in electromagnets. Another way of 
generating the magnetic field comes from the properties of elementary particles, e.g., electrons, 
which have their own intrinsic magnetic field [1]. 

While permanent magnets are a source of a magnetostatic field, i.e., a stationary magnetic 
field, the magnetic field of electromagnets can be dynamically changed by the wiring of the coil. 
However, as a result of a time-varying magnetic field, many dynamic applications are affected 
by hysteresis losses [2]. 

The fundamental quantity defining a magnetic field is magnetic induction (or, in some 
literature, magnetic flux density) B. The magnetic induction can be defined by the follow
ing considerations: A particle charge at rest in a magnetic field is not subject to any force 
induced by the field. If this particle charge moves through the magnetic field, the field exerts a 
magnetic force on it. The magnitude of this force depends on the size of the charge and also on 
the speed and direction of its movement. This force is called the Lorentz force, and the following 
relationship applies [2]: 

FL = q[E + vxB] (1.1) 

where q is the observed particle charge, v is the velocity vector of its motion, E is the intensity 
of the electric field, and finally B is magnetic induction, a fundamental quantity describing the 
properties of the magnetic field. In cases where no electric field occurs, the (1.1) is solely a 
magnetic force, and we obtain the following: 

FL = q[vxB}. (1.2) 

It also follows from the equation (1.1) or (1.2) that i f the charge velocity vector is parallel to the 
magnetic field induction vector, then the Lorentz force is zero. Thereby, the force Fl acting on a 
charged particle q moving at velocity v through a magnetic field B is always perpendicular to v 
a n d f l [ l ] . 

Note: Magnetic induction is defined by equation (1.1). This equation also fully defines the unit of 
magnetic induction, the Tesla. A magnetic field has a magnetic induction of 1 T if, when applied 
to a charge of 1 Coulomb moving at speed 1 m.s 1 perpendicular to the magnetic induction 
vector, a Lorentz force of 1 Newton is exerted. 

It is important to highlight that Tesla is a rather large unit. In normal engineering 
applications, the magnitude of the magnetic field is at most measured in units of Tesla. For 
example, in the air gap of a loudspeaker, the magnetic field strength is usually in the range of 1 or 
2 T, and the magnetic field induction produced by magnetic resonance is in the range of 1,5 to 3 T. 

With the use of a cross-product, we can rewrite (1.2) as 

Fl — \q\ v 5 s i n <p (1.3) 

which confirms that the magnitude of the acting force is zero i f and only i f v and B are either 
parallel (<p = 0°) or antiparallel (<p = 180°), and the force is at its maximum when v and B are 
perpendicular to each other. 
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For the magnetic induction vector, the flux term 4> for any arbitrary oriented surface S can be 
introduced in the following way: 

3> = jJBdS. (1.4) 
s 

It is also true that the magnetic flux through any closed surface S is zero, in other words 

( 0 5 d S = O (1.5) 

s 

or in differential form 

d i v 5 = V f l = 0. (1.6) 

The magnetic induction can also be expressed in terms of the magnetic potential vector A as 

5 = curL4 (1.7) 

and according to [2], it is always possible to choose the vector potential A such that the so-called 
calibration condition 

divA = 0 (1.8) 

is met in the magnetostatic f ield 1 . With the help of Stokes' theorem, the magnetic flux can be 
expressed in terms of the line integral, as follows: 

3> = $BdS = J J c u r L 4 d S = (j)Adt (1.9) 

To introduce some of the following terms, it is necessary to define the magnetic dipole. According 
to [1], magnetic dipoles are the simplest magnetic structures. The equation (1.5), also referred 
to in the literature as the Gauss' law for magnetic fields, implies that magnetic monopoles do 
not exist, i.e., one end of the magnet is a so-called source of the field and the other is a sink. B y 
convention, these are referred to as the north pole and the south pole, respectively. 

Figure 1.1.2: A visualisation of magnetic pole models (from left to right): a magnetic dipole; an 
attraction of opposite poles; a repulsion of the same poles [8](edited) 

For non-stationary magnetic fields, the vector potential can also be introduced, as well as the calibration 
condition. Since this is not relevant for this work, see [2]. 
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The continuous spatial distribution of magnetic dipoles can be described by the dipole 
moment density M, i.e., the magnetisation vector. Its proportionality to the similar term of the 
magnetic polarisation vector P can be formulated as 

P = 1A)M (1.10) 

where /lo = 4-n • 10 7 [ H- m _ 1 ] is the vacuum's permeability. To further describe the magnetic 
field, a quantity of magnetic field intensity (or magnetic field strength) is also introduced 

Hd£ = iM)I, (1.11) 

or in differential form with the use of Stokes' theorem 

c u r l / / = / (1.12) 

where / is a current and j is the free volume current density at a given point. A way of expressing 
the magnetic field intensity in terms of magnetic induction is 

—> 

H = — (1.13) 
IM) 

and i f for any point in the case of a magnetostatic field, the following is satisfied: 

divfl = 0 (1.14) 

d i v i / = 0. (1.15) 

Such field is then potential and is describable by a scalar potential 0. Another expression for the 
magnetic field intensity is 

M = XmH (1.16) 

where % m is magnetic susceptibility, which is a quantity that determines the proportionality 
between magnetisation and magnetic pole in a substance [3]. Its relation to the permeability jU 
and its dimensionless form, the relative permeability \ir, is described by the following equations: 

ju = ju 0 j u r (1.17) 

Hr=l+Xm- (1.18) 

Based on equations (1.13), (1.17) and (1.18) we can state the following [2]: 

B = Hq(M + H) (1.19) 
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1.2 Magnetic Materials 
Magnetic susceptibility is the degree to which a material is magnetised depending on the 
applied field. On the basis of magnetic susceptibility, the behaviour of magnetic materials can be 
categorised into antiferromagnetic, diamagnetic, ferromagnetic, ferrimagnetic, and paramagnetic. 

Another way of categorising magnetic materials is by their relative permeability \ir, which 
is the ratio of the permeability / i of a magnetic material to the permeability of a vacuum jUo-
The relative permeability value is determined by the properties of the atoms that make up the 
substance. 

The individual electrons in the atoms move in small closed loops and generate elementary 
magnetic fields, which combine to form the resulting magnetic field of the atom. Depending on 
the arrangement of the electrons in the atom, the magnetic fields inside the atom may cancel 
each other out completely (see diamagnetic materials) or only partially (paramagnetic materials). 
This explains the existence of the following groups of magnetic materials [4] summarised in 
Figure 1.2.1. 

DIAMAGNETIC MATERIALS 

Diamagnetism is characterised by the fact that it slightly weakens the magnetic field, i.e., 
diamagnetic materials exhibit a very small negative magnetisation. They consist of atoms with 
almost no net magnetic moment[2],[5]. The relative permeability of diamagnetic materials 
is slightly less than one ( / i r < 1) while reacting to the external magnetic field. Examples of 
diamagnetic materials are noble gases, gold, copper, mercury, etc. For example, the relative 
permeability of copper is \ir — 0,999990. 

PARAMAGNETIC MATERIALS 

A paramagnetic material can be considered somewhat of a contradiction to the diamagnetic 
material as its relative permeability is slightly greater than one > 1) while exposed to the 
external magnetic field, thus having no net magnetisation. This means that they slightly amplify 
the magnetic field [2]. A n example of paramagnetic materials is, e.g., sodium, potassium, and 
aluminium. For example, the relative permeability of aluminium is jlr — 1,000023. 

At room temperature, where the magnetic field of diamagnetic and paramagnetic materials is 
very weak, both types of materials show no hysteresis (see Subsection 1.3). 

FERROMAGNETIC MATERIALS 

Ferromagnetic material is characterised by a high magnetic permeability (/i >> 1), which allows 
it to become highly magnetic. It also has the ability to retain a permanent magnetic moment. Its 
elementary magnetic dipoles within the domains are all parallel to each other, see Figure 1.2.1. 
For example, the relative permeability of steel is \ir w 8000. 

For any ferromagnetic substance, there is a certain temperature above which the substance 
loses its ferromagnetic properties and becomes paramagnetic. This temperature is known as the 
Curie temperature. For example, iron has a Curie temperature of 770°C [4]. 

ANTIFERROMAGNETIC MATERIALS 

These are nonmagnetic materials with all domains oriented anti-parallel to each other. 
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FERRIMAGNETIC MATERIALS 

A material is considered ferrimagnetic i f only a certain number of domains are oriented anti-
parallel. 

Type of 

Magnetism 
Magnetic Behaviour Magnetic Susceptibility Examples 

Dlamagnetic Small and negative 
Copper, silver, gold 

and alumina 
Dlamagnetic Small and negative 

Copper, silver, gold 

and alumina 
Dlamagnetic Small and negative 

Copper, silver, gold 

and alumina 
Dlamagnetic Small and negative 

Copper, silver, gold 

and alumina 
Dlamagnetic Small and negative 

Copper, silver, gold 

and alumina 
Dlamagnetic Small and negative 

Copper, silver, gold 

and alumina 
Dlamagnetic Small and negative 

Copper, silver, gold 

and alumina 

Paramagnetic Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Paramagnetic 

i T 

Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Paramagnetic 
t f 

Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Paramagnetic \ JL Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Paramagnetic 

t +~ i - + 

Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Paramagnetic 

i \ V J* 

Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Paramagnetic Small and positive 

Aluminium, 

titanium and alloys 

of copper 

Ferromagnetic 

Very large and positive, 

function of applied field, 

mlcrostructure dependent 

Iron, nickel and 

cobalt 
Ferromagnetic 

-L JL JL A J L 
Very large and positive, 

function of applied field, 

mlcrostructure dependent 

Iron, nickel and 

cobalt 
Ferromagnetic 

iL J L * 
Very large and positive, 

function of applied field, 

mlcrostructure dependent 

Iron, nickel and 

cobalt 
Ferromagnetic JL JL J L 

Very large and positive, 

function of applied field, 

mlcrostructure dependent 

Iron, nickel and 

cobalt 
Ferromagnetic 

iL JL A J L 

Very large and positive, 

function of applied field, 

mlcrostructure dependent 

Iron, nickel and 

cobalt 
Ferromagnetic 

iL JL * j l 

Very large and positive, 

function of applied field, 

mlcrostructure dependent 

Iron, nickel and 

cobalt 

Antl-

ferromagnetlc 
Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Antl-

ferromagnetlc 

JL T T 
J , 

Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Antl-

ferromagnetlc 

v J L JL 
Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Antl-

ferromagnetlc JL 1 ' " iL Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Antl-

ferromagnetlc J L ,L 1 r 

Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Antl-

ferromagnetlc 

J L 1 ' T J . 

Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Antl-

ferromagnetlc 
Small and positive 

Manganese, 

chromium, MnO 

and NiO 

Ferrimagnetic 

Large and positive, 

function of applied field, 

mlcrostructure dependent 

Ferrltes 

Figure 1.2.1: Different types of magnetic behaviour [5] 

The cause of magnetisation is the action of exchange forces between neighbouring atoms. 
Because of these forces, even in the absence of any external action, there is a consensual 
arrangement of the magnetic fields of the atoms in a small region of the substance. During 
this spontaneous magnetisation, microscopic regions of 10 3 m m 3 to 10 m m 3 volume called 
magnetic domains are formed in the material. However, the individual domains are randomly 
oriented. Under the influence of an external magnetic field, these domains become aligned, and 
the material takes on the properties of a magnet. During this process, the volume of the domains 
gradually increases until they are aligned and the domain structure disappears. We say that the 
substance is magnetically saturated [4]. 
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Figure 1.2.2: Domain structure of magnetic substance [4] 

1.3 Magnetic Hysteresis 
Hysteresis is the property of a system that does not immediately follow applied influences. 
Instead, depending on its immediate history, the system's response may be slow or may not 
completely return to its original point of origin [5]. 

Magnetic hysteresis is the non-linear dependence of the magnetisation vector M on the 
magnetic field intensity H shown in the following figure. It is caused by local rotations of the 
magnetisation vector in the presence of an external magnetic field. This depedence is referred 
to as a hysteresis curve or hysteresis loop. The curve of the prime magnetisation starting from 

M 

Figure 1.3.1: The hysteresis curve [3] 

the origin of the coordinate system, i.e., in the absence of the magnetic field, shows the rotation 
of the magnetisation in the substance in the direction of the increasing magnetic intensity. This 
maximum attainable value of magnetisation is called saturation magnetisation Ms. When the 
intensity of the external magnetic field is reduced, the decreasing magnetisation does not return 
to its initial point. Instead, it retains a non-zero value when the field is removed, called remanent 
magnetisation Mr. 

To reverse the magnetisation vector in the opposite direction, an additional field in the 
opposite direction must be applied. The coercive field He is the magnetic field required to 
reorient exactly half of the magnetic moments and thus cancel the total magnetisation of the 
material [3]. 

In some literature, magnetic hysteresis is presented as the dependence of magnetic induction 
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on magnetic field strength, in which case we speak of so-called B H curves. The shape and 
size of the hysteresis loop differ for hard and soft magnetic materials. If the material is easily 
magnetised, the loop w i l l be narrow, and vice versa. The height of the loop depends on the 
material's magnetic saturation value, see the following Figure 1.3.2 and the following Table 1.3.1 
[5]. 

Magnetic Property Soft Magnetic Material Hard Magnetic Material 
Hysteresis loop Narrow Large area 
Remanence High High 
Coercivity Low High 
Saturation flux density High Good 

Table 1.3.1: Brief overview of magnetic properties between hard and soft magnetic materials [5] 

Soft 

J / Hard 

Figure 1.3.2: Hysteresis curve for hard and soft magnetic materials [5] 

A n example of soft magnetic material is a temporary magnet or electromagnet, which is 
made from soft iron. On the other hand, permanent magnets made from hard magnetic materials 
such as steel, cobalt steel, or carbon steel are hard magnetic materials. 
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Chapter 2 

Magnetically Active Liquids 

This chapter offers a comprehensive introduction to magnetically active liquids. It provides 
an overview of both ferromagnetic and magnetorheological liquids, along with a handful of 
manufacturers. This chapter draws mainly upon the following sources: [5], [9], [10], [11],[12], 
[13], [14]. 

A s explained in detail in the previous chapter, only a handful of metals possess magnetic 
properties. The observed phenomenon of ferromagnetism can be attributed to the alignment 
of the tiny magnetic moments of individual atoms. However, this phenomenon can only be 
observed in the solid state of matter. Nevertheless, it is worth noting that a particular class of 
material does exist whose properties consist of fine ferromagnetic particles suspended in a carrier 
fluid. This combination of magnetism and the fluid state of matter, as described in [15], gives 
rise to unique and remarkable properties. 

In nowaday's terminology, these so-called smart fluids are suspensions known as magnetic 
liquids, which can be further divided into two types based on the average size of their magnetic 
particles: ferromagnetic liquids (Section 2.3) and magnetorheological liquids (Section 2 . 4 ) 1 2 3 . 
To study these liquids, new fields had to be introduced, as classical hydrodynamics does not deal 
with the effects of the magnetic field or electricity. A science field that studies the interaction 
between a magnetic field and a magnetically polarizable, electrically non-conducting liquid is 
called ferrohydrodynamics (FHD). Other fields, based on the properties they study, include elec-
trohydrodynamics (EHD), which examines the force interactions between an electric field and an 
electrically polarizable liquid, i.e., electrorheological liquid ( E R ) 4 , and magnetohydrodynamics 
( M H D ) , which studies the interaction between a magnetic field and a magnetically polarizable, 
electrically conductive liquid [11], [17]. 

The alteration of properties in the presence of an external magnetic field can be achieved 
by permanent magnets and electromagnets, which is known as the magnetorheological, or 
magneto viscous, effect. In order for the use of magnetically active liquids to be effective, it is 
crucial that the effect is reversible and that the properties of the liquid revert to their original 

1 Another so-called bimodal magnetic liquid is presented in [16] with magnetic particles dispersed in a magneti
cally active carrier liquid. 

2In some works, it is possible to see terms such as ferrofluid (FF) and magnetorheological fluid (MRF) that are 
employed to refer to ferromagnetic and magnetorheological liquids, respectively. These terms are also used in this 
work without any loss of meaning, as it is well established that all liquids are also fluids, but not vice versa. 

3 Unfortunately, the nomenclature of magnetic fluids is not entirely strictly adhered to. Some authors refer to 
ferromagnetic liquids as a superordinate term, including both MR liquids and liquids with smaller particles. Others 
specifically refer to them as magnetic nanofluids (MNFs). 

4Liquids that, when an external electric field is applied to the liquid, isolate particles from each other, causing 
them to form a chain-like structure similar to magnetorheological fluids [12]. 
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state when the external magnetic field is removed. Consequently, low remanence and coercivity 
requirements are placed on the particles, which ensures that each repeated application of a given 
magnetic field under the same conditions w i l l result in the same change in properties with each 
application. 

2.1 Composition of Magnetically Active Liquids 

The composition of magnetically active liquids is comprised of three distinct parts. 

MAGNETIC PARTICLES 

These are mediators of magnetic interaction, with dimensions in the order of nanometers or 
micrometres for ferromagnetic liquids and magnetorheological liquids, respectively. In many 
cases, they are a compound of iron with another element, for instance, Fe304. Additionally, 
alloys are employed, such as the iron-cobalt alloy to powdered iron, due to their high magnetic 
saturation value[13]. 

CARRIER LIQUID 

The carrier l iquid is a medium in which the magnetic particles are dispersed. Usually silicone, 
synthetic, mineral oils, and even water are used, and the addition of additives effects the 
polarizability of the particles and improves stabilisation [18]. 

The carrier fluid exerts a profound influence on the final properties of the magnetic fluid, 
both in the activated and unactivated states. The viscosity of the magnetic fluid in its unactivated 
state is determined by the carrier fluid, as is the resulting density. Furthermore, the operating 
temperature range is influenced by the choice of carrier fluid [13]. 

SURFACTANT 

Surfactant is a coating agent on the particle surface employed to prevent the agglomeration 
and sedimentation of the particles. The desired effect is achieved when the hydrophilic end of 
the chain is fixed and bonded to the surface of the particle, while the other hydrophobic end 
is attracted to the surrounding fluid and repelled by the chain end of the surrounding particle. 
The particles with the same charge repel each other in the liquid and thus do not combine into 
larger units, which could result in a reduction or complete suppression of the magnetorheological 
phenomenon. This negatively affects the magnetic saturation value of the liquid. A n example of 
a surfactant is oleic acid [13], [9]. 

Apart from these three components, other additives can be employed. These include agents 
that modify the p H of the carrier liquid and antioxidants that enhance the resistance and durability 
of the particles to, e.g., thermal influence [13]. 
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Figure 2.1.1: Schematic of magnetic particles with surfactant (purposefully not in scale for 
clarity) [9] 

2.2 Magnetorheological and Magnetoviscous Effect 

The magnetic field exerts a profound influence on the particles in the liquid, inducing the forma
tion of chain-like structures that bear resemblance to magnetic field lines. This process results 
in a notable increase in viscosity, accompanied by the emergence of a yield stress below which 
the liquid assumes the characteristics of a solid. The viscosity and yield stress values are de
pendent on the strength of the magnetic field. These properties increase with higher field strength. 

In the case of ferrofluids, we speak of the magnetoviscous effect because their internal friction 
and, therefore, viscosity change with the intensity of the magnetic field applied. In contrast to 
magnetorheological liquids, which undergo a transition to a solid state under the application of 
a magnetic field, ferromagnetic liquids remain liquid even at higher magnetic field strengths 
applied [9]. 

Ferromagnetic 
particles 

Carrier 
fluid 

Figure 2.2.1: A Schematic of the described effects [19] 
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2.3 Ferromagnetic Liquids 
Ferrofluids are colloidal suspensions with particle dimensions of several nanometers. Due to the 
size of the particles, Brownian motion, which is the random movement of particles dispersed in 
a liquid or gas, has a significant effect on the particle settling problem, along with van der Waals 
and magnetic forces. Furthermore, each particle forms a so-called Weiss domain and has its own 
magnetic moment, which is characteristic of single-domain particles. In a single-domain particle, 
all the atoms of the particle have their magnetic moment aligned in one direction, cooperating 
with each other (similarly as in Figure 1.2.1). This results in an externally manifested enormous 
magnetic moment [20]. 

Unlike magnetorheological fluids (Section 2.4), ferrofluids do not have a proven yield strength 
[12]. Their different magnetic behaviour is also a consequence of the small particle size, where 
these single-domain particles present in the liquid are superparamagnetic5. The mathematical 
description of magnetic liquids is generally not a simple matter, and certainly not in the case of 
ferromagnetic liquids, since the behaviour of each individual particle must be taken into account 
due to single-domain behaviour. 

For example, the change in viscosity of a magnetically active liquid depends not only on the 
strength of the magnetic field but also on its orientation with respect to the direction of flow. The 
magnetic field tends to align particles according to the induction lines. If the particle is oriented 
so that the velocity vortex vector is parallel to the magnetic field, there is no magnetoviscous 
effect. However, i f the vector is perpendicular to the direction of the strength magnetic field, 
a torque is produced that prevents the particle from rotating freely. This has the effect of an 
increase in the apparent viscosity of the liquid. The angle between the velocity vortex vector and 
the magnetic field is responsible for the anisotropic behaviour of the liquid [10]. 

2.4 Magnetorheological Liquids 
The magnetorheological liquids display a significant and reversible change in their rheological 
properties (elasticity, plasticity, or even viscosity). The description of the behaviour of magne
torheological fluids can be based on the description of ferromagnetic liquids, with the following 
differences: 

• The magnetorheological effect plays a key role in the liquid's behaviour. 

• Particles in magnetorheological fluid are no longer single-domain. 

• The energy of Brownian motion is negligible. 

