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ABSTRACT

In this study an active mixing with a magnetic micro-convection of two miscible fluids:
water and water based magnetic fluid in a vertical microfluidics chip is investigated. The
magnetic micro-convection is a finger-like instability occurring on the interface between
magnetic and non-magnetic fluid exposed to an external magnetic field above a certain
threshold. A ponderomotive force of the non-homogeneous self-magnetic field of the
magnetic fluid causes this instability. In this work, the magnetic micro-convection is
induced by two dilerknt experimental setups with dilerknt directions of the external
magnetic field.

The properties of this instability can be easily manipulated by altering experimen-
tal components. This makes the magnetic micro-convection interesting for fundamental
studies as some behaviors and their contributors of this instability are yet to be found.
In addition, the magnetic micro-convection can enhance the mixing in microfluidics and
lab-on-a-chip devices where normally laminar fluid flows and slow di [udion processes are
typical.

In this work, the information about various parameters governing and characteriz-
ing the instability is collected: the critical magnetic fields, the mixing dynamics and
enhancement, the wavelength of the finger-like instabilities and the form of the fingers of
the instability, the interface thickness at the beginning of an experiment between both
fluids, the characteristic size of used microfluidics chips as well as various magnetic and
hydrodynamic properties of the used magnetic fluids. The relevance and influence of
these parameters on the dynamics of the micro-convection are deduced and compared
experimentally.

Here, the influence of magnetic and gravitational fields in the stabilization of the mag-
netic micro-convection is investigated, quantifying how the magnetic field is governing and
the gravity is stabilizing the instability. The dynamics of the magnetic micro-convection in
horizontal and vertical external magnetic fields are compared with each other. The study
is mostly experimental, the experimental results are discussed and compared to theoret-
ical predictions and numerical simulations done by colleagues. The comparison is done
qualitatively by comparing video and images in addition to quantitative representation
using two dimensionless quantities- magnetic and gravitational Rayleigh numbers. The
experimental results are in agreement with the numerical simulations.

The results show that the magnetic micro-convective mixing is restricted by the amount
of initial smearing. The mixing enhancement due to the magnetic micro-convection is
smaller for a larger initial interface thickness, while the mixing can be amplified by in-
creasing the magnetic field. Also, the shape and thickness of the micro-channel aledt the



results. The properties of magnetic fluids significantly influence the mixing dynamics. It
is demonstrated that gravity minimizes the magnetic micro-convection by using magnetic
fluids with di[erkent densities. Also it is demonstrated that the direction of the external
magnetic field a[edts the shape of the instability fingers and the e [Ledtiveness of the mixing.
For the same values of the external magnetic field the fingers of the instability grow taller
in horizontal magnetic field that is perpendicular to the microfluidics chip than in the
vertical magnetic field that is parallel to the microfluidics chip.

Keywords: Magnetic fluids, Micro-convection, Instabilities, Gravity, Microfluidics



ANOTACIJA

Saja disertacija tiek petita aktiva samaisisanas ar magnetisko mikrokonvekciju vertikala
mikrofluidikas €ipa starp diviem sajaukties spejigiem Skidrumiem- udeni un udens bazes
magnetisko Skidrumu. Magnetiska mikrokonvekcija ir pirkstveida nestabilitate, kas veido-
jas robezvirsma starp magnetisku un nemagnetisku Skidrumu, ja tie ir paklauti arejam
magnetiskam laukam, kas ir lielaks par kadu kritisko vertibu. So nestabilitati izraisa
nehomogena pasmagnetiska lauka izraisitais speks magnetiskaja $kidruma. Sa darba ie-
tvaros magnetiska mikrokonvekcija tiek ierosinata divas daZzadas eksperimentalas sistemas
modifikacijas ar atSkirigu areja magnetiska lauka virzienu.

Magnetiskas mikrokonvekcijas raksturlielumi ir viegli manipulejami, pamainot eksperi-
mentalas komponentes. Tadel magnetiska mikrokonvekcija ir erta fundementaliem zinatnis-
kiem petijumiem, kuros iespejams atrast kadas jaunas likumsakaribas starp magnetisko
mikrokonvekciju un tas ierosinatajiem. Magnetiska mikrokonvekcija var uzlabot maisisanos
mikrofluidikas iekartas, kuras parasti Skidrumu maisiSanas ir lena un plusmas ir laminaras.

Saja darba apkopota plasa informacija par daZadiem 30 nestabilitati raksturojosiem un
regulejoSiem eksperimentalajiem parametriem,tadiem ka piemeram, kritiskie magnetiskie
lauki, maisiS8anas dinamika un pienesums, nestabilitati raksturojo$ais vilna garums un
pirkstu forma, sakuma samaisiSanas joslas platums, raksturigie mikrofluidikas Cipu izmeri
un citas magnetiskas un hidrodinamiskas magnetisko $kidrumu 1pagibas. So parametru
ietekme uz magnetisko mikrokonvekcijas dinamiku tiek salidzinata dazadiem eksperimen-
tiem.

Tiek salidzinata magnetisko un gravitacijas lauku ietekme uz magnetiskas mikrokon-
vekcijas stabilizaciju, aprekinot ka magnetiskais lauks ierosina un gravitacija stabilize So
nestabilitati. Magnetiskas mikrokonvekcijas attistibas dinamika tiek savstarpeji salidzinata
aprakstitais petijums lielakoties ir eksperimentals, tacu eksperimentalie rezultati tiek
salidzinati ar kolegu veiktajam teoretiskajam prognozem un skaitliskaiem modeliem. Tiek
veikts gan kvalitativs salidzinajums, izmantojot nestabilitati raksturojo$os videomaterialus
un attelus, gan kvantitativs salidzinajums, izmantojot divus bezdimensionalus lielumus-
magnetisko un gravitacijas Releja skaitlus. Eksperimentalajos un skaitlisko modelu re-
zultatos verojama laba savstarpeja atbilstiba.

Darba apkopotie rezultati apliecina, ka magnetisko mikrokonvekciju ierobezo Skidrumu
savstarpeja sajaukSanas pirms eksperimenta. SamaisiSanas pienesums ir mazaks, ja
sakotneji Skidrumi sajaukusies vairak. MaisiSanos var pastiprinat, palielinot arejo magnetisko
lauku. lzveleta mikrofluidikas kanala biezums un forma maina rezultatus. Magnetisko
mikrokonvekciju ietekme ar1 izveleta magnetiska $kidruma Tpasibas. Saja darba ir de-



monstrets ka gravitacija ierobezo maisiSanos ar magnetisko mikrokonvekciju, izmantojot
magnetiskos Skidrumus ar dazadiem blivumiem. Ka ari darba rezultati apliecina, ka areja
magnetiska lauka virziens ietekme gan nestabilitates raksturigo formu, gan samaisiSanas
efektivitati. Vienada stripruma areja magnetiskaja lauka nestabilitates pirksti izaug garaki,
ja magnetiskais lauks ir horizontals un perpendikulars mikrofluidikas ¢ipam, nevis vertikals
un paralels mikrofluidikas Cipam.

Atslegvardi: Magnetiskie Skidrumi, Mikrokonvekcija, Nestabilitates, Gravitacija, Mik-
rofluidika



ACKNOWLEDGEMENTS

This dissertation would not have been completed without help and support of my colleagues,
family, and friends whom | want to thank here.

I want to thank my thesis advisors Dr. Guntars Kitenbergs and Prof. Andrejs Cebers
who guided this study from its very beginning to the finish. Special thanks to Dr. Guntars
Kitenbergs for proposing me this research direction.

I also want to thank my colleagues for both practical and emotional support during
my PhD studies. | thank Dr. Delphine Talbot (PHENIX lab, Sorbonne University in
Paris, France) and Dr. Oksana Petrienko for the magnetic fluids used within this study.
Thanks to Dr. Andrejs TatulCenkovs for theoretical results, Dr. lvars Drikis for an Android
based synchronization solution for microfluidics pumps, and Michail Maiorov (IPUL) for
magnetic measurements. My gratitude goes to Dr. Gokhan Ergin for the opportunity to
work with 3D micro-PIV system in Dantec Dynamics, Denmark.

Thanks for general support and fruitful discussions to my colleagues: Dr. Viesturs Sints,
Dr. Andris P. Stikuts, Dr. Aigars Langins, Dr. Janis Cimurs. For fun, mental support
and useful tips thanks to my dear steministas Dr. Tija Sile, Maija Sjomkane, Malvine
N. Strakova, Liga Jasulaneca and my best friend Marta Berke.

Another level of gratitude | express to my emotional, technical and every-other-way
possible support, my husband Eduards Pukins-Slava.

Also | want to acknowledge that part of this work was supported by ESF project "LU
dokturanturas kapacitates stiprinasana jauna dokturanturas modela ietvara" No.8.2.2.0/20/1/006.

And at last | also want to thank myself for believing in myself and bringing this personal
project to completion (see fig. 1.).

1. Figure: A picture of me looking at magnetic micro-convection through a microscope



CONTENTS

Introduction 4
Glossary 10
1. Theoretical concepts 11
1.1. Systems of unitsinthiswork. . . . . . .. ... ... .. ... .. ... .. 11
1.2, MicrouidiCS . . . . . . . o 12
1.3. Magnetic uids . . . . . . . . . e e 14
1.3.1. Colloidal stability of magnetic uids . . ... ............ 15
1.3.2. Preparation of magnetic uids . . . . .. ... ... ... ... ... 15
1.3.3. Properties of magnetic uids . . . .. ... ... ... ... .... 16
1.3.4. The diusion of the magnetic particles . . . . ... ... ...... 20
1.4. Magnetic micro-convection . . . . . . . . . . ... 22
1.4.1. Particle image velocimetry- general principles . . . ... ... ... 24
1.4.2. Review of the previous studies . . . . . .. ... ... ... ..... 25
2. Materials and Experimental methods 29
2.1. Magnetic uids used in experimental work . . . .. ... ... ... .... 29
2.1.1. Magnetic uid characterizatonwithDLS . . . . .. ... ... ... 32
2.1.2. Magnetic uid characterization with VSM . . . . .. ... .. ... 32
2.2. Stereo-micro-PIV . . . . .. 33
2.3. Microuidicschips . . . . . . . . . . e 37
2.4. Experimental setups . . . . . . . ... 42
2.4.1. Experimental setup for continuous ow experiments . . . . .. ... 44
2.4.2. Experimental setup for experiments with initially stagnant uids . . 45
2.4.3. Vertical external magnetic eld . . ... ... ... .. ....... 49
2.5. Processing of the experimentaldata . . . . . ... ... ........... 50
2.5.1. Acquisition of the mixinglength . . . . . . ... ... ... ..... 50
2.5.2. Quantifying mixing due to magnetic micro-convection . . . . . . . . 55
2.5.3. Characteristic wavelength determination . . . . .. .. ... .. .. 61
2.5.4. Determination of the critical magnetic eld . . . . . .. ... .. .. 62
2.6. Experimental diculties . . ... ... ... ... .. ... ... .. ... 63
3. Experimental observations and results 65



3.1. Magnetic micro-convection in owing uids . . . . . .. ... .. .. .... 65
3.1.1. Summary ... e e e 74
3.2. Magnetic micro-convection in initially stagnant uids . . . ... .. .. .. 75
3.2.1. Summary ... . e e e 83
3.3. Magnetic micro-convection in uids with initially smeared interface between
the mixing uids . . . . . . . . . .. 85
3.3.1. Mixing with magnetic micro-convection with respect to the external
magnetic eld . . . . . ... ... 92
3.3.2. Mixing with magnetic micro-convection with respect to the initial
smearing thickness . . . . . . ... oL oo 102
3.3.3. Mixing with magnetic micro-convection with constant Ra, with
respect to the initial smearing thickness. . . . . .. . ... ... .. 106
3.3.4. A speci c amount of magnetic micro-convective mixing . . . . . . . 109
3.3.5. Summary . ... e e 111
3.4. Magnetic micro-convection in a vertical external magnetic eld parallel to
the microuidicschip . . . . . . . . .. 113
3.4.1. Magnetic micro-convective mixing with respect to the vertical exter-
nal magnetic eld . . . . . . .. ... . ... .. ... .. 117
3.4.2. Magnetic micro-convective mixing with respect to the initial smear-
ing thickness . . . . . . . ... .. ... 127
3.4.3. Magnetic micro-convective mixing in a vertical magnetic eld with
constant Ra, with respect to the initial smearing thickness . . . . . 132
3.4.4. Quantitative characterization of magnetic micro-convective mixing
in a vertical external magnetic eld . . . . ... ... ........ 134
3.4.5. Summary ... e e e e 137
3.5. Measurements with stero micro-PIV . . . . . .. ... ... ... ...... 139
3.5. 1. Summary ... e e e e 145
. Discussion 146
4.1. Comparison between experimental results with owing uids and theoretical
predictions . . . . . . . . L e e 147
4.2. Comparison between experimental results with initially stagnant uids and
theoretical predictions . . . . . . . . ... .. 150
4.3. Comparison of the experimental results of the magnetic instabilities in

horizontal and vertical magnetic eld . . . . . ... ... ... ... .... 156
4.3.1. Mixing due to magnetic micro-convection with respect to magnetic
eld . .. 158



4.3.2. Mixing due to magnetic micro-convection with respect to initial
smearing thickness
4.3.3. Magnetic eld intensity to obtain a speci ¢ micro-convective mixing 160

4.4, Comparison of the results in a vertical magnetic eld with data from literaturel61
4.5. Possible future directions

............................ 162
4.6. SUMMANY . . . . . o o e e e e e e 163
Conclusions 164
Bibliography 166
Appendix A: Additional Information 171
A.1 Additional Figures of the Experimental Results . . . . . .. ... ... .. 171
A.2 Additional information about data processing . . . ... ... .. ..... 210
A.3 Authors publications . . . . . . ... 213



INTRODUCTION

In this dissertation, two di erent types of instabilities on the interface between two miscible
uids- water and water based magnetic uid are investigated experimentally. Magnetic
uid is a colloidal solution of magnetic nano-sized particles suspended in a carrier uid [1,
2]. Magnetic uids possess both magnetic and hydrodynamic properties therefore making
them a compelling research subject [3].

The instabilities in this work are initiated and can be regulated by external magnetic
eld. When exposed to magnetic elds, various instabilities emerge on the interface
between magnetic and nonmagnetic uids [1, 2, 4 6]. Two of these instabilities are broadly
investigated in this study. As the characteristic size of the instability is in the scale
of microns, these instabilities are termed magnetic micro-convection. Magnetic micro-
convection is a nger-like instability occurring on an interface between magnetic and
non-magnetic uid, caused by a pondermotive force acting on the magnetic uid in an
applied homogeneous magnetic eld [7, 8]. Magnetic micro-convection enhances the mixing
between the uids in the experimental system investigated here. This mixing enhancement-
mixing length due to magnetic micro-convection is one of the main parameters explored.

The spatial parameters of the system under the study are also in the scale of microns
as the mixing uids are investigated in a Hele-Shaw cell-like micro uidics chip. Therefore
the term micro uidics is in the title of this work. This leads to the fact that di erent
elds of physics are combined within this study.

Magnetic micro-convection in vertically placed various micro uidics chips is induced in
two di erent experimental setups within the scope of this study. In one of the setups the
external magnetic eld is horizontal and perpendicular to the micro uidics chip whereas
in the other one the external magnetic eld is vertical and parallel to the micro uidics
chip.

Although the systems of interest are in the scale of microns, gravity plays a role re-
stricting the growth of the patterns of the magnetic micro-convection. The signi cance
of gravity in small systems and also particularly for this instability has been proposed
before [9]. The in uence of magnetic and gravitational elds with a set of other experimen-
tal parameters on the dynamics of micro-convection is investigated in detail in this study.
This work is mostly an experimental study, the experimental results are compared to the-
oretical predictions and numerical simulations carried out by colleagues. The comparison
is done both qualitatively by visual materials of the instability as well as quantitatively.
For a quantitative comparison two dimensionless quantities- magnetic and gravitational
Rayleigh numbers are used, quantifying how the magnetic eld is governing and the gravity
is stabilizing the magnetic micro-convection.



The magnetic uids and hydrodynamic instabilities related to this topic have been
studied for a considerable time as the terms magnetic uid or ferro uid have been de ned
already in the 1970's [1, 10]. Meanwhile, the micro uidics is a relatively newer topic
that has been studied interdisciplinary, especially in life sciences [11, 12] and in search
for di erent solutions for micro-mixers [13 15]. As micro uidics handle liquids within
sub-millimeter ranges, small Reynolds numbers are typical. This means that ows in
micro uidics are mostly laminar and despite many studies, one of the challenges that still
is being addressed in the eld of micro uidics are the physical limitations for mixing, as
by itself it happens as a slow di ussion process. One way to enhance this mixing rapidly
In a contact-less manner is to use magnetic materials and elds [14] as done in this work.

The magnetic mixing in the scope of micro uidics proposes various research topics, as
many di erent instabilities on the interface between magnetic and non-magnetic uids can
be induced [1, 2, 6]. The nature of the patterns formed by these instabilities depends upon
many factors. For example a shape of the interface between the uids, the direction of the
magnetic eld, the dimensions of the micro uidics-chip and others [16 18]. Most of these
properties can be easily manipulated by altering experimental components, as it is done
in this study by using various magnetic uids with di erent magnetic and hydrodynamic
properties as well as by changing the orientation of the external magnetic eld and using
di erently sized micro uidics chips.

Over the years magnetic uids have had several practical applications in industry and
medicine [1, 2, 19 21], but the magnetic micro-convection itself, besides promising appli-
cations in the uid mixing, has aroused an interest as an academic research topic, both
experimentally [6, 22] and theoretically [6, 23, 24]. This work was motivated mostly by this
academic curiosity to better understand the dynamics of the magnetic micro-convection
and the impact of the factors that a ect it.