The particles of the magnetorheological l iquid are therefore multidomain, exhibit dipole be
haviour only when a magnetic field is applied, and, therefore, react differently compared to 
ferrofluids under the same influence of the magnetic field. Magnetorheological liquids can 
change their viscosity with the formation of a chain structure and solidify when a magnetic 
field is applied, whereas ferromagnetic liquids retain their l iquid form. When subjected to the 
magnetic field, the particles are oriented along the direction of the applied magnetic field. These 
particles are assembled into a uniform polarity and connected to the walls. Upon alignment, iron 
particles remain stationary within their respective flux lines, acting as a barrier to external forces. 

5 A property characterised by a high degree of magnetisation in the presence of weak and medium magnetic 
fields, in contrast to paramagnetic substances [11]. 
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In this context, yield stress represents the maximum stress-strain relationship. When the stress 
reaches maximum, the chains w i l l break, allowing the fluid to flow even i f the magnetic field is 
still applied [5]. 

2.4.1 Rheology of Magnetorheological Liquid 
Rheology is the study of the relationship between shear stress x and shear strain f. A rheological 
model enables the mathematical description of the mechanical behaviour of the continuum in the 
presence of an external load. 

The carrier l iquid is typically Newtonian in its behaviour. However, when considered as 
a whole, it exhibits non-Newtonian behaviour. A plethora of models have been developed to 
describe the behaviour of magnetorheological liquids, see [21]. One of them is the Herschel-
Bulkley model and its special case for n — 1, the Bingham model, as follows, respectively: 

T = Ty(H)sgn(y) + fif (2.1) 

and for n — 1: 
x = xy(H)sgn(y) + nf (2.2) 

where xy is the yield stress dependent on the strength of the magnetic field. The yield stress is 
defined as the shear stress required to initiate flow, and it is evident that the equations hold true 
iff X > Xy. 
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Figure 2.4.1: Fluid flow of magnetorheological liquid through fixed parallel plates [14] 

From the figure, it can be seen that the shear stress x increases linearly with decreasing 
distance from the magnet pole. The value of the shear stress in regions I and II is called the 
post-yield region. It exceeds the yield stress value and, therefore, the fluid flows. In region III, 
i.e., pre-yield region, the shear stress is below the critical value and the fluid behaves more like a 
solid body. 

In the majority of engineering applications, the Bingham model represents an effective tool 
for describing the fundamental characteristics of magnetorheological liquids. However, the 
question, of to what extent it can be considered universally valid persists. It is evident that the 
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characteristics of magnetic liquids, generally, can vary considerably, particularly in terms of 
particle size, concentration, chemical composition, and carrier fluid, which makes it challenging 
to assume that the Bingham model is, in general, feasible [22], [23]. In addition to the Bingham 
model, other approaches can be found, for example, in [24]. 

2.4.2 Modes of Operation 
In general, magnetorheological liquid devices operate according to one of the following modes 
of operation, or a combination of these modes, depending on the function of the system. These 
modes are known as valve mode, shear mode, squeeze mode, and gradient pinch mode. Prior to 
the design of any magnetorheological liquid device, it is essential to consider the rheological and 
magnetic properties, the circuit, and the working mode of the magnetorheological liquid. This 
part draws from [5]. 

VALVE MODE 

In the valve mode, in some literature flow mode, the fluid is situated within the space between 
the fixed plates. The pressure drop between the ends creates a fluid flow from one end to the other. 

Magnetic Field Magnetic Field 

Orifice or fixed-plate 0 i - f i c e o r f l x e d . p l a t e 

Figure 2.4.2: Schematic of valve mode [5] 

The magnetic field applied perpendicular to the direction of the flow is employed to alter the 
viscosity of the magnetorheological l iquid in order to regulate the flow. A s a consequence, an 
increase in yield stress or viscosity modifies the velocity profile of the fluid in the gap between 
two plates, see Figure 2.4.1 [5]. 
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SHEAR MODE 

In the case of shear mode, one plate moves in a parallel direction to the other either by sliding or 
rotating. In the unactivated state, the magnetic l iquid is observed to move between the plates 
in the direction indicated in the following figure. The viscosity of the liquid increases with the 
magnetic field applied perpendicularly, which consequently leads to an increase in the resistance 
to the pole movement. 

Magnetic Field Magnetic Field 

Figure 2.4.3: Schematic of shear mode [5] 

SQUEEZE MODE 

The third, squeeze mode, has not been widely investigated. This mode operates under the appli
cation of a force in the direction of a magnetic field, which results in a reduction or expansion of 
the distance between the parallel plates. 

Figure 2.4.4: Schematic of squeeze mode [5] 

In this mode, the magnetorheological liquid is subjected to a dynamic (tension-compression 
alternation) or static (individual tension or compression) load. A s the magnetic field charges 
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the particles, the particle chains formed between the walls become rigid with rapid changes in 
viscosity. The displacements involved in squeezing mode are in the range of millimetres but 
require large forces. 

GRADIENT PINCH MODE 

In contrast to the aforementioned modes, the gradient pinch mode employs a different approach, 
and today it is the least studied. The magnetic field within the flow channel is oriented to activate 
the fluid in these areas, resulting in the generation of high yield stresses in these regions and 
the establishment of low yield stresses in the central zone. This yield stress distribution is 
non-uniform [25], [26]. 

Figure 2.4.5: Schematic of shear mode [27] 

Consequently, as can be seen in Figure 2.4.5, a Venturi-like contraction is formed exclusively 
through the action of the material itself, without any alteration to the flow path geometry. 
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Chapter 3 

Matter of Scale 

3.1 Microfluidics 

Microfluidics can be denned as either a scientific discipline that studies the behaviour of fluids at 
the micro- to nanometer scale or as a technology for fabricating microfluidic devices containing 
channels and chambers through which fluids flow. 

The fundamental principle of microfluidic technology is the integration of a complex system 
into a simple microfluidic system that would otherwise require an entire laboratory. The ability 
to work at this scale offers several advantages, including the ability to analyse samples with 
greater accuracy at the point of introduction and to conduct faster reactions due to the specific 
fluid dynamics involved. This results in a significant reduction in chemical waste. 

A typical microfluidic device is a microfluidic chip, which is a network of microchannels 
etched or moulded into a material such as glass, silicon, or polydimethylsiloxane (PDMS) . The 
design of the network of microchannels is meticulously engineered to align with the specific 
requirements of the chip, encompassing a range of applications such as lab-on-a-chip (LoC) , 
pathogen detection, electrophoresis, D N A analysis, and more. 

A t both ends of the microchannels, there are holes punched through the chip, representing 
inputs and outputs. Fluids are injected and drained from the microfluidic chip via, e.g., attached 
tubing or syringe adapters. 

These elements can be embedded either inside the chip in the form of different valves or 
outside the chip. In the case of external active systems, pressure regulators, injection pumps, or 
peristaltic pumps are used. In a passive way, hydrostatics can be used to control flow pressure 
[28], [29], [30]. 

From a scientific perspective, microfluidics is a subfield of fluid mechanics. However, as 
the name suggests, the length scales in microfluidic systems are significantly smaller than in 
classical fluid mechanics, resulting in different fluid physics behaviours [31]. 

In microfluidic systems, capillary and surface tension forces exert a dominant influence over 
gravitational forces. The dominance of capillary forces is responsible for the laminar flow. It 
can be demonstrated that turbulent fluid flow is not possible in microfluidic systems. This fact 
renders it relatively straightforward to predict the behaviour of the fluid. The mixing of two 
fluids occurs exclusively via diffusion [32], [33]. This chapter draws from the following sources: 
[28] -[34]. 
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REYNOLDS NUMBER 

The dimensionless Reynolds number Re is used to describe whether the fluid is flowing laminarly 
or turbulently. The critical value of the Reynolds number at which the transition from one type of 
flow to the other occurs is important. In general, values below 2300 are considered to be laminar 
flow. Values greater than 2300 indicate turbulent flow (in the case of a fully flowing circular 
pipe). The formula to calculate the Reynolds number is 

R e ^ (3.1) 
V 

where p is the fluid density, d is characteristic dimension (often the diameter of the pipe), v is 
fluid velocity, and r\ is dynamic viscosity. In microfluidics, Re is in the order of units, up to 
hundreds at most, therefore, only laminar flow is considered. It is also called streamline flow 
because it is characterised by non-intersecting streamlines. The fluid moves smoothly in layers. 
It is stationary when in contact with a horizontal surface, but all the other layers slide over each 
other [35]. Other relations, such as Hagen-Poiseuille equation, Peclet number, Capillary number, 
Bond number and many others are also employed to describe the behaviour of a l iquid on a 
microscopic scale. 

It is important to note that in the context of microfluidics, the no-slip condition is typically 
applied to the wall . This condition implies that the fluid in contact with the wall moves at the 
same velocity as the wall itself. However, this is not always the case in microfluidics due to the 
small size of the system [36]. 

3.2 Millifluidics 
Millifluidics involves the manipulation and observation of fluids in channels in the range of a few 
millimetres with similar techniques and principles as microfluidics. A n d although millifluidics 
uses a larger amount of fluid than microfluidics, it is still a minimal amount compared to 
macrofluidic methods. Mill i f luidic channels can often achieve the same level of fluid mixing as 
microfluidic channels, depending on the specific case requirements. Mil l i f luidics offers many 
of the same advantages as microfluidics, but millifluidic chips are often easier and cheaper to 
manufacture [37]. 

3.3 Micromagnetofluidics 
Micromagnetofluidics is an interdisciplinary field that combines the principles of microfluidics, 
magnetohydrodynamics and magnetism to manipulate and control magnetically active liquids 
at the microscopic level. This field uses magnetic fields to influence the behaviour of liquids 
containing magnetic particles, allowing precise control and manipulation of these liquids in 
microfluidic systems. 

One of the key benefits of micromagnetofluidics, is its high accuracy and control. The 
ability to use magnetic fields to manipulate fluids allows very precise control over the movement 
and mixing of fluids, which is essential for many applications in biotechnology and chemistry. 
Micromagnetofluidics is therefore a powerful and versatile approach to manipulating fluids at 
the microscopic level, with a wide range of applications in science, technology, and medicine. 
The field of micromagnetofluidics and its subfields can be visualised by the Figure 3.3.1. 
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• MHD micropumps 
• MHD micromixers 

Single-phase 

- droplet-based 
- instabilities 
- MR fluid plug 

Multi-phase 

ferrofluid droplets 
magneto wetting 
charged droplets 
droplets with magnetic beads 
magnetic marbles 

Magnetohydrodynamics 
(MHD) 

Small magnetic particles Medium magnetic particles Large magnetic particles 
d<10nm 10 nm<d<1 jum d>1 \j,m 

DC-MHD AC-MHD RedOx-MHD Ferrohydrodynamics 
(FHD) 

Magnetorheology 
(MR) 

3p̂l< Magnetophoresis 
(MP) 

Figure 3.3.1: Micromagnetofluidics, its subfields and representative applications [34] 

3.4 Clarification 
While designing the experiment, it was suggested that it would be better to work with milifluidics 
instead of microfluidics for the following reasons: 

• From an economic and logistical point of view, it was quite a challenge to find a supplier 
who could provide glass tubes of such a small diameter in small quantities, e.g., 3-5 pieces 
for each diameter. 