Goal of thesis and set tasks
For this study the following goal and tasks have been formulated.
Goal

Investigate how the dynamics and size characteristics of the magnetic micro-convection
on the interface between two miscible uids is a ected by various factors- gravity, the
strength and intensity of the external magnetic eld, the thickness of the already pre-mixed
interface between two uids, the thickness of the micro-channel and the properties of the
magnetic uid.

Hypotheses

During this thesis following hypotheses were formed:



" Micro-convective mixing in horizontal magnetic eld will be more e ective than
mixing in a vertical magnetic eld as the ngers of this instability have more active
character in a horizontal magnetic eld.

A

The total mixing length that consists of micro-convective mixing and di usive mixing
can be achieved by a speci c value of external magnetic eld and does not depend
on the thickness of the pre-mixed layer between the uids.

A

The value of the critical magnetic eld for a certain amount of the initial smearing
of the interface between the mixing uids is the same value of the magnetic eld
that must be applied to obtain total mixing length equal this initial smearing.

Tasks

To achieve the goal of this thesis following tasks were formed:

1. Characterize the existing experimental system for experiments in horizontal, external
magnetic eld perpendicular to the micro uidics chip. Perform the experiments using
this experimental system to observe the magnetic micro-convection in owing uids.

2. Improve and modify the experimental system for observing the magnetic micro-
convection for initially stagnant uids in two di erent orientations of external mag-
netic eld; characterize the experimental system.

3. Perform the experiments to observe the magnetic micro-convection for initially stag-
nant uids both in horizontal and vertical external magnetic eld.

4. Collect the data of the various factors that govern and characterize magnetic micro-
convection during the experiments and write the software code to process this data.

5. Analyze the magnetic micro-convection on a miscible uid interface. Find out how
gravity, pre-mixed interface thickness and the orientation of the external magnetic
eld a ect the mixing e ciency due to the magnetic micro-convection.

6. Compare the experimental results of this work with the theory and numerical sim-
ulations done by colleagues as well as give the possible reasons for the di erences
between these results.

All of these tasks were accomplished. The results are presented in this thesis in the 4
chapters with complementary information in appendices. The experimental results of
this work have been presented in 7 reports in international conferences, published in one
paper [25], and two papers that includes the results presented in th8.2. [26] andx3.3.
are prepared for publishing. The results of this work con rmed the rst and the second



hypotheses. The third hypothesis was con rmed qualitatively for instability in a horizontal
magnetic eld. Results show some correlation between the critical magnetic eld for a
certain initial smearing with the total mixing length within such magnetic eld. But
whether total mixing length does depend on the thickness of the pre-mixed layer between
the uids is inconclusive for the results in the vertical magnetic eld due to data dispersion
and this phenomenon should be investigated further.

The experimental work of this thesis was carried out in the Laboratory of Magnetic
Soft Materials in University of Latvia in Riga, except for a brief experimental investigation
of the uid ows in a horizontal micro uidics chip with stereo micro-PIV system that was
carried out in Dantec Dynamics in Denmark. All of the experimental results collected in
x3. are obtained and processed by the author of this thesis. The experimental system is
manipulated, the micro uidics chips are produced and ow simulation in the micro uidics
chip as described inx2. also are done by the author of this thesis. The theoretical
predictions and numerical simulations presented i®4. are carried out by colleagues in
MMML and found in the literature, but the comparison with the experimental data is
carried out by the author of this thesis. Brief information about the chapters is given
further in the structure of the thesis.

Structure of thesis

" The theoretical concepts that are important for this study along with the correspond-
ing literature review are presented in chaptexl.. In x1.1. information about the
unit systems used within this work is brie y described.x1.2. reviews the concepts
and challenges in micro uidics. The topic of magnetic uids is explored irx1.3.
with subsections that explore deeper the concepts of colloidal stability ixil.3.1.,
preparation of magnetic uids in x1.3.2., various properties of magnetic uids are
reviewed in x1.3.3. and the magnetic nano-particle di usion in magnetic uid is
described inx1.3.4.. The theory of magnetic micro-convection is reviewed ii.4.
with theoretical concepts of Particle image velocimetry ix1.4.1.. The review of the
previous studies about magnetic micro-convection that have led to the forming of
this work is presented inx1.4.2..

In chapter x 2. the magnetic uids used within this study, experimental setup and
data processing are described. Tasks 1, 2 and 4 are partially addressed here. In
x2.1. the properties of the magnetic uids used within this study are explored. The
experimental systems used to characterize the magnetic uids are brie y reviewed
in x2.1.1. andx2.1.2.. The experimental system used for 3-dimensional velocity
eld measurements to explore the ow of the uids with di erent densities in a
horizontally placed micro uidics chip is described inx2.2.. The sectionx2.3. reviews
the fabrication methods and properties of the micro uidics chips used within this



work. Various experimental setups used within this work to explore the magnetic
micro-convection are thoroughly described in2.4. and its three subsectionsx2.4.1.
setup variation for experiments with continuous uid ow, x2.4.2. for experiments
with initially stagnant uids in a horizontal magnetic eld and x2.4.3. for experiments
in vertical magnetic eld.

The results of the 4 and 5" tasks with the experimental observations are collected
in chapter x3. that is divided in 5 sections. The experimental observations and results
from experiments with continuous uid ow are collected inx3.1. that addresses a part
of the rsttask. Also the results from this section are published in [25]. Experiments
carried out with the improved experimental system for initially stagnant uids are
reviewed in x3.2., hence undertaking the3'® task of these thesis. A publication
about the results presented within this section is prepared [26]. Next the e ect
of the thickness of the premixed interface layer between the mixing uids on the
magnetic micro-convection is explored. The results of the experiments in a horizontal
external magnetic eld are collected inx3.3., thus addressing part of the '8 task.
Another publication about the results presented within this section is also prepared.
The results of the experiments in a vertical external magnetic eld addressing thé'4
task are reviewed inx3.4.. Within these sections the magnetic micro-convection with
respect to various experimental parameters is investigated. The critical magnetic eld
for the instability to emerge, characteristic size of the instability, mixing enhancement
due to magnetic micro-convection, e ects of the thickness of the micro uidics chip are
explored here. And in the last sectiorx3.5. results collected from stereo micro-PIV
system are collected. This part of the research was carried out in Dantec Dynamics,
Denmark. The velocity eld of the uid ow in a horizontally placed micro uidics
chip was investigated here.

The 5" and 6" tasks are carried out in the discussion ix4.. Here the results of
this thesis are compared with each other as well as with theoretical predictions and
numerical simulations carried out by colleagues.

The chapters of this work are followed by conclusions in that are are arranged in
four groups according to the four main experimental sections that explore magnetic
micro-convection.

" In appendices a complementary information to this thesis is provided.



PARTIAL GLOSSARY

Characteristic quantity
Magnetic susceptibility
Viscosity
Magnetic permeability
Volume fraction
Density
B Magnetic induction
c Concentration
H Magnetic eld strength magnetic intensity
Rag Gravitational Rayleigh number
Ra,, Magnetic Rayleigh number
Re  Reynolds number
Physical constants
0 Electric constant vacuum permittivity
0 Magnetic constant vacuum magnetic permeability
g Standard gravity
Ks Boltzmann constant
Abbreviations
DLS Dynamic Light Scattering
MF  Magnetic uid
PIV Particle image velocimetry
ROl Region of interest

V SM Vibrating sample magnetometer



Denotations of experimental quantities

2 Mixing length

0 Initial smearing thickness

mc  Mixing thickness due to the magnetic micro-convection

to Dimensionless initial smearing time

10



1. Chapter

Theoretical concepts

1.1. Systems of units in this work

Within this study di erent unit systems are used: depending on the convenience either SI
unit system and its conjunction units or the Gaussian unit system- sometimes referred as
CGS system for centimeter, gram and second. The Gaussian system is used within this
work for some of the experimental data to simplify comparison between the experimental
results of this work to the theoretical predictions and numerical simulations done by
colleagues. The Gaussian unit system is favored in the theoretical physics community
accordingly as well as by colleagues in the Laboratory of Magnetic Soft Materials, who work
in the theoretical eld. In this unit system no base units for vacuum in electromagnetism
are necessary, in other words, the, and o constants are equal to 1 [27], unlike in the SI
unit system due to the di erent de nitions of electric current and a charge [28].

The literature [27, 28] tells a rather eventful story about a bit chaotic historic evolution
of the various unit systems in electromagnetism and then sometimes confusing transition
from one unit system to another one. The conversion of units in mechanics between the Sl
and the Gaussian unit systems is rather simple di ering only by some factor of ten. The
situation is a bit more di cult when converting quantities in electromagnetism, especially
when using dimensionless quantities.

Bellow in the table 1.1. of magnetic quantities used within this work the conversion
formulas for these quantities between the Gaussian unit system and Sl unit system are
collected.