• From a practical point of view, magnetorheological l iquid was chosen as an appropriate 
medium for our experiment because: 

a) From the properties of both types of liquids, it is evident that i f we were to choose 
the ferrofluid, no pressure difference would occur, and i f so, it would be negligible. 
Furthermore, at the present state of the art, neither the modes of operation nor the 
existence of yield stress have been proven. 

a) However, i f we were able to obtain such delicate glass with diameters in the microme
tre range, we could face the problem that the magnetorheological liquid would not fit 
into the tubes due to the size of the particles. 

Thus, taking into account the aforementioned arguments, we decided to choose the safer option. 
Nevertheless, we opted for the smallest available diameters of the glass tubes available. The 
arguments are summarised in the following table: 

0[[im] 0[mm] 
F F Little to no pressure detectable Little to no pressure detectable 

M R F Liquid would not fit Safe configuration 

Table 3.4.1: A n overview of the arguments 
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Chapter 4 

Applications 

4.1 Lab-on-a-Chip, Microfludic Devices and Applicatons 
A lab-on-a-chip is a microfiuidic platform that integrates various laboratory operations, including 
biochemical analysis, chemical synthesis, and D N A sequencing. Consequently, lab-on-a-chip 
devices are not merely a collection of microchannels; rather, they comprise integrated pumps, 
electrodes, valves, electrical fields, and electronics. Currently, various flow control instruments 
can be employed to construct a comprehensive lab-on-a-chip system [38]. 

Microfiuidic devices, in general, are used for their major advantages, mainly the small size 
of the device and the need for a small sample for analysis. We wi l l list some of them [36], [28]: 

• Micropumps are small-scale pumps used to control the flow of liquids within microfiuidic 
systems. 

• Microvalves are devices used to regulate or stop the flow of fluids in microfiuidic channels. 

• Microreactor are small-scale reactors mainly used for chemical synthesis. 

• Micro-mixers are essential for applications requiring precise control over mixing ratios 
and reaction kinetics. The mixing can be done either actively, which is a process that 
relies on external energy to introduce velocity gradients in the substances being mixed, 
thereby inducing mixing. Another way of mixing two liquids in microscale is passively, 
i.e., relying solely on internal energy of the system with the help of appropriate design of 
the fluid domain (T-junctions and Y-junctions). 

• Organ-on-a-Chip are advanced microfiuidic devices mimicking the structure and function 
of human organs. The are used mainly for disease modelling and tissue engineering. 

• and others, such as Microfiuidic droplet generator, microfiuidic sorting device, microfiuidic 
electrophoresis device and microfiuidic cell culture device. 

The field of microfluidics has found its use across many fields, namely [30]: 

• Biomedicine: a so-called labs-on-a-chip make it possible to integrate many medical tests 
on a single chip. 

• Cell biology research: because microchannels have the same characteristic size as biologi
cal cells. Microfiuidic chips allow easy manipulation of individual cells and rapid drug 
changes. 
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• Others: drug screening, glucose testing, chemical microreactors, electrochemistry, micro
processor cooling or micro fuel cells. 

The Figure 4.1.1 shows several concepts of micropumps using ferromagnetic liquid [34]. 

Figure 4.1.1: (a) magnetocaloric pump; (b) annular pump with two ferromagnetic liquid pumps; 
(c) annular pump with one ferromagnet liquid pump; (d) peristaltic pump; (e) pump with three 
ferromagnetic l iquid valves; (f) pump with check valves and ferromagnetic l iquid piston; (g) 
stepper pump with ferromagnetic liquid [34] 

4.2 Applications of Magnetically Active Liquids 
Here is a list of applications for magnetically active liquids. For discussion on the selection of 
application see Chapter 4.3. 

BIOMECHANICS AND MEDICINE 

• Therapy - Targeted medicament transport by means of magnetic liquid hyperthermia [39]. 

• Hyperthermia cancer treatment - B y applying a high-frequency alternating magnetic field, 
the biocompatible nanoparticles of the ferromagnetic liquid are heated and, subsequently 
kill ing cancer cells [39]. 

• Blood circulation pump seal - One possible applicable method is, e.g., a ferromagnetic 
liquid acting as a seal on the shaft of the artificial heart, more on that, see [40], [41], [22]. 

• Prosthetic limb replacements - A design using magnetorheological l iquid as a brake or 
clutch in a knee brace is proposed in [42]. 

permanent 

40 



AUDIO SPEAKERS 

Ferromagnetic liquids based on either synthetic hydrocarbons or esters are used for this appli
cation [43]. B y using a permanent magnet and ferromagnetic liquid, it is possible to dampen 
vibrations and even dissipate the heat generated. This leads to improved performance and 
suppression of unwanted audio elements [44]. 

Figure 4.2.1: Schematic of an audio speaker with ferromagnetic liquid [43] 

SEALS 

Both ferrofluid and magnetorheological fluid can be employed in the manufacture of seals for 
static and dynamic applications. In contrast to the conventional rubber sealing of shafts, there 
is no friction between the solid components as the magnetic l iquid sealing is based on the 
contactless principle. For a more detailed study, see [45]. 

Seal chamber 

Seal ring Magnetic circuit 

-V-
Pole piece 

I r 

Figure 4.2.2: Schematic of the magnetic liquid sealing [45] 

41 



BRAKES 

The concept is based on a torque-transmitting disc on a shaft that is surrounded by the magnetorhe-
ological liquid, thus serving as a permanent magnet. This part is enclosed by an electromagnet, 
which, when activated, causes the magnetorheological l iquid to expand, filling the space in 
between both parts, i.e, the shaft or disc and the electromagnet. This then switches on the circuit 
and causes braking. One advantage is the reaction time and smooth, comfortable deceleration 
[46], [47]. 

FLUIDIC SOFT ROBOTS 

These are systems where fluid (liquid or gas) is used to pressurise a soft structure in a controllable 
way. A great example is shown in [48], where a magnetorheological liquid is used as the working 
fluid in a system of channels with an inner diameter 1,6 mm. With strategically placed magnetic 
fields, it is possible to modulate the pressure of the flow to inflate the soft structure, as can be 
seen in Figure 4.2.4. 

Figure 4.2.4: Schematic showing magnetic field placement to independently control the motion 
of two actuators; the M R fluid is continuously flowing from the top (orange arrow) [48] (edited) 
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DAMPERS 

The principle of dampers with magnetorheological liquid is as follows: i f no current is present, 
then the behaviour is that of a standard damper. On the contrary, i f the current and hence a 
magnetic field pass through the coil , the fluid flow in the radial gap is limited, thus changing the 
characteristics of the damper. This allows us to have control over the damping and to respond 
almost instantaneously to the actual damping needs. These dampers find applications in various 
fields, namely railway technology and the military. For a thorough and detailed description, see 
[11]. 

Acciurntliilur 

Figure 4.2.5: Schematic of a M R damper [49] 

OTHER 

Other possible applications include bearings stepper motors, microfiuidics, clutches, sink-float 
separation, machining, construction, or even optics. Magnetically active liquids have become 
more available in recent years due to their cheaper production. 
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4.3 Lubrication-Induced Instabilities in Journal Bearings 
This chapter introduces the selected hydrodynamic device and presents the problem that could 
be optimised using the knowledge gained in the theoretical part. Hydrodynamic, or journal 
bearings, are used in a wide range of industries today. This is due to their simplicity of design 
and durability. The presence of a journal bearing in a mechanism with a rotating shaft can, 
under certain conditions, lead to the instability of the lubrication film, which is manifested by 
vibrations and may result in its complete failure, which subsequently damages the bearing. In the 
case of turbines, this can even have devastating consequences. The ability to predict instabilities 
based on varying input parameters is crucial for the development of systems equipped with such 
bearings. Furthermore, a more profound comprehension of the mechanisms that give rise to the 
erratic behaviour of the lubrication film is also a worthwhile pursuit. Studies have shown that a 
multitude of parameters have been shown to be involved in the emergence of unstable lubrication 
behaviour [50], [51], [52], [53]. 

While operating, journal bearings primarily employ hydrodynamic lubrication mode, with 
the exception of the initial start-up and the subsequent running-in period. This operational mode 
eliminates the potential for material wear. 

The hydrodynamic lubrication mode is characterised by the formation of a wedge gap 
between the journal (rotor) and the housing (stator), see Figure 4.3.1. 

The journal draws the lubricant under itself as it rotates, creating a pressure field. The theory 
of hydrodynamic lubrication is described by the Reynolds equation: 

where p, h, and r\ are the pressure, film thickness, and viscosity of the lubricating fluid respec
tively, and U is the relative velocity of bearing surfaces [55]. 

Additionally, they exhibit a high load capacity, even at high circumferential speeds, and 
are capable of effectively dampening shock and vibration. Furthermore, their built-up area is 
relatively small. However, their disadvantage is the lack of load capacity while at rest, but 
these are not concerns for this work. The instabilities of interest are those related to lubricants, 

1 

A 

Figure 4.3.1: Schematic of journal bearing [54] 

(4.1) 
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especially the oil whirl, the oil whip, and the dry whip. A l l of these instabilities are characterised 
by the precessional movement of the journal within the clearance of the housing. These w i l l be 
briefly introduced in the following part [56], [57], more thoroughly in [51] . 

Critical Speed 

Figure 4.3.2: Development of the o i l whirl followed by the oi l whip [58] 
(edited) 

The progression of these instabilities can be described with the aid of spectral stability 
analysis, see Figure . The y-axis represents the rotor (machine) speed, the x-axis represents the 
frequencies of the system vibrations and the z-axis represents the vibration amplitudes [50]. 

OIL WHIRL 

The o i l whirl is form of self-excited chatter and is present usually at 40 percent to 48 percent of 
journal R P M . However, i f vibration aplitudes reach 40 to 50 percent of the bearing clearance, 
then it is considered severe and corrective actions must be forced [56]. 

OIL WHIP 

The o i l whip occurs when the frequency of the o i l whirl coincides and becomes locked with 
system's natural frequency. If left untouched, o i l whip may cause destructive vibration leading 
to a catastrophic failure in a short matter of time [56]. 

DRY WHIP 

This instability arises in bearings that are lubricated with the incorrect lubricant or with no 
lubricant at all resulting in excessive friction between the journal and the housing, which can 
excite vibrations not only in the bearing itself, but also in other parts of the rotor system. Dry 
whip can be also caused either by insufficient or excessive clearance [56]. 
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PREVENTION OF THE INSTABILITIES OCCURENCE 

Upon exhibition of instabilities in the rotor system, several options are employed to reduce this 
behaviour. It is important to note that these corrective measures are often employed ad hoc by 
applying trial and error approaches [51],[50]. 