11



Quantity Conversion

Magnetic induction BCCS[G] = 10“BS![T]
Magnetic eld strength/ Magnetic intensity HCCS[0€]= 1HS' &
Magnetization MOSS[Og] or €M =10 3S A
(=moment per volume) cm m
Magnetic permeability CcGs — _SO'
Magnetic susceptibility ces= L sl

BS[T]! oH £ 1 10°BC®S[G]! 10°HCCS[O¢

1.1. Table: Conversion of magnetic units between the Gaussian (CGS) unit system and
Sl unit system

1.2. Micro uidics

Micro uidics is the science of manipulating and controlling uids of small volumes, where
one or all of the spatial dimensions are in the scale of microns. Micro uidics can miniaturize
many laboratorial uid manipulation processes like lItration, mixing, reaction, rheometric
measurements and others [29]. It is widely implemented in various science elds, for
example, biotechnology, chemistry, engineering or physics [30 33]. Due to the wide range
of multidisciplinary applications of the micro uidics, it has been for some time and still is
an active research topic [34 36].

There are many practical advantages to micro uidical devices, for example, only a small
amount of reagents is necessary for microchemical reactors, the possibility of numerical
geometry optimizations, smaller inertial e ects, optical access and a direct characterization
of the uid- ow dynamics and others [29].

Micro uidics devices can be fabricated from various materials depending on the appli-
cation of the device. Common materials are silicon, metal, polydimethylsiloxane (PDMS)
and other polymer materials. Advantages of the polymer material based micro uidics de-
vice include relatively simple production, optical transparency to visible light, durability
and chemical inertness just to mention a few. Though their shortcomings include low
thermal stability and high compressebility. PDMS is the most commonly used elastomer
in the production of micro uidics devices as it o ers relatively simple fabrication and good
sealing to various materials, low cost and biocompatibility, and versatility. The produc-
tion steps of PDMS micro uidics devices has been widely described in literature [29, 35].
Micro uidics-chips used within this study are made from PDMS or from Paralm M
spacer and glass. E ective, precise and reproducible micro uidics chip fabrication methods
like soft lithography requires cleanroom and lithography tools [29, 35]. Within this study
micro uidics chips are produced e ectively with cheaper and easier method, albeit this
limits reproducibility. The production and characterization of the used micro uidics-chips
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is described in detail in Y2.3..

Fluid ow at micro scale di ers from the one at macro scale. As the geometric scale of
the ow is reduced down to microns, the viscous forces increases over the inertial forces. A
way to measure the interaction between these two forces is the Reynolds number [29, 37].
Reynolds number is a dimensionless parameter de ned as a relation between the inertial
and viscous forces and can be expressed as:

Re= L. (1.1)

where is the density of the uid, v is the average velocityL is the characteristic length

of the micro-channel and is the viscosity of the uid. For small Reynolds number ows
usually are laminar and the prevailing mechanism for transport is di usion. For large
Reynolds number ows are turbulent and viscous e ects can be neglected except close to
walls. In turbulent ows the dominant mechanism of transport is convection [29]. The
critical value of Reynolds number above which the ow is expected to be turbulent is
around 2300 on the macroscale [13].

For typical micro uidics ows the Reynolds number varies betweerl0 ¢ and 1. So the
viscous forces typically dominate over inertial forces. Therefore, the ow in micro uidics
devices can be considered laminar [29].

Considering the experimental setup of this study the typical value of the Reynolds
number here can be estimated. The thickness of the most used micro uidics chip in this
study is h; = 0:135mm and the width of the channel might vary up to2 mm, giving
the cross-section oD:27 mm?. A typical owrate of the experiments described in the
chapter Y3.1. iQ =1 L/min giving the average velocityv = 6:2 10 ® m/s. By using
the thickness of the micro uidics chip as the characteristic length. = 1:35 10 4 m and
density and viscosity of water ( = 1000 kg/m®, = 0:001Pa s) the acquired value of
the Reynolds number is Re 0:008

As the typical ow in the micro uidics device is strongly laminar, mixing happens only
as a result of the slow di usion process. Despite the typically laminar ows, rapid mixing
is essential in many applications of the micro uidics systems and devices. Few application
examples where accelerated mixing in micro uidics systems is strongly desirable include
biochemistry analysis, drug delivery, lab-on-a-chip platforms for chemical reactions and
others. Passive and active mixing can be used as a mechanism for speeding up the mixing
of uids in micro uidics devices [13, 37]. Passive micromixers do not require external
energy. The mixing process in micro uidics systems with passive mixing relies entirely
on di usion or chaotic advection. In passive micromixers the contact surface between the
di erent uids is increased and the di usion path between them is decreased by splitting,
curving, introducing rips and grooves and otherwise manipulating the geometries of micro-
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channels [38].

Opposed to passive micromixers, active micromixers for the mixing process use distur-
bances generated by an external eld. Active mixers can be categorized by the types of
this external eld. If magnetic materials and elds are used (just as in this study) mixing
can be conveniently enhanced in a contact-less manner. A part of active mixers that are
based on magnetic materials and elds, has opened a sub- eld called micro-magneto uidics
or magneto-hydrodynamic active micromixers [13]. One way to accelerate the mixing in
micro uidics is by external magnetic eld creating instability. There are multiple realiz-
able ways for mixing with magnetic elements, like incorporation of the magnetic uids or
using magnetic micro-beads that are driven by stationary or alternating magnetic elds
that generate Lorentz forces [14]. One way to accelerate the mixing in micro uidics is
by external magnetic eld creating instability- magnetic micro-convection [39, 40]. This
is explored more within this work. The information about the e ects of the magnetic
micro-convection on the uid mixing with respect to various experimental parameters is
collected in section3.1.,x3.2.,x3.3.,x3.4. andx4..

1.3. Magnetic uids

By composition magnetic uids are arti cially made stable colloidal suspensions consisting
of a carrier uid and magnetic particles dispersed in it. A colloid is a suspension of nely
divided particles in a continuous medium. The terms magnetic uid and ferro uid were
de ned in the 1970's [1, 2].

After magnetic uids became available, many uses of these liquids were recognized [1,
3]. Actual commercial usage of the magnetic uids includes novel zero- rotary shaft seals
used in computer disk drives, pressure seals for compressors and blowers, magnetic liquid
cooled loudspeakers and more [1, 41, 42]. Magnetic uids have also proved to have possible
applications in medicine, for example, drug delivery or a tracer of blood ow [1, 43 45].

Variety of di erent carrier uids can be used. The rst magnetic uids were made with
oil or organic carrier uids. Depending on the purpose of the application of the magnetic
uid the carrier uid can be oils, various organic solvents or even water which is convenient
if the intended application is biological [1]. In this study water based magnetic uids are
investigated. Their properties are explored in detail ix2.1..

Magnetic particles of the magnetic uid are nano-sized. If the magnetic particles
are larger (in the scale of micrometers) then the "magnetic uid" is magneto-rheological
uid [46] or clutch magnetic uids [1]. The clutch magnetic uids may solidify in the
external magnetic eld, but colloidal magnetic uids retain liquid owability even in strong
external magnetic elds. In this study only colloidal magnetic uids with nano-sized
magnetic particles are considered. There has been an interest in magnetic uids also by
looking at magnetic nano-particles as individual elements; several uses in biomedicine have

14



been proposed contrast agents for magnetic resonance imaging, magnetic hyperthermia
for cancer treatment and others [20, 47, 48].

1.3.1. Colloidal stability of magnetic uids

As magnetic uids are colloids they might stratify due to sedimentation in a gravitational
eld (or due to other external external forces, for example, centrifugal). Although a small
concentration gradient can establish itself after a long exposure to external force eld, a
true magnetic uid does not settle out [1].

The sedimentation can be minimized by nding the particle size at which the forces
governing sedimentation and Brownian motion are at the equilibrium. For magnetic
particles of the magnetic uids typically the gravitational energy is smaller than thermal
energy (see eq. 1.2 of the gravitational stability condition bellow) if the magnetic particles
have a diameter smaller thar20 nm.

Vgh  kgT (1.2)

In this inequality is the density di erence between the magnetic particles and the
carrier uid, V is the volume of a spherical magnetic particlgg is the standard gravity, h
is a height in which the concentration of the magnetic particles has decreasetimes, kg
is the Boltzmann constant andT is the absolute temperature [2].

Another factor that might a ect the stability of magnetic uids is the aggregation of
the magnetic particles. In order to avoid the aggregation particles must be far enough from
each other by some short-range repulsive e ect on the particles to disregard van der Waals
attraction force or magnetic dipole-dipole interaction [3]. To avoid aggregation magnetic
particles can be coated with a layer of surfactant, then referred as surfactant stabilized
or sterically stabilized magnetic uids [1]. This method is older and is used for organic
solvent or oil based magnetic uids. Aggregation can also be escaped by electrostatic
interaction when each magnetic particle have a superfacial charge with the same polarity.
Thus electrostatic repulsion between the magnetic particles is ensured. In order to achieve
electrostatic neutrality of the magnetic uid counter-ions are added to the carrier uid-
water. Therefore each magnetic particle becomes an ion or macro-ion and the charge of
the particles is controlled during the synthesis of the magnetic uid. Magnetic uids that
are stabilized this way are referred as ionic magnetic uids. All of the magnetic uids
investigated within this study are ionic ones produced with Massart's method [49].