• Change of lubricant viscosity and change of radial clearance so that the combination of 
these parameters results in operation in the stable region. The viscosity can be changed 
with temperature. However, it is not possible to change the radial clearance without its 
construction modification. 

• Change of the bearing geometry such that the risk of instabilities is eliminated. The most 
common practice is to use asymetrie geometry to create more than one pressure field, see 
Figure 4.3.3. 

Figure 4.3.3: Typical geometries employed for instabilities precaution; (a) three-lobed; (b) 
half-lemon; (c) lemon; (d) displaced (in some literature also as offset); (e) spiral [59] 

• Change of the specific pressure has stabilising effect [58], [51]. The occurrence of unstable 
behaviour is frequently observed in rotors that are subjected to minimal or external load. A n 
increase in specific pressure can be achieved by increasing the radial load or by shortening 
the bearing. On the other hand, the stability is often sacrificed for higher frictional losses 
[50]. 
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Chapter 5 

Simulations 

The current era is highly demanding in terms of speed and precision when it comes to design and 
manufacturing not only in the industrial sphere. The computer modelling represents one of the 
most valuable tools in the engineering practice. In the past, the design process was broken down 
into several iterative cycles, including hand calculations, drawings, cast or machined models, 
and load tests. This process was then repeated several times until the desired accuracy of the 
final product was achieved. With the help of computer technology, these repeated cycles have 
been mostly eliminated. 

BH CURVE OF 
LORD MRF-132DG 

C A D COIL 
GEOMETRY PROPERTIES 

FEMM MATLAB FEMM MATLAB 
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INDUC 

MAGNETIC 
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D M O D U L E 
UENT 
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> 

UDF WITH BINGHAM 
VISCOSITY 
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ANSYS FLUENT MESH M O V E M E N T 

UDF ANSYS FLUENT MESH M O V E M E N T 
UDF 

Figure 5.0.1: Schematic of the simulations process 
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The following sections briefly describe the theory underlying the basic virtual tools used to 
solve this thesis. For a correct interpretation of the results from any computational environment, 
it is necessary to know the theoretical foundations of the addressed scientific field. This is 
because the main disadvantage of virtual solvers is the possibility of physically incorrect results, 
due to the numerical solutions and empirical relations on which the programs are based. The 
core idea is a two-part simulation process consisting of magnetostatic F E M M simulation and 
computational fluid dynamics (CFD) simulation executed in the A N S Y S Fluent software. The 
simulation process can be easily represented by the Figure 5.0.1. 

5.1 FEMM Simulation 
The open-source software F E M M 1 was selected as a suitable computational programme for 
magnetostatic simulation of our problem. F E M M is a suite of programmes designed to solve low-
frequency electromagnetic problems in two-dimensional planar and axisymmetric domains. The 
programme currently addresses a range of problems, including linear/nonlinear magneto-static 
problems, linear/nonlinear time-harmonic magnetic problems, linear electrostatic problems, and 
steady-state heat flow problems [60]. One of the major advantages compared to more complex 
software is its speed, availability, and simplicity. 

A set of Maxwell 's equations is addressed, although in limiting cases. The magnetic problems 
addressed are those that can be considered "low frequency problems", in which displacement 
currents can be disregarded. Displacement currents are typically relevant to magnetic problems 
only at radio frequencies. The Maxwell 's Equations are formulated as follows: 

- ^ + cm\H = j (5.1) 

divĎ = pe (5.2) 

dB 
^ - + c u r l £ = 0 (5.3) 
ot 

d iv5 = 0 (5.4) 

and magnetostatic problems are problems in which the fields are time-invariant. In this case, 
the magnetic field intensity H and flux density B must obey 

c u r l / / = J (5.5) 

div/? = 0. (5.6) 

5.1.1 Boundary Conditions 
The boundary conditions (BC) for magnetic problems can be classified into five categories. 
Namely, Dirichlet B C , Neumann B C , Robin B C , Periodic B C and Antiperiodc B C [60].In the 
absence of explicit boundary conditions, each boundary is assumed to be homogeneous Neumann. 
However, a non-derivative boundary condition must be defined somewhere (or the potential 
must be defined at one reference point in the domain) in order for the problem to have a unique 
solution. 

In the case of axisymmetric magnetic problems, as in one of our cases, the condition A — 0 
is enforced on the line r = 0. In this instance, a valid solution can be obtained without the need 

1 Finite Element Method Magnetics 
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to explicitly define any boundary conditions, provided that part of the boundary of the problem 
lies along r — 0. 

5.1.2 Geometry 
A sketch of the problem can be constructed on the basis of the measured dimensions of the 
glass tubes, the coi l , and the calculated properties of the coi l (Section 6.2). In order to obtain 
meaningful simulation results, it is necessary to consider a sufficiently large neighbourhood of 
the investigated body. When simulating magnetic fields, it is always necessary to bound the 
geometry in question by a closed curve, most often a circle. In the absence of such a curve, 
the formation of a computational mesh in the region outside the investigated body would not 
occur, rendering it impossible to evaluate the magnetic induction induced in the coil's region of 
occurrence outside the experimental setup. The rule of thumb for this boundary is typically at 
least twice the largest dimension of the setup. 

It is also recommended to consider where the output parameters should be set, with the 
addition of auxiliary points or line segments in this area where the required quantity w i l l be 
evaluated in the post-processing stage. The geometry was created using A u t o C A D software, 
which was deemed a more convenient option than the F E M M environment. Prior to saving and 
importing into F E M M in D X F format, it is necessary to remove all dimensions and auxiliary 
structures that could compromise the integrity of the geometry. The following figure illustrates 
the geometry, including the boundary curve. 

5.1.3 Case Setup and Calculation 
The experiment and simulation are inspired by the paper [61]. However, the authors here 
perform a planar simulation, which is rather questionable from a physics point of view. The 
planar simulation considers the third dimension as a fictitious depth, which would imply that 
the coi l surrounding the glass tube containing the magnetorheological fluid is in reality a set 
of two parallel plates, which does not correspond to reality. Consequently, we proceeded 
to an axisymmetric problem, which represents the problem more accurately from a physical 
perspective. The axisymmetry is set in the Problem tab. 

Following the import of the geometry in D X F format, it is necessary to declare the materials 
in the Properties tab, specifically the Materials Library, which contains a nested database of 
materials with their respective properties. In our problem, there are three types of material that 
need to be introduced into the simulation, namely: 

• A i r 

• Copper wiring of the coil based on the wire's diameter 

• Magnetorheological liquid M R F - 1 3 2 D G . 

In order to introduce the coi l wire, it is necessary to express the wire diameter in the A W G 2 

values, which correspond to a value of 30 A W G . A s there are no magnetically active liquids 
within the F E M M database, the liquid in question must be inserted via Add New Material option. 
It is evident that the magnetorheological fluid exhibits nonlinear behaviour. Consequently, the 

2American Wire Gauge System, given in ASTM Standard B 258; used since 1857 predominantly in North 
America. Another, less popular in recent years, is the SWG system, i.e., Standard Wire Gauge, known also as 
Imperial Wire Gauge or British Standard Gauge [62]. 
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B-H Curve option is selected as nonlinear. Furthermore, since the behaviour of this liquid must 
be introduced into the software in some manner, the Edit B-H Curve option is selected. 
The data was extracted manually from the figure 6.3.1, thus the option Read B-H points from 
text file is selected, and the B - H curve was plotted by the cubic spline derived from the entered 
data in the F E M M software (Figure 5.1.1). It is important to note that a recommendation in the 
F E M M documentation states that a minimum of three points needs to be entered, and for a good 
fit, we need at least ten to fifteen points. 

B, Tesla 

0.5 

100000 200000 300000 

H, A m p / M e t e r 

400000 500000 600000 

Figure 5.1.1: The B - H curve of M R F - 1 3 2 D G plotted by the F E M M software 

The next step of the simulation is the definition of boundary conditions in the Properties tab, 
in the Boundary option. This property enables the introduction of the boundary condition A — 0 
according to Section 5.1.1 with the default values set. Subsequently, the materials are allocated 
to their designated domains. 

Since glass is not in the F E M M database of the material library, it was substituted by the Air 
material instead as both have diamagnetic properties. The properties of the coil also need to be 
prescribed. B y selecting the options Circuits and Add Property in the Properties tab. We set 
the Name as coil , select the Series option, and set the desired current value. Lastly, the number 
of turns in the coi l is set in the Properties for selected block. Now all is set for the calculation 
process; however, it is necessary to save the case before commencing. 

5.1.4 Results and Post-process 
The results from the simulation can be accessed with the glasses icon at the top bar of the 
user interface. For post-processing, the F E M M software provides a dedicated G U I for the 
visualisation of output data and the quantitative assessment of results. 

Displaying the contours can be accessed at the top bar with the selection of whether we want 
the values of the flux or the field strength intensity. Computed values, whether the magnitude or 
in the normal and tangential direction, can be exported to the text file, both, for the magnetic flux 
density or the intensity of the magnetic field. 
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Figure 5.1.2: The contours of flux magnitude the case d[n = 2,4 mm, / = 0,25 A 

The simulations were conducted for all three diameters of the glass tube. For the sake of 
interest, the problem at hand was simulated both as axisymmetric and planar. Interestingly, the 
glass tube with the smallest diameter, i.e., d[n — 2,4 mm showed higher values of magnetic flux 
induction magnitude than the others. 

B = f (din, I) AXI 
25 

- •—din = 2,4 mm -•—d_in=3,4 mm -•—d_in=4,0 mm 

Figure 5.1.3: Comparison of results between the inner diameters in the axsymmetric simulation 
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B = f (din, I) PLANAR 
25 

Figure 5.1.4: Comparison of results between the inner diameters in the planar simulation 

B = f (din, I) PLANAR - AXI COMPARISON 

25 

Figure 5.1.5: Comparison of results between the axisymmetric and planar cases 

The planar simulation yields higher values, which may be attributed to the inherent charac
teristics of the problem. In this case, the coi l is not considered a rotationally symmetric body; 
rather, it is treated as two parallel plates to which a third dimension is fictitiously prescribed. 
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5.2 ANSYS Fluent Simulation 
The following subsections describe the procedure for the computational modelling of the 2D 
millifluidic channel, from geometry creation through mesh generation to the actual computational 
setup and its evaluation. 

Pressure 
Outlet 

5.2.1 Geometry and Computational Mesh 
The geometry of the millichannel was created directly in the A N S Y S software in SpaceClaim 
programme and was divided into three sections for the purposes of decomposition, the establish
ment of named selections, and the later establishment of boundary conditions in the calculation 
setup. 