1.3.2. Preparation of magnetic uids

As all of the magnetic uids used within this study have water as a carrier uid only a
method for water based magnetic uids are reviewed.

The Massart method is a eld standard for making electrically stabilized water based
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magnetic uids. Magnetic uids produced by this method are stable at a normal pH 7,
which together with the fact that they are water based is a requirement for them to be
compatible for bio-medical applications. Advantage of the method is that electrostatic
repulsion between the magnetic particles can be controlled and magnetic uids synthesised
this way remain stable over a wide range of temperatures and concentrations of magnetic
particles [3]. Maghemite -Fe,O3; and magnetite FgO, particles can provide all of them
necessary requirements for application in bio-medicine and bio-engineering [50].

For the magnetic uids used within this study the rst stage of the synthesis is obtaining
of magnetic particles consisting of -maghemite -Fe,O3 crystals by precipitation from
a mixture of ferrous and ferric salts in an alkaline solution [3]. In this step the size of
the magnetic particles can be regulated by the ratio of these salts. In order to obtain
magnetic particles and ensure the stability of the colloid, sodium citrate is often used to
create a functional stabilisation of the nanoparticles. This way stable colloid solutions
with biocompatible pH values can be obtained [50]. Citrate ions from dissolved trisodium
citrate salt are adsorbed on the particle surface. Thus magnetic nanoparticles with surface
charge are obtained. The negative charge is neutralized in the solution by the free sodium
ions [51].

By increasing the number of the ions during the synthesis of magnetic uid and thus
weakening the electrostatic repulsion between the particles a phase separated magnetic
uid can be created. The colloidal solution separates into two discrete liquid phases
with di erent magnetic particle concentration [3]. This property can be used to limit the
particle size range in suspensions as phase separation occurs more easily in the presence
of large particles.

1.3.3. Properties of magnetic uids

Precise properties of the used magnetic uids must be known in order for the experimental
results to be reproducible or comparable to theoretical predictions. Essential properties
for magnetic uids include: ionic strengthl, osmotic pressure , volume fraction , size
distribution and polidispersity of the magnetic particles, saturation magnetizatiorMg
and magnetic susceptibility . The last two properties will be explored more later below
in the section about magnetic properties. lonic strength and osmotic pressure can be
xed during magnetic uid preparation. The volume fraction can be measured by weight
measurements with analytical balance [50] as it is done during this study. The densities
of the magnetic particle material 5 and the solvent ¢, must be known. In the case
of this work, the solvent is water. Then a known volumé/yr of the magnetic uid in
interest must be weighted in order to calculate the densityyr of this uid. Then volume
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fraction can be calculated with the following expression:

— MF solv (13)

mat solv

This method is quick and handy to check if the particle volume fraction has not changed, as
sometimes for longer set of experiments the solvent of the magnetic uid might evaporate
thus changing ur . Another complimentary method for measuring is magnetization
measurements described further below from which the particle volume fraction value can
be obtained.

When characterizing the size of the magnetic particles for simplicity they are considered
to be perfectly spherical. The diameted of the particle can be described with a log-normal
distribution. The probability density then is de ned as [52]:

1 (md)
P(d;do; )= pﬁe 22 (1.4)

where dy is a characteristic diameter of the magnetic particle anéh dy is the average
value ofInd, and is polydispersity factor. These parameters can be found with multiple
methods [53], but within this study dynamic light scattering described further was used.

Particle characterization with Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a measurement technique for the characterization
of particle sizes in suspensions and emulsions. The method is convenient and fast. A
laser beam is shot in the sample. When light hits the small particles it scatters in all
directions. Due to the Brownian motion of the colloidal particles the distance between
the scattering intensity in the solution is constantly changing with time. The scattering
signal uctuations are related with the Brownian motion [54]. The scattering signal is
measured in a position that is de ned with a scattering vectoq [55]:

q= 4—nsin§; (1.5)
where is the wavelength of the lasern is the refractive index of the studied medium and
is the angle between the direction of laser beam and the direction of the scattering obser-
vation. The dynamic information of the particles then is derived from the autocorrelation
of the measured signdl (t) and a delay time . After averaging multiple measurements the
normalized intensity and electric eld autocorrelation functions are calculated. A colloid
is always at least slightly polydispersed. A common simpli cation of an autocorrelation
function for a polydisperse suspension is the method of cumulants [56], which is valid for
a narrow monomodal distribution and includes information about the di usion coe cient.
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Thus the size of the particles can be determined using Stokes-Einstein relation for the

di usion coe cient [57]:
D = ke T

" 3dy
wherekg is the Boltzmann constant,T is the temperature, is the viscosity of the base
uid and dy is the hydrodynamic diameter of a particle [56]. The mean di usion coe cient
D gives the value of the mean hydrodynamic diametek;, which is also known ag-average

(1.6)

DLS method also provides information of the size distribution of the particles with a
polydispersity index PDI. PDI is proportional to the ratio of the standard deviation
and mean hydrodynamic diametedy squared [56]:

2
PDI= -2 (1.7)

dy
PDI is not the same as already mentioned polidispersity factor from equation 1.4,
but it is related by parameters , and dy with equation:

v :
u S

e om0 2P In(1+ PDI): (1.8)
dy

And the characteristic diameterd, from equation 1.4 is related to mean hydrodynamic
diameterdy: ,
Indy = In dy > (1.9)

Magnetic properties and magnetization measurements

Magnetic properties of the magnetic uid depend on the properties of its magnetic particles.
The magnetic particles are made of ferromagnetic materials. Ferromagnetism is exhibited
by iron, nickel, cobalt, many of their alloys and some other materials. Magnetic uids
explored within this study are made of maghemite (-Fe,O3) nano-particles. Ferromagnetic
ordering of the material disappears at the Curie temperature [1]. Meaning at this certain
temperature, which is di erent for various materials, the material loses its permanent
magnetic properties.

The small size of the magnetic particles within the scale of few nanometers ensures that
the patrticles are single domain, meaning that per particle magnetic moments of individual
atoms are oriented in the same xed direction. The particles can be described as magnetic
dipoles. Each magnetic particle has a permanent magnetic momemt that is directly
proportional to the volume V of the magnetic particle. If the particles are assumed to be
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spherical, the magnetic moment of a single particle is [1]:

msd?3

m=mgV = 5

(1.10)

where mg is the saturation magnetization of the material of the particles andl is the
diameter of the magnetic particle.

There is no macroscopic magnetizatiot of the magnetic uid as the magnetic
particles are oriented randomly and chaotically within the carrier uid if there is no
external magnetic eld applied. If the external magnetic eld is applied the magnetic
nano-particles become aligned accordingly.

Magnetic uids have paramagnetic properties and their magnetic susceptibility is
relatively large. Paramagnetism is a form of magnetism in which material has a tendency
of molecular moments to align with the applied magnetic eld, but the material does not
have a long-range order. Sometimes magnetic uids are described as superparamagnetic
as their magnetization curve does not have a hysteresis [3]. Superparamagnetism is similar
to paramagnetism, only the magnetization of the material in low-to-moderate magnetic
elds is much larger than in paramagnetic materials [1].

The magnetizationM of the magnetic uid can be described by Langevin's law if the
dipole interaction between the colloidal particles is negigible (for example for magnetic
uids with a rather low particle concentration) [2]:

1
M = Mg coth - (1.12)

whereMs = Mg is saturation magnetization of the magnetic uid if the applied
external magnetic eldH '1 |, where \, is the magnetic volume fraction of the magnetic
uid. Mg can be read approximately from the magnetization curve if the magnetic uid
is exposed to large enough magnetic eld. The quantity in parentheses is also known as
Langevin's function and the parameter is the argument of the Langevin's function and

is de ned as:
mH

OkB_T’
where g is the vacuum magnetic permeabilitym is the average magnetic moment of the

(1.12)

colloidal magnetic particle,H is the intensity of the external magnetic eld, kg is the
Boltzmann's constant andT is the absolute temperature [1].

Previously mentioned magnetic susceptibility characterizes the magnetizatioM in
external magnetic eld H:

_ @M
= on
Then by deriving equation 1.11 relation for magnetic susceptibility in magnetic eld H

(1.13)
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1 1
= Mg ST —(sinh 2 ; (1.14)
where Mg is saturation magnetization of the magnetic uid and parameter is described
earlier by equation 1.12. If the external magnetic eld is small enough the magnetization
curve is rather linear. Then for this range of magnetic eld values magnetic susceptibility
can be obtained as a gradient of the magnetization curve as it is done for the experiments

within this study (see Y2.1.2)).

Typically magnetic measuremens for magnetic uids can be carried out with a Vi-
brating Sample Magnetometer (VSM). In VSM, a small sample of the magnetic uid
is vibrated between large coils producing homogeneous magnetic eld. VSM measures
magnetic properties based on Faraday's Law of Induction. The magnetization of the
sample induces a proportional voltage in detection coils, which is measured and converted
to magnetization [58].

Magnetization curve obtained with VSM is a composition of many magnetization
curves of individual magnetic particles as the magnetic uid particles are polydispersed.
Therefore information about particle size distribution can be obtained from magnetization
curves. Magnetization of a polydispersed magnetic uid can be found by relation [59]:

o L(dimg; T;H)P(d;do; )ddd|

M(H) =
(H)=m. 5 P(d;do; )ddd ’

(1.15)

where m ¢ corresponds to the saturation magnetizatioMs, L (d; ms; T; H) is the Langevin's
function M=M g that could be extracted from equation 1.11 andP(d; dy; ) the size proba-
bility density de ned in equation 1.4. The parameterd® is necessary for proper weighting
as magnetic properties are volume dependent.

1.3.4. The diusion of the magnetic particles

Di usion is a thermal motion of a random character exhibited by particles at temperatures
above absolute zero [60].

As mentioned previously in this study magnetic uids that are water based and have
nano-sized magnetic particles dispersed in them are investigated. The investigated system
can be considered as an incompressible Newtonian uid [53] and the viscoelastic contri-
butions are disregarded. Water molecules with the magnetic particles change their their
position and direction due to thermal motion, leading to what is referred to as rotational
and translational di usion. [60]. Translational di usion is reviewed further as it limits
magnetic micro-convection [53].

The random movement of a magnetic particle in a carrier uid can be described
by a random walk- sequence of random steps. The average displacement squared is
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linearly proportional to the movement time, and the proportionality coe cient is di usion

coe cient D and the number of directions [57]. From here it can be derived that the
distance a particle travelled due to di usion on average is proportional tg (t). Within

this work 2-dimensional Hele-Shaw model is used, where the particle could travel back
and forward in 2 dimensions. The di usion coe cient describes the particle's ability move
around in a certain time period, and larger di usion coe cient means that typically this
particle will explore a larger area. The di usion coe cient is a ected by the size of the
particles and the properties of the carrier uid. The di usion coe cient can be expressed
via Stokes-Einstein equation (see eq. 1.6) [57] already reviewed before.

When a group of particles di uses, meaning they change their positions, then particle
concentration changes accordingly and it may be visible even macroscopically. If the
initial particle concentration has some pattern, as it happens in this work due to magnetic
micro-convection, the di usion smears out the pattern over time.

The di usion coe cient characterizing magnetic particles may be a ected by external
magnetic eld[58], but it is disregarded within this study. For concentration gradient the
process of particle di usion can be described with the second Fick's law [61]:

@c_

@t
where is the Laplacian operator,cis the concentration andD is the di usion coe cient
of the di using particles and t is for time.

Dc (1.16)

Experimentally within this work magnetic uid and water are lled in a thin micro u-
idics chip that can be described by a Hele-Shaw cell. The interface between the uids are
considered to be sharp when they meet and if the uids are let to mix it is expected that
the di usion of magnetic particles can be observed until the magnetic particle concentra-
tion equalizes over whole volume of the mixing uids. This situation can be described by
one-dimensional case of a step-like initial concentration pattern [61]. The initial conditions
in the case where magnetic uid is placed beneath the water are the following:= ¢
forx QOandc=0 forx> Oatt=0 as also demonstrated in gure 1.1.. The position
X = 0 corresponds to the interface between the uids. The boundary conditions are:
%sz 1 =0 =0; %jx:+ 11=0 =0

An analytical expression for concentration value(x;t) can be found by solving the
Fick's law from equation 1.16 with just mentioned initial and boundary conditions [61]:

c(x;t) = %

X
1 ef p— 1.17
2 Dt ( )
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where erf is an error-function de ned as:

X
erf(x) = P2 e Xt (1.18)
0
Di usion length  that gives a measure for the propagation of the di usion can be de ned
as [53]: 0
=2 Dt (1.19)

1.1. Figure: A schematic illustration of the Hele-Shaw cell at the beginning of the
experiment. The magnetic uid is placed beneath the water and The external magnetic
eld H is normal to the Hele-Shall cell.

1.4. Magnetic micro-convection

Magnetic uids as explained before have magnetic properties and as uids have hydro-
dynamic properties. Therefore magnetic uids respond to an applied magnetic eld and
modify the external eld. At a critical point, there is typically an abrupt change that
results in a new equilibrium state. This change often leads to an instability [8]. Various
di erent instabilities can be observed in magnetic uids [2]. The most common is the
normal- eld instability (also called Rosensweig instability). In this instability a regular,
hexagonal pattern of peaks and valleys sometimes referred to as "a hedgehog like" forms
on the surface of the liquid if it is subjected to vertical magnetic eld [1]. This pattern is
the outcome of the interaction between the forces exerted by gravity and surface tension
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and magnetic forces [3].

The instability explored in the scope of this study is magnetic micro-convection. The
magnetic micro-convection is a nger-like instability that happens on an interface between
magnetic and non-magnetic uid, rst found by M. Maiorov and A. Gebers in 1980s [7].
The instability is a result of the ponderomotive force exerted on the magnetic uid in a
uniform magnetic eld. This force is proportional to both the concentration of magnetic
particles in the uid and the local gradient of the magnetic eld. In turn the self-magnetic
eld of the magnetic uid creates the local gradient of the magnetic eld [2]. If the
magnetic eld is higher than some critical value, a ow is created by any concentration
perturbation that disturbs the collinearity of the concentration gradient and magnetic
eld gradient [8]. A nger-like pattern emerges as a result of these induced ows.

The theoretical model used for the description of the phenomena that is experimentally
researched within this study is described by a set of equations, which includes the Brinkman
equation, the continuity and convection-di usion equation [25, 62, 63]:

12 2M
r N (C)r m(©+ ¥ + cg =0; (1.20)
h?2 h
rv=_0; (1.21)
%f}(v r )c= Dr %c: (1.22)
Di erential operators Laplacian and Nablar expands as: = % + @% andr =

gx' %y for two-dimensional problem. In these equationp stands for pressure, is the
viscosity of the uid (the viscosity of the two uids is asumed to be equal)h is the thickness
of the Hele-Shaw celly = (vx(X;y); w(X;y)) is the depth averaged velocityM (c) is the
magnetization andc is the concentration of the magnetic uid normalized by its value
far from the interface between the mixing uids.M (c) is taken to be proportional to the
concentration of the magnetic uidc: M = Mgc, whereMy is the initial magnetization of
the magnetic uid far from the interface between the mixing uids. |, is the magnetostatic
potential. Next = ME H,0 IS the density di erence between the mixing uids, or
in our case, density of the magnetic uid vz and water ,o0. And lastly gis the gravity
vector and D is the isotropic constant di usion coe cient.

Brinkman equation (eq. 1.20) is the modi cation of the usual Darcy law, which would
be the equation without the last two terms. The term ¥ in the equation 1.20 also called
the Brinkman term is account for transitional ow between boundaries and the last term
accounts for the gravity e ects.

The magnetostatic potential ., on the boundary of the Hele-Shaw cell is given by [64,
65]:

m(ED= My c(f*t)K(+ +*h)ds® (1.23)
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where the integration is performed over the boundary of the Hele-Shaw cell:(¥; h) =
1=j#j 1= j#j2+h2
To get the dimensionless form of the Brinkman model (from earlier equations 1.20-1.22)

that the colleagues in MMML lab are using for theoretical exploration of the magnetic
micro-convection, non-dimensional quantities, such as, the magnetic Rayleigh,Rand
gravitational Rayleigh Ray numbers are introduced. Ra is expressed as a ratio between
the characteristic time of the di usion p = h?=D and the characteristic time of motion
that is driven by non-homogeneous self-magnetic eld of the uidy = 12 =M 2, and
reads as:

Ra, = MZh?=12D: (1.24)

Ray is the ratio between the characteristic time of the di usion p and the characteristic
time of motion due to the gravitational eld ¢ =12 = gh

Rag= gh 3=12D; (1.25)

where = e H,0 IS the density di erence between the denser magnetic uid below
and less dense water above arglis the standard gravity. Other scaling factors to make
the equations dimensionsless are the thickness of the Hele-Shaw ledbr length, h?=D
for time, D=h for velocity, 12 D=h ? for pressure,Myh for magnetostatic potential. The
uid viscosity is assumed to be equal across the uid. Then non-dimensional forms of the
Brinkman, the continuity and convection-di usion equations read [25]:

r-p v Raya n©)+ % Rayce, = 0; (1.26)
r v=_0; (1.27)

@c oy 2
et (v r)c=r % (1.28)

As it will be visible further in this study the development of the micro-convection is
a ected by both: magnetic Rayleigh number and gravitational Rayleigh number, which
characterizes gravity in uence on a miscible uid interface due to the density di erence
between the uids.

Convenient method for measuring microconvection and ows in general is Particle
Image Velocimetry (PIV), brie y described in next section.