In computational modelling in general, the use of 
structured computational meshes is the most advanta
geous approach in terms of the accuracy of the results 
and the saving of computational time. A suitable decom
position of the computational domain is a prerequisite 
for the use of structured meshes. The decomposition is 
done in such a way that only quadrilateral elements are 
produced in the subsequent mesh creation. The domain 
was imported to the A N S Y S Meshing programme, and 
as illustrated in Figure 5.2.1, the domain in question is 
relatively simple in shape. The Edge Sizing function in 
A N S Y S Meshing was employed for the creation of the 
mesh. This function concentrates elements primarily 
in the M R F - 1 3 2 D G O N and Moving Wall regions, as 
this is the area in which the phenomenon of interest 
is expected to be observed. This allowed for the rapid 
creation of a high-quality and structured computational 
mesh with low Aspect Ratio and zero Skewness. The 
boundary conditions for the computational domain were 
set, namely Outlet for the domain exit, Stationary Wall 
boundary condition for the perimeter walls and Moving 
Wall for the upper edge of the M R F - 1 3 2 D G O N region. 

A i l " 

>.Ioviua 
Wall 

MRT-132DG 
CTN State 

M K F - 1 3 2 D G 
OFF State 

Stationary 
Wall 

Figure 5.2.1: Schematic of geome
try and named selections (purposefully 
not in scale for the sake of clarity) 

5.2.2 Calculation Configuration in AN
SYS Fluent 
The prepared file was transferred to A N S Y S Fluent, 
where the calculation was performed. The model was 
set to Laminar and the gravity was turned off as grav
itational forces are neglected in the field of micro- and 
millifluidics. A s a moving mesh is also included in the 
simulation, it is necessary to set the time as transient. 

When defining materials and their properties, three 
materials are considered: air, magnetorheological liquid 
in off and on state, i.e., M R F - 1 3 2 D G O F F and M R F -
132DG O N , respectively. For the latter, the changeable 
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viscosity has to be implemented through U D F . We use the Bingham model for non-newtonian 
liquid by modifying the equation (2.2) as follows: 

T (5.7) 

X 
(5.8) 

7 

^ef{=jx0N) (5.9) 

where the ratio \ represents the effective dynamic viscosity aef. 
The U D F is a text file . c written in the C programming language (see Appendices) which 

can be employed to define, for instance, the mesh movement, speed profile on boundary condi
tions, and so forth an a macro is used to alter the properties of a material: DEFINE_PROPERTY 
(name, c , t ) . The shear strain y is called from F L U E N T using the command C_STRAIN_RATE_ 
MAG ( c , t ) . In order to load the U D F successfully, it needs to be stored in the working file. 

The i f condition in the U D F says that i f the shear strain is not equal to zero, then the value 
of effective viscosity is calculated according to (5.9). The e l s e condition prevents the size of 
\ief from exceeding the limits in case the value of the shear strain is zero. In this instance, a 
sufficiently large dynamic viscosity value of 1000 Pa.s is applied in the pre-yield region (see 
Figure 2.4.1), where the magnetorheological liquid behaves solid-like. The U D F is then loaded 
via the user-defined viscosity of the new material. The value of \i0ff viscosity is provided by 
the L O R D manufacturer and the value of xy depends on the intensity of the magnetic field. The 
values of the magnetic field's intensity were obtained from magnetostatic simulation and the 
value of Xy was then manually extracted from the manufacturer's properties as well . 

The second U D F has to be introduced in order to make the mesh movement possible, see 
Appendices. The U D F with the mesh movement along the y-axis with frequency of 0,0025 
H z where the velocity is calculated as a function of time with an amplitude of 0,03 mis. The 
U D F initialises all velocities and angular velocity components to zero and then sets only the 
y-component of the velocity according to the calculation. 

It is now possible to set the mesh movement in the calculation's configuration, namely in the 
Dynamic Mesh with Layering method. We set the Moving Wall as a Rigid Body and the air and 
M R F - 1 3 2 D G O N domains as Deforming. 

To implement the effect of the external magnetic field, a magnetohydrodynamic ( M H D ) 
module has to be enabled by command def ine/models /addon-module -> 1. Now it is 
crucial to follow the steps in the specific order. A t fist, a "classic" hybrid initialisation has to 
be done, followed by an initialisation of the M H D part in its Solution Control tab. The Scale 
Factor can be added as well . The scale factor means that the magnetic field w i l l be gradually 
increased which can have positive effects in terms of convergence of the solution. The option 
Solve MHD Equation and Include Lorentz Force is selected. In the M H D ' s External Field Bo tab 
a D C field type is selected and the value of By is prescribed 3 . After these steps, we can proceed 
to the Solution Methods followed by the calculation start. 

After many trials and errors, satisfying convergence of continuity was not met even at First 
Order Schemes and thus the results were incorrect from the physics perspective. A n obvious 
fact is that this calculation requires a deeper knowledge of C F D in general, another fact is that 
multiphysical calculations worsen the convergence rate. Lastly, the M H D module needs further 

3Again, obtained from the FEMM simulation. 
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in-depth analysis and further investigation of under-relaxation factors could theoretically lead to 
an improvement. 

We can at least provide the configurations that led closest to convergence as somewhat of 
a stepping stone. It is worth noting, that it is generally known that the residuals of transient 
simulations are visually characterised by their saw-like appearance, as the residuals are restarting 
at every time step. 

Residuals in (—01;—02); visually correct Residuals —03; visually incorrect 
Scheme S I M P L E C S I M P L E C 
M H D D C B0 Scale Factor: 0,001 D C B0 Scale Factor: 0,001 
U R F 4 Pressure: 0,3 Pressure: 0,2 

Parameters 
Number of Time Steps: 2000 
Time Step Size: 4e—9 
M a x Iterations/Time Step: 30 

Number of Time Steps: 1000 
Time Step Size: 4e—9 
M a x Iterations/Time Step: 30 

Table 5.2.1: A n overview of different configurations of setups 
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Chapter 6 

Experimental Setup Necessities 

The experiment's setup and concept were influenced by [61] with a few adjustments. We have 
decided to observe the pressure magnitude in glass tubes with different inner diameters, namely 
din = 2,4 mm, din = 3,4 mm, and din = 4,0 mm. These are the smallest diameters available 
from the supplier with regard to milifluidics. The experimental setup is shown in the Figure 
6.4.2. 

6.1 The Inclined-Tube Micromanometer 
Due to the small pressure changes expected, accurate 
measurement required a suitable measurement tech
nique. After a thorough review of the available manome
ters in the Viktor Kaplan Department of Fluid Engineer
ing laboratory of heavy hydraulics, it was decided that 
an inclined tube micromanometer would be the best 
choice. 

The U M K - t y p e micromanometer manufactured by 
Mikrotechna-Modřany in 1969 was used for our mea
surements and is shown in the Figure 6.1.1. This micro
manometer, whose working cartridge is usually ethanol 
(mercury is not recommended), allows the measurement 
of total pressure, static pressure, and differential pres
sure [63]. It is a vessel manometer whose tube can be 
tilted at an angle in the range (0°;90°), thus allowing the 
user to adjust the sensitivity of the measurement to suit 
their needs. B y tilting the tube and reducing the angle, 
the range of the manometer is reduced and sensitivity is 
increased. 

One of the advantages of this manometer is its 
high measurement accuracy, another is the already-
mentioned possibility of changing the sensitivity and 
range of the manometer. However, the measurement 
range is relatively small, and measurements at small 
angles of the tube's inclination can be somewhat chal-

instrument to charge. 

Figure 6.1.1: The U M K - t y p e micro
manometer with an inclined tube used 
in our experiment. 

lenging due to the time it takes for the 
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It is highly recommended that the cross-sections of the vessels and tubes must be constant so 
that the conversion rate e remains consistent. The measuring range is determined by the length 
of the tube. Commonly used tube lengths are 200 and 600 mm, and the accuracy is 0,01 mm. 
The design allows for the inclination of the arm to be adjusted in order to convert the numerical 
scale to 1 : 1, 1 : 2, 1 : 4, 1 : 8, 1 : 16, or 1 - 0 , 5 - 0 , 2 - 0 , 1 - 0 , 0 5 - 0 , 0 2 . Due to its accuracy, 
the inclined-tube micromanometer is used for precise calibration measurements. 

L 

P i 

< > 
\ K 

Jl 
f 

Figure 6.1.2: Schematic of the inclined tube micromanometer [64] 

The pressure difference measured by Ap — p\ — p2 is given by the formula 

&Pi =Pi-P2 = (p2-pi)-g-(h+h2) = (p2-pi)-g-L- (^ + smoc\ = 

= (p2~Pl)-8-L-e (6.1) 

where S\ [m 2 ] is the cross-section of the vessel, 52 [m 2 ] is the cross-section of the tube, and L 
[m] is the deflection of the liquid column in the tube. The higher pressure is connected to the 
vessel and the lower pressure to the tube [64]. 

6.2 The Coil 
The selection of the coi l was made taking into account the operating temperature range. A n 
increase in temperature can have a negative effect on both the performance of the coi l and the 
stability of the magnetorheological liquid. 

The solenoid valve coil was chosen from the A I G N E P catalogue [65], specifically the model 
SOL10012C4000 from the XIF series, which has an operating range from - 1 0 ° C to + 8 0 ° C . 
The dimensions of the coil can be seen in Figure 6.2.1. 

However, it became apparent that the parameters provided by the manufacturer were not 
sufficient for our purposes. In order to proceed, it was necessary to measure some of the parame
ters, namely inductance Jz?, resistance R and magnetic flux B. It was done so at the Institute of 
Production Machines, Systems, and Robotics at the Department of Electrical Engineering and at 
the Institute of Machine and Industrial Design at F M E BUT. These measured values are needed 
to calculate the number of turns, thickness of the winding and the diameter of the wire in order 
to be included in the magnetostatic simulation in the open-source F E M M software. 

The problem of calculating the remaining quantities is a set of algebraic equations, see 
Appendices where the script of the calculation is shown.Let us outline the calculation procedure. 
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Figure 6.2.1: The solenoid valve coil SOL10012C4000 X 1 F series from A I G N E P manufacturer 
[65] 

Firstly, it is beneficial to begin by listing the known parameters provided by the manufacturer 
in the following table: 

u P / din 
[V] D C [W] [mm] [mm] 

12 6,5 22 10,2 

Table 6.2.1: Parameters known from the provider 

where U [V] D C is the direct current voltage, P [W] is the power, / [mm] is the length of the coil, 
and din [mm] is the diameter of the orifice. As already mentioned, the values for inductance Jz? 
[Ft], resistance R [Q.] and magnetic flux density B were measured manually. Magnetic induction 
measurements have been made for various current values, see Figure 6.2.5. The material most 

R 
[mH] [Q] 
8,821 21,6 

Table 6.2.2: Parameters measured manually 

often used as a conductor in the coi l is copper, and since we measured the coi l without a core, 
i.e., in air, we can consider the following material constants: 
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p Mo 
[ ß m ] [WA1] or [H/m] [-] 

1,69-10 8 4 ^ - 1 0 - 7 1 

Table 6.2.3: Constants relevant for the coil calculation 

where p [Q.m] is electrical resistivity, jUq [N /A 2 ] or [H/m] is called the permeability constant, 
and \ir [-] is relative permeability. To fully describe the coil and enter it into the simulation, the 
following quantities need to be determined: 

• N [-] - number of turns (winding) 

• dout [mm] - outer diameter of the winding 

• t [mm] - width of the winding 

[mm] - diameter of the wire 

To do so, the following formulas are used: 

Bl 
N= -. (6.2) 

H0[lrI 

Since the number of turns N must be an integer, it was rounded to 94. The diameter of the wire 
is calculated as: 

/ 
dw = —, (6.3) 

the width of the winding: 

and finally, the outter diameter: 

< = ^ , (6.4) 

dout = din + 2t. (6.5) 

t dout 
[-] [mm] [mm] [mm] 

93,37 0,24 2,00 4,01 

Table 6.2.4: Calculated quantities 

Since the number of turns N must be an integer, it was rounded to 94. The results were 
consulted at the Institute of Production Machines, Systems, and Robotics at the Department of 
Electrical Engineering at F M E B U T . Upon initial observation, it appeared that this coi l would 
be sufficient for our intended purposes, with the radial gap between the coil and the glass tube 
containing the magnetorheological fluid being of negligible consequence. Subsequent to this, 
initial magnetostatic simulations were conducted. 