1.4.1. Particle image velocimetry- general principles

Particle image velocimetry (PIV) is an imaging method for quantifying the velocity eld

of liquid or gas ows [66]. Micro-PIV ( PIV) is a tool for measuring the velocity pro le

in a micro uidics device. Stereo-PIV enables to visualize the ow in three dimensions
using stereo microscope and two digital cameras in a double-frame mode that capture
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images simultaneously [67]. The cameras are mounted on the stereo microscope. Stereo
microscopes typically use light re ected from the surface of an object contrary to a method
transmitting light through it.

Two cameras are necessary for depth perception, recording two simultaneous, but
di erent views of the same object. This double camera setting mimics binocular vision.
Using the combination of the two views and speci ¢ algorithms a third (depth) dimension
Is reconstructed [68].

Also necessary elements for stered?lV (or PIV in general) measurements are lter-
set for uorescence imaging, a double-pulse laser, light-shaping optics, a programmable
timing unit for synchronization of the components, a computer for data acquisition. Also
small uorescent tracer particles are added to the uids in order to make the motion of
the uid observable [67, 69]. Fluorescent light is emitted from the tracer particles after
the illumination from the laser. The tracer particles must be small enough and in low
concentration so that they would move with the uid ow, but would not change it. Also
the particles in the images should be clear and sharp.

Two or more consecutive images with a set delay time of the moving particles are
captured and analyzed. Typically, the two particle image elds are subdivided into
uniformly spaced interrogation regions [69]. The local velocity of the tracer particles is
measured from the average displacement of the particles in an interrogation region over a
set delay time. Typically the motion of these particles within each interrogation region is
determined using cross correlation algorithms [29, 70]. The Brownian motion can cause
errors in the velocity measurements especially for slower ows [29, 69].

1.4.2. Review of the previous studies

Over the years and also recently various ngering instabilities have been investigate both
for immiscible uids [71 75] and miscible uids[22, 25, 76 78]. Here in this study the focus
is on the instability between two miscible uids. Also the focus is on magnetic instabilities.
In this section the methods and results of some studies about magnetic micro-convection
carried out by others over the years are summarized. The rst experimental evidence
of the nger-like instability for miscible uids in a plane layer was delivered already in
1980 by M. Maiorov and A. Gebers [8]. Though, despite the relatively long time since the
phenomenon was rst observed the rst experiments the rst detailed experimental inves-
tigation of the ngering instability caused by the magnetic micro-convection in miscible
uids was carried out only in 2007 by C.-Y. Wen and his colleagues [79, 80]. Within Wen's
study experimental results of labyrinthine instabilities in a miscible interface of mineral
oil based magnetic uid and non-magnetic uid subjected to a normal magnetic eld were
explored. The studied interface was circular as the magnetic drop was investigated in a
horizontally placed Hele-Shaw type micro uidics chip. Wen's research showed that after
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removing external magnetic eld di usive e ects smoothed o ne ngering structures
rapidly thus accelerating the mixing of both uids. One of the main ndings was that

the ngers of the instability cluster in secondary wave bundles and the wave number of
these secondary waves can be regulated by the thickness of the Hele-Shaw layer. Also
the prominence of the instability ngers were con rmed to be a ected by magnetic eld
strength and the thickness of the micro uidics device.

A development and an emergence of the magnetic micro-convection instability is set by
a mix of various parameters. Over the years several studies have been conducted to quantify
the e ects of these parameters. There has been investigation of the phenomenon both
experimental and theoretical. Though the theoretical branch of the study has been more
active. The detailed study of these PhD thesis will nicely compliment the experimental
research eld of the phenomena, as without experimental studies theoretical models can
not be veri ed.

To review relatively recent development of the research in the scope of this study
investigation of the instability in a Hele-Shaw model is explored further. In the 2002 the
role of an initially di used concentration distribution for the magnetic micro-convection
in a Hele-Shaw cell was explored numerically by a linear stability analysis [62, 81, 82].

It has been found out that the magnetic micro-convection depends signi cantly on the
initial concentration gradient as well as the local viscosity of the mixing interface [16, 81].
Studies of numerical simulations for various geometries have been carried out [83 85]. Also
more complex model with Kortweg stress was developed during these studies. After the
rst detailed experimental study with the circular interface between the mixing uids [79,
80] magnetic micro-convection on a straight interface for miscible uids was explored
in 2008 [17]. During this experimental study the characteristic size of the instability
for various micro uidics chip thicknesses was measured. The results showed that the
wavelength of the instability is approximately equal to the thickness of the micro uidics
chip. Within that study the dependence of this wavelength and the critical magnetic
elds was discussed and explored as well. Another study [86] explored a hybrid instability,
where peak and labyrinthine- nger patterns coexists in a droplet of magnetic uid. The
droplet was immersed in a thin layer of a nonmagnetic uid, and subjected to a uniform
perpendicular magnetic eld. The normal- eld instability proved to be initially dominant.

Extensive study of magnetic microconvection in a horizontally placed Hele-Shaw type
micro uidics chip exposed to homogeneous, vertical magnetic eld had been carried out
by G. Kitenbergs in his PhD thesis [53] in 2015, which were accompanied by several
publications [39, 40, 87]. The micro-convective ows were measured for the rst time
and the signi cance of gravity for this instability in a Hele-Shaw cell was proposed in
one of them [39], but in [87] the theoretical description of magnetic micro-convection
in a Hele-Shaw cell was improved by introducing a Brinkman term. During Kitenbergs
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research the critical magnetic elds an magnetic Rayleigh numbers for the instability to
appear on interface between two miscible uids- water based magnetic uid and water were
found. The research was mainly experimental complimented by numerical simulations
based on Darcy and Brinkman models. During Kitenbergs research it was found out that
due to the small density di erence of the mixing uids gravity driven convective motion
appeared during which a bit denser magnetic uid slipped under the water causing an
additional smearing of the interface. The process resembled a di usive process. This was
concluded at the end phase of the research so investigation of magnetic micro-convection
without parasitic gravity driven convective motion is still necessary. Numerical simulations
presented in the study indicated that a convective motion appears immediately after the
interface formation. It forces the denser magnetic uid to ow under the water. The
concentration pro le across the cell, averaged over the depth of the cell, smears in time
and therefore resembles a di usive behavior. Although it has been general assumption
that gravity e ects can be neglected in micro uidics devices [29] it was proved during
Kitenberg's research that gravity e ects can not be neglected even in thin cells, if miscible
uids have slightly di erent densities. An attempt was made to measure this convective
ow with stereo- PIV during the research of these thesis, the results are collectedxn
3.5..

The parasitic gravity driven convective motion can be escaped if thinner channels are
used [88] or the micro uidics chip is placed vertically so that a bit denser magnetic uid
Is placed beneath the water. The next step should be to continue the investigation of
the magnetic micro-convection and to improve the description of this instability and its
governing factors. This was done by MMML lab scientists, including the author of this
thesis, and the results were published in [25]. There the experimental system from [53]
was turned sideways and slightly denser magnetic uid was placed underneath water. The
experiments were carried out in a continuous ow mode in Y-shaped micro-channel. But
the theoretical model of the magnetic micro-convection, based on the Brinkman equation,
was improved to better describe a case in which both of the mixing uids are initially
stagnant. Within this paper mixing by magnetic micro-convection considering gravity
e ects was explored. The results of this paper are more broadly explored in the result
section of these thesis irx 3.1.. Afterwards magnetic micro-convection in horizontal
magnetic eld is explored more inx 3.2. of this thesis for initially stagnant uids. In x 3.3.
the e ect of the initial interface smearing between the mixing uids is explored.

A dierent type of instability emerges if the magnetic eld is parallel [89 91] not
perpendicular to the micro uidics chip as investigated further inx3.4. of this work. If
su cient vertical external magnetic eld is applied to a pool of magnetic uid lying
horizontally perpendicular to the free surface of the magnetic uid normal- eld instability
emerges. The description of the instability is complex due to the 3D nature of this
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instability. Simpler version of normal- eld instability in a 2D system is investigated
theoretically in [5] by quantifying impact of the elastic interface. There a Hele-Shaw cell
Is subjected to a uniform magnetic eld acting perpendicular to the initially at ferro uid-
nonmagnetic uid boundary. External magnetic eld applied there is in the plane of the
vertical, rectangular Hele-Shaw cell. The research focuses on the inter-facial elastic e ects
between the immiscible viscous uids. In the study of this work the mixing uids are
miscible.

An experimental as well as numerical study with miscible uids in a similar setup was
investigated by M.S. Krakov and his coleagues [6]. Within the study by Krakoet al.
surfactant stabilized magnetic uid and its carrier uid (kerosene) are used. Magnetic
uid is placed below the nonmagnetic carrier uid in a vertical micro uidics chip with
thicknessh 100 m . During the numerical simulations of the study by Krakovet al.
it was concluded that edge e ects in uence the instability to a distance of eight layer
thickneses. As this study explores similar setup and comparable thickness of the used
micro uidics chip, the results are explored broader and compared to the results of these
thesis within x3.4..