However, these yielded results that were in stark contrast to the measurements, prompting 
the need for a second round of measurements, this time conducted at Institute of Machine 
and Industrial Design at F M E B U T , where, as was subsequently found, they have extensive 
experience with these fluids. The Figure 6.2.2 shows the setup of the coil measurement. 
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Figure 6.2.2: C o i l measurement scheme 

The coil was measured with magnetometer F. W. B E L L 180 G A U S S / T E S L A M E T E R with 
accuracy is ± 1 % deflection. The principal drawback to the utilisation of the H a l l probe in 
magnetometers is that they are highly susceptible to disturbances in the form of displacements 
and deflections. It is therefore of the utmost importance to identify the specific points where 
measurements w i l l be taken prior to the commencement and it is also crucial to recognise that 
the Hal l probe w i l l only yield valid results i f it is positioned perpendicular to the magnetic field 
lines. 

In order to facilitate the measurements, a point was selected that lies on the imaginary axis of 
rotational symmetry at a height of approximately 2,5 mm, as illustrated in the Figure 6.2.3. 

Figure 6.2.3: C o i l measurement with Hal l probe 

The measurements were done for values of the input current 0,25, 0,5 up to 1,5 A . A t the 
value of 1,5 A the coil would start to generate heat and therefore the measurement was aborted 
for the sake of safety. The obtained data, both from the measurement and the calculation, were 
then put to the magnetostatic F E M M simulation. Another reason why the F E M M simulation of 
the coil solely was carried out is due to the fact that in order to quantify the desired observation, 
the magnetic field needs to be estimated because it is not possible to place the Hal l probe in the 
glass tube arrangement. 
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Figure 6.2.4: F E M M simulation result for the case / = 1A 

On the describtion and the setup of the magnetostatic simulation see Section 5.1. A com
parison between the measurement and the simulation carried out can be seen in the Figure 
6.2.5. 

B = f (I) COIL 

J . 3 

1 

0 
0 , 25 0 ,5 0 , 75 

I [A] 
1 ,25 1 ,5 

-TESLAMETER • F E M M S I M U L A T I O N 

Figure 6.2.5: Comparison results between the teslameter measurement and simulation 

Another coi l that was at our disposal was measured whether it could generate stronger 
magnetic field. It turned out that the magnetic induction was even lower at the observation point 
since the coil started to overheat at only 0,06 A . 
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6.3 LORD MRF-132DG 
In our experiment, we used the hydrocarbon-based magnetorheological l iquid L O R D M R F -
132DG from the L O R D Corporation. Here are its properties, which can be found on the 
manufacturer's website [66]. 

• Appearance: Dark gray liquid 

• Viscosity: 0,092 Pa • s 

• Density: 2,95 — 3,15 g • cm~3 

• Solids content by weight: 80,98 % 

• Flash point: > 150° 

• Operating temperature: —40° C to + 1 3 0 ° C 

Additionally, the manufacturer provides a diagram illustrating the relationship between magnetic 
induction B and magnetic field strength H (6.3.1) along with a diagram illustrating the relation
ship between yield stress xy and magnetic field strength H (??). 

H (kAmp/m) 

Figure 6.3.1: B-H curve of the magnetorheological liquid M R F - 1 3 2 D G [66] 
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Figure 6.3.2: The relationship between yield stress xy and magnetic field strength H of the 
magnetorheological liquid M R F - 1 3 2 D G [66] 

One of the disadvantages of magnetorheological liquids in general is their sedimentation 
tendency. This is something that we encountered in our department. Nevertheless, from the 
information provided by the Institute of Machine and Industrial Design at F M E B U T , we know 
that the liquid is chemically stable. Furthermore, as the manufacturer states, it is possible to use 
a paint shaker to homogeneously redisperse the particles again, i f necessary. With this in mind 
and with the help of an improvised device with a propeller, the liquid was left to mix for several 
hours. 

No separation was observed between the particles and the carrier fluid under common manip
ulation. A separation occurrs in static conditions i f left untouched for a longer period of time, 
i.e., days, but low-shearing agitation (shaking or remixing) prior to use would easily redisperse 
the particles into the previous state. 
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6.4 The Method 
In this section, we wi l l compare our configuration with that of the authors Widodo and Ubaidillah 
from [61], [67] and [68]. The distinction, which is apparent at a first glance from the Figure 
6.4.1, is the configuration methodology selected by the authors. 

Powrr Supply Unit i i • Srmsor 

Figure 6.4.1: The configuration by authors [61], [67] and [68] 

P R E S S U R E 
M E A S U R E M E N T 

Figure 6.4.2: The configuration by us 

The main differences are in the way the pressure is sensored, the cycling of the delivered 
current is controlled and the way the data is recorded. For the reasons mentioned above, our 
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configuration is manual rather than digital. Another difference is in the chosen vessel, where 
autors opted for the U-shaped glass tube with inner diameter din = 5 mm, whereas we chose 
glass tubes with inner diameters J i M=2,4 mm, 3,4mm and 4 mm as we were also interested on 
the relation between the magnetic flux induction generated in dependence on the volume of the 
magnetorheological liquid contained within. 

Lastly, the difference is in the electromagnetic coi l . It seems that the authors had their coil 
customised so it would fit on the glass tube with minimal to none radial clearance. The same 
coil test with Teslameter and the verification in F E M M software was conducted by both parties, 
Figure 6.2.3, 6.3.2. 
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1JQ7KB2: 2.032rflM 
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Figure 6.4.3: The test with Teslameter and test simmulation in F E M M software by [61], [67] 
and [68] 

The data validation of both parties shows similar trend 
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Figure 6.4.4: The validation of the measured values and coil simulation [61], [67] and [68] 
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B = f (I) COIL 

6 

Figure 6.4.5: The validation of the measured values and coil simulation by us 

The authors also used an Arduino micontroller unit and grafical serial device terminal that 
served as a data logger. Prior to the supply of the D C current a magnetorheological liquid would 
be poured into the U-tube. The authors used M R F - 1 2 2 D G , whereas our liquid is M R F - 1 3 2 D G , 
both having similar properties. The pressure changes are monitored using the pressure sensor and 
recorded using the data logger at sampling speed 10 ms. The results obtained by magnetostatic 
simulation of the F E M M would be performed at each level of increased current, as in our case. 
The only difference is that due to their setup, only planar case could be evaluated. 
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Figure 6.4.6: Results of the F E M M simulation for the case / = 1 A by [61], [67], and [68] 
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Figure 6.4.7: Our results of the F E M M simulation for din = 2,4 mm, / = 0,25 A 

A correlation of the same trend was observed in both parties, however due to our coil being 
greatly weaker, the values of magnetic induction generated were lower as well. 

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 
Cu r r en t (A) 

Figure 6.4.8: The correlation between magnetic induction and current from F E M M simulation 
by [61], [67] and [68] 

68 



B = f (din, I) AXI 
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Figure 6.4.9: The correlation between magnetic induction and current from F E M M simulation 
by us 

Despite our best attempts of trying to generate pressure diference, no pressure was generated 
mainly due to the poor choice of the coi l . Let us present the pressure generated by the authors 
[61], [67] and [68]. 

Current Input (A) 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

APmin (Pa) 13.06 58.98 129.17 244.49 496.04 679.79 867.36 835.50 

APmax (Pa) 18.39 65.91 155.64 292.53 533.77 739.02 942.50 120.01 

kPavg (Pa) 15.53 62.80 144.77 267.80 517.16 709.20 904.64 918.55 

APmedian (Pa) 15.34 63.16 147.14 267.09 519.42 708.99 904.34 909.34 
Std Deviation 2.68 3.12 11.52 21.29 15.63 25.85 38.37 78.84 

Table 6.4.1: where AP T O J - n is the minimum pressure change that occurs during magnetisation at 
the observation cycle at each given current, APmax is the maximum pressure change that occurs 
during magnetisation at the observation cycle at each given current, APavg is the average pressure 
change that occurs during magnetisation at the observation cycle, Std Deviation is the standard 
deviation of the measured pressure. 

While setting up the experiment a question was raised regarding the potential impact of the 
radial air gap of few millimetres between the coi l and the glass tube affecting the experiment 
negatively. The initial estimate, discussed at the Institute of Production Machines, Systems, and 
Robotics at the Department of Electrical Engineering, was that the effect would be negligible. 
However, later when the measurement of the coil was conducted at the Institute of Machine and 
Industrial Design, it was revealed to us that, not only it w i l l have severe consequences, but also 
the chosen coil would be proven to be too weak to generate any significant pressure increase. 
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Chapter 7 

Discussion 

7.1 The Experiment 
In a Poiseuille flow channel configuration, it is known that the magnetic field generates a pressure 
difference and regulates a pressure drop, as occurs in the valve mode of operation [69]. In 
a Poiseuille flow arrangement, the pressure difference is generated by the obstruction of the 
existing fluid flow. Consequently, the measured pressure difference is identified as the flow 
pressure drop that occurs due to obstruction. 

The experiment in this thesis is designed to investigate the potential for the magnetic field 
to exert pressure on the magnetorheological l iquid while at rest. The experiment would be 
conducted using a glass tube. Initially, the tube would be set at rest, and then the magnetic field 
would be applied by gradually increasing the current input to the coil via the source. 

It is anticipated that a visual change in the liquid level would be evident. This change would be 
caused by the magnetic induction of the magnetic particles immersed in the magnetorheological 
liquid, which provides magnetic force attraction to the particles until they reach equilibrium. 

In order to validate the observation, it is necessary to estimate the magnetic field, as it is 
not possible to insert the Teslameter probe into the glass tube. Therefore, a F E M M simulation 
was carried out to simulate the magnetic field that would exist in the theoretical model of our 
arrangement. 

The control input variable is the direct current (DC) supply with a voltage of 12 V and variable 
currents, which are used to generate varying magnetic field strengths in the magnetorheological 
liquid. The current variations are 0,25 A , 0,5 A and so on until a limit is reached. 

It is known that the efficiency of magnetically active liquids tends to degrade with rising 
temperature, as well as that of the coil. Therefore, the measurement would continue until such a 
limit is reached. In the case of [61], a different configuration was used with a different fluid, and 
the limit was reached at 2 A . Therefore, a similar estimate is expected. 

Prior to the application of a direct current (DC) current, a magnetorheological liquid M R F -
132DG was poured into glass tubes using a syringe. Every 10 seconds, the current would 
alternate between zero and a given value. The changes in pressure would be monitored with an 
inclined-tube micromanometer and recorded manually. A linear correlation between magnetic 
induction B and the current / is expected. 

It is anticipated that a gradual increase in pressure w i l l be accompanied by a corresponding 
rise in the liquid level, with a similar trend observed across the input currents. The magnetic 
simulations (see Figure 6.4.7) indicated the presence of a magnetic field around the electromag
netic coil and the field line coinciding with the liquid in a parallel direction. Consequently, it is 
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expected that micrometre-sized particles w i l l form a chain-like structure along the field lines, 
which differs from the conventional induction-liquid arrangement observed in the valve mode. 

The switching between the OFF and O N states is expected to result in the magnetic particles 
dispersed in the liquid retaining their chain-like structure due to their magnetic remanence, where 
a magnetic hystersis would play a key role as a few second window at the O F F state would not 
be enough for the particles to redisperse to their initial state. Consequently, each new switch 
to the O N state would benefit from the previous step as the initial point would be higher for 
each new cycle. Thus, a slightly increasing pressure slope would be noticeable. It is anticipated 
that the values would be within the range of a few Pascals, with the highest value being in the 
hundreds of Pascals at most. 

Note: While setting up the experiment a question was raised regarding the potential impact of 
the radial air gap of few millimetres between the coil and the glass tube affecting the experiment 
negatively. The initial estimate, discussed at the Institute of Production Machines, Systems, and 
Robotics at the Department of Electrical Engineering, was that the effect would be negligible. 
However, later when the measurement of the coil was conducted at the Institute of Machine and 
Industrial Design, it was revealed to us that, not only it w i l l have severe consequences, but also 
the chosen coil would be proven to be too weak to generate any significant pressure increase. 

Therefore, new objectives, regarding the design improvement, were set and are yet to be 
implemented. These include a 3D print of the coil's base bobbin for each case of the glass tubes, 
such that there is no radial gap. Then, next iteration of magnetostatic simulation would be carried 
out and customised wiring would be done. 

7.2 Usage Proposal - A Concept Idea 
A s already mentioned in one of previous chapters, the principle of symmetry is often used in 
engineering practice, and the following configurations of hydrodynamic journal bearings and 
channels containing magnetorheological fluid are intuitively proposed: 

(a) (b) (c) 

Figure 7.2.1: Suggested concepts of journal bearing with magnetorheological liquid in micro-
or millichannels, from left to right: (a) Channels in the axial direction with a circumferential 
angle of 120°; (b) Channels in the radial direction; (c) Multiple channels in the radial direction. 
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In conjunction with these proposals, a number of questions arise: 

• What material should be selected for the channels themselves? 

• How should the installation of the channels be carried out? 

• W i l l the installation of the channels compromise the integrity of the bearing itself? 

• How should the bearing mounting be solved for a particular modification? 

• How can the magnetorheological fluid be ensured not to leak out of the channels in an 
unactivated state and damage the journal or bearing pan by abrasion by ferromagnetic 
particles? 

• Whether the control process could be automated, for example, by a programmable logic 
controller (PLC)? 

Further research, in collaboration with other departments, is necessary to answer these 
questions. In order to do so, structural design, strength design, and finite element method 
calculations would be required. Additionally, studies, including calculations, would need to be 
carried out on the interaction of the magnetic l iquid with the structure. Finally, a process for 
automation would need to be developed as well . 

In the context of simulations, it would be reasonable to consider conducting a magnetic 
simulation, for instance, in A N S Y S Maxwell software, and subsequently coupling it with A N S Y S 
Fluent software, as this could lead to promising results. 
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Conclusion 

Within the framework of this thesis, thorough research on a multidisciplinary topic was carried 
out. In this research, the topics of magnetism, magnetically active liquids, fluid mechanics fileds 
at micro- or millirange, and the issue of lubrication-induced instabilities in journal bearings were 
introduced. 

A comprehensive examination of the subject matter, coupled with an analysis of devices 
such as seals, clutches, dampers, and numerous others, led to the identification of a field of study 
that would facilitate the determination of which component would be the focus of attention. 
The sphere of journal bearings and their lubrication-induced instabilities was selected as an 
appropriate field of study to conceptualise a method for optimising or potentially reducing the 
undesirable phenomenon. 

A n investigation was conducted, which led to the design and construction of an experiment. 
Despite the promising concept, a factor that initially appeared to be of little consequence had a 
detrimental impact on the practical implementation of the experiment, rendering it unfeasible. 
Nevertheless, the thesis offers recommendations for the next iteration of the procedure, which 
wi l l ultimately lead to the final measurement. 

The computational simulations are divided into two levels. The first level employs the finite 
element method for electromagnetism problems in F E M M software. The second level utilises 
the finite volume method in A N S Y S Fluent software for C F D calculations. The input parameters 
for the magnetostatic simulation are the so-called B — H curve of the used magnetorheological 
fluid M R F - 1 3 2 D G from the manufacturer, the dimensions of the designed experiment, and the 
properties of the used coi l . The outputs of this simulation are values of magnetic induction 
and magnetic field strength. These values w i l l serve as input in the second level of simulation, 
i.e., C F D . The magnetohydrodynamic module is employed, which extends beyond typical user 
capabilities. Here, the influence of the external magnetic field is incorporated. The magnetic 
field strength values are employed to obtain the yield stress values of the magnetorheological 
fluid; the graphical expression is provided by the manufacturer. The yield stress values are then 
implemented in the so-called user-defined function in the Bingham model of the non-Newtonian 
fluid. Furthermore, the moving computational mesh is also implemented using the user-defined 
function, given that translational motion in the direction of excitation from the coi l is to be 
expected. 

Although the practical outcome was not as successful as hoped, the knowledge gained can 
be built upon in future iterations of research and provide a solid foundation for possible future 
applications in this direction, which could lead to significant innovations in various engineering 
and scientific fields. A reasonable approach would be customised design and winding of the coils 
such that there is no radial gap as the use of commercially available coils is rather insufficient 
and the specific needed configuration, i.e. the orifice and wiring, is unobtainable. 

When it comes to the C F D simulation, the M H D module needs further in-depth analysis and 
further investigation of under-relaxation factors could theoretically lead to an improvement of 
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convergence rate. Another way that could lead to promising outcome is either coupling the Ansys 
Maxwell with Ansys Fluent software, or using completely different computational software such 
as OpenFoam. 
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Nomenclature 

d diameter, characteristic dimension [m] 

din inner diameter [m] 

dout outter diameter [m] 

deff effective diameter [m] 

wire diameter [m] 

e conversion rate [-] 

f frequency [Hz] 

8 gravitational acceleration [m.s~2] 

h film thickness [m] 

J current density [A.m~ 2 ] 

1 length [m] 

£ curve [m] 

PUP2 pressure [Pa] 

Ap pressure difference [Pa] 

t width of the winding [m] 

q particle charge [C] 

t width of the winding [m] 

—> V velocity [m.s- 1] 

A magneic vector potential [-] 

B magnetic flux density or magnetic induction [T] 

D electrtic flux density [Vm] 

E electric field inensity [m.s- 1] 

FL 
Lorentz force [N] 
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H magnetic field strength or intensity of magnetic field [A/m 

Hc 
magnetic coercivity [A/m 

I current [A 

L deflection of the liquid in the tube [m 

Jzf inductance [H 

M magnetisation or dipole moment density [ A . m - 1 

M0 spontaneous magnetisation [ A m " 1 

MS saturation magnetisation [ A m " 1 

MR remanent magnetisation [ A m " 1 

N number of turns [-: 

P magneic polarisation vector [T 

S surface [m 2 

Si cross-section of the vessel [m 2 

s2 
cross-section of the tube [m 2 

p power [W 

R resistance [Q 

u voltage [V 

u relative velocity of bearing surfaces [m . s - 1 

y shear strain [s- 1 

n dynamic viscosity [Pa.s 

j " permeability [H.m 1 

Mo vacuum permeability [H.m 1 

Mr relative permeability [-: 

Pe charge density [ C m " 1 

P fluid density [kg .m- 3 

P electrical resistivity [Q.m 

yield stress [Pa 

X shear stress [Pa 

<P angle [°: 
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magnetic flux [Wb] 

magnetic susceptibility [-] 

Reynolds number [-] 
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Appendices 

MATLAB Code for the Coil 
% INPUT 

B = 3e-3; % Magnetic Flux Density (T) 

I = 1; 7. Current (A) 

1 = 22; % Length of the Coil (mm) 

d_in = 10.2e-3; % Inner Diameter of the Coil (mm) 

L = 8.821e-3; % Inductance (H) 

R = 21.6; °/„ Resistance (Ohm) 

rho = 1.69e-8; % Resistivity of Copper (Ohm*m) 

mu_0 = 4 * pi * 1CT-7; °/„ Vacuum's Permeability (H/m) 

°/
0
 Calculate the number of turns 

N = (B*l*le-3)/(mu_0*I); 

°/
0
 Calculate the diameter of the wire [mm] 

d.wire = (1/N); 

% Calculate the diameter of the wire 

t=((2*d_wire*N)/l); 

% Calculate the outer diameter of the coil 

d_out = (d_in+2*t); 

'/. RESULTS 

fprintf ('Winding: °/„.2f\n
5

, N) ; 

f printf (' Wire Diameter: °/
0
.6f mm\n', d_wire); 

fprintf('Width: %.6f mm\n', t); 

fprintf ('Outer Diameter: °/
0
.6f mm\n', d_out); 
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ANSYS Fluent UDF Codes 

UDF for the Bingham model 
#inc lude " u d f . h " 
#define muOFF (0.092) 
#define tauY (33000) 

DEFINE_PR0PERTY(apparent_vis_2A_1000_0092, c 
{ 

r e a l x [ND.ND]; 
r e a l mu_ef; 
r e a l gamma = C_STRAIN_RATE_MAG(c, t ) ; 

i f (gamma != 0.0) 
{ 

mu_ef = muOFF + tauY / gamma; 
> 
e l s e 
{ 

mu_ef = 1000; 
} 

r e t u r n mu_ef; 
} 

UDF for the Mesh Movement 
#inc lude " u d f . h " 

r e a l v ; 
r e a l f ; 

DEFINE_CG_M0TI0N( ten ,d t ,ve l ,omega , t ime ,d t ime 
{ 

N V _ S ( v e l , =, 0 . 0 ) ; 
NV_S(omega, =, 0 . 0 ) ; 

f = 0 .0025; 
v = 0 .03*2*M_PI*f*cos(2*M_PI*f*t ime) 
v e l [1] = v ; 
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