Despite the long history there still is a lot to study about the magnetic micro-convection
and other inter-facial instabilities as they are a ected by various con gurable parameters.
Within this work many of them are explored in detail. The gravity- one of these parameters
is explored here via gravitational Rayleigh number for various experimental modi cations.
The gravity e ects are acknowledged in small systems also by other authors [9], though in
a di erent setup. Recent publications [92] show that instabilities on an interface between
two miscible uids are a current research topic.
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2. Chapter

Materials and Experimental methods

2.1. Magnetic uids used in experimental work

In this study magnetic micro-convection with four di erent magnetic uids was explored:
D107, KTF11-1, KTF09-9 and FF21-5. The magnetic uid D107 was made in the PHENIX
laboratory in Paris, but the other three in the MMML laboratory in Riga. All of the used
magnetic uids are water based with maghemite (-Fe,O3) nanoparticles produced with
previously described Massart's method [49]. All of these magnetic uids are electrically
stabilized with citrate ions (C;HsO(COO);%), so the magnetic particles have a negative
surface charge. As the citrate ions are from dissolved trisodium citrate salt (AagHs0-)
the solution has free sodium ions that neutralize the negative surface charge of the magnetic
particles [50, 51].

The properties of the magnetic uid D107 vith various methods are explored in great
detail in [53]. Most important properties of all of these magnetic uids for this work
are collected in the table 2.1.. For some of the magnetic uids the original magnetic
uid was diluted with distilled water in di erent ratios to vary the density and particle
concentration. In the table 2.1. this is noted as the "dilution ratio" and the percentage
describes the fraction of the original magnetic uid in this magnetic uid-water dilution.
As can be noted in the table, some of the properties are indicated separately exactly
for those dilutions. For example, as the original magnetic uid is diluted its magnetic
properties as well as its density decrease. If the property is written for whole magnetic
uid (starting from \,; and below) this property was measured for the original 100%
concentrated magnetic uid. And if it applies, as for the magnetic susceptibility it must
be calculated for each dilution separately. Further in the text to excel a speci c dilution
of the magnetic uid a subscript will be used, for example, D1Q#, describes magnetic
uid D107 that is diluted with distilled water to the volume ratio 2: 1

In following rows the value of Rg for experiments in micro uidics chips with di erent
thicknessesh calculated from equation 1.25 is collected. If a particular combination of
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the micro uidics chip and a speci c dilution ratio was not explored in this work, then the
corresponding cell is left empty. The results demonstrated in sectiopr3.1. andx3.2. were
carried out only with magnetic uid D107 in micro uidics chip with single layer Para Im'
spacer. During this stage of the study the spacer was measured and determined to be
h = 0:13 mm thick, but later for sectionsx3.3. andx3.4. a complete micro uidics chip was
measured and the micro-channel thickness was determined to bbe 0:135 0:005mm.

As the thickness of the micro uidics chip a ects the values of Ra(see eq. 1.25), during
the rst phase of this study the colleagues carrying out the theoretical analysis used the
Ray values written in the parenthesis in table 2.1..

In the next row the densities of the magnetic uids are collected. The density is
calculated from a weight measurement with an analytic balance (KERN) for a known
volume, taken with a pipette (Gilson). = MF  H,0 IS the density di erence between
the magnetic uid and the distilled water. This quantity is necessary for quantifying the
gravity e ects on magnetic micro-convection via Rg o Iis the volume fraction of the
magnetic particles found by weighting.

Parameters in the following rows are measured for the original magnetic uids (undi-
luted). \ is the volume fraction, is magnetic susceptibility found from the magneti-
zation curve as showed in Y2.1.2. further for the concentrated magnetic uid. For diluted
magnetic uids the susceptibility can be calculated from the dilution factor:

g = —=ne 9 (2.2)
conc
Mg is saturation magnetization of the magnetic uid found from magnetization curve at
large magnetic eld H values. dy is the particle diameter from magnetization measure-
ments.

Hydrodynamic diameterdy and polydispersity index are measured with DLS. It is
expected that the hydrodynamic diametedy measured by DLS will show larger value than
the particle diameter from magnetization measurementdy,, because of stabilizing citrate
ions surrounding the magnetic particles [50]. Howevel; = 81:3 nm of the magnetic
uid FF21-5 seems suspiciously large and suggests that there might be some agglomerated
particles in the sample.

In the last row the information of the di usion D is collected. All di usion coe cients
except for the uid D107 were obtained from DLS measurements. Di usion coe cient
for magnetic uid D107 has been measured with various methods by G. Kitenbers in his
PhD Thesis [53] and here | am choosing to work with the value that was chosen by the
author as the best one and agreed for several methods.

Viscosity not included in the table were considered to be equal with the one of the
water =1 P for all magnetic uids represented here.
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As noted earlier, used magnetic uids were characterized by DLS and VSM measure-
ments described bellow.

2.1.1. Magnetic uid characterization with DLS

DLS experiments to characterize the magnetic uids within this study were done with
Malvern Zetasizer Nano ZS (=173, =633 nm)in MMML lab in Riga. The liquid
under study is put in a disposable cuvette before inserting it in the apparatus. So in order
for a su cient amount of the light to go through the sample the particle concentration (

less than few%) must be small or moderate. Therefore magnetic uids were diluted with
water before the measurements. The measurements in the apparatus are combined with
Malvern software that automatically guides the data collection and performs analysis to
get the information of particle sizes. The theoretical concepts of the method are reviewed
in Y1.3.3..

2.1.2. Magnetic uid characterization with VSM

Magnetization measurements for all the magnetic uids used within this study were done
by M.M.Maiorov at the Institute of Physics of the University of Latvia. Measurements
were carried out with Lake Shore 7400VSM. The theoretical concepts of the method
are reviewed in Y1.3.3.. An example of the magnetization curve obtained from VSM for
magnetic uid FF09-9 is demonstrated in gure 2.1.. By tting this line linearly from

H = 2000e till H =200 Oe the value of the magnetic susceptibility rro9.9 = 0:007 as
the slope of the linear t from relation in equation 1.13 is obtained.

2.1. Figure: Magnetization curve of the magnetic uid FF09-9.
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2.2. Stereo-micro-PIV

The results carried out with the experimental system described here are collectedxi5.
and the theoretical principles of PIV method are described ix1.4.1.. For all of the
measurements with stereo PIV system magnetic uid FF09-93¢, and distilled water were
used. The measurements were carried out in a horizontally placed micro uidics chip with
Y-shaped micro-channel. Thickness of the micro-channel was= 0:135mm and width
of the micro-channel wad  1:62 mm.

The stereo-micro-PIV system at Dantec Dynamics consists of following elements listed
below:

Stereo microscope with a control unit.Leica M165FC;

Two cameras:Dantec FlowSense EO 4M

LED illumination for calibration: Dantec Pulsed Microstrobe for Stereomicroscope
Nd:YAG laser illumination for measurement: Dantec DualPower 50-20 PIV laser
Calibration kit;

System computer and synchronizerDantec Performance synchronizer

Software for experiment management and data analysi®ynamic Studio 7.4
Syringe pump: Chemix syringe pump; Y-shaped

Micro uidics chip with tubing for uid handling.

The experimental setup is demonstrated in gure 2.3.. The micro uidics chip was placed
horizontally bellow the microscope objective as visible in gure 2.3.b with tubing for
uids facing downwards. With the available equipment it might have been that for
some experiments the micro uidics chip was slightly tilted as some results suggest that.
The stereo-microscope and other parts of the experimental system is demonstrated in
gure 2.3.a. A control unit enables to easily manipulate the position of the microscope.
The microscope can also be manipulated using Dynamic Studio 7.4 software.

Before the experiments the experimental system is calibrated using calibration Kkit.
Camera calibration is necessary and is used for the reconstruction of particle displacements
in 3D space [70]. The calibration kit consists of a checkerboard calibration target and a
calibration pool. Calibration process and the image of the checkerboard calibration target
are demonstrated in gure 2.2..

Due to the light refraction in the micro uidics chip the calibration pool is lled with
distilled water as the measurements are carried out in water and water based magnetic

33






	Introduction
	Glossary
	Theoretical concepts
	Systems of units in this work
	Microfluidics
	Magnetic fluids
	Magnetic micro-convection

	Materials and Experimental methods
	Magnetic fluids used in experimental work
	Stereo-micro-PIV
	Microfluidics chips
	Experimental setups
	Processing of the experimental data
	 Experimental difficulties

	Experimental observations and results
	Magnetic micro-convection in flowing fluids
	Magnetic micro-convection in initially stagnant fluids
	Magnetic micro-convection in fluids with initially smeared interface between the mixing fluids
	Magnetic micro-convection in a vertical external magnetic field parallel to the microfluidics chip
	Measurements with stero micro-PIV

	Discussion
	Comparison between experimental results with flowing fluids and theoretical predictions
	Comparison between experimental results with initially stagnant fluids and theoretical predictions
	Comparison of the experimental results of the magnetic instabilities in horizontal and vertical magnetic field
	Comparison of the results in a vertical magnetic field with data from literature
	Possible future directions
	Summary

	Conclusions
	Bibliography
	Additional Information
	Appendix A: Additional Information
	Additional Figures of the Experimental Results
	Additional information about data processing
	Authors publications



